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STRESZCZENIE

Niniejsza praca doktorska dotyczy procesu otrzymywania, charakterystyki
oraz oceny uzytkowej nanostrukturalnych ptynéw typu nanoemulsji woda-w-oleju (w/0),
stabilizowanych wybranymi surfaktantami otrzymywanymi z odnawialnej bazy
surowcowej. Nanoemulsje sa przeznaczone jako przyjazne dla §rodowiska alternatywne
zmywacze do usuwania réoznych powlok graffiti z powierzchni wrazliwych na czyszczenie
mechaniczne. Nanotechnologiczne detergenty wytworzono poprzez emulgowanie
pod wysokim ci$nieniem (ang. high pressure homogenization, HPH). Dzigki starannemu
planowaniu eksperymentu i dobraniu odpowiednich parametréw procesowych, udato si¢
otrzyma¢ nanodetergenty o okreslonych cechach uzytkowych 1 funkcjonalno$ciach.
Sa to miedzy innymi: pozadany rozmiar, niska polidyspersyjnos¢, wysoka stabilno$¢
kinetyczna, wysokie wlasciwo$ci zwilzajace, wszechstronno$¢ w usuwaniu wielu rodzajow
powtlok graffiti oraz neutralno$¢ wobec czyszczonych powierzchni. Uzyskane formulacje
nanoemulsji w/o stanowig stabilne uklady detergencyjne, ktére sa przeznaczone do mycia
powierzchni wrazliwych na czyszczenie mechaniczne z r6znych powtok graffiti.

Na kazdym etapie realizowanych prac badawczych przeprowadzono planowanie
eksperymentu. Pozwolilo to na wyselekcjonowanie najkorzystniejszych parametrow
procesu otrzymywania biorozpuszczalnikow oraz nanoemulsji w/o. Dodatkowo dobrano
odpowiednie surfaktanty stabilizujace uktad koloidalny, aby otrzyma¢ nanoemulsje
spetniajace zarowno kryteria fizykochemiczne, jak i uzytkowe. Sg to wymagania stawiane
nowoczesnym, ekologicznym detergentom. Do syntezy biorozpuszczalnikow typu Oil-PEG-
8 ester uzyto réznych rodzajow olejow roslinnych (rzepakowy, stonecznikowy,
posmazalniczy). Ponadto, zastosowano zielone rozpuszczalniki, takie jak: mleczan etylu,
D-limonen, 3-methoxy-3-methyl-1-butanol, ktéore sa skladnikami fazy olejowe;j.
Do stabilizacji uktadow koloidalnych nanoemulsji w/o zastosowano ekologiczne surfaktanty
typu alkilopoliglukozydéw lub aminokwasowego, otrzymywane na bazie naturalnych
surowcoOw. Uzyskane w ten sposdb nanoemulsje w/o stanowig nowoczesne formulacje
faczac w sobie kilka funkcji. Dzigki temu moga by¢ wykorzystywane w technologii
czyszczenia typu: ,,natoz i zetrzyj” (ang. brush on, wipe off).

Charakterystyka otrzymanych nanoemulsji w/o obejmowata okreslenie rozmiaréw
kropel, indeksow polidyspersyjnosci oraz stabilnosci kinetycznej. Nanoemulsje zostaly
scharakteryzowane za pomoca technik takich jak mikroskopia optyczna, dynamiczne

rozpraszanie $wiatta (ang. Dynamic Light Scattering, DLS) oraz stabilno$¢ termokinetyczna,



poprzez wyznaczenie indeksu stabilnosci turbiscanu (ang. Turbiscan Stability Index, TSI).
Przeprowadzone badania pozwolity na wyselekcjonowanie nanoemulsji  w/o
o najkorzystniejszych parametrach fizykochemicznych. Otrzymane nanoemulsje,
w zaleznos$ci od uzytego do stabilizacji typu surfaktantu, miaty rozmiary w zakresie 100-
500 nm i charakteryzowaty si¢ wspotczynnikiem polidyspersyjnosci PdI <0,1 oraz TSI <5
(zmiana parametru nie wigksza niz o 5 jednostek w ciggu 90 dni). Charakterystyke
wlasciwosci powierzchniowych powlok graffiti oraz materiatow, takich jak kamien
naturalny, szkto, marmur, aluminium, dokonano przy pomocy mikroskopii optycznej,
profilometrii optycznej oraz spektroskopii w podczerwieni z transformata Fouriera
z ostabionym catkowitym odbiciem (ang. Attenuated Total Reflection Fourier Transform
Infrared spectroscopy, ATR-FTIR). Oceng¢ wlasciwos$ci zwilzajacych wykonano poprzez
pomiary kata wstepujacego (0a) i cofajacego sie (0;) (ang. receding contact angle) wody oraz
wyznaczano swobodng energie powierzchniowa (ang. surface free energy) (ys) na podstawie
modelu opartego na histerezie kata zwilzania (ang. Contact Angle Hysteresis, CAH)
opracowanego przez Chibowskiego. Na podstawie otrzymanych wynikow opracowano
innowacyjng technologie czyszczenia opartg na zatozeniu ,,naldz, zetrzyj” (ang. brush on,
wipe off) 1 przetestowano jej skuteczno§¢ w warunkach laboratoryjnych oraz
na rzeczywistych powierzchniach, takich jak szklo, metal, aluminium, kamien naturalny,
szkto akrylowe, marmur. Efektywno$¢ 1 skuteczno$¢ technologii oceniono za pomocg oceny
wlasciwosci zwilzajacych: pomiar wstepujacego kata zwilzania (6.) nanoemulsji detergentu
(ang. advancing contact angle) 1 wyznaczenie pracy rozptywania (Ws) (ang. work of
spreading), okresleniu kinetyki degradacji powloki graffiti oraz skutecznos$ci usunigcia
powtoki graffiti za pomoca optycznej mikroskopii, profilometrii optycznej i spektroskopii
w podczerwieni z transformatg Fouriera z ostabionym calkowitym odbiciem.
Przeprowadzone badania dowodza, ze otrzymane nanoemulsji w/o, stabilizowane
surfaktantami  na  bazie  odnawialnych  Zréodet  surowcowych,  bedacymi
nanotechnologicznymi  detergentami, mogg stanowi¢ innowacyjng alternatywe
dla tradycyjnych rozpuszczalnikowych zmywaczy graffiti. Wyniki przedtozonej pracy
dowodza, iz nanoemulsje w/o moga by¢ wykorzystane w skutecznym usuwaniu graffiti
z przestrzeni publicznej z réznorodnych powierzchni i maja ogromny potencjat

do wdrozenia na rynek komercyjny



ABSTRACT

This doctoral thesis focuses on the development, analysis, and evaluation of
nanostructured water-in-oil nanoemulsion fluids stabilized with specific surfactants derived
from renewable raw materials. These fluids are designed as environmentally-friendly
alternatives to traditional removers for removing different types of graffiti coatings from
delicate surfaces that cannot withstand mechanical cleaning. High-pressure emulsification
(HPH) was wused to fabricate detergents with nanotechnological properties.
The nanodetergents were successfully obtained through meticulous experimental planning
and precise process parameters. These nanodetergents possess specific utility features
and functionality, including the desired size, low polydispersity, high kinetic stability,
excellent wetting properties, versatility in removing various types of graffiti coatings, and
resistance to cleaned surfaces. The resulting formulations without nanoemulsion were stable
detergent systems designed for effectively cleaning surfaces that are sensitive to mechanical
cleaning, such as those covered in different types of graffiti coatings.

Experimental planning was conducted at each stage of the research work to determine
the optimal parameters for obtaining biosolvents and w/o nanoemulsions. Suitable
surfactants were also selected to stabilize the colloidal system and meet the physicochemical
and functional criteria necessary for modern, eco-friendly detergents. Oil-PEG-8 ester
biosolvents were synthesized using different vegetable oils such as rapeseed, sunflower,
and cooking oil. In addition, environmentally friendly solvents, including ethyl lactate,
D-limonene, and 3-methoxy-3-methyl-1-butanol, were utilized as constituents of the oil
phase. Colloidal systems of water-in-oil nanoemulsions were stabilized using ecological
alkylpolyglucoside or amino acid surfactants derived from natural raw materials.
The nanoemulsions produced with this method are contemporary formulations that integrate
many functionalities, making them suitable for the "brush on, wipe off" cleaning technique.

The characterization of the w/o nanoemulsions involved measuring the droplet sizes,
polydispersity indices, and kinetic stability. The nanoemulsions were analyzed utilizing
techniques such as optical microscopy, dynamic light scattering (DLS), and thermokinetic
stability by measuring the Turbiscan Stability Index (TSI). The research done enabled
the identification of w/o nanoemulsions with the most advantageous physicochemical
characteristics. The nanoemulsions obtained varied in size from 100 to 500 nm, depending

on the type of surfactant used for stabilization. These nanoemulsions had a polydispersity



index (PdI) of less than 0.1 and a TSI (parameter change) of less than 5 units within a 90-
day period.

The surface qualities of graffiti coatings and materials such as natural stone, glass,
marble, and aluminum were analyzed using optical microscopy, optical profilometry, and
infrared spectroscopy with attenuated total reflection. Fourier transform. Attenuated Total
Reflection (ATR) ATR-FTIR stands for Attenuated Total Reflectance Fourier Transform
Infrared Spectroscopy. The evaluation of the wetting characteristics (wettability) was
conducted by measuring the angle at which water recedes (8.) and the angle at which it
recedes completely (6;). The surface free energy (ys) was computed using a model based on
contact angle hysteresis (CAH) established by Chibowski.

Using the collected data, a novel cleaning system was created, relying on the "brush
on, wipe off" principle. Its efficacy was then evaluated in controlled laboratory settings
as well as on various real surfaces, including glass, metal, aluminum, natural stone, acrylic
glass, and marble. The technology's efficiency and effectiveness were evaluated through
the assessment of wetting properties, specifically by measuring the advancing contact angle
(02) of the detergent nanoemulsion and determining the work of spreading (Ws).
Additionally, the degradation kinetics of the graffiti coating were examined, and its
effectiveness was assessed. Elimination of graffiti residue with the application of optical
microscopy, optical profilometry, and attenuated total reflection. Fourier transform infrared
spectroscopy (FT-IR) is a technique used to analyze the infrared spectrum of a sample by
converting it into a frequency domain representation.

The research demonstrates that the nanoemulsions created without the use of
renewable raw materials-based surfactants, which are nanotechnological detergents,
can serve as a novel substitute for conventional solvent-based graffiti removers. The findings
of the presented research demonstrate that w/o nanoemulsions has the capability to
efficiently eliminate graffiti from public areas across different surfaces, hence exhibiting

significant prospects for commercial utilization.
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1. WPROWADZENIE

Rozprawa doktorska stanowi cykl powigzanych tematycznie 5 oryginalnych
artykulow naukowych (A1, A2, A3, A4, A5) i 2 patentéw (P1, P2) opublikowanych w latach
2013-2024 w recenzowanych czasopismach naukowych, znajdujacych si¢ w aktualnym
wykazie czasopism sporzadzonym zgodnie z przepisami wydanymi na podstawie art. 267
ust. 2 pkt 2 Ustawy z dnia 20 lipca 2018 roku — Prawo o szkolnictwie wyzszym i nauce
(Dz. U. z 2018 poz. 1668 z pézn. zm.). W opracowaniu zamieszczono roéwniez materiaty
uzupetniajace do oryginalnych artykutdéw naukowych oznaczone symbolami SA1, SA2,
SA3, SA4, SAS, informacje naukometryczne: wskaznik wpltywu (ang. Impact Factor, 1F)
publikacji zgodnie z rokiem opublikowania oraz punktacje wedlug Ministerstwa Edukacji
i Nauki (MEIN). Wykaz publikacji naukowych i patentéw stanowigcych podstawe
dysertacji doktorskiej:

[A1] Bartman, M., Balicki, S., Wilk", K.A., Formulation of environmentally safe graffiti
remover containing esterified plant oils and sugar surfactant. Molecules, 2021,
26:4706. https://doi.org/10.3390/molecules26154706
1F2021: 4,927; MEiN221: 140 pkt

[A2] Bartman, M., Balicki, S., Holysz, L., Wilk", K.A., Graffiti coating eco-remover

developed for sensitive surfaces by using an optimized high-pressure homogenization
process. Colloids and Surfaces A: Physicochemical and Engineering Aspects, 2023,
659:130792. https://doi.org/10.1016/j.colsurfa.2022.130792
IF 2022): 5,2; MEiN2023: 70 pkt

[A3] Bartman, M., Balicki, S., Hotysz, L., Wilk", K.A., Surface properties of graffiti coatings

on sensitive surfaces concerning their removal with formulations based on the amino-
acid type surfactants. Molecules, 2023, 26:4706.
https://doi.org/10.3390/molecules28041986
IF 2022): 4,6; MEiN2023: 140pkt

[A4] Bartman, M., Balicki, S., Holysz, L., Wilk", K.A., Benefits of using nonionic

saccharide surfactant-based detergents for nanostructured fluids as stubborn graffiti
paint remover. Journal of Surfactants and Detergents, 2024, 27, 79-92.
https://doi.org/10.1002/jsde.12677

IF 2022): 1,6; MEiN2024: 40pkt
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https://doi.org/10.3390/molecules26154706
https://doi.org/10.1016/j.colsurfa.2022.130792
https://doi.org/10.3390/molecules28041986

[A5] Bartman®, M., Holysz, L., Balicki, S., Szczesna-Gorniak, W., Wilk", K.A., Wettability
of Graffiti Coatings by Green Nanostructured Fluids. ChemPhysChem, 2024, 25(3),
€202300771. https://doi.org/10.1002/cphc.202300771
IF 2022): 2,9; MEiN224: 100pkt

Sumaryczna liczba punktow przypisanych czasopism przez MEiN: 490

Sumaryczna wartos$¢ wskaznika IF prac w cyklu: 19.227

[P1] Bartman, M., Szczepaniak, P., Wesolowska-Pigtak, A., Bankowski B., Sposob
otrzymywania nisko- i/lub $rednioczasteczkowych polimerowych zwigzkow
powierzchniowo-czynnych o okreslonej rownowadze hydrofilowo-lipofilowe;j.
PL234828B1, opublikowany w dniu: 2020-04-30, Zgtoszony jako: PL42345317A
w dniu: 2017-11-15.

[P2] Bartman, M., Btachowicz, P., Fiszer, R., Grymel, A., Janecki, K., Janik, L., Krueger,
A., Matyja, S., Rdesinska-Cwik, T., Strzyz, D., Sutor, E., Tkacz B., Zowade, A.,
Sposdb  otrzymywania  niskoczasteczkowych  poliestrow. PL230251B1,
opublikowany w  dniu:  2018-10-31, Zgloszony jako: PL41623216A
w dniu: 2016-02-23.
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2. Cele i zalozenia pracy

W obecnych czasach, kiedy ekologia i zréwnowazony rozwdj staja si¢ coraz bardziej
istotne, na znaczeniu zyskuja innowacje produktowe, takie jak ekologiczne nanodetergenty.
Te nowatorskie produkty z zakresu chemii precyzyjnej (ang. Fine Chemicals), bedace
nanotechnologicznymi koloidami, oferuja wielozadaniowe wlasciwosci usuwania
zabrudzen 1 brudu z powierzchni, ktore sa wrazliwe na czyszczenie mechaniczne.
Nalezy tutaj wspomnie¢ o nowoczesnych materialach konstrukcyjnych zawierajacych
np. wielowarstwowe kompozyty wykonane z materiatow polimerowych, konstrukcje
aluminiowe, szkta hartowanego, powierzchnie ocynkowane, chromowane czy kamienie
naturalne, ktore charakteryzuja si¢ wysokimi walorami estetycznymi i1 praktycznymi.
Zasadniczym problemem w technologii czyszczenia takich materialow (tzw. powierzchni
wrazliwych) z farb graffiti jest zachowanie odpowiednich witasciwosci uzytkowych
powierzchni bez utraty ich funkcjonalno$ci. W przypadku produktow przeznaczonych
do usuwania powtok graffiti z obiektow i/lub budynkéw uzytecznos$ci publicznej,
komercyjnej czy prywatnej, widoczna jest transformacja w kierunku stosowania produktow
ekologicznych.

Rozw¢j efektywnych formulacji nanodetergentowych zyskal na znaczeniu dzigki
wykorzystaniu nanotechnologicznych rozwigzan, takich jak nanostrukturalne ptyny
(ang. Nanostructured Fluids, NFs), do ktorych naleza nanoemulsje typu woda-w-oleju
(w/0). Do tej pory ten rodzaj uktadow emulsyjnych byt mato wykorzystywany do usuwania
graffiti z r6éznego rodzaju powierzchni. Ze wzgledu na charakterystyczne wlasciwos$ci
hydrofobowo-hydrofilowe powtlok graffiti te nanoemulsje wykazuja znacznie lepsze
oddziatywania z warstwami farby na podtozu niz ich odpowiedniki olej-w-wodzie (o/w).
Aktualnie kluczowe jest zaproponowanie zrownowazonego podejscia do ekoprojektowania
produktéw profesjonalnych. Szczeg6lng uwage nalezy poswigci¢ zasadom zielonej chemii
i koncepcji 6R: odmow (ang. Refuse), ogranicz (ang. Reduce), uzywaj ponownie
(ang. Reuse), naprawiaj (ang. Recover), oddaj do recyklingu (ang. Recycle) oraz przemysl,
co mozna poprawi¢ (ang. Rethink). Dobor substancji przy opracowaniu receptur powinien
opiera¢ si¢ na uzyciu biodegradowalnych surowcéw pochodzacych ze zrdédet odnawialnych
w szczegolnosci surfaktantow, ktore stabilizujg produkt i zapewniajg wlasciwos$ci zwilzajace

1 detergencyjne, nie akumulujac si¢ w §rodowisku naturalnym oraz gwarantowaé¢ wysoka
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skuteczno$§¢ usuwania graffiti bez naruszania wilasciwosci uzytkowych powierzchni,
przy zapewnianiu bezpieczenstwa uzytkownika.

Kluczowym aspektem procesu usuwania powtok graffiti z wrazliwych powierzchni
na czyszczenie mechaniczne jest analiza oddzialywan —migdzyczasteczkowych
(migdzyfazowych) na granicy faz ciecz/powietrze, ciecz/ciato stale i powtoka/ciato state
(podtoze). Wyznaczenie swobodnej energii powierzchniowej, wynikajacej z oddzialywan
mi¢dzyczasteczkowych, pracy adhezji i pracy rozptywania pozwalaja na oceng wtasciwos$ci
powierzchniowych i okreslenie mechanizmow procesu usuwania graffiti ze zréznicowanych
powierzchni charakteryzujacych si¢ indywidualnymi wlasciwosciami.

Majac powyzsze na uwadze celem niniejszej rozprawy doktorskiej byto opracowanie
1 otrzymanie nanodetergentéw zaliczanych do nanostrukturalnych plynéw typu nanoemuls;ji
w/o do usuwania réznych powtlok graffiti z powierzchni wrazliwych na czyszczenie
mechaniczne. Przez odpowiedni dobdr parametréw procesowych i surowcoéw starano si¢
uzyska¢ formulacj¢ nanodetergentu o okreslonych wiasciwosciach uzytkowych
1 funkcjonalno$ciach. Kluczowe dla realizacji zdefiniowanego celu byto sprostanie tym
wymaganiom poprzez dobdr optymalnych parametréw wytwarzania nanoemulsji w/o,
a nastepnie przeprowadzenie badan wtasciwosci fizykochemicznych i uzytkowych do oceny

efektywnosci dziatania tych nanodetergentow.
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Cele szczegolowe badan przedstawionych w rozprawie doktorskiej:

1. Dobér surfaktantow syntezowanych w oparciu o odnawialng baz¢ surowcowas.
Staranne studia literaturowe pozwolity wybra¢ dwie grupy przedstawicieli:
alkilopoligukozydéw (ang. Alkyl Polyglucoside, APGs) o zmiennej dtugosci tancucha
alkilowego oraz aminokwasowe surfaktanty (ang. Amino Acid Surfactants, AAS)

na bazie aminokwasow typu: glutamina, tauryna, glicyna.

Alkilopoliglukozydy [A2]

Podstawnik Stopien
No. Stuktura . Polimeryzacji ~ HLBm!  Skrot
alkilowy
(DP)
1 CeHin 13 103  APG
Cs
2 HOH CsHiy 13 93  APG
H T O O C8
H
HO APG
3 On CioH21 1,3 8.3 Cuo
: © CH,),.CH
4 - (CH2)CHs CiaHos 13 74 APG
n=5-11 Ci
DP
APG
5 CsHi17, CioH21 1,4 9,3 Cs-Cro
Aminokwasowe surfaktanty [A3]
Napigcie
No, Stuktura Nazwa INCI  powierzchniowe HLBn! Skrot
yLv (mN/m)

Sodium
1 Lauroyl 35,7 15,2 SLG
J\M/ Glutamate

m=10-16 Sodium
2 Cocoyl 29,9 14,1 SCCG
)H\/l/ Glutamate

m=10-16 Sodium

1)
0= Methyl
3 *Na 6\/\'}'% Coooy] 35,3 124 SMCT
CH; Taurate
m=10-16
5 o Sodium
4 nfar O J\(\* Cocoyl 26,4 12,1 SCG
Na N ’ ’
\[(\ ! m Glycinate
O H
1 Wyliczone wedhug uniwersalnej skali McGowana
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2.

Dobor biorozpuszczalnikow w oparciu o odnawialng baze surowcowa. Na podstawie
danych literaturowych wybrano trzy rozpuszczalniki: ester etylowy kwasu mlekowego
(ang. Ethyl Lactate, EL), eter 3-metyloksy-3-metylo-1-butanolu (z ang. 3-methoxy-3-
methyl--1-butanol, MMB), monoterpen 4-izopropenylo-1-metylocykloheksenu (ang.
D-Limonene, LIM). Badania wtasne pozwolity zsyntezowa¢ ekologiczne
rozpuszczalniki typu estryfikowane oleje poliglikolami (PEG 400) (z ang. Oil PEG-8
ester) wybranymi olejami ro§linne: olej rzepakowy (ang. Rapeseed Oil, RO), olej
stonecznikowy (ang. Sunflower Oil, SO), zuzyty olej spozywczy (ang. Used Cooking
Oil,UCO).

BIOROZPUSZCZALNIKI [A1-A4]

Nazwa Napigcie
No. Stuktura powierzchniowe HLBn! Skrot
INCI
yLv (mN/m)

UCO-

O .
H {O“]l nOJLH ,S Hs v 32,6 3,5 Oll-é’EG

! Oﬂ'g EG 32.8 09  RO-Oil-

Q Q PEG 8

HaC CH
3 H)#]O’\foka 3 32,8 08  SO-Oil-
OH PEG 8

OH
O_CH Ethyl
2 ch)\g 3 Inctre 28,7 8,3 EL

CH, b
3 Hsc@—/( e 32,3 2,32 LIM
Limonene
CH,
X >
HO o~ methoxy-

4 3-methyl- 31,2 6,39 MMB
1-butanol

Wyliczone wedtug uniwersalnej skali McGowana
Wyznaczenie zwigzku pomiedzy skltadem formulacji nanodetergentéw a ich
funkcjonalnos$cig przy pomocy metody projektowania eksperymentéw D-Optimal,
oraz wykorzystanie metodologii analizy powierzchni odpowiedzi (ang. Response
Surface Methodology, RSM) w celu okre$lenia optymalnych warunkow otrzymania
detergentu do usuwania graffiti na bazie nanoemulsji w/o. Kryteria oceny
nanoemusljiw/o obejmuja zmienne zalezne i1 niezalezne parametréw wejSciowych:
stezenie surfaktantu, ci$nienie homogenizacji, typ surfaktantu oraz zmiennych
zaleznych jako wielko$ci wyj$ciowych takich jak: rozmiar czastek — (Dn),
polidyspersyjno$¢ - PDI, stabilno$¢ termokinetyczna po wytworzeniu — TSlodays,

stabilno$¢ termokinetyczna po 7 dniach — TSI7days.
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Opracowanie innowacyjnej technologii czyszczenia opartej na zatozeniu ,natoz,

zetrzyj” (z ang. brush on, wipe off) 1 przetestowaniu jej skutecznosci w warunkach

laboratoryjnych oraz rzeczywistych powierzchni tj. szklo, metal, aluminium, kamien

naturalny, szklo akrylowe, marmur.

obrazowanie: optyczna mikroskopia (ang. Optical Microsopy), profilometria optyczna
(ang. Optical Profilometry), spektroskopia w podczerwieni z transformata Fouriera
z ostabionym catkowitym odbiciem (ang. Attenuated Total Reflection Fourier
Transform Infrared spectroscopy) (ATR FT-IR).

ocena wilasciwosci zwilzajacych (ang. wettability): pomiar wstepujacego kata
zwilzania (6,) nanoemulsji detergentu (ang. advancing contact angle)
1 wyznaczenie pracy rozptywania (W) (ang. work of spreding).

okreslenie kinetyki degradacji powtoki graffiti: mikroskopia optyczna (ang. Optical
Microsopy).

Charakterystyka fizykochemiczna otrzymanych nanoemulsji:

obrazowanie: mikroskopia polaryzacyjna (ang. Polarizing Optical Microsopy),
okreslenie rozmiaru, polidyspernosci i stabilno$ci — dynamiczne rozpraszania
$wiatla (ang. Dynamic Light Scattering, DLS).

okreslenie napigcia powierzchniowego (ang. surface tension) wykorzystujac
analize ksztattu wiszacej kropli oraz rownanie Younga-Laplace’a.

okreslenie stabilnosci termokinetycznej poprzez wyznaczenie indeksu stabilno$ci

turbiscanu (ang. Turbiscan Stability Index, TSI).

Charakterystyka wlasciwosci powierzchniowych (ang. surface properties)

ocena wilasciwosci zwilzajacych (ang. wettability) - Pomiary wstepujacego (6,)
i cofajacego si¢ (0,) (ang. receading concact angle) wody.

wyznaczenie swobodnej energii powierzchniowej (ang. surface free energy) (¥s)
na podstawie modelu opartego na histerezie kata zwilzania (ang. Contact Angle
Hysteresis, CAH) opracowanego przez Chibowskiego.

obrazowanie: mikroskopia optyczna (ang. Optical Microsopy), profilometria
optyczna (ang. Optical Profilometry), spektroskopia w podczerwieni z transformatg
Fouriera z oslabionym catkowitym odbiciem (ang. Attenuated Total Reflection

Fourier Transform Infrared spectroscopy) (ATR FT-IR)
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Kryteria doboru i oceny oczekiwanego nanodetergentu:

1. Biodegradowalnos¢ i toksycznos¢:

e biodegradowalnos¢: komponenty nanodetergentu powinny by¢ tatwo rozkladalne
w S$rodowisku 1 spelnia¢ kryteria biodegradowalnosci, aby minimalizowa¢
negatywny wpltyw na ekosystem;

e brak toksyczno$ci: komponenty nie powinny by¢ toksyczne dla organizmow
wodnych ani ludzi spetniajac zasady Zielonej Chemii.

2. Wiasciwosci zwilzajace 1 detergencyjne:

e zwilzalno$¢: powinny fatwo rozprowadzac si¢ i dobrze zwilza¢ powierzchnie;

e detergencyjnos$¢: powinny skutecznie usuwac rdznego rodzaju powloki tworzone
przez farby graffiti, nie oddzialywujac z oryginalng powierzchnig.

3. Latwos$¢ aplikacji: powinny by¢ tatwe w uzyciu i stosowaniu, istotna jest forma
oraz wygoda aplikacji.

4. Stabilno$¢ przechowywania i zachowania wlasciwosci: powinny zachowywac swoje
wlasciwos$ci przez dlugi okres przechowywania. Stabilno$¢ jest kluczowa,
aby zapewni¢ stalg skutecznos$¢ dziatania produktu.

5. Niskie st¢zenia surfaktantow: powinny zawiera¢ minimalne iloSci surfaktantow,
aby ograniczy¢ obcigzenie Srodowiska wodnego, ale 1 takze ograniczy¢ ilo§¢ koniecznej
wody niezbednej do splukania detergentu z powierzchni po uzyciu.

6. Optacalno$¢: powinny by¢ ekonomiczne w uzyciu, a cena wytworzenia nie powinna
by¢ wyzsza niz odpowiednikéw rynkowych.

Innowacyjna  formuta nanodetergentéw oparta na  biorozpuszczalnikach

1 surfaktantach ekologicznych to nowatorskie rozwigzanie, ktére odpowiada na potrzeby

rynku w zakresie produktow ekologicznych przeznaczonych do usuwania graffiti

z powierzchni delikatnych 1 wrazliwych na czyszczenie mechaniczne. Wprowadzenie

na rynek takich nanodetergentow moze przyczyni¢ si¢ do poprawy jakosci zycia

konsumentow, zwigkszenia zrownowazonego rozwoju i ochrony $rodowiska. Wyniki tej
pracy stanowig istotny, pionierski wktad w opracowanie rozwigzan stuzacych transformacji
polskiej gospodarki w kierunku modelu gospodarki o obiegu zamknigtym (GOZ),

poprzez wdrazanie idei ekoprojektowania i koncepcji 6R.
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3. Surfaktanty wytworzone z odnawialnej bazy surowcowej

W obliczu postepu technologicznego, obserwuje si¢ rosngca tendencje
do poszukiwania ekologicznych i przyjaznych dla S$rodowiska surfaktantow, ktore
sa wytwarzane z odnawialnych surowcow. Ww. zwiazki, oprocz wysokiej aktywnosci
powierzchniowej i1 pelnej biodegradowalnos$ci, sa bezpieczne dla cztowieka i §rodowiska
naturalnego. Surfaktanty, czyli zwigzki powierzchniowo czynne to czasteczki o budowie
amfifilowej, ktoére samorzutnie adsorbujg si¢ na granicy faz woda-powietrze, obnizajac jej
napigcie powierzchniowe i utatwiajac czyszczenie powierzchni [1,2]. Molekularne struktury
tych czasteczek zawieraja hydrofilowy fragment, ktory jest inspirowany naturalnymi
czasteczkami 1 skutecznie pomaga zmniejszy¢ sity spojnosci migdzy czasteczkami wody,
co prowadzi do efektywnego obnizenia napigcia powierzchniowego [1-5]. Rysunek 1
przedstawia schemat asymetrycznej struktury surfaktantu wytworzonego z odnawialnej bazy
surowcowej. Grupa polarna zawiera naturalne weglowodany lub biatka, a ich czg$é
hydrofobowa stanowig lipidy pozyskiwane z olejow roslinnych lub thuszczéw zwierzgcych
[6]. Cukry 1 wigkszo§¢ aminokwasow nadaja surfaktantom charakter polarny i maja
tendencj¢ do tworzenia wigzan wodorowych. Istnieja jednak przypadki, w ktérych lipidy
1 niektére aminokwasy maja charakter liofilowy, co sprawia, ze takie zwigzki
powierzchniowo czynne majag powinowactwo do $rodowiska niepolarnego [7,8].
Obecnos$¢ naturalnych fragmentéw w strukturze surfaktantu gwarantuje uzyskanie wysokiej
biokompatybilnosci, wysokiej biodegradacji 1 niskiej toksycznosci [1,2,6].
Oprocz wymienionych wyzej cech, surfaktanty uzyskiwane z odnawialnych surowcow
posiadaja wiele unikalnych wlasciwosci, ktére umozliwiaja ich zastosowanie jako
emulgatorow [9,10], $rodkow spieniajacych [11,12], inhibitorow korozji [13,14]

oraz $rodkdéw antystatycznych [15,16].

FRAGMENTY /\N\‘ FRAGMENTY

LIOFILOWE \HYDROFILOWE
OLEJE ROSLINNE UGRUPOANIE CUKROWE
TLUSZCZE ZWIERZECE UGRUPOWANIE PEPTYDOWE

Rysunek 1. Budowa surfaktantu z odnawialnych zrédet surowcowych — schematyczne przedstawienie
struktury.
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Pierwotnie, $rodki powierzchniowo czynne byly wytwarzane wylgcznie
z odnawialnych zasobow, takich jak oleje roslinne lub tluszcze zwierzgce.
Obecnie, wigkszo$¢ stosowanych surfaktantow ulega biodegradacji tylko czg$ciowo
lub powoli, co jest szkodliwe dla $rodowiska naturalnego i1 stwarza problemy
toksykologiczne [17,18]. W rezultacie, istnieje duze zainteresowanie i zapotrzebowanie
na produkty biodegradowalne, opracowane w ramach zielonej chemii w celu koniecznosci
ochrony 1 zapobieganiu zanieczyszczenia $rodowiska naturalnego. W zwigzku z tym
niezbg¢dne jest eliminowanie wykorzystania lub wytwarzania niebezpiecznych substancji
podczas projektowania, wytwarzania i stosowania réznych produktow chemicznych
na calym $wiecie. Rosnace naciski prawne 1 spoleczne na biodegradowalnosé
1 zrownowazong produkcje tych substancji staly si¢ bodzcem do badan nad nowymi,
biodegradowalnymi zwigzkami powierzchniowo czynnymi pochodzenia syntetycznego
lub biologicznego [19]. Ponadto, zmniejszajace si¢ zapasy produktéw petrochemicznych
1 degradacja $rodowiska naturalnego wymusily konieczno$¢ znalezienia i wykorzystania
nowych, odnawialnych zasoboéw biologicznych na potrzeby wydajnej produkcji zwigzkow
powierzchniowo czynnych. Istotne jest, by nowej generacji odnawialne surfaktanty byty
produkowane efektywnie z niezawodnych i zrownowazonych surowcoOw oraz posiadaty
wlasciwosci fizykochemiczne pordwnywalne lub lepsze niz petrochemiczne $rodki
powierzchniowo czynne [20,21]. Wszystkie te wymagania musza by¢ spelnione przy
jednoczes$nie niskich kosztach produkc;ji.

Stosowanie na szeroka skal¢ $rodkow powierzchniowo czynnych otrzymywanych
na drodze syntez chemicznych ma negatywny wptyw na $rodowisko naturalne, w tym ich
wysoki poziom toksyczno$ci i staba biodegradowalno$¢. Wptywa to niekorzystnie
na oczyszczanie $ciekdw, populacje drobnoustrojow wodnych, ryby i inne organizmy
wodne, a takze efektywno$¢ fotochemicznej konwersji energii roslin  [22].
Biorgc pod uwagg, ze kazdego roku na catym §wiecie wykorzystuje si¢ ponad 15 milionow
ton srodkow powierzchniowo czynnych, a szacunkowo 60% z nich trafia do §rodowiska
wodnego, dlatego konieczne jest znalezienie substytutow, ktore w mniejszym stopniu
niekorzystnie wptywaja na Srodowisko naturalne. [23,24].

Obecnie, coraz wigksze zainteresowanie budza surfaktanty bazujace na cukrach
1 aminokwasach. Szacuje si¢, ze warto$¢ rynku surfaktantow na bazie cukrow w 2022 roku
przekroczyta jeden miliard dolaréw, a do 2030 roku przewiduje si¢ wzrost o ponad 6% [25].
W przypadku surfaktantow na bazie aminokwasow ich rynek oszacowano na ponad 822

miliony dolaréw, przy oczekiwanym wzroscie do 2030 roku o prawie 12% [26].
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Coraz szersze zastosowanie zwigzkéw powierzchniowo czynnych otrzymywanych
z odnawialnych baz surowcowych spowodowane jest proekologicznymi tendencjami,
ale tez ich unikalnymi wiasciwo$ciami uzytkowymi.

Weglowodany, stanowigce 95% S$wiatowej ilo$ci  wytwarzane] biomasy,
sa najpowszechniej wystepujacymi zwigzkami organicznymi na $wiecie [27]. Mimo zZe,
ich produkcja na skale przemystowa jest stosunkowo nowym zjawiskiem, to zwiazki
powierzchniowo czynne na bazie cukru cieszg si¢ coraz wigkszym zainteresowaniem
[28-32], Estry sorbitanu, estry sacharozy, alkilopoliglikozydy i glukamidy kwasow
thuszczowych zyskuja na popularnosci w poréwnaniu z niektérymi tradycyjnymi
surfaktantami ze wzgledu na poprawe wydajnosci procesOw czyszczenia oraz zdrowia
konsumentow 1 bezpieczenstwa srodowiska naturalnego. Z faktu, ze przy uzyciu prostych
technik syntezy mozna wyprodukowa¢ szeroka game¢ produktow na bazie cukrow,
obserwuje si¢ zwickszenie dostepnosci na rynku handlowych réznych rodzajow APG [33].

Od ubiegtego stulecia aminokwasy zyskaly istotne znaczenie jako surowce
do produkcji $rodkéw powierzchniowo czynnych [34,35]. Surfaktanty na bazie
aminokwasoéw/peptydow znajduja gléwnie zastosowanie w naukach przyrodniczych
1 biomedycynie jako: no$niki lekéw, srodki przeciwwirusowe, mediatory w DNA lub $rodki
do transfekcji DNA i dostarczania genow w terapii genowej [36]. Poczatkowo, zwiazki
te byly wykorzystywane do zastosowan leczniczych i kosmetycznych, natomiast obecnie
zostaly zbadane pod katem wielu zastosowan jako $rodki powierzchniowo czynne w wielu
galeziach przemystu. Biorgc pod uwage réznorodnos¢ struktur aminokwasow/peptydow,
dostepnych jest wiele roznych surfaktantow o unikalnych wlasciwosciach biologicznych
1 fizykochemicznych [34-36]. Rozw¢j technologii umozliwia syntez¢ nowych surfaktantow
na bazie aminokwasow/peptydow, ktore sa bardziej przyjazne dla srodowiska i maja lepsze
wlasciwosci uzytkowe. Dalsze badania w tej dziedzinie mogg prowadzi¢ do odkrycia
nowych zastosowan tych zwigzkéw, co przyczyni si¢ do zrOwnowazonego rozwoju
przemystu chemicznego.

W czasach, gdy ekologia i zrbwnowazony rozwoj staja si¢ coraz bardziej istotne,
nastgpuje przesunig¢cie od stosowania produktow petrochemicznych do wykorzystania
materiatow odnawialnych jako surowcow wyjsciowych do syntezy surfakantow. Ten trend
jest promowany przez koncepcj¢ Zielonej Chemii, ktéra zwraca uwage na ochrong
srodowiska 1 ograniczenia prawne dotyczace stosowania toksycznych detergentow.
W efekcie, obserwujemy pojawienie si¢ ekologicznych surfaktantow jako odpowiednich

substytutow [37]. Te nowe przyjazne srodowisku surfaktanty sg bardziej biokompatybilne,
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ulegaja biodegradacji i zaspokajaja rosnace zapotrzebowanie konsumentéw na produkty,
ktére sa bardziej ekologiczne, czyli tagodniejsze, skuteczniejsze i mniej szkodliwe
dla srodowiska.

W dalszej czgéci rozprawy doktorskiej skupitem si¢ na mozliwosciach zastosowania
weglowodandéw o réznej dlugosci tancuchow alkilowych (od Cs do Ci2) w kontekscie
wplywu steZenia na stabilno$¢ 1 skuteczno$¢ dziatania wobec powtok graffiti wytworzonych
nanoemulsji w/o. Réwnoczesnie, badalem wykorzystanie surfaktantow na bazie
aminokwaséw, t.j. glutamina, tauryna czy glicyna do preparacji nanodetergentow

oraz ich skuteczno$¢ do usuwania powlok graffiti.

4. Detergenty typu nanostrukturalnych ptynow

Rozwdj technik instrumentalnych do badania wtasciwosci w skali nanometryczne;j
przyczynit  si¢ do  powstania  grupy  wielofunkcyjnych  nanodetergentow.
Dzigki zaawansowanym technikom pomiarowym mozliwe jest dokladne zrozumienie
struktury 1 wlasciwo$ci tych nowych materiatow na poziomie molekularnym.
Zaawansowane techniki umozliwiaja projektowanie i optymalizacj¢ nanostrukturalnych
ptynéw do konkretnych zastosowan, co przyczynito si¢ do ich szerokiego zastosowania
w r6éznych dziedzinach, od przemystu chemicznego po biomedycyne.

Nanostrukturalne ptyny detergentowe (ang. nonostructured fluids, NFs) sa nowa klasa
materiatow, ktore wykorzystuja zjawiska zachodzace na poziomie nanoskali
do uzyskania wysokiej skutecznos$ci czyszczenia rdéznych powierzchni i materiatow.
Sa to roztwory zawierajace zwiazki powierzchniowo czynne, tj. surfaktanty, ktore tworza
specyficzne struktury w zaleznosci od warunkéw Srodowiskowych i sktadu roztworu.
Do najczg$ciej stosowanych nanostrukturalnych plynow detergentowych naleza roztwory
miceli (MS), mikroemulsje (ME), nanoemulsje (NE) i nanozele (NG) [38-43, A1-AS].
Roztwory miceli sktadajg si¢ z agregatéw czasteczek amfifilowych, ktére majg ugrupowanie
hydrofilowe i hydrofobowe. Mikroemulsje s dwufazowymi uktadami ciektymi, w ktérych
jedna faza jest dobrze zdyspergowana w drugiej, tworzac krople o $rednicy ponizej 100 nm
[44]. Nanoemulsje sa podobne do mikroemulsji, ale maja wigksze krople o Srednicy
od 100 do 500 nm [45]. Wszystkie te uktady stabilizowane sa przez $rodki powierzchniowo
czynne, ktore zapobiegaja koalescencji kropli lub miceli.

Nanostrukturalne plyny detergentowe maja wiele zalet w poréwnaniu z tradycyjnymi

srodkami czyszczacymi, takimi jak rozpuszczalniki organiczne. Po pierwsze, sa bardziej
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przyjazne dla $rodowiska, poniewaz nie emituja lotnych zwigzkéw organicznych
ani nie generuja niebezpiecznych odpadéw. Po drugie, sa bardziej selektywne i skuteczne
w usuwaniu konkretnych rodzajéw zabrudzen lub powlok, poniewaz mozna dostosowac
ich wilasciwo$ci poprzez zmiang skiadu lub warunkéw srodowiskowych. Po trzecie,
sg tatwiejsze w uzyciu i1 przechowywaniu, poniewaz nie wymagaja specjalnego sprzetu ani
warunkow bezpieczenstwa.

Nanostrukturalne ptyny detergentowe znalazly zastosowanie w wielu dziedzinach
nauki 1 techniki, takich jak przemysl chemiczny, biomedycyna, ochrona zabytkow
czy usuwanie graffiti. W szczegdlnosci, sg one uzywane do usuwania trudnych do usunigcia
powtlok polimerowych, takich jak farby graffiti, lakiery czy woski. Dzigki temu mozliwe jest
odnowienie 1 zachowanie warto$ci estetycznej 1 historycznej réznych obiektow
1 powierzchni.

W przyszloSci mozna spodziewaé si¢ dalszego rozwoju 1 popularyzacji
nanostrukturalnych plyndéw detergentowych jako nowoczesnych i ekologicznych $rodkow
czyszczacych. W badaniach omoéwionych w rozprawie doktorskiej przedstawiono
zastosowania nanoemulsji typu woda-w-oleju. Sa one przyktadem innowacyjnej grupy
nanostrukturalnych plynéw przeznaczonych do usuwania graffiti z powierzchni wrazliwych
na czyszczenie mechaniczne przy zastosowaniu technologii czyszczenia powierzchni
metoda tzw. ,,natdz, zetrzyj” (ang. brush on, wipe off) [A1-AS].

Podsumowujac, rozwo6j technik instrumentalnych do badania witasciwosci w skali
nanometrycznej przyczynit si¢ do powstania grupy wielofunkcyjnych nanodetergentow.
Dzigki zaawansowanym technikom pomiarowym, mozliwe jest doktadne zrozumienie
struktury 1 wlasciwosci nowych nanomateriatlow. Niebawem mozna spodziewac si¢ dalszego
rozwoju 1 popularyzacji nanostrukturalnych ptynéw detergentowych jako nowoczesnych

1 ekologicznych $rodkow czyszczacych.

4.1. Nanoemulsje typu woda-w-oleju — dobor skladnikow, optymalizacja skladu i

stabilnos$¢ koloidalna

W ostatnich latach badania nad technologia utrzymania czystos$ci zabytkow
oraz technologia czyszczenia obiektow uzytkowych skupity si¢ na opracowywaniu nowych,
skutecznych 1 biokompatybilnych plynéw nanostrukturalnych. Wsréd tych ukltadow
szczegblng role odgrywaja przezroczyste lub polprzezroczyste dyspersje izotropowe,

takie jak nanoemulsje (zwane takze emulsjami submikronowymi lub miniemulsjami).
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Nanoemulsje sktadajg si¢ z kropelek o skali nanometrycznej (zwykle w zakresie 20—500 nm)
[45-48], ktore zawieraja nanodomeny wody i/lub oleju. Te pseudofazy wspdtistnieja
w rownowadze kinetycznej dzigki obecnos$ci warstewki surfaktantu na granicy
mig¢dzyfazowej olej/woda. W przeciwienstwie do mikroemulsji, ktére sa uktadami
stabilnymi termodynamicznie, ale do ich powstania wymagane jest wysokie stezenie
surfaktantu (zwykle okolo 20% lub wigcej), a nanoemulsje mozna przygotowac
przy stezeniu surfaktantu wynoszacym 3—10%. Niewielki rozmiar kropelek nanoemuls;ji
prowadzi do znacznej poprawy stabilnosci ukladu w zakresie separacji grawitacyjnej
1 agregacji kropelek. Rozne grupy badawcze [46,49] donosza, ze nanoemulsje, zarowno olej-
w-wodzie (o/w), jak 1 woda-w-oleju (w/0) (Rysunek 2) staty si¢ bardzo atrakcyjne dla wielu
dziedzin przemystu, tj. technologii farmaceutycznej i kosmetycznej, chemii spozywczej,
agrochemii i przemy$le chemicznym.

Wiasciwosci fizykochemiczne nanoemulsji, ich stabilno$¢ fizyczna i chemiczna
oraz interakcje z zanieczyszczeniami mozna oceni¢ na podstawie wielu parametrow
kontrolnych, takich jak sklad, stezenie, wielko§¢ 1 cechy strukturalne

surfaktanow/emulgatoréw oraz wtasciwos$ci granicy migdzyfazowej ciecz/ciecz.

Olej Woda
::: Woda - 2=100-500nm é?)?e{;;:

B Ny

Rysunek 2. Dwa rodzaje agregatow emulsyjnych.

Projektowanie ekologicznych nanoemulsji o ukierunkowanych zastosowaniach mozna
zatem kontrolowa¢ poprzez staranny dobor bezpiecznych komponentow uzywanych
do ich wytwarzania, np. przyjaznych dla §rodowiska surfaktantéw czy rozpuszczalnikow
organicznych.  Obecnie  wigkszo§¢  uktadow  nanoemulsyjnych  stabilizowana
jest syntetycznymi surfaktantami. Duzy stosunek grubos$ci warstwy sferycznej do $rednicy
kropli (stosunek &/d) powoduje, Ze stabilizacja sferyczna jest bardzo skuteczna i zapobiega
nawet stabej flokulacji [50]. Ostatnio ro$nie zainteresowanie projektowaniem nowatorskich

wielofunkcyjnych  surfaktantow opartych na bazie odnawialnych  surowcow
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do ukierunkowanych zastosowan w obszarze technologii czyszczenia czy odtluszczania
powierzchni. Kluczowymi kwestiami w przypadku preparatéw na bazie takich surfaktantow

jest potaczenie zaleznosci struktura-efektywnos¢ z kompatybilnoscia chemiczng [45].

4.1.1. Dobor skladnikéw nanoemulsji woda-w-oleju

Dobor sktadnikow jest kluczowy dla optymalizacji sktadu i stabilno$ci koloidalnej
nanoemulsji. Glowne skladniki nanoemulsji w/o to faza ciagla (olej), faza rozproszona
(woda) 1 surfaktant (emulgator). W zaleznosci od stosunkéw molowych tych substancji
otrzymuje si¢ nanoemulsje o ré6znych wtasciwosciach.

Zasady Zielonej Chemii mozna pogodzi¢ z potrzebami przemystu polegajacymi
na zintensyfikowaniu procesow z wykorzystaniem surowcoéw ze zrddel odnawialnych
lub odpadéw. Tym samym produkty zawierajace ekologiczne rozpuszczalniki, pochodzace
z surowcOw odnawialnych, odgrywaja coraz wigksza rolg¢ w technologiach czyszczenia
przemystowego oraz instytucyjnego. Tego typu prace badawcze s3 bardzo pozadane przez
rynek produktow ekologicznych. Jak wynika z przegladu literatury, obserwuje si¢ rosnaca
tendencj¢ do zastgpowania tradycyjnych rozpuszczalnikoéw  petrochemicznych
ekologicznymi  rozpuszczalnikami,  takimi  jak  mleczan  etylu,  limonen,
3-metyloksy-3-metylo-1-butanol, nanostrukturalne ptyny (NFs) na bazie zwiazkéw
amfifilowych [A1-AS]. Wraz ze wzrostem $wiadomosci zrownowazonego rozwoju nalezy
zwrdci¢ uwage na badania i wykorzystanie zielonych rozpuszczalnikow jako skuteczng
alternatywe dla toksycznych, lotnych, szkodliwych, fatwopalnych 1 rakotworczych
rozpuszczalnikow  petrochemicznych [47]. Na podstawie mojego wieloletniego
doswiadczenia zawodowego w przemysle chemicznym, w ramach realizowanych przeze
mnie prac badawczo-rozwojowych 1 licznych projektow wdrozeniowych, w ramach
dysertacji doktorskiej opracowatem technologi¢ wytwarzania nowej gamy zielonych
rozpuszczalnikow estrowych typu PEG-8-Oil [Al, P1, P2]. Nalezy podkreslic,
ze wykorzystywany w mojej technologii estryfikowany olej roslinny (RO, SO, UCO)
z poliglikolem typu: PEG 400, spelnia wszelkie niezbg¢dne wymagania dla nowych,
ekologicznych i1 zrownowazonych technologii chemicznych opartych na zastosowaniu
surowcOw 1 proceséw eliminujacych lub ograniczajacych niebezpieczne substancje
1 pozostalo$ci zgodnie z zasadami zrownowazonego rozwoju i 6R oraz wpisuje si¢
w Krajowa Inteligentng Specjalizacja Gospodarki o Obiegu Zamknigtym (KIS GOZ)

zwigzanym ze transformacjg polskiej gospodarki.
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Technologia wytwarzania estrow PEG-8-Oil opiera si¢ na wykorzystaniu potencjatu
procesow estryfikacji/transestryfikacji, ktora przeprowadzono zgodnie z procedura opisang
w czesSci doswiadczalnej pierwszego artykutu wchodzacego w cykl publikacji [A1]
oraz wiedzy know-how z ujawnionych opiséw patentowych [P1, P2], ktérych jestem
autorem wiodgacym lub wspotautorem. Kluczowa rolg otrzymania mieszaniny estroéw olejow
ro$linnych o pozadanych wlasciwosciach rozpuszczalnikowych i detergencyjnych bylo
ustalenie optymalnych warunkow procesowych, tj. proporcj¢ reagentdw, czas reakcji,
temperatur¢ 1 ci$nienie procesu, ale takze racjonalne st¢zenie mieszaniny katalizatorow
metaloorganicznych zwigzkow cyny (Sn*') i tytanu (Ti*). Wyniki przebiegu procesu
syntezy estrow PEG-8-Oil oraz ich parametry jakoSciowe szczegdlowo opisano
w opublikowanej pracy [A1].

Opracowane przeze mnie olejowe rozpuszczalniki estrowe wykorzystatlem
jako podstawowy sktadnik bazy olejowej fazy ciaglej nanostrukturalnych ptynéw typu
nanoemulsji w/o. Nalezy podkres$lic, ze optymalne wlasciwosci detergencyjne
1 rozpuszczalnikowe NFs, stosowanych jako zmywacze graffiti, uzyskuje si¢ przez
racjonalny dobor wszystkich sktadnikéw o takich stezeniach, aby uzyskaé jak najlepsza
synergi¢ wlasciwosci czyszczacych. Istotng role w NFs odgrywa obecno$¢ surfaktantu,
poniewaz obnizenie napi¢cia mig¢dzyfazowego polimer (farba)/ciato state (podloze)
energetycznie sprzyja odrywaniu si¢ warstewki farby od powierzchni (ang. dewetting)
[51, A3, A4], co pomaga zwigkszy¢ skuteczno$¢ usuwania niepozadanych powtok graffiti
z powierzchni. Istotng rolg surfaktantu jest réwniez zmniejszenie chemicznych
i/lub fizycznych sit przyczepnosci wszystkich sktadnikow farby do podtoza. Syntezowane
estry PEG-8-Oil w mieszaninie z wybranymi zielonymi rozpuszczalnikami, tj. mleczanem
etylu lub monoterpenem 4-izopropenylo-1-metylocykloheksenu lub eterem 3-metyloksy-3-
-metylo-1-butanolu, stanowily osrodek ciagly dla rozproszonych czasteczek wody, ktore
stabilizowane byly przez wybrane surfaktanty otrzymywane z odnawialnej bazy surowcowej

weglowodanoéw czy aminokwasow.

4.1.2. Optymalizacja skladu nanostrukturalnych plynow do usuwania graffiti

Gléwnym celem badan bylo opracowanie efektywnej i1 ekologicznej formuty
nanostrukturalnych ptynéw do usuwania graffiti z delikatnych powierzchni. W tym celu
wykorzystano technike¢ planowania eksperymentéw (ang. Design of Experiment, DoE),

ktora jest czesto stosowana w procesie tworzenia nowych produktow lub technologii.
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DoE pozwala na efektywne prowadzenie operacji i procesow jednostkowych oraz lepsza
analiz¢ danych. Dzigki temu mozliwe jest zrozumienie zalezno$ci migdzy parametrami
wejsciowymi a wyjsciowymi. Technika planowania eksperymentow jest jedng z najbardziej
efektywnych metod opracowywania rozwigzan, poniewaz pozwala na zrozumienie zwigzku
przyczynowo-skutkowego w przeprowadzanych operacjach czy procesach [52]. Planowanie
eksperymentéw jest kluczowe dla wyboru optymalnych wartosci wejsciowych,
ktére doprowadza do ulepszenia procesu produkeji i otrzymania produktéw o zamierzonych
cechach uzytkowych i odpowiednim poziomie jakos$ci. Nowe techniki planowania badan
maja na celu oszczedno$¢ czasu 1 kosztow realizowanych projektow/badan
oraz usprawnienie ich poprzez kontrole¢ parametrow [53]. Takie podejscie pozwala
na zredukowanie liczby planowanych eksperymentdw i zrozumienie zalezno$ci pomigdzy
parametrami wejsciowymi danego procesu a pozadanym efektem.
Planowanie eksperymentu jest jedna z najbardziej efektywnych metod badania wptywu
zmiennych na wynik koncowy. DoE umozliwia optymalizacj¢ wartosci wejsciowych,
takich jak dobdr surowcow i ich stezen, parametry techniczne procesu (ci$nienie,
temperatura, czas), w celu uzyskania produktu o pozadanych cechach, ktory spetni zalozone
parametry. Wczesniejsze planowanie eksperymentdw pozwala na stworzenie optymalnego
zestawu do$wiadczen, ktory dostarczy maksymalng ilo§¢ informacji o procesie w zaleznosci
od celu badan [54]. DoE moze by¢ efektywnie wykorzystywane w badaniach, ktorych celem
jest szybka selekcja zmiennych majacych znaczacy wplyw na koncowy wynik, aby osiggnaé
wymagane rezultaty. Planowanie eksperymentu pozwala na tworzenie najlepszych produktow
komercyjnych (ang. Fine Chemicals) [55, Al, A2]. Producenci wysokowarto$ciowych
produktoéw specjalistycznych, tj. zwiazki bioaktywne, surfaktanty, kosmetyki, kropki kwantowe
©., s3 odpowiedzialni za dostarczanie klientom preparatow o najwyzszej mozliwej jakosci,
zgodnie z koncepcja ,,jako$¢ przez projektowanie” (ang. Quality-by-Design, QD).
Planowanie eksperymentu pozwala sprosta¢ tym wymaganiom oraz umozliwia
zrozumienie wszystkich aspektéw i faz rozwoju produktu na kazdym etapie jego cyklu zycia
[54]. Strategia projektowania eksperymentu pozwala na identyfikacj¢ probleméw i zrddta
ich wystgpowania, aby wyeliminowa¢ czynniki prowadzace do wyrobow o niskiej jakosci.
Dzigki planowaniu badaf mozna okresli¢ poziomy, na ktérych umieszcza si¢ zmienne w taki
sposob, aby mozliwa byla optymalizacja parametrow 1 procesu produkcyjnego
przy zastosowaniu jak najmniejszej ilosci doswiadczen [56]. Kluczowym elementem

jest znalezienie wielkosci wejSciowych, ktore doprowadza do maksymalizacji informacji,
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precyzji, jakosci, wydajnosci 1 efektywnosci prowadzonych eksperymentéw
oraz minimalizacji zmienno$ci procesu.
Wiasciwe planowanie eksperymentu w przypadku otrzymywania ekologicznych

nanodetergentow dedykowanych do usuwania niechcianych graffiti zwigzane

jest z wdrozeniem o$mioetapowej procedury jak przedstawiono na Rysunku 3.

r Definicja celu eksperymentu —

Wybdr zmiennych zaleznych

i parametrow statych

gm [’lanowanie eksperymentow

mm Wykonanie eksperymentow

mm Analiza danych

mm Optymalizacja produktu

mm 1estowanie i walidacja produktu

Produkcja - Produkt gotowy
do wdrozenia

Rysunek 3. Schemat poszczegdlnych etapéw planowania eksperymentu.

Wiasciwe zaplanowanie przebiegu eksperymentu daje mozliwos$¢ zawezenia zakresu badan
do niezbednych, zmniejszajac liczbg¢ wielkosci wyjsciowych lub eliminujac wielkosci
wejsciowe oraz pozwala uzyska wymierne efekty — ograniczenie nakltadu pracy i1 czasu.
Wybér planu doswiadczenia zalezy od celu jaki chcemy osiggna¢ oraz specyfiki rodzaju
badan. Aby realizowa¢ cel eksperymentu, podczas prowadzenia badan przyjeto okreslone

warto$ci zdefiniowanych wielkosci wejsciowych (Tabela 1). Ze wzgledu na aspekt
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technologiczny ~ wykorzystano  planowanie  eksperymentdow do  syntezowania
biorozpuszczalnika na bazie olejow roslinnych, a nastgpnie do opracowania bazowej
receptury preparatu majacego silne wtasciwosci myjace w usuwaniu graffiti [A1].
Najbardziej efektywng zawarto$¢ preparatu okre§lono poprzez optymalizacje
za pomoca metodologii powierzchni odpowiedzi (ang. Response Surface Methodology,
RSM). Zbadane niezalezne zmienne pozwolily stwierdzi¢, ze najwickszy wplyw
na funkcjonalno$¢ produktu ma sktad detergentu. Ostatecznie sposrod szesciu kandydatow
wyznaczonych na podstawie obliczen statystycznych 1 eksploracji powierzchni odpowiedzi
3D, w potaczeniu z funkcja celowosci opartg na jakosci czynnikoéw odpowiedzi, wybrano
jeden optymalny produkt o nastgpujacym skladzie: ester PEG-8 oleju rzepakowego:
38,5% wag.; mleczan etylu: 45,0% wag.; APG Cs-Cio: 2,5% wag.; woda: 14,0% wag.) [A1].
Otrzymana ormulacja stala si¢ punktem wyjSciowym dla dalszych prac rozwojowych

w konteks$cie otrzymywania nanoemulsji w/o.

Tabela 1. Parametry kontrolne procesu wytwarzania nanoemulsji w/o.

PARAMETRY PROCESU WARTOSC
PARAMETRY STALE

Zawartos¢ Oil-PEG 8 [% wag.] 38,5
Zawartos$¢ biorozpuszczalnika [% wag. ] 45,0
Zawarto$¢ wody [% wag.] 14,0
Temperatura, °C 20 °C

PARAMETRY ZMIENNE NIEZALEZNE

. APG
Rodzaj Surfaktantu AAS
0,05
Stezenie surfaktantu 0,075
0,10

RO

Rodzaj oleju roslinnego SO
uco

N 100
Cisnienie robocze HPH, [MPA] 150

PARAMETRY ZMIENNE ZALEZNE WYMAGANIA
Rozmiar czastek [nm] 100 - 500
PDI <1

<5 (zmiana parametru nie wigksza niz o 5

TSI jednostek w ciagu 90 dni)
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Ze wzgledu na aspekt technologiczny wykorzystano planowanie eksperymentow
do syntezowania biorozpuszczalnika na bazie olejow roslinnych, a nast¢pnie do opracowania
bazowej receptury preparatu majacego silne wlasciwosci myjace w usuwaniu graffiti [A1].
Najbardziej efektywna zawarto$¢ preparatu okreslono poprzez optymalizacje za pomoca
metodologii powierzchni odpowiedzi (ang. Response Surface Methodology, RSM).
Zbadane niezalezne zmienne pozwolily stwierdzi¢, ze najwickszy wptyw na funkcjonalnosé
produktu ma sktad detergentu. Ostatecznie sposrod szesciu kandydatow wyznaczonych na
podstawie obliczen statystycznych i eksploracji powierzchni odpowiedzi 3D, w potaczeniu
z funkcja celowosci opartg na jakosci czynnikow odpowiedzi, wybrano jeden optymalny
produkt o nastepujacym skladzie: ester PEG-8 oleju rzepakowego: 38,5% wag.; mleczan
etylu:  45,0% wag.; APG Cs-Cio: 2,5% wag.; woda: 14,0% wag.) [Al]
Otrzymana ormulacja stata si¢ punktem wyjSciowym dla dalszych prac rozwojowych
w kontekscie otrzymywania nanoemulsji w/o. W toku nastepnych prac przebadano wplyw
parametrow takich jak ci$nienie homogenizacji [A2, A3], st¢zenie i typ surfaktantow
[A2, A3], typ biorozpuszczalnika [A4] na stabilno$¢ koloidalng i skuteczno$¢ najlepszych
preparatbw do usuwania graffiti. W efekcie przy wykorzystaniu procesu
wysokoci$nieniowej homogenizacji (ang. High-Pressure Homogenization, HPH) [57]
przy cisnieniu roboczym 150 Mpa otrzymano przezroczyste, zoltawe i jednorodne
nanoemulsje w/o (Rysunek 4) [A2-AS], charakteryzujace si¢ jednorodnymi rozmiarami
kropelek, dla ktérych zaobserwowano dtugoterminowa stabilno$¢ kinetyczna, co okreslono
przez badanie zmian $rednicy hydrodynamicznej w czasie (pomiary DLS), a takze analiz¢

optyczng procesOw destabilizacji (pomiary TSI).
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Rysunek 4. Przyktadowe probki nanoemulsji w/o stabilizowanych r6znymi APGs otrzymanych technika HPH
[AS2].
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Tabela 2. Charakterystyka fizykochemiczna produktéw stabilizowanych réznymi rodzajami APGs. HPH przy P = 150 Mpa i pi¢¢ cykli homogenizacji [A2].

Typ APG: APG Ce APG Cs APG Cio APG Cn2 APG Cs-Cio
NE no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 (GNFISH 1)
[Isnt:);lz/fll:llli] 0,05 0,075 0,1 0,05 0075 01 005 0075 0,1 0,05 0075 0, 0,05 0075 0,1
0 dzien starzenia
Du [um] 0,963 0810 0475' 0801 0428 0,291 4201 2878 2,525 6,191 688 7,196 0,667 0285 0,171
DuS.D.£[um] 0,195 0,150 0085 0,147 0,073 0,048 2421 1,530 1,328 5112 5550 5535 0,131 0,051 0,030
PDI 0,041 0,034 0,032 0034 0029 0,027 0332 0282 0277 0,682 0,649 0592 0,039 0,031 0,032
TSI 4412 4341 4319 4652 4,405 4265 9,686 9570 9419 6892 7,034 7261 2,575 2,787 2,481
7 dzien starzenia
Du [um] 1,116 0,901 0,502 0,890 0467 0305 -2 - - - - - 0,753 0,314 0,177
DuS.D.£[um] 0226 0,167 0090 0,163 0,080 0,050 - - - - - - 0,148 0,056 0,031
PDI 0,048 0,038 0,034 0038 0032 0,028 - - - - - - 0,044 0,034 0,033
TSI 7912 7,882 5931 8432 7,673 5361 38522 39916 38457 31987 33207 34327 5235 5123 2,882
1 miesiac starzenia
Du [um] 1,168 0,950 0,537 0,927 0480 0,315 - - - - - - 0,776 0,323 0,185
DuS.D.£[um] 0236 0,176 0,096 0,170 0,082 0,052 - - - - - - 0,152 0,058 0,032
PDI 0,05 0,040 0,036 0,039 0,033 0,029 - - - - - - 0,045 0,035 0,035
TSI 8,532 8463 8324 10,682 9,356 6,932 - - - - - - 5712 5,583 3,013
3 miesigc starzenia
Du [um] 1234 1,025 0,562 0,970 0496 0,336 - - - - - - 0,788 0,332 0,192
DuS.D.£[um] 0250 0,190 0,101 0,178 0,085 0,055 - - - - - - 0,155 0,059 0,035
PDI 0,053 0,043 0,038 0,041 0034 0,031 - - - - - - 0,046 0,036 0,036
TSI 10,632 10,424 9286 12,713 10,18 8,041 - - - - - - 6,253 5,682 3,102

1. Pogrubione wartosci przedstawiajg produkty otrzymane w zakresie nanoemuls;ji

2. Brak danych ze wzgledu na brak stabilnosci otrzymanych formulacji.



Tabela 3. Charakterystyka fizykochemiczna produktéw stabilizowanych réznymi rodzajami AAS. HPH przy P = 150 Mpa i pi¢¢ cykli homogenizacji [A3].

Typ AAS: SLG SCCG SCMT SCG
NE nr. 1 2 3 4 5 6 7 8 9 ( GNFI(:II'. 2) 11 12
Stezenie [mol/dm?] 0,05 0,075 0,1 0,05 0,075 0,1 0,05 0,075 0,1 0,05 0,075 0,1
0 dzien starzenia
Du [nm] 749 1042 1424 1328 1963 2247 435! 776 817 186 478 761
Du S.D. + [nm] 143 190 253 297 460 695 926 150 152 36 113 198
PDI 0,036 0,033 0,032 0,050 0,055 0,096 0,049 0,037 0,035 0,037 0,056 0,068
TSI 1,01 1,57 2,40 1,74 1,89 2,27 0,86 1,53 1,56 0,06 0,09 0,11
7 dzien starzenia
Du [nm] 779 1137 1524 -2 - - 461 864 906 192 497 799
Dn S.D. + [nm] 144 209 281 - - - 102 167 175 38 117 208
PDI 0,034 0,034 0,034 - - - 0,049 0,037 0,037 0,038 0,055 0,068
TSI 1,67 3,05 5,04 31,32 34,02 31,78 1,17 2,74 2,84 0,07 0,10 0,20
1 miesiac starzenia
Du [nm] 812 1194 1618 - - - 484 916 961 200 514 833
Dn S.D. + [nm] 146 215 292 - - - 104 178 187 39 122 219
PDI 0,032 0,032 0,033 - - - 0,046 0,038 0,038 0,038 0,057 0,069
TSI 2,12 4,69 8,42 - - - 1,35 3,39 3,80 0,10 0,15 0,78
3 miesigc starzenia
Du [nm] 843 1253 1681 - - - 508 971 1018 205 533 868
Dn S.D. + [nm] 147 221 304 - - - 106 91 209 42 127 238
PDI 0,030 0,031 0,033 - - - 0,044 0,039 0,042 0,042 0,057 0,075
TSI 2,35 5,44 10,02 - - - 1,51 4,17 4,76 0,15 0,22 1,64

1. Pogrubione wartosci przedstawiajg produkty otrzymane w zakresie nanoemuls;ji

2. Brak danych ze wzglgdu na brak stabilnosci otrzymanych formulacji.



W Tabeli 2 [A2] i Tabeli 3 [A3] zestawiono charakterystyczne parametry
fizykochemiczne wytworzonym nanoemulsji o/w stabilizowanych ré6znymi rodzajami APGs
[A2] 1 AAS [A3] w procesie HPH przy cisnieniu P=150 Mpa podczas pigciokrotnego cyklu
homogenizacji. W wiekszos$ci przypadkéw otrzymano pojedynczy bardzo waski pik czego
i z jakich badan wskazujacy na niewielki rozrzut rozmiaréw wytworzonych kropel
nanoemulsji w/o. Zaréwno dla ukladéw emulsyjnych stabilizowanych przez APGs
(NE nr. 3, 5, 6, 10, 11) lub AAS (NE nr. 1, 7, 10, 11) uzyskano kropelki o $rednicy
mieszczacej si¢ w granicach przyjmowanych dla nanoemulsji. Zaobserwowano, ze nie udato
si¢ uzyskac struktury nanoemulsji podczas homogenizacji wysokoci$nieniowej dla uktadow
stabilizowanych przez APG Cio 1 APG Ci2 oraz przy st¢zeniu mniejszym niz 0,075 M [A2].
Podobnie nie otrzymano uktadu emulsyjnego, gdy do stabilizacji wykorzystano
aminokwasowe surfaktanty na bazie glutaminy: SLG 1 SCCG przy st¢zeniu
wyzszym niz 0,074 M [A3].

Optymalne warunki procesu HPH do wytwarzania nanoemulsji w/o na bazie APGs
lub AAS wraz z pozadanymi rodzajami surfaktantow 1 ich stezeniami zbadano przy uzyciu
kwadratowego modelu projektowego D-Optymalnego [A2, A3]. Analizowano zaleznos¢
pomiedzy zmiennymi wejsciowymi procesu, tj. stgzeniem APG lub AAS (A), ciSnieniem
HPH (B) i rodzajem APGs lub AAS (C) a zmiennymi odpowiedzi, tj. Srednicg czastek (Y1),
PDI (Y2) TSI po 0 dniach (Y3), TSI po 7 dniach (Y4) i TSI po 30 dniach (Ys). Wykresy
powierzchni odpowiedzi 3D, oparte na modelu regresji wielokrotnej (optymalny D),
graficznie przedstawiaja potencjalne interakcje pomiedzy procesem a czynnikami reakcji
(Rysunek 5, Rysunek 6). Gléwnym celem optymalizacji bylo okre$lenie warunkow
pozwalajacych na stworzenie uktadu nanoemulsji w/o na bazie APGs lub AAS o duzej
stabilno$ci kinetycznej (zminimalizowane wartosci TSI), jednolitej monodyspersyjnosci
(jak najnizsze PDI), $redniej wielkosci czastek w nanoskali (500 nm i mniej). Uzyskane
wyniki z proceséw optymalizacji metoda RSM wskazaty, ze najlepszymi surfaktantami
do stabilizacji opracowanych uktadéw nanoemulsji w/o sa APGs typu APG Cs, APG Cs
1 APG Cg-Cio [A2], oraz ASS typu SCMT i SCG [A3].
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Rysunek 5. Graficzne przedstawienie powierzchni odpowiedzi w funkcji D-Optimal dla zmiennych zaleznych: Y1 = §rednica, Y2 =PDI, Y3 =TSI (0 dni) i Y4 = TSI (7 dni) w
poréwnaniu ze zmiennymi niezaleznymi: stezenie APG (A), cisnienie HPH (B) w zaleznosci od rodzaju zastosowanych APG: Cs-Cio, Cs, Cs) [A2].
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Z przeprowadzonych badan wynika, ze nie wszystkie surfaktanty otrzymywane
z odnawialnych zrodet surowcoOw nadaja si¢ do stabilizacji opracowanych innowacyjnych
nanostrukturalnych plynow. Dalsze badania dotyczace skutecznosci usuwania graffiti
opisane w Rozdziale 5 wskazuja, ze uklady stabilizowane APGs, w szczego6lno$ci
APG Cs-Cio majg znaczne lepsze wiasciwos$ci czyszczace niz uklady stabilizowane AAS
typu SCG. Dlatego wykonano dodatkowe badania majace na celu ocen¢ skuteczno$ci
nanodetergentoéw  stabilizowanych ~APG  Cs-Cio w  polaczeniu z  innymi
biorozpuszczalnikami, tj. estrow PEG-8-Rapeseed Oil (RO-Oil-PEG 8), estrow PEG-8-Used
Cooking Oil (UCO-OIl-PEG 8) z D-limonenem (LIM) i 3-metoksy-3-metylo-1-butanolem
(MMB) [A4]. W Tabeli 4 [A4] zestawiono charakterystyczne parametry fizykochemiczne
otrzymanych nanoemulsji w/o. Optymalizacja projektu D-Optimal wykazala, ze formulacje
NFs oparte na uktadach rozpuszczalnikow RO-LIM i RO-MMB oraz na obnizonej
zawarto$ci APGs Cs-Cio(Cm < 0,075) nie powinny by¢ dalej badane [A4]. Natomiast uktady
rozpuszczalnikdw oparte na estrach zuzytego oleju posmazalniczego UCO-Oil-PEG 8,
zard6wno UCO-LIM, jak i UCO-MMB, w potaczeniu z najwyzszym stezeniem APG Cs—Cio

wyraznie poprawialy charakter fizykochemiczny otrzymanych nanoemulsji w/o .
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Tabela 4. Charakterystyka fizykochemiczna otrzymanych produktéw na bazie réznych uktadow rozpuszczalnikowych. HPH przy P=150 Mpa i pig¢ cykli homogenizacji [A4].

System rozpuszczalnikowy UCO-MMB UCO-LIM RO-MMB RO-LIM
NE nos. 1 2! 3 4 5 6 7 8 9 10 11 12
Stezenie. APG Cs—Cio (mol/dm?) 0,05 0,075 0,1 0,05 0,075 0,1 0,05 0,075 0,1 0,05 0,075 0,1
0 dzien starzenia
Du [nm] 609 416 335 505 312 233 671 632 497 636 427 346
D S.D. + [nm] 99 65 52 76 47 34 111 104 79 97 65 50
PDI 0,026 0,024 0,024 0,023 0,022 0,022 0,027 0,027 0,025 0,023 0,023 0,021
TSI 2,41 2,32 2,25 2,09 1,25 1,16 2,58 2,44 2,23 2,24 2,07 1,92
7 dzien starzenia
Du [nm] 663 450 362 565 343 249 745 703 552 655 444 364
D S.D. + [nm] 100 71 57 77 47 38 118 115 91 101 67 53
PDI 0,023 0,025 0,025 0,018 0,019 0,023 0,025 0,027 0,027 0,024 0,023 0,021
TSI 3,23 2,90 2,70 2,61 1,55 1,42 4,02 3,59 3,19 3,02 2,57 2,34
1 miesiac starzenia
Du [nm] 690 472 380 588 360 259 768 745 585 688 462 374
D S.D. + [nm] 101 73 59 80 49 40 120 123 97 105 70 56
PDI 0,021 0,024 0,024 0,018 0,018 0,024 0,025 0,027 0,028 0,023 0,023 0,022
TSI 3,84 3,42 3,19 2,98 1,77 1,58 5,07 4,48 3,92 3,69 3,11 2,811
3 miesigc starzenia
Du [nm] 717 496 399 605 372 270 806 790 620 708 477 390
D S.D. + [nm] 102 76 62 80 50 42 123 132 104 109 073 058
PDI 0,020 0,023 0,024 0,018 0,018 0,024 0,023 0,028 0,028 0,024 0,023 0,022
TSI 4,30 3,80 3,536 3,306 1,961 1,76 5,781 5,111 4,471 4,169 3,510 3,176

1. Pogrubione warto$ci przedstawiaja produkty otrzymane w zakresie nanoemulsji



4.1.3. Stabilno$¢ koloidalna nanodetergentu

O efektywnosci dziatania nanodetergentu nie decyduje tylko jego sktad, ale takze jego
zdolno$¢ do dhlugoterminowego przechowywania. W okresie przydatnosci do uzycia
nanodetergent powinien zachowaé¢ stabilno$¢  wlasciwosci  fizykochemicznych
1 funkcjonalnych, co $wiadczy o jego wysokim bezpieczenstwie. Kluczowym aspektem jest
zagwarantowanie wielopoziomowego bezpieczenstwa produktu wzgledem powierzchni,
ktéra ma by¢ czyszczona, uzytkownika, ktéry ma go stosowaé i srodowiska naturalnego,
ktore jest biernym uzytkownikiem kazdego detergentu [AS]. Istotnym parametrem
okreslajacym przydatno$¢ komercyjng nanoemulsji w/o jest stabilno$¢ koloidalna krotko-
1 dlugoterminowa. Dlatego tez, jesli takie uklady nie beda wyrdznia¢ si¢ odpowiednia
wysoka stabilnoscig koloidalng, moga nie znalez¢ potencjalnego zastosowania jako produkt
komercyjny.

Do badan przedstawionych w pracach [A2, A3] wykorzystano analizator optyczny
Turbiscan, ktory oprécz pomiaréw DLS $rednicy kropelek-(czastek) w zatozonym przedziale
czasu, postuzyl do oceny ewentualnych zjawisk destabilizacji wytworzonych nanoemuls;ji
w okresie 3 miesigcy stabilizowanych réznymi rodzajami surfaktantow otrzymywanych
na bazie odnawialnych zZrédet surowcéw (Rysunek 7 i Rysunek 8). Dlugos$¢ tancucha
alkilowego w strukturze alkilopoliglukozydow oraz struktura samego aminokwasu
ma kluczowe znaczenie dla wytwarzania stabilnych kropelek wody w fazie olejowe;j
w procesie wysokoenergetycznej emulgacji. Podczas procesu homogenizacji
wysokocisnieniowej APGs lub AAS (w zaleznosci od uktadu koloidalnego) sg adsorbowane
na granicy faz olej/woda, redukujac energic mig¢dzyfazowa, a takze zapewniajac
mechaniczng bariere dla koalescencji lub innych proceséw destabilizacji nanoemulsji [58].
Obserwowane sukcesywne zmniejszanie wielkosci kropel wody w strukturach emuls;ji
poddawanych obrébce ze wzrostem energii homogenizacji zapewnia lepsza odpornos¢
na agregacj¢ kropel 1 separacj¢ grawitacyjng [A2], poniewaz ruchy Browna,
a w konsekwencji, szybkos$¢ dyfuzji jest wigksza niz szybkos$¢ procesu destabilizacji
(sedymentacji lub $mietanowania) indukowanego silg grawitacji [59]. W konsekwencji
zwigksza si¢ ogolna stabilno$¢ uktadow emulsyjnych [60,61]. Uzyskane wyniki wykazaty,
ze im prostsza jest budowa aminokwasu (w moich badaniach jest to aminokwas na bazie
glicyny) oraz optymalna dlugos¢ tancucha alkilowego Cs-Cio w alkilopoliglukozydach,

tym latwiej jest wytworzy¢ stabilng, dlugoterminowa struktur¢ pltynu nanoemulsyjnego w/o.
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Rysunek 7. Wyniki stabilno$ci nanoemulsji po przechowywaniu w statej temperaturze 25°C przez 3 miesiace
(pomiary turbimetryczne). Zdjecia nanoemulsji typu w/o (A)/ Profil odbicia wstecznego wzdhuz nanoemulsji
w zaleznosci od wysokosci probki (mm); analizowany dla §wiezych form; dla form przechowywanych przez

3 miesigce [A2].
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Rysunek 8. Zmiany kluczowych parametréw (Du i TSI) z pomiarow turbimetryczych do oceny stabilnos$ci
nanoemulsji w okresie 0 — 3 miesigcy przechowywania. (A) NE nr. 7; (B) NE nr. 10; (C) NE nr. 11 [A3].

Ogolnie nanoemulsje maja wysoka stabilno$¢ kinetyczng ze wzgledu na ich maty
rozmiar i jednorodno$¢, co czyni je odpornymi na koalescencje, flokulacj¢ i sedymentacje
[62]. Optymalnie dobrany surfaktant stabilizujacy uktad dyspersyjny w skali nano,
umozliwia uzyskanie dlugotrwatej stabilno$ci, gwarantujac przy tym optymalng jakos¢
nanoemulsji. Zazwyczaj zjawisko szybkiej destabilizacji mozna rozpozna¢ po duzej

odlegtosci pomigdzy krzywymi profilu rozproszenia wstecznego, natomiast naktadanie sig¢
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poszczegolnych krzywych §wiadczy o dobrej stabilnosci analizowanych probek i powolnym
tempie procesu destabilizacji. Aby moc oceni¢ czy efekty destabilizacji najlepszych
wytworzonych nanoemulsji w/o stabilizowanych wybranych najlepszym APG (GNF nr. 1)
1 najlepszym ASS (GNF nr. 2) [AS] (charakterystyczne parametry opisujace otrzymane
nanoemulsje w/o zestawione w Tabeli 5) przeprowadzono w warunkach kontrolowanych
przyspieszony test starzeniowy, ktdry polegat na przechowywaniu w kontrolowanych

warunkach wytworzonych wybranych najlepszych nanoemulsji w temperaturze 60°C

przez okres 24 godzin.
Tabela 5. Charakterystyka fizykochemiczna wybranych najlepszych zielonych ptyndéw nanostrukturalnych
[AS5].
Wybrana GNF nr. 1 (NE no. 15) GNF nr. 2 (NE nr. 10)
nanoemulsja
Rodzaj surfaktantu (APG Cs-Cho) (SCG)
Stezenie 0,1 M 0,05 M
Rozpuszczalnik Mleczan Etylu (EL)
Using cooking oil PEG-8 ester (UCO-PEG-8)
DH [pum] 0,175+0,05 0,186+0,04
PDI 0,030 0,037
Y [mN/m] 30,1+0.1 30,7£0.3
TSI® 2,14 £ 0,05 0,06 £ 0,04
TSI¢
2h 7,15 8,35
4h 7,45 10,80
24h 8,05 14,05

# Napiecie powierzchniowe mierzone metoda wiszacej kropli.
b Wskaznik stabilnosci Turbiscan (TSI) okreslony po 1 godzinie w temperaturze 20°C.

¢TSI po 2,4 i 24 godzinach w temperaturze 60°C.

Analiza profili transmitancji (Rysunek 9) wykazala, ze pomimo naturalnej
niestabilno$ci nanoemulsji w/o, wynikajacej z rozszerzalno$ci cieplnej sktadnikow
rozpuszczalnika od momentu umieszczenia probki o temperaturze 20°C w komorze
nagrzanej do 60°C, nie obserwowano znaczacych zmian w stabilno$ci termokinetyczne;.
Jednak w przypadku GNF nr. 2 zaobserwowano klarowanie roztworu pod wplywem
temperatury (uzyskujac wysokie wartosci transmitancji), co wida¢ rowniez na wykresie

TSI w funkcji czasu.
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Rysunek 9. Profile transmitancji rejestrowane w ciggu 24 godzin w 60°C dla GNF nr. 1 (A) GNF nr. 2 (B) z odpowiednimi profilami TSI w tym samym okresie. GNF nr. 1
(A1) (NE no. 15 na bazie APG) i GNF nr. 2 (B1) (NE nr. 10 na bazie AAS) [A5].



5. Powloki graffiti jako wspolczesny problem wandalizmu miejskiego

Graffiti, jako forma sztuki ulicznej, ma swoje korzenie w kulturze antycznej
1 jest wyrazem pogladow, emocji lub idei tworcow [63-66]. Jest to temat kontrowersyjny -
niektorzy postrzegaja graffiti jako przejaw kreatywnosci i wolnosci stowa, podczas gdy inni
widzag w nim akt zniszczenia, wandalizmu 1 braku szacunku dla wtasno$ci publicznej
1 prywatnej. Graffiti moze ozywiac szarg i monotonng przestrzen miejska, dodajac jej koloru
1 charakteru. Niektore z nich s3 prawdziwymi dzietami sztuki, ukazujacymi talent
1 umiejetnosci artystow. Jednak, graffiti moze by¢ réwniez postrzegane jako problem
wandalizmu miejskiego, ktory niszczy estetyke i warto$¢ nieruchomosci. Rozwigzanie
problemu graffiti w miastach nie jest proste, poniewaz wymaga uwzglednienia ré6znych
perspektyw 1 interesow. Mozliwe rozwigzanie mogloby polega¢ na stworzeniu legalnych
miejsc do malowania graffiti, co mogloby zacheci¢ prawdziwych artystow do szanowania
innych powierzchni i ograniczy¢ tworzenie nielegalnych graffiti w przestrzeni publiczne;.

Roéznorodnos¢ sktadow farb graffiti stanowi duze wyzwanie dla osob, ktore chca
usuna¢ powloki tworzone przez te preparaty [67]. Formuly farb w sprayu sg czgsto bardzo
zrdznicowane i zawieraja wiele roznorodnych sktadnikow. Podstawowe sktadniki to spoiwa,
ktére pomagaja farbie przylega¢ do powierzchni oraz barwniki, ktére nadaja kolor.
Wiele farb w sprayu zawiera rowniez rozpuszczalniki, ktére pomagaja rozpuscic¢ substancje
pomocnicze, takie jak wypelniacze, ktore nadaja farbie strukture i objetos¢; emulgatory,
ktore pomagaja miesza¢ wodg i oleje; przeciwutleniacze, ktére zapobiegaja utlenianiu farby;
plastyfikatory, ktore zwigkszaja elastyczno$¢ farby; stabilizatory $wiatta, ktore chronig farbe
przed promieniowaniem UV; oraz biocydy, ktoére hamuja rozwdj bakterii i grzybow [67,68].
Ogolnie rzecz biorac, sktad farb w sprayu moze mie¢ znaczacy wplyw na ich wlasciwos$ci
1 zachowanie. Wiedza o tych kompozycjach moze pomo6c w opracowaniu skuteczniejszych

1 bardziej ekologicznych srodkéw do usuwania graffiti.
5.1.  Wlasciwosci powierzchniowe farb graffiti i podlozy

Szereg zjawisk fizycznych i1 chemicznych wystepuje na powierzchni kontaktujacych
si¢ faz. Jednym z najwazniejszych parametrow wplywajacych na zjawiska zachodzace

w obszarze mig¢dzyfazowym jest napigcie powierzchniowe ($cislej miedzyfazowe),

a w odniesieniu do granicy faz cialo stale-gaz swobodna energia powierzchniowa
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(migdzyfazowa), ktora wynika z nieskompensowanych sil kohezji w obszarze
powierzchniowym, czyli z réznego rodzaju 1  wielko$ci  oddziatywan
migdzyczasteczkowych. Ich znajomo$¢ pozwala na wyjasnienie szeregu problemow
dotyczacych  zjawisk  fizykochemicznych  wystepujacych na  granicach  faz.
Dlatego tez wyznaczenie swobodnej energii powierzchniowej jest przydatne zaréwno
ze wzgleddw poznawczych jak i utylitarnych, migedzy innymi w badaniu wlasciwos$ci
powierzchniowych cial statych, przewidywania przebiegu rdéznych procesow
mie¢dzyfazowych jak zwilzanie, adhezja, adsorpcja, odgrywajacych znaczaca roleg
w przemysle, np. przy wzbogacaniu mineratow, pokrywaniu powierzchni metalicznych
warstwami ochronnymi w celu zabezpieczenia przed korozja czy usuwaniu farb graffiti

z rdznych podtozy.

5.1.1. Wlasciwosci zwilzajgce

Zwilzanie to proces zachodzacy w uktadach trojfazowych, w ktérych ciecz wypiera
z powierzchni ciala stalego lub cieczy gaz lub inng ciecz. Zwilzanie powierzchni
to wlasciwos¢ plynu, ktéora wyraza jego sklonno$¢ do rozptywania i1 przylegania
do powierzchni. Jak juz wspomniano, sita napedowa tego procesu jest wystgpowanie
niezrownowazonych sil miedzyczasteczkowych (kohezji) w obszarze mi¢dzyfazowym:
oddziatywan van der Waalsa (dyspersyjnych, dipol-dipol i dipol-dipol indukowany),
elektrono-donorowych 1 elektrono-akceptorowych (mostki wodorowe), elektronami «
1 oddziatywan elektrostatycznych. Powloki graffiti, ktore ulegly procesowi starzenia
wykazuja zazwyczaj rézne wilasciwosci powierzchniowe (hydrofobowo-hydrofilowe),
przez co charakteryzujg si¢ réznymi stopniami zwilzalno$ci. Na przyktad, moga by¢ bardziej
zwilzalne przez olej niz przez wodg (liofilowe), lub odwrotnie lepiej zwilzalne przez wodg
niz przez olej (hydrofilowe), lub mie¢ wykazywa¢ zwilzalno§¢ posrednig (miedzy tymi
dwoma skrajno$ciami) [69,70]. Zwilzalno$¢ powlok graffiti jest kluczowa dla efektywnos$ci
ich usuwania i jest $ci§le zwigzana z rozktadem lub rozpuszczaniem powlok na bazie winylu,
akrylu lub alkidu pod wplywem rozpuszczalnikow z dodatkiem $rodkéw powierzchniowo
czynnych [51, 71, 72].

Trwato$¢ powtoki zalezy od sit przyczepnosci (adhezji) farby do powierzchni [73].
Silna adhezja pozwala materialom prawidlowo funkcjonowaé jako powtoki na podlozach
[74]. Adhezja to zjawisko o wielkim znaczeniu praktycznym, poniewaz wiele technik

przemystowych, takich jak malowanie, klejenie, farbowanie tkanin, tworzenie warstw
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izolacyjnych (pasywnych) w elektrotechnice czy wszystkie techniki drukowania, opiera si¢
na niej [75, 76]. W wielu przypadkach adhezja jest zjawiskiem pozadanym, ale z drugiej
strony  przyleganie  produktéw  spozywczych do  powierzchni  opakowan
czy zanieczyszczenie powierzchni metalowych lub obecnos¢ farb na réznych podtozach
(graffiti) jest niekorzystne, poniewaz zwigksza koszty czyszczenia powierzchni [64].
Adhezja jest zjawiskiem makroskopowym polegajacym na polaczeniu powierzchniowych
warstw roznych cial lub faz (statych lub ciektych) zachodzacych w wyniku dziatania sit
mig¢dzyczasteczkowych.  Oddzialywania  dyspersyjne s3 najbardziej ogdlnymi
oddziatywaniami miedzy wszystkimi ciatami, wplywaja wigc w decydujagcym stopniu
na adhezje.

Wielko$¢ oddziatywan miedzy dwiema fazami mozna opisa¢ za pomocg pracy adhezji
W,, ktora wyraza prace potrzebng do rozdzielenia jednostkowej powierzchni dwoéch faz

w kontakcie. W przypadku ciata statego i cieczymozna ja przedstawi¢ za pomoca zalezno$ci:

Wa= Ysy + Vv — VsL (Réwnanie 1)

gdzie: ygy — swobodna energia migdzyfazowa ciato stale/gaz (swobodna energia
powierzchniowa ciata statego, y;,, — swobodna energia mi¢dzyfazowa ciecz-gaz (napigcie
powierzchniowe) cieczy, ys; — swobodna energia migdzyfazowa na granicy faz ciato state-
ciecz.

Wazna role w adhezji odgrywa réwniez chropowato$¢ powierzchni [77].
Termodynamiczne uj¢cie adhezji opiera si¢ na rownaniu Younga oraz réwnaniu Dupre
(rownanie (1). Réwnanie Younga laczy swobodng energi¢ powierzchniowa cieczy (y.y)
iciata stalego (ysy), swobodnag energie migdzyfazowa ciato stale-ciecz (yg;) oraz kat
zwilzania cieczy (6y) na granicy faz ciato stale/ciecz/gaz [78]:

— Ysv—VsL

cosby »
LV

(Réwnanie 2)

Od ponad 200 lat kat zwilzania jest jedna z najwazniejszych wartos$ci, mierzonej
eksperymentalnie, stosowanej do charakterystyki gladkich cial statych i ich wlasciwos$ci
powierzchniowych [79]. W przypadku powierzchni chropowatych wykorzystuje si¢
natomiast rownanie Wenzela, ktore uwzglednia pozorny kat zwilzania, gdy kropla cieczy
wnika w zaglebienia chropowatej powierzchni, natomiast Cassie-Baxtera dotyczy pozornego

kata zwilzania kropli cieczy, ktora styka si¢ tylko z czgécig powierzchni ciata statego [80].
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Wenzel [81] zaproponowat model opisujacy kat zwilzania 6y, na chropowatej powierzchni ciala
statlego modyfikujac rownanie Younga do nastgpujacej postaci:

r Ysv—VsL

cosly, = »
LV

= rcos0Oy (Réwnanie 3)

gdzie: r jest parametrem chropowato$ci powierzchni okre§lony jako stosunek rzeczywistej
powierzchni do jej geometrycznego rzutu.

Poniewaz warto$¢ r zawsze jest wigksza niz 1, to chropowatos¢ powierzchni zwigksza
hydrofilowo$¢ zwilzanych powierzchni lub hydrofobowo$¢ powierzchni niezwilzalnych.
Rownanie Cassie-Baxtera opisuje kat zwilzania kropli cieczy, ktéra jest
w kontakcie czeSciowo z powierzchnig cialastalego, a czeSciowo z powietrzem

w jej wglebieniach [82]:

cosOcp = Llsv—Ys)-foviy ficosBy + f, (Réwnanie 4)

YLv

gdzie: f7 1 f> to wspotczynniki przedstawiajagce utamki powierzchni kontaktu kropli cieczy
na granicy stato-ciecz i ciecz-powietrze.

Te dwa réwnania majg zastosowanie do powierzchni, ktoérych nierdwnosci
i/lub heterogeniczno$¢ sg podobne w poréwnaniu z rozmiarem granicy faz ciecz/para [83].
Po wyznaczeniu kata zwilzania mozliwe jest obliczenie termodynamicznej pracy adhezji

po wstawieniu rownania (2) do rownania (1) [75]:

Wy = vy (1 + cosq) (Réwnanie 5)

Polaczenie zwilzalnosci i pracy adhezji pozwala wyznaczy¢ prace rozptywania W,

ktéra wynika z pracy adhezji Wy 1 pracy kohezji W, = 2y, y:

Ws =W, — W, = y.y (cosq— 1) (Rownanie 6)

Na podstawie tych zalezno$ci mozna wykaza¢ réznice w adhezji na granicy faz
ciecz/ciato pomiedzy réznymi cieczami lub podlozami réznigcymi si¢ polarnoscig [84].
Praca rozptywania W; to wielko$¢ termodynamiczna, ktora taczy zwilzalno$¢ z mechaniczng
sita adhezji 1 umozliwia pordwnanie wielkosci adhez;ji stalo-ciecz z r6znymi cieczami [85].
W zalezno$ci od wartosci katdéw zwilzania wody na powierzchni ciala state klasyfikowac
jako hydrofilowe (6 < 90°), hydrofobowe (0 > 90°) lub superhydrofobowe (6 > 150°)
[83, 86, 87].
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Do wyznaczenia sktadowych i calkowitej swobodnej energii powierzchniowej ciata
statego wykorzystuje si¢ rozne teoretyczne koncepcje do opisu oddzialywan
migdzyfazowych oraz wstepujace katy zwilzenia (dwoch cieczy: apolarnej i polarnej [88,89]
lub zestawu trzech cieczy: jednej apolarnej i dwoch polarnych [90-92]. W jednym z podejs¢
korzysta sie z wstepujacego (8,) 1 cofajacego (6,) kata zwilzania tylko jednej cieczy
[93-95]. Wstepujacy kat zwilzania mierzy si¢ po postawieniu kropli cieczy na powierzchni
ciata stalego, natomiast cofajacy po zmniejszeniu objetosci kropli. Prawie dla kazdego
uktadu stato/ciecz/gaz linia tréjfazowego kontaktu cofa si¢, a kat zwilzania cofajacy sie
w warunkach réwnowagowych jest mniejszy niz kat zwilzania wstgpujacy. Cofajacy kat
zwilzania pokazuje sile adhezji na granicy faz ciecz/ciato stale [96-98]. Réznica migdzy
tymi dwoma katami zwilzania nazywa si¢ histereza kata zwilzania, a jej zrodlem, sg migdzy
innymi, chropowato$¢ powierzchni, chemiczna heterogeniczno$¢ ciat statych [96, 99]
i/lub film cieczy poza cofajacg sie kropla [93-95].

Chibowski [93-95] zaproponowat ilosciowa interpretacje histerezy kata zwilzania
(CAH), zakladajac, ze rdznica migdzy wstepujacym a cofajacym katem zwilzania wynika
z obecnosci filmu cieczy poza kropla po zmniejszeniu jej objgtosci. W tym przypadku
catkowita swobodna energia powierzchniowa ciala statego (y5) moze by¢ wyznaczona
z trzech mierzalnych parametrow: napigcia powierzchniowego cieczy sondujacej (Viy)

oraz 6, i 6, mierzonych na badanej powierzchni ciata statego:

_ yv(1+cos0,)?

Ys (Réwnanie 7)

2+cosOy,+cosf,

Rzeczywiste powierzchnie cial statych sa zazwyczaj mniej lub bardziej chropowate,
dlatego wartosci swobodnych energii powierzchniowych obliczone z (réwnania 7) powinny
by¢ uwazane za pozorne. Niemniej jednak, zmiany swobodnej energii powierzchniowej
wynikajace z jej obrobki przez malowanie powinny dostarczy¢ ciekawych informacji
o przyczepnosci farby do powierzchni i jej usuwania.

Zwilzalno§¢ powierzchni zalezy nie tylko od rodzaju 1 wielko$ci sit
mig¢dzyczasteczkowych, ale takze od jej chropowatosci, ktora rowniez wptywa na adhezje
farby do powierzchni podtoza. To ma duze znaczenie przy usuwaniu niechcianych powtok
graffiti, zwlaszcza przy zastosowaniu metody ,,brush on, wipe off”. Podczas czyszczenia
delikatnych powierzchni, chropowato$§¢ powtoki moze istotnie wptywaé na penetracje
1 wnikanie pltynu (nanoemulsji) do usuwania graffiti w warstewke farby.

Zmiana zwilzalno$ci powierzchni powloki lakieru i podtoza znacznie poprawia efektywnos¢
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usuwania farby bez potrzeby stosowania duzej sily mechanicznej podczas czyszczenia.
Zwilzalno$¢ powierzchni zalezy od wielu czynnikéw, takich jak rodzaj surfaktantu uzytego
do stabilizacji emulsji, wtasciwosci energetycznych powierzchni powloki malarskiej
1 jej oddzialywan z podtozem [100]. Dlatego istotna jest znajomos¢ struktury i topografii
powtoki farby graffiti oraz jej zwilZzanie przez rozplywanie zwilzania i wnikanie nanoemulsji
w powtoke graffiti jest kluczowe dla opracowania i wyprodukowania odpowiedniego srodka
do usuwania graffiti i skutecznych metod ich usuwania.

W celu okreslenia wlasciwosci powierzchniowych roznych podtozy uzytkowych
(szkto, aluminium, marmur, kamiefn naturalny) pozyskanych z handlowych ptytek
dekoracyjnych oraz naniesionych na nie powtok wybranych czarnych farb akrylowych
(czarna farba bez dodatkéw (farba nr. 1), farba z nitroceluloza (farba nr. 2) i farba
z bitumenem (farba nr. 3)) przeprowadzono szereg badan eksperymentalnych, oznaczen
1 obliczen. Badania rozpocz¢to od pomiardow wstepujacych i cofajacych katow zwilzania
wody metoda osadzonej kropli, co pozwolito oceni¢ ich zwilzalnos¢ 1 charakter
hydrofilowo-hydrofobowy badanych powierzchni. Kat zwilzania jest bowiem wizualng
miarg zwilzalnosci powierzchni. Nastgpnie wykorzystujac wstepujace katy zwilzania wody
obliczono termodynamiczng prac¢ adhezji W), i pracg rozptywania W5 wody. Na podstawie
tych parametrow mozna wnioskowac, jakie sg oddziatywania polarnej wody z powierzchnig
oraz czy samoistnie rozplywa si¢ (Ws > 0) czy tez tworzy na niej krople (Ws < 0)
[95,101-103]. W kolejnych etapie wykorzystujac wartosci 8, 1 8, wody oraz jej napiecie
powierzchniowe w temperaturze, w ktorej przeprowadzano pomiary katow zwilzania
obliczono wartos$ci calkowitej swobodnej energii powierzchniowej Yys, wynikajace
oddziatywan z oddziatywan mi¢dzyczasteczkowych [104].

Z przeprowadzonych badan wynika, Zze wilasciwosci powierzchniowe warstewek
trzech farb akrylowych sg podobne, o czym $wiadcza wartosci 8, wody zmieniajace si¢
w przedziale od 80,7+1,6 (farba nr. 1) do 85,64+0,9 (farba nr. 2). Takie wartosci katow
zwilzania wody $wiadcza, ze warstewki farby akrylowej sa praktycznie niepolarne,
o dominujacych wlasciwosciach hydrofobowych, tak jak wigkszo$¢ polimerow, na ktérych
kat zwilzania wody jest zwykle >80° [105]. Réwniez wartosci pracy adhezji zmieniaty si¢
w  waskim zakresie od 78,4 do 84,5 mJ/m? podobnie jak wartoSci
Ws od -62,9 do -58,8 mJ/m?. Wszystkie badane farby akrylowe wykazujg stosukowo niskg
swobodng energig powierzchniows: od 35,7 do 39,0 mJ/m?. Z badah Radelczuka [106]

wynika, ze swobodna energia powierzchniowa rdéznych emalii stosowanych
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do zabezpieczania materiatow konstrukcyjnych stosowanych w lotnictwie jest stosunkowo
niska i zmienia si¢ do 32,5 mJ/m? (emalia poliwinylowo-akrylowa) do 41,9 mJ/m? (emalia
nitrocelulozowa). Dla przebadanych wigkszosci emalii ich swobodna energia
powierzchniowa wynika glownie z oddzialywan niepolarnych, o czym $wiadcza warto$ci
sktadowej Lifshitza-van der Waalsa oraz niewielkich oddzialtywan elektrono-donorowych.
Ptytki wykorzystane jako podtoza dla warstewek farby akrylowej bez i domieszkami
znaczaco roéznig si¢ wlasciwosciami powierzchniowymi. Najnizsze katy zwilzania uzyskano
na powierzchni hydrofilowego szkta (6,=32,5+3,3°), natomiast najwyzsze na powierzchni
aluminium (6,=77,5+£2,6°), co jest zgodne z danymi literaturowymi [107, 108].
Na powierzchni plytek marmurowych wstgpujacy kat zwilzania wynosi 43,9+6,3° jest nieco
wyzszy niz na powierzchni marmuru z Carrary (6,=31,4+1,3°) [109] czy ptytkach
marmurowych badanych przez Janczuka i Biatopiotrowicza [110]. Kamienie naturalne coraz
czesciej wykorzystuje si¢ jako elementy dekoracyjne. Ze wzgledu na budowe¢ chemiczna,
mimo wytrzymatosci i odpornos$ci na uszkodzenia, sg wrazliwe na wnikanie wody i1 innych
zabrudzen, dlatego ich praktyczne wykorzystanie jako elementy dekoracyjne wymaga
zabezpieczenia powierzchni. Taka powierzchnia staje si¢ bardziej hydrofobowa a kat
zwilzania wody na takiej powierzchni wynosi 65,1+4,1°. Dla badanych podtozy swobodna
energia powierzchniowa jest bardziej zrOznicowana i zmienia sie¢ od 41,0+2,1 mJ/m?
(aluminium) do 41,042,1 mJ/m? (szklo) podobnie jak praca adhezji wody i praca
rozptywania (Tabela 6). W Tabeli 6 zebrano wszystkie wyznaczone parametry, ktore

charakteryzuja oddziatywania wody z powierzchnig badanych farb akrylowych i podiozy.

Tabela 6. Katy zwilzania wody, swobodna energia powierzchniowa, praca adhezji i rozptywania wody na
powierzchni warstewek farby akrylowej i wybranych podlozy [A3-AS5].

B4 0, Vs Wy Ws

Rodzaj powierzchni  Oznaczenie - - ;
stopieh  stopien mJ/m? mJ/m? mJ/m

Farba bez dodatku Farbanr.1 80,7t1,6 68,9+3,3 39,0£1,4 84,5£2,0 -62,9+2.8

Farba z

Farbanr.2 85,6+0,9 71,6£3,5 35,7+1,0 78,4+1,1 -62,3+18,0

nitroceluloza

Farba z bitumenem  Farbanr.3 824422 653+1,1 37,0£1,9 82,4+2.8 -58,8+17,1
Szkto G 32,543,3  21,742,8 65,5t1,4 134,1+2,3 -11,5£24
Aluminium Al 77,5+£2,6 65,7447 41,0£2,1 88,6+3,2  -20,6+2,8
Marmur M 43,9+6,3 32,3£6,3 60,3+3,0 125,052 -42,2447
Kamien S 65,1+4,1 478424 47,6£2,6 103,4+4,7 -57,0+5,3
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Rysunek 10. Praca adhezji wody dla oryginalnej powierzchni (B), pokrytych farba akrylowa nr. 1 (B-P), po
usunigciu farby (B-Pc) i oczyszczeniu oryginalnych powierzchni preparatem NE nr. 10 (Bc); a) — powierzchnie
wyprodukowane z materiatdéw sztucznych (G — szklo, Al — aluminium), b) — powierzchnie z materiatéw
naturalnych (M — marmur, S — kamien) [A3].

Zmiany zwilzalno$ci powierzchni 1 swobodnych energii powierzchniowych
powierzchni oryginalnych i pokrytych farba akrylowa nr. 1 przed i po ich czyszczeniu
technikg ,,nat6z, zetrzyj” mozna réwniez dobrze zobrazowa¢ zmianami termodynamicznej
pracy adhezji W,,,ktora zostala obliczona na podstawie wstepujacych katéw zwilzania wody
1 oparciu o rownania Younga-Duprégo (rownanie 5) (Rysunek 10) [A3]. Praca adhezji wody
jest waznym parametrem, poniewaz badane powierzchnie kontaktuja si¢ z czasteczkami
wody w nanoemulsji w/o stuzacej do usuwania powtoki graffiti i czyszczenia powierzchni.
Jak wida¢ (Rysunek 10), wszystkie wartosci pracy adhezji wody Wa sa mniejsze niz pracy
kohezji wody (W, =2y, = 145,6 mJ/m>. Woda najsilniej oddziatuje z porowata
powierzchnig kamienia po usunigciu farby akrylowej nr. 1 (S-B-Pc) i po oczyszczeniu
wyjsciowej powierzchni kamienia i marmuru nanodetergentem nr. 10 (S-Bc i M-Bc).
Jak juz wspomniano, naturalne kamienie przed ich uzytkowaniem sg zabezpieczane
impregnatem. Czyszczenie takich powierzchni nanoemulsjg w/o usuwa nie tylko warstewke
farby, ale rowniez powloke impregnatu. Takie powierzchnie sg silnie hydrofilowe,
o wysokich warto$ciach swobodnej energii powierzchniowej, wigkszych niz warto$ci yg
powierzchni kamienia i marmuru zabezpieczonych impregnatem (S-B 1 M-B). W zwigzku

z tym powierzchnie czyszczone nanoemulsjg przed ich dalszym praktycznym uzytkowaniem
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powinny by¢ zabezpieczone specjalnymi impregnatami, by nie chtongty wody 1 byty mniej
wrazliwe inne zanieczyszczenia.

W przypadku ptytek polarnego szkla (G-B, G-B-Pc i G-Bc) praca adhezji wody jest
wysoka i wynosi 134,8+0,7 mJ/m?. Oznacza to, ze po usunieciu farby z gladkiej powierzchni
szkla 1 po czyszczeniu szkta wyjsciowego, wlasciwosci powierzchniowe tego materialu nie
ulegaja zmianie. W przypadku aluminium praca adhezji nieznacznie wzrasta, z 88,6+3,2
mJ/m? (Al-B) do 95,2+2,7 mJ/m? (Al-B-Pc) i 96,8+3,3 mJ/m? (Al-Bc¢). Najnizsze warto$ci
pracy adhezji wody wystepuja po pomalowaniu wszystkich wrazliwych powierzchni czarng
farbg akrylowg nr. 1. Dla wszystkich uktadow wartosci W, ksztattowaly sie od 82,7+2,2
mJ/m? (G-B-P) do 86,2+2,3 mJ/m? (S-B-P) i miescity sie w przedziale dla emalii akrylowe;j
(84,1 mJ/m?) i PMMA (90,3 mJ/m?). Z tego wynika, ze badane warstwy powlok graffiti na
wrazliwych powierzchniach sg na tyle grube, ze posiadaja wtasciwosci zblizone do emalii
akrylowej i PMMA. Na podstawie przeprowadzonych badan, mozna wnioskowac, ze przy
usuwaniu czarnej farby akrylowej z réznych wrazliwych powierzchni przy uzyciu
nanoemulsji rodzaj podtoza nie powinien znaczaco wpltywaé na ten proces, poniewaz
potaczenie warstwy farby z podlozem odbywa si¢ glownie poprzez oddziatywania

dyspersyjne [A3].

5.1.2. Topografia powierzchni badanych ukladow

Przeprowadzono rdéwniez ocen¢ parametrOw zwigzanych z chropowatoscia
powierzchni podtozy i powtok farby akrylowej (Rysunek 11). Chropowatos¢ powierzchni
ma istotny wpltyw na takie wlasciwosci jak potysk, przyczepnos¢ i zwilzalnos¢ [111].
Badanie topografii powierzchni podtozy oraz farb graffiti stanowi kluczowy element analizy
ich wiasciwosci. Estetyka 1 tekstura powierzchni moga bowiem wplywa¢ na zwilzalno$§¢
1 adhezje warstewek farb graffiti. Na Rysunku 12 zaprezentowano obrazy 3D powierzchni
materiatow powszechnie uzywanych w przestrzeni publicznej, takich jak szkio (A),
aluminium (B), kamien naturalny (C) oraz marmur (D), natomiast na Rysunku 11
przyktadowe obrazy powierzchni farby nr. 1 (I), farby nr. 2 (1)
1 farby nr. 3 (III). Biorac pod uwage zréznicowanie powierzchni, w Tabeli 7 zestawiono
amplitudowe parametry chropowatos$ci powierzchni dla wybranych materiatow 1 farb
akrylowych: S$rednia chropowato$¢ R,, Srednie odchylenie kwadratowe RMS R,

i odlegto$¢ od najwyzszego wzniesienia do najnizszego wgtebienia R:. [112].
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Tabela 7. Amplitudowe parametry chropowatosci powierzchni podlozy i powlok graffiti [A3-AS].

Rodzaj powierzchni R, R, R,
Szkto [nm] 0,37+ 0,02 0,62+ 0,07 28.9+17,1
Aluminium [pm] 3,95+0,39 5,01 £0,56 46,0 £ 4,1
Kamien [pm)] 3,78+ 1,40 5,08 +£1,90 492 +97
Marmur [pum] 1,12+ 0,20 1,86 £0,13 32,8+12,8
Farba 1 [um] 0,14 £0,05 0,19+ 0,09 1,78 £ 0,53
Farba 2 [um] 2,47+0,19 3,17+0,23 29,77+ 1,23
Farba 3 [um] 2,24+021 2,94 +0,28 31,20 + 6,99
I II
m ,::T 100040 v .
o " | Pant (1)
T 804 4
Farba nr. 1 U hiok j
;: E 4o |
4 E |
« g 2(!.)0-} 4
I o 1 [
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a7 10 -5 0 i 0
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Rysunek 11. Obrazy 3D powierzchni o wymiarach 0,94x1,3 mm? wraz z parametrami chropowato$ci (I)
oraz rozktad nieréwno$ci na powierzchni (II) czarnej farby akrylowej (Farba nr. 1), farby akrylowej
z nitrocelulozg (Farba nr. 2) i farby akrylowej z bitumenem (Farba nr. 3) na szklanym podtozu [AS5].
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Rysunek 12. Obrazy 3D z profilometru optycznego powierzchni o wymiarach 0,94x1,3 mm? dla nastgpujacych materialow: A — szklto (G); B — aluminium (Al);
C — kamien (S); D — marmur (M). 1 —oryginalna powierzchnia; 2 — powierzchnia pokryta farba; 3 — powierzchnia po usuni¢ciu warstwy farby akrylowej bez dodatkow
za pomocg NE nr. 10; 4 — oryginalna powierzchnia po oczyszczeniu za pomocg NE nr. 10 [praca A3].



Zywice akrylowe, ktére powstaja w wyniku polimeryzacji, s3 podstawowymi
sktadnikami farb akrylowych [68]. Dzigki swoim wiasciwosciom, farby akrylowe tworza
na podtozu estetyczna, gltadkg powierzchni¢ natychmiast po wyschnigciu, ktéra nawet
po dhugim czasie nie zmienia swojego koloru. Szybko$¢ schnigcia, wytrzymatos$¢ krycia,
elastyczno$¢ oraz odporno$¢ na wodg, Swiatto 1 czynniki chemiczne to zalety tego typu farb.
Badania wykazaty [A4], Ze czarna farba (farba nr. 1), ktora nie zawiera dodatkow takich jak
nitroceluloza czy bitum, wykazuje wyjatkowo mata $rednia szorstko$¢ wynoszaca 0,14 pm.
Oznacza to, ze taka farba tworzy gladka powloke na podtozach, co jest cecha
charakterystyczng farb bez dodatkow modyfikujacych ich wtasciwosci. Pozostate dwie farby
wykazuja porownywalne wtasciwosci: farba czarna zawierajaca nitroceluloze (farba nr. 2)
wykazuje $rednig chropowato$¢ 2,47 um, natomiast czarna farba z bitumenem (farba nr. 3)
2,24 um. W warstwach tych farb obserwuje si¢ wystepowanie zrdéznicowanych porow,
co potwierdzaja wysokie warto$ci parametru R;. Struktura porowata powloki farby zalezy
od procesu jej wysychania na podtozu, gdy lotne rozpuszczalniki szybko odparowuja,

co inicjuje powstawanie porow.

5.1.3. Zwilzanie powierzchni przez nanoemulsje w/o detergentu

nanotechnologicznego

Kolejne badania dotyczyly okres§lenia rozptywania si¢ nanoemulsji w/o
po powierzchni badanych podlozy oraz warstewek farb akrylowych, co pozwolito na oceng
zwilzalnos$ci 1 przyczepnosci ekologicznego zmywacza graffiti do niepozadanych warstw
farby na powierzchniach. Rysunek 13 ilustruje zmiany kata zwilzania kropelek nanoemulsji
w/o detergentu nanotechnologicznego w funkcji czasu od momentu ich naniesienia
na powierzchni¢ czarnej farby akrylowej (farba nr. 1) na r6znych wrazliwych na czyszczenie
mechaniczne powierzchniach tj. szkla, aluminium, kamien naturalny czy marmur.
W kazdym badanym ukiadzie [A3] podloze/farba (Rysunek 13A) katy zwilzania
nanoemulsji w/o gwaltownie malalty w ciaggu pierwszych 5 sekund, najbardziej
na powierzchni marmur/farba 1 (z 58,3° do 14,4°), a najmniej na powierzchni
aluminium/farba nr. 1 (z 38,9° do 21,2°). W ciagu nastepnych 35 sekund obnizenie katow
zwilzania kropelek nanoemulsji przebiegato znacznie wolniej, a zmiany byly podobne
na powierzchni aluminium/farba nr. 1 i kamien/farba nr. 1 oraz marmur/farba nr. 1
1 szklo/farba nr. 1. Analogiczne pomiary katow zwilzania kropelek nanoemulsji w/o

przeprowadzono na wszystkich badanych powierzchniach niepokrytych farba nr. 1
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(Rysunek 13B). Jak wida¢, niezaleznie od rodzaju i natury podloza, réznic w topografii
powierzchni (chropowato$¢ powierzchni) i swobodnej energii powierzchniowej badanych
ptytek zmiany dynamicznych katéw zwilzania nanoemulsji w/o w funkcji czasu sg podobne.
W ciggu pierwszych sekund katy zwilzania zmniejszaja si¢ o okoto 50%, a nastgpnie w ciggu
kolejnych 35 sekund zmieniaja si¢ nieznacznie w przedziale 5°. Tak wigc juz w ciaggu
5 sekund katy zwilzania kropli nanoemulsji w/o na warstwach czarnej farby akrylowej
spadly ponizej warto$ci katow zwilzania na oryginalnych powierzchniach niepokrytych
farbg. Na podstawie dynamicznych katoéw zwilzania nanoemulsji w/o 1 jej napigcia
powierzchniowego obliczono pracg rozptywania W; (Rysunek 13). W ciggu pierwszych
kilku sekund praca rozptywania zmywacza graffiti na wszystkich testowanych
powierzchniach, zaréwno niepomalowanych, jak 1 pokrytych czarng farba, jest mniejsza niz
-5,0 mJ/m?. Niemniej jednak, wartosci W, nanoemulsji w/o na wszystkich
niepomalowanych powierzchniach o wtasciwosciach hydrofilowych bardzo szybko zblizaja
si¢ do zera, podczas gdy na bardziej hydrofobowych warstwach farby akrylowej osiagaja
warto$ci okoto —2,5 mJ/m?> w ciggu 5 sekund. Dowodzi to doskonatych wiasciwosci

zwilzajacych nanoemulsji w/o.
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Rysunek 13. Dynamiczne zmiany kata zwilzania oraz pracy rozptywania nanoemulsji w/o (ktdra) w funkcji czasu kontaktu z powierzchnig warstewek czarnej farby akrylowej
nr. 1 na szkle (G), aluminium (Al), kamieniu (S) i marmurze (M) (rys. A) oraz z powierzchnig oryginalnych probek (rys. B) [A3].



5.2. Technologiczne aspekty metody czyszczenia ,,Brush on, Wipe off” (naldoz i
zetrzyj)

5.2.1. Problemy czyszczenia powierzchni z farb graffiti

Graffiti, cho¢ czesto uwazane za forme sztuki ulicznej, moze stanowi¢ problem,
zwlaszcza gdy jest niechciane. Istnieje wiele metod usuwania  graffiti,
ktore roznia si¢ w zaleznosci od rodzaju powierzchni i rodzaju farby uzytej do stworzenia
graffiti. Proces usuwania powtoki graffiti jest skomplikowany i wymaga uwzglednienia
wielu zmiennych, takich jak rodzaj podloza (sklad chemiczny, tekstura, porowatosc,
twardos$¢ itp.), stopien starzenia zaréwno podioza, jak 1 farby oraz czas pomig¢dzy
nalozeniem farby a jej usunigciem [63,113]. Bezpieczne czyszczenie ma na celu usunigcie
wszelkich niepozadanych 1 szkodliwych warstw graffiti z wrazliwej powierzchni,
bioragc pod uwage zarowno wplyw na Srodowisko, jak i dziatalno§¢ antropogeniczng
[67,114].

Przy wyborze metody czyszczenia nalezy wzig¢ pod uwage, ze nie wszystkie materiaty
budowlane zachowuja si¢ podobnie w obecnosci roznych metod i srodkéw czyszczacych.
Ponadto  konieczne  jest  rozroznienie  mig¢dzy — materialami  naturalnymi
1 sztucznymi, poniewaz wigkszo§¢ materialdow wygladajacych na naturalne
to w rzeczywistosci lany kamien, beton lub tworzywo sztuczne. Co wigcej, czyszczenie
graffiti z powierzchni nie powinno stwarza¢é ryzyka powstania tak zwanych
»plam czysto$ci”, podczas gdy wigkszo$¢ technik usuwania graffiti stanowi istotne
zagrozenie dla integralnosci powierzchni [66,115]. Stosowanie mikro- i hydropiaskowania,
a takze szlifierki, tarcze szlifierskie, skalpele i pisaki grawerskie powoduja mechaniczne
usunig¢cie wszystkich niepozadanych warstw, a w wielu przypadkach takze czgséci podloza
[116]. Ponadto w procesie czyszczenia nastgpuje otwarcie porow, ktére powoduje
spowodowane uzyciem gorgcej wody pod wysokim ci$nieniem lub rozpuszczalnikow
petrochemicznych moga znaczaco oddzialywa¢ na powierzchnig, umozliwiajac
ich wniknigcie. Inne podejscia, takie jak procedury oparte na laserze, sa kosztownymi
1 zlozonymi technologiami czyszczenia, ale maja one réwniez wady, poniewaz moga
w zauwazalny sposob modyfikowaé barwe podtoza (np. powodujac zotknigcie), usuwaé

cze$¢ ziaren 1 tworzy¢ puste przestrzenie oraz przeksztatca¢ lub topi¢ powierzchnie [114].

57



5.2.2. Technologia czyszczenia powierzchni typu ,,brush on, wipe off”

Opracowana przeze mnie pionierska technologia metody czyszczenia typu “brush on,
wipe off” opiera si¢ na ekologicznych nanotechnologicznych koloidach tj. nanoemulsji w/o
o multiwlasciwosciach usuwania powtok graffiti z nowoczesnych powierzchni wrazliwych
na czyszczenie mechaniczne. Nowoczesne materiaty konstrukcyjne charakteryzuja si¢
obecnie wysokimi walorami estetycznymi i praktycznymi. Obecnie wykorzystywane
materialy to nowoczesne wysoko sfunkcjonalizowane kompozyty. Powszechnie
stato si¢ takze uzycie wysoko btyszczacych granitdéw, marmuréw oraz réznego rodzaju
gresow szkliwionych, technicznie polerowanych. Czesto spotykane sa powierzchnie
ocynkowane czy chromowane, ktére maja nada¢ obiektom wysokie walory estetyczne.
Zasadniczym problemem w technologii czyszczenia tych materialdow jest zachowanie
ich odpowiednich wlasciwosci uzytkowych przy jednoczesnym braku utraty
funkcjonalno$ci. Wiele powszechnie stosowanych zmywaczy do graffiti nie zmienito sktadu
preparatu, co dzi$ stanowi istotne zagrozenie dla integralnosci czyszczonych powierzchni,
co uwidacznia si¢ zmiang koloru podtoza, usunigciem czgséci czastek mineralnych czy nawet
utworzeniem na powierzchni szczelin, poréw ktéore moga zmieni¢ wlasciwosci
powierzchniowe materialow

Organiczne rozpuszczalniki, takie jak dichlorek metylenu i aceton, a takze alkaliczne
srodki do usuwania substancji zracych, sg tradycyjnie stosowane do r6znych powierzchni
[64, 117, 118]. Mieszaniny organicznych rozpuszczalnikow na bazie alkoholi
(etanol, propyl, izopropyl, butyl, izobutyl, izoamyl, cykloheksanol itp.), estrow (octan
butylu, octan etylu itp.), ketonéw (aceton, keton metylowo-etylowy itp.) oraz weglowodory
aromatyczne (toluen, ksylen itp.) zmieszane w roznych proporcjach, wykazuja szerokie
dziatanie w czyszczeniu graffiti poprzez zmywanie brudu i/lub przylegajacych osadow
[119]. Jednakze, Weaver i wspotpracownicy [120] zauwazyli, ze niektére chemiczne
rozpuszczalniki moga trwale odbarwi¢ lub zabrudzi¢ powierzchni¢ budynku, a ponadto
pozostatosci farby moga sta¢ si¢ trudniejsze do usunigcia. W rzeczywistosci, powszechnie
stosowanymi rozpuszczalnikami sg gtownie lotne zwiazki organiczne, ktore sa szkodliwe
zarbwno dla zdrowia czlowieka, jak 1 $rodowiska [121]. Dlugotrwale narazenie
na te substancje moze prowadzi¢ do uszkodzenia watroby, nerek i centralnego uktadu
nerwowego [122]. Ze wzgledu na przepisy dotyczace ochrony §rodowiska i bezpieczenstwa
(rozporzadzenie REACH/CLP nr. 878/2020) oraz Zielonej Chemii i zréwnowazonego

rozwoju,  znalezienie  rozpuszczalnikow  alternatywnych do  ropopochodnych
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statlo si¢ powaznym wyzwaniem dla chemikéw [123]. W przypadku produktow

przeznaczonych do utrzymania czysto$ci obiektéw i/lub budynkow uzytecznos$ci publiczne;,

komercyjnej czy prywatnej, widoczna jest transformacja w kierunku stosowania produktow
ekologicznych, ktorych skuteczno$¢ dziatania w stosunku do tradycyjnych $rodkow
jest co najmniej taka sama lub lepsza, ale przy zachowaniu zwigkszenia bezpieczenstwa
uzytkowania, zmniejszenie uciazliwosci oddzialywania na srodowisko.

Opracowana przeze mnie technologia czyszczenia powierzchni typu ,,brush on, wipe
off” polega zastosowaniu nastepujacego metodologii:

1. Doboér odpowiedniego ekologicznego zmywacza graffiti opartego na bazie
specjalistycznego nanodetergentu bedacego nanoemulsja w/o, stabilizowanej
ekologicznymi, przyjaznymi dla $rodowiska surfaktantami otrzymywanych na bazie
odnawialnych surowcach, ktory nie uszkadza oryginalnego podtoza zanieczyszczonego
graffiti.

2. Natlozenie $rodka na graffiti za pomoca pgdzla, gabki lub réwnomierne rozprowadzenie
przez natrys$niecie jego przy pomocy atomizera tak, aby stara¢ si¢ pokry¢ caty,
zanieczyszczony obszar.

3. Pozostawienie nanodetergentu, na co najmniej 10—15 minut, aby zmywacz graffiti
odpowiednio rozprowadzil si¢ na powierzchni powloki farby i zdotal spenetrowaé
warstwe tej powtoki do oryginalnego podtoza.

4. Usunigcie nanodetergentu za pomoca $ciereczki wykonanej z mikrofibry lub gabki
z poliuretanu, usuwajac jednocze$nie z powierzchni graffiti wraz z nanoemulsja w/o.

5. W przypadku, gdy powloka graffiti ma grubo§¢ kilku warstw, konieczne bedzie
powtdrzenie czynno$ci w razie potrzeby, az do catkowitego usuniecia graffiti.

6. Na zakonczenie procesu czyszczenia, oczyszczenie powierzchni z resztek
nanodetergentu i/lub farby za pomoca wody demineralizowanej lub neutralnego
roztworu roboczego detergentu dedykowanego do mycia danej powierzchni.

Glownymi zaletami tej technologii jest szybko$¢ i tatwo$¢ aplikacji, poniewaz
nie wymaga ona uzycia wody ani urzadzen mechanicznych. Dodatkowo cechuje
ja niezwykta efektywnos¢ 1 skuteczno$¢ usuwania roznego rodzaju farb graffiti, markeréw,
pisakow i innych rodzajow zanieczyszczen oraz bezpieczenstwo dla oryginalnego podtoza,
ktére nie ulega uszkodzeniu, przebarwieniu Iub odbarwieniu w przeciwienstwie
do tradycyjnych zmywaczy graffiti.

W codziennych warunkach powtoki graffiti ulegaja procesowi starzenia, co skutkuje

ciaggla zmiang ich wilasciwosci powierzchniowych, takich jak hydrofilowos¢,
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hydrofobowos$¢ lub obie te cechy réwnoczesnie [124-126]. Wytrzymato$¢ powtok graffiti
determinuje fatwo$¢ ich usunigcia, co zalezy od oddziatywania rozpuszczalnikow
1 surfaktantow z powlokami polimerowymi [51, 72]. Zwilzalno$¢ powierzchni zalezy
réowniez od jej chropowatosci. Jest to istotny czynnik, ktory nalezy wziaé pod uwage podczas
usuwania powlok graffiti z r6znych powierzchni, szczegdlnie przy zastosowaniu technologii

,brush on, wipe off”.

5.2.3. Ocena skutecznosci nanodetergentu w warunkach laboratoryjnych

W celu okreslenia efektywnosci poszczegélnych nanodetergentéw przeprowadzono
badania majace na celu okreslenie czasu, ktory jest niezbedny, by nanoemulsja w/o
skutecznie usuneta powloke malarska z podtoza [127]. Celem tych badan bylo ocena
skuteczno$ci dzialania najlepszych wybranych nanodetergentow stabilizowanych
alkilopoliglukozydami (GNF nr. 1) lub surfaktantami aminokwasowymi (GNF nr. 1) [AS].
Na Rysunku 14 przedstawiono wyniki doboru czasu niezbe¢dnego do skutecznego usuwania
czarnych farb akrylowych ze szkta. Podczas testowania przyjaznych dla §rodowiska ptynow
nanostrukturalnych potwierdzono, ze czas kontaktu krotszy niz 5 minut nie usuwa
skutecznie powtoki graffiti z modelowej powierzchni szklanej. Jednakze juz po dziesigciu
minutach mozna zauwazy¢ widoczng poprawe skutecznos$ci usuwania réznego rodzaju farb.
Po uplywie tego czasu nanodetergent (NE no. 15) zawierajacy glukozyd
kaprylowy/kaprylowy (GNF nr. 1) byl w stanie skutecznie przeniknaé kazda warstwe
powtoki graffiti 1 ja usunaé, podczas gdy nanoemulsja w/o (NE nr. 10) stabilizowana
kokoiloglicynianem sodu (GNF nr. 2) potrzebowala znacznie dluzszego czasu,
aby skutecznie usuna¢ farb¢ modyfikowang bitumenem. Zauwazono, ze zwigkszenie czasu
kontaktu poszczegélnych nanodetergentow zwigkszato powierzchni¢ usunigtej powloki
graffiti. Swiadczy to o duzej zdolnosci penetracji tych srodkéw do usuwania graffiti.

Wiasciwosci farby w istotny sposob wplywaja na proces jej usuwania. Kinetyka
zwilzania wynikajaca z pracy rozptywania wykazuje znaczace roznice pomiedzy
opracowanymi formulacjami oraz umozliwia dostrzezenie rdéznic pomig¢dzy badanymi
farbami. Mechanizm mycia mozna zatem podzieli¢ na nastgpujace etapy [A3, AS]:

1. aplikacja i rozplywanie nanoemulsji w/o po powierzchni farby;
2. penetracja formulacji w glab struktury powtoki;

3. odrywanie powloki od pierwotnego podtoza.
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Rysunek 14. Skuteczno$¢ usuwania powlok graffiti utworzonych przez farbq nr. 1 (I), farba nr. 2 (II)
i farbg nr. 3 (II1) z wykorzystaniem zielonych ptyndw nanostrukturalnych GNF nr. 1 (A) i GNF nr. 2 (B) [AS]

Rysunek 15 ilustruje zmiany katow zwilzania w funkcji czasu od chwili, gdy kropelki ptynu
zielonych detergentow nanostrukturalnych, GNF nr. 1 i GNF nr. 2, nalozonych
na poszczegdlne rodzaje czarnej farby [AS]. We wszystkich wuktadach farb
powierzchniowych kat zwilzania nanodetergentéw gwattownie spadt w ciagu pierwszych

kilku sekund.
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Rysunek 15. Dynamiczne zmiany katow zwilzania nanodetergentow na powierzchni szkta
i farb czarnych nr. 1 (bez modyfikatora), 2 (z nitrocelulozg) i 3 (z bitumenem) [AS5].
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Zaaplikowanie [AS5] na powierzchni¢ farb akrylowych na szkle nanodetergentu
GNF nr. 1 spowodowato nastgpujace dynamiczne zmiany katow zwilzania (w t=5 s): z 36,8°
do 8,1° na powierzchni szkta; z 53,0° do 16,0° na powierzchni farby nr. 1; z 53,3° do 9,6°
na powierzchni farby nr. 2; i z 36,1° do 28,7° na powierzchni farby nr. 3. Dla preparatu
GNF nr. 2 zaobserwowano nastgpujace dynamiczne zmiany katdw zwilzania (w t=5 s):
z 36,7° do 12,2° na powierzchni szkla; z 59,5° do 27,9° na powierzchni farby nr. 1; z 51,3°
do 20,1° na powierzchni farby nr. 2; i z 44,7° do 35,6° na powierzchni farby nr. 3.
W przypadku GNF nr. 1 w ciaggu 25 s od naniesienia kropli na powierzchni¢ zmierzono
nastepujace katy zwilzania na szkle = 7,3°, na powtoce farby nr. 1 = 13,5°, farby nr. 2 =7,2°,
a farby nr. 3 = 25,8°, natomiast dla GNF nr. 2, odpowiednio: szkto = 7,8°,
farba nr. 1 = 24,3°, farba nr. 2 = 17,2°, a farba nr. 3 = 31,5°. Z przeprowadzonych badan
wynika, ze krople zielonego plynu nanostrukturalnego GNF nr. 1 lub GNF nr. 2 latwo
rozptywaja si¢ po powierzchniach wszystkich badanych powlok graffiti. Oddziatywanie
nanodetergentéw z poszczegdlnymi farbami graffiti dostarczyta szczegétowych informacji
na temat ich zdolno$ci penetracyjnych, ktore decyduja o zywotnosci i skuteczno$ci usuwania
niepozadanych powtok z roznych powierzchni [128].

W ramach oceny wydajnosci nanodetergentow dedykowanych do stosowania
w technologii czyszczenia typu “brush on, wipe off” sprawdzono wpltyw zastosowania
roznych uktadéw rozpuszczalnikowych: UCO-EL [A2, A3, AS]; UCO-LIM [A4];
UCO-MMB [A4]. Badania skuteczno$ci usuwania uporczywych powtok graffiti wykazaty
istotne roznice w szybko$ci ich usuwania przez opracowane nanodetergenty. Uklad
rozpuszczalnikéw UCO-MMB moze usuwac farby zawierajace nitrocelulozg réwnie szybko
jak uktad UCO-LIM czy UCO-EL, natomiast w przypadku farb zawierajacych bitum, uktad
UCO-MMB byt czterokrotnie wolniejszy, ale mogl catkowicie usunaé tego typu farbe.
Wyniki badan wykazaty, ze o skuteczno$ci nanotechnologicznego preparatu do usuwania
farb graffiti decyduja dwa czynniki: uklad biorozpuszczalnikéw stabilizowany
odpowiednim surfaktantem oraz sktadniki modyfikujace wiasciwosci farby akrylowej,
a woda zachowuje si¢ gtéwnie jako medium transportowe dla surfaktantow, ktore wnikaja
bezposrednio w porowata struktur¢ farby graffiti na powierzchni podtoza (Rysunek 16).
Krople nanoemulsji oddziatuja bezposrednio z porowatymi kanatami warstwy farby,
co inicjuje proces rozpuszczania i poszerzania wspomnianych kanatow. Dzigki temu
nanokropelki przedostaja si¢ do powierzchni styku farba/podloze, co umozliwia oddzielenie

pozostatosci farby [A3].
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Rysunek 16. Obraz powierzchni czarnych powlok farby graffiti na szkle przy 100-krotnym powigkszeniu (A)
bez dodatku modyfikatora; (B) z nitroceluloza; (C) z bitumenem.

Do dalszej charakterystyki skuteczno$ci dzialania opracowanych nanodetergentow
wykorzystano takze obrazowanie o wysokiej rozdzielczosci i pomiary ATR FT-IR.
Wyniki analizy skuteczno$ci usuwania powtok graffiti przy uzyciu farby nr. 2 i farby nr. 3
uzyskane za pomocg pomiaréw ATR FT-IR [A4] przedstawiono na Rysunku 17.
Na Rysunku 18 przedstawiono wyniki analizy farby czerwonej, niebieskiej i1 zielonej farby
drukarskiej [A2]. Na podstawie widm FT-IR, widaé, Ze profile odbicia powierzchni
odniesienia 1  obszaru  oczyszczonego z  graffiti  byly = poréwnywalne.
Chociaz nie zaobserwowano widm farb czarnych, czerwonych, niebieskich i1 zielonych
to rozdzielczo$¢/czuto§¢ analitycznego sprzetu pokazata, ze pozostalosci farb
albo nie istnialy, albo byly niemozliwe do wykrycia. Zataczone obrazy na Rysunku 19
przy powigkszeniu 100x pokazuja, ze czarne farby nr. 2 i nr. 3 zostaly praktycznie usunigte
z catego obszaru poddanego dzialaniu nanodetergentu do usuwania graffiti. Z drugiej strony,
w wyniku duzej chropowatos$ci powierzchni marmuru, w porach marmuru o najwigkszych
zaglebieniach (ponizej 8 pm) stwierdzono drobne czasteczki czastki pozostatej czarnej farby

(obszary farby zaznaczono na czerwono) [A4].
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Rysunek 17. Wyniki testow laboratoryjnego selektywnego usuwania warstwy wybranych czarnych farb przy

uzyciu NE nos. 3 i NE nos. 6 z powierzchni marmuru wykonane za pomocg analizy spektralnej ATR FT-IR
[A4].

Podsumowujac, laboratoryjna ocen¢ skuteczno$ci procesu usuwania farb mozna
wykona¢ réznymi sposobami: wizualnie, optycznie lub chemicznie. Efektywnos¢ oceny
skuteczno$ci zalezy od doktadno$ci pomiaru zastosowanej techniki. Wlasciwosci
powierzchni tj. porowato$¢ czy chropowato$¢ moga wplywac na pozostanie niewielkich
ilosci farby w porach, co mozna potwierdzi¢ tylko pod duzym powigkszeniem.
Wydawac by si¢ moglo, ze badanie ATR FT-IR jest dosy¢ dobra metoda do takiej oceny,
ale nie sprawdza si¢ ona w momencie, gdy powierzchnia jest porowata i widoczne

sa tylko oddziatywania z podtozem.
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Rysunek 18. Wyniki selektywnego usuwania powlok w laboratorium: (A) czerwona farba; (B) niebieska
farba; (C) zielona farba drukarska, na: szkle akrylowym (PMMA), marmurze i stali po zastosowaniu
w procedury czyszczenia, tj. NE no. 3, NEno. 61 NE no. 15, powierzchnie zostaty zanalizowane za pomoca
ATR FT-IR. Zakresy na widmach sa zacienione kolorem charakterystycznym dla pasma farb i powierzchni
[A2]
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Rysunek 19. Wyniki selektywnych testow usuwania warstwy farby w laboratorium: (A2, A3) za pomoca NE nos. 6; (B2, B3) za pomocg NE nos. 3 [A4]



5.2.4. Ocena skutecznosci nanodetergentu w warunkach terenowych

Oceng skutecznosci technologii czyszczenia ,,brush on, wipe off” usuwania ré6znych
powtok graffiti z réznych powierzchni: stal nierdzewna, szyby okienne, podlogi betonowe,
podtogi zabezpieczone farba, aluminium, ptytki ceramiczne i znaki drogowe [A3, AS]
przeprowadzono wedtug procedury: aplikacja nanodetergentu na badang powierzchni¢
za pomocg pojedynczego rozpylenia 10 ml nanodetergentu z odlegtosci 100 mm. Natozono
spray na pomalowang powierzchni¢, po 10 minutach, uzyto $ciereczki z mikrofibry
o wymiarach 200x300 mm i grubos$ci 3 mm. Po usunigciu graffiti powierzchnie ptaskie
poddano procesowi mycia woda demineralizowang. Na Rysunku 20 i Rysunku 21,
pokazano przyktadowe graffiti do oceny skuteczno$ci nanodetergentéw ,,brush on, wipe off”
wraz z procesem stopniowego czyszczenia i usuwanie powtok graffiti. Nalezy zwrdcié
uwage na ztozonos$¢ procesu usuwania powtok graffiti, ktora jest konsekwencja duzej liczby
zmiennych, takich jak m.in. wiek farby, warunki atmosferyczne, sktad chemiczny,
szorstko$¢ 1 porowato$¢ podtoza [63]. Co wigcej, pomimo wielu wyzej wymienionych
zmiennych, ktore znaczaco wptywaja na proces czyszczenia, opracowana nanoemulsja w/o
stabilizowana APG Cg-Cio byta w stanie szybko i selektywnie usuna¢ stare powloki graffiti,
nie wpltywajac jednoczesnie na lezace pod spodem warstwy farby ani bazowe podloza.

Podsumowujac, wazne jest, aby juz teraz projektowac nanodetergenty w mysl idei
zrdbwnowazonego rozwoju, uwzgledniajac w szczegolnosci aspekty ekologiczne na kazdym
etapie zycia produktu jak i konieczng transformacj¢ gospodarki 4.0. Istotna jest nie tylko
minimalizacja zuzycia surowcow/zasoboéw materialdow wykorzystywanych do produkc;ji,
ale takze skupienie uwagi na ilo$ci wytwarzanych odpadéw, ktére musza by¢ w odpowiedni
sposob zagospodarowane zgodnie z hierarchig sposobu postgpowania z odpadami m.in.:
zapobieganiu powstaniu odpadow, przygotowanie do ponownego uzycia, recykling, inne
sposoby odzysku czy unieszkodliwienie. Powyzsze cele musza by¢ spelnione na kazdym
etapie funkcjonowania zycia produktu, zaczynajac od jego ekoprojektowania (kazdy
szczegot), ilosci zuzycia surowcoOw, poprzez produkcje, uzytkowanie, po zagospodarowanie
wytworzonych na podstawie zuzycia produktu odpaddéw. Istotnym elementem opracowanej
przez mnie technologii jest to, Zze wpisuje si¢ ona w opracowania rozwigzan stuzacych
transformacji polskiej gospodarki w kierunku modelu GOZ (gospodarki o obiegu
zamknietym) poprzez wdrazanie idei ekoprojektowania oraz koncepcji 6R opartej
na zasadach: odmow (refuse), ogranicz (reduce), uzywaj ponownie (reuse), naprawiaj

(recover) oddaj do recyklingu (recycle), zastanéw si¢ co mozesz zrobi¢ lepiej (rethink).
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PRZED CZYSZCZENIEM PO CZYSZCZENIU

Rysunek 20. Rézne powierzchnie oczyszczane za pomoca zielonego nanostrukturalnego ptynu GNF nr. 1 we Wroctawiu: (A) stal nierdzewna; (B) szklo okienne; (C) podtoga
betonowa; (D) podloga betonowa z powloka ochronng; (E) fasada aluminiowa; (F) plytki ceramiczne [AS].



PRZED
CZYSZCZENIEM

W TRAKCIE PO CZYSZCZENIU

Rysunek 21. Rézne powierzchnie oczyszczone za pomoca nanoemulsji w/o NE no. 6 we Wroctawiu: (A)
powierzchnia ze stali malowanej na parkingu; (B) specjalna powierzchnia ze stali znaku drogowego; (C)
powierzchnia ptytek ceramicznych fasady [A2].
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6. WNIOSKI

Wyniki badan przedstawione w niniejszej rozprawie doktorskiej pozwolity
na realizacje celéw pracy zgodnie z zatozeniami. Opracowano ekologiczng, innowacyjng
formule detergencyjnego zmywacza graffiti typu ,,brush on, wipe off”, o zadanych cechach
uzytkowych 1 okre$lonych funkcjonalno$ciach, przeznaczonego do bezpiecznego
czyszczenia wrazliwych powierzchni na czyszczenie mechaniczne, wedtug opracowanej
technologii czyszczenia ,,brush on, wipe off”.

Na podstawie przeprowadzonych badan sformutowano nastepujace wnioski:

1. Nanotechnologiczne detergenty to innowacyjne, wysokowarto$ciowe 1 zaawansowane
technologicznie nanoemulsje typu woda-w-oleju (NE w/0), wykorzystywane jako
ekologiczne zmywacze graffiti z wrazliwych na czyszczenie mechaniczne powierzchni.

2. Do znaczacych zalet stosowania tego typu detergentéw zalicza si¢ ich nietoksyczny
charakter, biokompatybilno$¢, biodegradowalno$¢ oraz wiasciwosci przyjazne dla
srodowiska. Wszystkie ich komponenty wywodza si¢ z odnawialnej bazy surowcowe;.

3. Nanoemulsje woda-w-oleju stabilizowane glukozydem kaprylowym/decylowym
lub kokoiloglicynianem sodu wykazaly najwyzsza skuteczno$ciag w usuwaniu farb
graffiti z wrazliwych powierzchni, nie uszkadzajac przy ich stosowaniu oryginalnej
powierzchni.

4. Okreslenie procesu zwilzania adhezyjnego nanoemulsji (w/o0) powierzchni powlok farb
graffiti, w tym wszelkich danych dotyczacych powstawania kropel,
ich rozprzestrzeniania si¢ na powierzchni oraz zdolno$ci wnikania w strukture powtoki,
umozliwia optymalne dobranie nanodetergentéw do usuwaniu réznego typu farb graffiti
z r6znych wrazliwych powierzchni, niezaleznie od ich wlasciwo$ci powierzchniowych
1 chropowatosci.

5.  Wykorzystujac ptyny nanostrukturalne i wiedz¢ o wtasciwos$ciach powierzchni, mozna
opracowa¢ wydajne ekologiczne nanodetergenty, ktére w pelni kontrolowany
1 skuteczny sposdb usuwaja niechciane 1 uporczywe zanieczyszczenia z wielu
funkcjonalnych powierzchni wrazliwych.

Przeprowadzone badania dowodza, Ze otrzymane nanoemulsji w/o stabilizowane
surfaktantami  na  bazie  odnawialnych  Zréodet  surowcowych,  bedacymi
nanotechnologicznymi  detergentami, moga stanowi¢ innowacyjng alternatywe
dla tradycyjnych rozpuszczalnikowych zmywaczy graffiti. Wyniki badan omoéwione
w przedlozonej pracy wskazuja, ze nanoemulsje w/o moga by¢ wykorzystane w skutecznym
usuwaniu graffiti z przestrzenni publicznej z réznorodnych powierzchni i maja ogromny

potencjat do wdrozenia na rynek komercyjny.
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Abstract: The removal of graffiti or over-painting requires special attention in order to not induce
the surface destruction but to also address all of the important eco-compatibility concerns. Because
of the necessity to avoid the use of volatile and toxic petroleum-based solvents that are common in
cleaning formulations, much attention has recently been paid to the design of a variety of sustainable
formulations that are based on biodegradable raw materials. In the present contribution we propose a
new approach to graffiti cleaning formulations that are composed of newly synthesized green solvents
such as esterified plant oils, i.e., rapeseed oil (RO), sunflower oil (SO), or used cooking oil (UCO),
ethyl lactate (EL), and alkylpolyglucosides (APGs) as surfactants. Oil PEG-8 ester solvents were
synthesized through the direct esterification/transesterification of these oils using monobutyltin(IV)
tris(2-ethylhexanoate) and titanium(IV) butoxide catalysts under mild process conditions. The
most efficient formulations, determined by optimization through the response surface methodology
(RSM) was more effective in comparison to the reference solvents such as the so-called Nitro solvent
(denoting a mixture of toluene and acetone) and petroleum ether. Additionally, the optimal product
was found to be effective in removing graffiti from glass, metal, or sandstone surfaces under open-
field conditions in the city of Wroctaw. The performed studies could be an invaluable tool for
developing future green formulations for graffiti removal.

Keywords: eco-friendly graffiti remover; esterified plant oils; sugar surfactants; green solvents;
environmentally friendly; formulation optimization; response surface methodology

1. Introduction

The presence of graffiti on buildings facades, train stations, trains, buses, and street
furniture including traffic lights and garbage bins is a problem that affects many inhabitants
in metropolitan or urban areas and needs certain attention [1-3]. For thousands of years,
graffiti comprised a form of artistic or revolutionary expression whose visual appearance
and types of inks along with its motivational origins have nowadays transformed signifi-
cantly. By the majority of society, it is now considered as sort of vandalism since it does not
impart a message to the spectators and only serves as a means of communication between
the painters [4]. It has to be emphasized that graffiti removal constitutes an expensive
process, and inadequate cleaning methods might either damage a given surface or might
not be effective enough to maintain the required aesthetic impacts of the buildings. This
is why a variety of preventive and curative methods have been developed to handle the
aforementioned problems [5,6].

According to the type of graffiti and the affected surface, there are the following
two main classes of removal techniques: chemical and physical [7]. The most frequently
applied approach comprises chemical-based cleaning processes which can be performed
with organic solvents or solvent mixtures, usually supported by some mechanical action [7].
Extremely appealing in these aspects are the combinations of chemical cleaning solutions
with the use of a hot water jet. Sometimes, in addition to the chemical methodology,
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it is satisfactory to wash the surfaces composed of non-porous materials with a cloth
dampened with hot water [8]. Alternatively, physical methodologies can be implemented
that include traditional tools, such as scalpels, abrasive media, and water or sand blasting,
and more innovative approaches, such as laser ablation, ultrasonication, plasma spray,
and biological cleaning [9-13]. Generally, it should be remembered that the fundamental
requirement of cleaning—a crucial task aiming to restore original aesthetic appearance—is
to be selective and non-invasive for the removal of the original components of objects or
buildings. Chemical attempts that employ chemical solutions that are responsible for paint
dissolution and extraction are treated as a traditional technique for graffiti removal [11,13].
Organic solvents such as methylene dichloride and acetone or alkali caustic removers
are traditionally applied for a variety of surfaces [7,10,14]. Mixtures of organic solvents
based on alcohols (ethanol, propyl, isopropyl, butyl, isobutyl, isoamyl, cyclohexanol, etc.),
esters (butyl acetate, ethyl acetate, etc.), ketones (acetone, methyl ethyl ketone, etc.), and
aromatic hydrocarbons (toluene, xylene, etc.) mixed in various proportions present a broad
performance in graffiti cleaning in washing dirt or/and adherent deposits [15]. However,
Weaver et al. [16] noted that some chemical solvents may permanently discolor or stain
the building surface, and in addition, the remaining paint may become more difficult to
remove. In fact, common solvents are principally volatile organic compounds and are
harmful to both human health and the environment [17]. For humans, their inhalation
or absorption through the skin can have harmful effects, such as skin and eye irritation,
nausea, and dizziness, while in the case of long contact periods, they may cause damages
to the liver, kidneys, and central nervous system [18]. Because of environmental and
safety protections laws (REACH/CLP Regulation No. 1272/2008) and green chemistry
and sustainable development, finding alternative solvents to petroleum-derived ones has
become a major challenge for chemists [19].

The selection of the ideal solvent for graffiti removal purposes is a compromise be-
tween cleaning procedure efficiency and environmental and human protection [20]. The
term “green solvents” no longer only refers to a series of organic solvents and supercritical
CO;, but also to a variety of ionic liquids, switchable solvents and deep eutectic solvents,
liquefied gases, supercritical fluids, and “bio-based solvents” that have been successfully
applied according to the recent literature [20,21]. Solvents derived from renewable feed-
stock, i.e., obtained from biomass such as cellulose and starch, are considered as a relatively
new class of reagents that meet the twelve green chemistry principles and the principles of
sustainable development [22-24]. Therefore, for the development of eco-friendly graffiti
removers, some topics, including the reduction/elimination of high toxicity reagents, de-
creasing the emission of gasses and vapors, and the reduction of energy consumption have
recently gained significant importance [25,26]. The development of and the applications
for novel and alternative solvents are of great importance in protecting cultural heritage
stones, cleaning buildings, or the conservation of old icons or paints [15,27]. Much effort is
needed to develop low-cost, effective technologies for the production of alternative solvents
that could replace the typically applied toxic organic solvents. Among many outstanding
examples of current highly efficient graffiti removers, there are highly retentive chemical
hydrogels [28], nanofluids, such as micelles or microemulsions [28] as well as low-toxic
solvent ternary mixtures followed by Nd:YAG laser irradiation [29].

The proposal presented in this paper combines all of the abovementioned aspects,
as shown in Figure 1. The main objective of the present study was to develop a new eco-
friendly graffiti remover by formulating different types of mixtures comprising ecologically
approved components, i.e., Oil PEG-8 ester solvents—esterified by polyglycols (PEG 400),
selected plant oils (i.e., rapeseed oil (RO), sunflower oil (SO), or used cooking oil (UCO)) as
well as ethyl lactate (EL) and alkylpolyglucosides C8/C10 (APGs) as surfactants and water,
in an optimized manner.



Molecules 2021, 26, 4706

3o0f24

Palvglyvool 44 (FECHMI

X z Al b PRV LY
| T il PEG- .
 Ester SLTIT N mIODECRADANLE
F PN
—— e DN TAINING
S LAWY VR SOILVEN TN
e | Alkylpenvgivcosides

Figure 1. General approach of the performed studies. Oil PEG-8 ester solvents denote the following esterified oils (for the
abbreviation see Table 1): MG-400-RO (derived from rapeseed oil), MG-400-SO (derived from sunflower oil), MG-400-UCO
(derived from used cooking oil).

The use of APGs—green and mild surfactants, which are often present in commercial
cosmetic formulations and detergents [30]—to the best of our knowledge, constitutes one
of the best attempts in graffiti remover use. Some profound examples with the use of
alkyl glucoside to formulate nanostructured cleaning systems appeared in papers written
by Baglioni et al. [2,31]. As recently observed by Krawczyk, the presence of APGs in a
formulation can alter the minimal contact angle values on a given solid surface [32], thus
resulting in the different wettability properties of the graffiti remover formulation. This
property is especially crucial from the point of view of a material that should be cleaned
or restored [33]. One possible graffiti removal method is the change in wettability of a
particular solid material by using biosurfactants, natural surfactants, or their mixtures,
which may be able to change the hydrophilic and hydrophobic characteristics of a discussed
solid and its adsorption mechanisms [32]. Finally, the application of low-cost renewable
bioresources that are disposable in large amounts makes it possible to develop a custom-
designed product with a low environmental impact [34,35].

Therefore, we formulated natural biodegradable solvents that are capable for the
efficient cleaning of different surfaces covered in graffiti paint that do not cause harm to the
workers, environment, or equipment. The performance of the obtained graffiti removers
was determined by their functional characteristics, i.e., viscosity and density, as well as
efficiency measures such as runoff speed from flat surfaces and cleaning effectiveness in
the function of time. If a product that did not have the most desired characteristics, the
optimization of the multi-component mixture composition was elaborated upon. A variety
of design models, such as full or fractional factorial models, as well as central composite or
optimal group designs might be used in formulating an optimal graffiti remover [36,37].
In the current contribution, the D-optimal design method was used in order to determine
the relation between formulation composition and its functional characteristics. The D-
optimal design technique is considered to be one of the most effective tools for solving
typical problems with mixture optimization where conventional designs do not apply.
D-optimal design experimental matrices are typically not orthogonal, and the response
factor (dependent variables) estimates are correlated. Through the usage of probability
functions and value prediction, D-optimal models surpass conventional designs because
they can be used even when the design space is constrained (where there are not perfectly
convenient interactions between independent variables) and where too many experimental
runs are not acceptable due to low resources and limited time for experimentation [38—40].

2. Results
2.1. Green Solvents as Esterified Natural Oil or Used Cooking Oil with PEG 400
The syntheses of plant Oil PEG-8 ester solvents (for the abbreviation see Table 1)

were conducted to produce sample modified oil solvents through esterification, the latter
creating eco-friendly graffiti removers. Esterification/transesterification was conducted
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according to the procedure described in the experimental portion of this work. In this
experiment, the ratios of the reactants, the concentration of catalysts, the reaction time, and
the reaction temperature and pressure were fixed, but the type of oil was changed. Table 1
shows the monitoring of process synthesis of Oil PEG-8 ester solvents using different types
of oil. It can be seen that the conversion rate for free fatty acids was highly satisfactory when
the metalloorganic Tin(Sn**) and Titanium(Ti**) compounds were used as the catalysts.
The obtained results show that after an 8 h reaction, the mixture was stabilized and both
the acid value, saponification value, hydroxyl value, and water content had not changed.

Table 1. The esterification/transesterification process monitoring (fabrication of Oil PEG-8 ester solvents).

Samples Abbreviation MG-400-RO MG-400-SO MG-400-UCO
type of oil Rapeseed oil Sunflower oil Used cooking oil
% free fatty acid (% w/w) 1.02 0.51 1.78
% oil yield (% w/w) 98.98 99.49 98.22
feed molar ratio (oil: PEG-8) 1:1.2 1:1.2 1:1.2
mass oil (g) 850 850 900
mass PEG-8 (g) 480 480 480
Process Control Monitoring
Time (h) Acid value (mg KOH/g)
0 1.28 0.64 3.26
2 0.62 0.24 1.25
4 0.21 0.09 0.13
6 0.05 0.04 0.06
8 0.02 0.02 0.03
Time (h) Saponification value (mg KOH/g)
0 131.02 123.35 174.78
2 130.40 123.11 173.53
4 130.19 123.02 173.40
6 130.14 122.98 173.34
8 130.12 122.96 173.31
Time (h) Hydroxyl value (mg KOH/g)
0 110.21 114.17 125.41
2 108.34 112.23 123.28
4 107.57 111.44 122.12
6 106.84 110.68 121.29
8 106.72 110.54 121.54
Time (h) Water content (% w/w)
0 0.213 0.127 0.371
2 0.015 0.015 0.016
4 0.012 0.011 0.012
6 0.010 0.010 0.010
8 0.009 0.008 0.009

Table 2 summarizes the physical properties of the plant Oil PEG-8 ester solvents
based on rapeseed oil (series denoted as MG-400-RO), sunflower oil (series denoted as
MG-400-50), and used cooking oil (series denoted as MG-400-UCO). The corresponding
abbreviations for the obtained samples together with the formulation compositions and
their controlled variables for each oil used as well as their functional characteristics are
presented in Table 3. The results show that under identical reagents/catalyst ratios and
the same reaction conditions, esterification/transesterification through the metalloorganic
Tin(Sn**) and Titanium(Ti**) catalysts system affords similar Oil PEG-8 ester solvents
and a rather reproducible molecular mass magnitude, i.e., the average molecular weights
of My, ranges from 550 M to 645 M (as show in Table 2). Fatty acid decarboxylation
was not observed because the process temperature was low; therefore, the effect of the
decomposition of fatty acids, which may be due to high temperature, does not occur [41].
The structure of RO, SO, and UCO consists of different tri-glyceride esters of saturated or
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unsaturated fatty acids and free fatty acids [42,43]. Therefore, the plant-based Oil PEG-8
solvents are mostly mixtures of monoester fatty acids with PEG-8, a mixture of the mono-
or di-glycerides of fatty acids and polymers with low molecular weight and which could
be derivatives of the dimers and trimers of unsaturated fatty acids, through polymerization
and intermolecular Diels-Alder reactions [44,45].

Table 2. Physical properties of plant Oil PEG-8 ester solvents.

Samples Abbreviation MG-400-RO MG-400-SO MG-400-UCO
Type of oil Rapeseed oil Sunflower oil Used cooking oil

Physical state at 25 °C Yellowish transparent liquid ~ Yellowish transparent liquid =~ Brownish transparent liquid

% free fatty acid (% w/w) <0.01 <0.01 <0.01
My, M) 645 640 550

Acid value (mg KOH/g) <0.01 <0.01 <0.01
Saponification value (mg KOH/g) 130.15 122.92 173.25
Hydroxyl value (mg KOH/g) 106.71 110.50 121.51
Water content (% w/w) <0.01 <0.01 <0.01
Density (g/cm?) (25 °C) 1.1321 1.1442 1.1332
Viscosity (mPa-s) (25 °C) 97.42 105.42 98.36

Table 3. The compositions of the eco-friendly graffiti removers and their functional characteristics.

Controlled Variables of the Composition Functional Characteristics
Formulation 1 MG-400-RO EL APG W Viscosity Density A
(Symbols) (Y%wlw) (%tolw) (%twlw) (%wlw) (mPa-s) (g/cm?) ppearance
MG-400-RO-1 38.50% 30.00% 2.50% 29.00% 40.76 1.0345 1
MG-400-RO-2 29.00% 30.00% 2.50% 38.50% 24.76 1.0362 3
MG-400-RO-3 48.50% 30.00% 2.50% 19.00% 40.59 1.0402 1
MG-400-RO-4 42.50% 22.50% 2.50% 32.50% 26.35 1.0331 1
MG-400-RO-5 38.50% 20.00% 2.50% 39.00% 29.39 1.0323 1
MG-400-RO-6 38.50% 10.00% 2.50% 49.00% 18.74 1.0251 4
MG-400-RO-7 28.50% 30.00% 2.50% 39.00% 21.36 1.0387 2
MG-400-RO-8 28.50% 40.00% 2.50% 29.00% 30.07 1.0451 2
MG-400-RO-9 43.50% 30.00% 2.50% 24.00% 41.96 1.0395 1
MG-400-RO-10 54.80% 42.70% 2.50% 0.00% 54.84 1.0380 2
MG-400-RO-11 25.00% 30.00% 2.50% 42.50% 20.20 1.0285 3
MG-400-RO-12 20.00% 30.00% 2.50% 47.50% 19.45 1.0273 3
MG-400-RO-13 57.50% 30.00% 2.50% 10.00% 41.15 1.0380 1
MG-400-RO-14 62.50% 30.00% 2.50% 5.00% 411 1.0401 1
MG-400-RO-15 38.50% 25.00% 2.50% 34.00% 36.42 1.0297 1
MG-400-RO-16 38.50% 15.00% 2.50% 44.00% 18.54 1.0224 4
MG-400-RO-17 38.50% 5.00% 2.50% 54.00% 20.21 1.0148 4
MG-400-RO-18 38.50% 35.00% 2.50% 24.00% 29.31 1.0363 1
MG-400-RO-19 38.50% 40.00% 2.50% 19.00% 28.74 1.0395 1
MG-400-RO-20 38.50% 45.00% 2.50% 14.00% 27.75 1.0420 1
Formulation 2 MG-400-SO EL APG W Viscosity Density A
(Symbols) (Y%owlw) (Yowlw) (Y%wlw) (%owlw) (mPa-s) (g/cm?) ppearance
MG-400-50-1 32.50% 50.00% 2.50% 15.00% 25.18 1.0345 2
MG-400-SO-2 47.50% 40.00% 2.50% 10.00% 32.71 1.0362 2
MG-400-50-3 48.50% 30.00% 2.50% 19.00% 53.13 1.0331 2
MG-400-S0-4 42.50% 22.50% 2.50% 32.50% 45.99 1.0261 0
MG-400-50-5 38.50% 20.00% 2.50% 39.00% 36.15 1.0253 0
MG-400-S0-6 38.50% 10.00% 2.50% 49.00% 24.01 1.0181 3
MG-400-SO-7 28.50% 30.00% 2.50% 39.00% 25.97 1.0316 0
MG-400-SO-8 28.50% 40.00% 2.50% 29.00% 25.22 1.0380 0
MG-400-S0O-9 43.50% 30.00% 2.50% 24.00% 54.10 1.0324 0
MG-400-50-10 54.80% 42.70% 2.50% 0.00% 64.67 1.0421 2
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Table 3. Cont.
Controlled Variables of the Composition Functional Characteristics
Formulation 2 MG-400-SO EL APG W Viscosity Density A
(Symbols) (Yow/w) (Y%w/w) (Yowl/w) (Yowlw) (mPa-s) (g/cm?®) ppearance
MG-400-SO-11 46.00% 30.00% 2.50% 21.50% 53.68 1.0300 1
MG-400-SO-12 22.50% 30.00% 2.50% 45.00% 25.86 1.0258 0
MG-400-SO-13 51.00% 30.00% 2.50% 16.50% 53.02 1.0311 2
MG-400-SO-14 40.00% 40.00% 2.50% 17.50% 49.55 1.0363 1
MG-400-SO-15 21.00% 40.00% 2.50% 36.50% 26.15 1.0326 0
MG-400-SO-16 38.50% 15.00% 2.50% 44.00% 30.1 1.0182 3
MG-400-SO-17 38.50% 25.00% 2.50% 34.00% 45.32 1.0251 0
MG-400-SO-18 38.50% 30.00% 2.50% 29.00% 54.45 1.0284 0
MG-400-SO-19 37.50% 50.00% 2.50% 10.00% 26.42 1.0423 2
MG-400-SO-20 27.50% 50.00% 2.50% 20.00% 24.32 1.0409 2
Formulation 3 MG-400-UCO EL APG W Viscosity Density A
(Symbols) (Yowlw) (%wlw) (%wlw) (%wlw) (mPa-s) (g/cm?) ppearance
MG-400-UCO-1 38.50% 30.00% 2.50% 29.00% 46.32 1.0259 1
MG-400-UCO-2 29.00% 30.00% 2.50% 38.50% 27.51 1.0242 3
MG-400-UCO-3 48.50% 30.00% 2.50% 19.00% 47.75 1.0261 1
MG-400-UCO-4 42.90% 22.29% 2.50% 32.32% 41.78 1.0191 1
MG-400-UCO-5 38.50% 20.00% 2.50% 39.00% 32.65 1.0183 1
MG-400-UCO-6 38.50% 10.00% 2.50% 49.00% 21.54 1.0112 4
MG-400-UCO-7 28.50% 30.00% 2.50% 39.00% 23.47 1.0246 2
MG-400-UCO-8 28.50% 40.00% 2.50% 29.00% 32.69 1.0309 2
MG-400-UCO-9 43.50% 30.00% 2.50% 24.00% 48.82 1.0254 1
MG-400-UCO-10 54.80% 42.70% 2.50% 0.00% 58.34 1.0350 2
MG-400-UCO-11 25.00% 30.00% 2.50% 42.50% 23.11 1.0235 3
MG-400-UCO-12 20.00% 30.00% 2.50% 47.50% 2247 1.0230 3
MG-400-UCO-13 57.50% 30.00% 2.50% 10.00% 47.29 1.0268 1
MG-400-UCO-14 62.50% 30.00% 2.50% 5.00% 47.18 1.0273 1
MG-400-UCO-15 38.50% 25.00% 2.50% 34.00% 40.21 1.0200 1
MG-400-UCO-16 38.50% 15.00% 2.50% 44.00% 20.87 1.0190 4
MG-400-UCO-17 38.50% 5.00% 2.50% 54.00% 24.31 1.0054 4
MG-400-UCO-18 38.50% 35.00% 2.50% 24.00% 33.45 1.0276 1
MG-400-UCO-19 38.50% 40.00% 2.50% 19.00% 31.79 1.0315 1
MG-400-UCO-20 38.50% 45.00% 2.50% 14.00% 29.53 1.0356 1

Abbreviations: MG-400-RO—esterified rapeseed oil with PEG 400, MG-400-UCO—esterified used cooking oil with PEG 400, MG-400-SO—
esterified sunflower oil with PEG 400, EL—ethyl lactate, APG—alkylpolyglucoside C8/C10, W—water. Appearance: 0—non-stable, cloudy,
heterogeneous, 1—stable, transparent, homogeneous, 2—stable, milky, homogeneous, 3—stable, white emulsion, homogeneous, 4—stable,
white paste, homogeneous.

2.2. Formulation of Eco-Friendly Graffiti Removers

There were sixty different formulations that were prepared and evaluated (as shown
in Table 3). The formulations were identified with numbers (1-20) and the types of Oil
PEG-8 ester solvents (MG-400-RO, MG-400-SO, MG-400-UCOQ). First of all, an assessment
of the macroscopic characteristics of the formulations created was performed directly after
preparation. The evaluation of the physical properties was performed immediately after the
formulation was prepared. Thus, all of the eco-friendly graffiti removers (Formulas 1-20)
(as shown in Table 3) based on rapeseed oil PEG-8 ester and used cooking oil PEG-8 ester
that were prepared have a homogeneous appearance, while most of the formulations based
on sunflower oil PEG-8 ester reveal a heterogeneous appearance. It needs to be pointed
out that the appearance depended on the amount of water contained in the formulation.
Typically, cloudy or white solutions were obtained when the water content was above 25%
w/w. The macroscopic properties of graffiti removers depend on the fatty acid composition
of the type of oil [46]. Thus, the appropriate combination of the concentration of oil PEG-8
ester, ethyl lactate, APGs, and water studied will lead to the formation of a desired graffiti
remover formulation with satisfactory functional properties.
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2.3. The Speed of Runoff Eco-Friendly Graffiti Removers from Surface

The determinations of the speed of runoff characteristics were performed to evaluate
the technical properties of the formulations and to assess which formulation is the most
suited for application on the surface, as the residence time on the surface might affect the
efficiency of the graffiti remover formulations. The tests were conducted according to the
procedure described in the experimental portion of this work. Knowing the relationships
between the formulation variables and its runoff speed from a surface is important because
these effects can have an impact on graffiti paint removal efficiency [47]. Supplementary
Table S1 presents the results of the runoff speed for an eco-friendly graffiti remover formu-
lation from a given surface. The runoff speed test provides information on the runoff speed
behavior of eco-friendly graffiti removers. These properties, which are specific to each type
of formulation, can be modified in the presence of green solvents and sugar surfactant in
the composition.

According to the runoff speed tests, the surface residence time of the eco-friendly
graffiti removers depends on the appearance of the product. Therefore, the graffiti remover
formulations that had emulsified due to the presence of a significant amount of water
showed a twice or three times lower runoff speed than the homogeneous transparent or
cloudy formulations.

The results of the performed tests on different reference products (petroleum ether
and the Nitro solvent) in order to compare the runoff speed values showed that the surface
runoff speed values of the reference products were comparable with each other (about
5 s). What was more relevant in the experiment was the observation that in comparison to
the reference products, the developed eco-friendly graffiti remover with a homogeneous
appearance was characterized by a residence time on a given surface that was three to
four times higher than that the reference products. In other words, the tested formulation
turned out to have a lower rate of speed than that of petroleum ether or the Nitro solvent.
This, in turn, translates into a higher effectiveness in removing graffiti paint from various
surfaces by means of the new green graffiti removal product.

2.4. The Effectiveness of Removing Graffiti Paints from the Flat Surface

The procedure described in the experimental section of this work was used to esti-
mate the efficiency of removing graffiti paints from surfaces. Reference products such
as petroleum ether and the Nitro solvent (i.e., a mixture of toluene and acetone) were
used as cost-effectiveness thresholds. As it can be seen in Figure 2, the composition of
an eco-friendly graffiti remover formulation greatly affects the formulation’s efficiency
in removing graffiti paints from surfaces. Therefore, the effectiveness evaluations were
made on the basis of the amount of graffiti remaining on the surface [48]. Considering
the effectiveness evaluation of the cleaning properties of commercial products, it can be
concluded that a ranking of the effectiveness for every formulation can be well established.
The effectiveness of the removal of graffiti paint after 600 s can be sorted based on the
reference products.

The values are reported as diagrams in Figure 2 in order to get a clearer visual
representation of the cleaning effectiveness results. The effectiveness of the reference
products (see Figure 2, ref. line 1 and ref. line 2) on the graph is an eye-guide, which should
help in grouping the graffiti remover formulations: highly effective removal (AE > 85%,
600 s) (above the line ref. 2—Nitro solvent) and poorly effective removal (AE < 15%, 600 s)
(below the line ref 1—petroleum ether). The area between the lines (ref. 1 and ref. 2),
which is designated by the reference products, represents the satisfactory efficiency of
paint removal from the surface but does not meet the primary goal of the production of
an eco-friendly graffiti remover, which should be at least as efficient as the Nitro solvent
(AE > 85%, 600 s).



Molecules 2021, 26, 4706

8 of 24

paimt froe the sariace, AT

The alfaotl venss ol the remiovsl of

i e

Caeen = Eifgency & 55%. Bl « EMiciency © B5%, Black = The elficacy
i ithy meierenee preduct, 1 - peinilessi ethor, 1 - 3 ise sedvmi

B =

.!E

5 -

5 -

HE

E.ﬂ

.--'i :

E - -

Em-muns\,ﬁ-ﬁﬂkmsmmuk-mnm

o e referonce pradudt, 1 - petraleem gther, 2 —Miiee selvent
C »

£
'-'ﬁ: "

1§ «

i

i

i -

:E'!

-

E

{onben ~ Efticlency = B5%, Blue - Efficheny < 85%, Bledk - The eificacy

af the refsssnce prosduct, 1 - priwoleum sther, I - Nikmo soboot
Figure 2. The effectiveness evaluation of the removal of graffiti paint from a surface (AE) in %;
(A) graffiti remover formulations no. 1-20 based on MG-400-RO; (B) graffiti remover formulations
no. 1-20 based on MG-400-SO; (C) graffiti remover formulations no. 1-20 based on MG-400-UCO.

As seen in Figure 2, the removal of the paints from the support was achieved in
all cases, with at least four or more of the selected eco-friendly graffiti removers being
better than the Nitro solvent (MG-400-RO formulation no. 1, 8, 9, 19, 20; MG-400-SO
formulation no. 1, 12, 14, 19; MG-400-UCO formulation no. 1, 8, 9, 18, 19, 20). Interestingly,
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no correlation seems to exist between the chemical nature of the paint polymeric binder
and its removal efficiency.

Significantly, in certain cases, graffiti removers containing a similar level of green
solvents behave very differently when they are mixed with water. The MG-400-50-12,
for instance, showed high effectiveness (AE > 85%, 600 s) in removing paints form the
surface; however, it had a heterogeneous appearance. Obtaining a homogeneous appear-
ance, however, would be more desirable, as it would indicate the higher stability of the
tested formulation.

Nonetheless, the most effective formulation cannot easily be chosen by combining the
effectiveness evaluation results with the information reported in Table S1. According to our
results, compositions MG-400-RO formulation no. 8, 19, 20; MG-400-SO formulation no. 12,
14, 20; and MG-400-UCO formulation no. 1, 8, and 20 were able to most significantly and
efficiently remove graffiti paint from surfaces. Therefore, optimization methods were used
when choosing the best ecological formulation for graffiti removal in which such factors as
the effectiveness of paint removal, residence time on the surface, physical properties, and
water content in the formulation were taken into account.

2.5. Optimization of the Graffiti Remover Formulation

The functional characteristics of the different eco-friendly graffiti removers were pre-
dicted by using the reduced quadratic D-optimal design and the exploration of the resulting
response surfaces. The influence of formulation composition (formulation no. (A)) and the
type of plant oil employed in esterified derivatives synthesis (B)) on response factors Y;
(viscosity), Y, (density), Y3 (runoff speed), and Y, (effectiveness after 120 s) were studied.
The experimental matrix of the employed D-optimal design with 30 randomized experi-
mental runs and the corresponding values of the independent and dependent variables is
presented in Supplementary Table S2.

The composition of each formulation based on plant oil type, i.e., MG-400-RO (rape-
seed oil), MG-400-UCO (used cooking oil), MG-400-SO (sunflower oil), with the corre-
sponding formulation numbers is presented in Table 3. The 3D response surface plot is
the graphical representation of the regression equation used to investigate the existing
interactions between the independent and dependent variables and to determine the opti-
mal boundaries for the best graffiti removal formulation. The results obtained from the
performed calculations and model fitting demonstrated that the optimal region for efficient
graffiti removal is located on the external boundaries of 3D response surfaces, as shown
in Figure 3. It represents the interactions between independent variables A and B and
response factors Y1—Y4, understood as functionality measures.

To provide an example for such interaction, density above the value of 1.03 g/cm3 and
viscosity below 40 mPa-s resulted in noticeably increased runoff speed from flat surface
(more than 25 s) and graffiti removal efficiency after 120 s from application (more than
70% of the surface was without previous paint contamination). Thus, a general conclusion
supported by the results of the optimization is that regardless of the type of oil used in
the formulation of a graffiti remover, the best composition was obtained in the case of the
formulations no. 1 and no. 20. It turned out that water content that was too high (above
25%) as well as too low (less than 14%) in the graffiti removal formulation resulted in poor
functional properties, i.e., runoff speeds less than 20 s and highly weakened effectiveness
(less than 40%, even in prolonged application time). Therefore, the middle region of
the response surfaces (Figure 3) might be considered as non-attractive and neglected
in candidate selection. To conclude, six formulation candidates proposed by D-optimal
model optimization with the corresponding predicted and actual values together with the
desirability function measurements [49] are presented in Table 4.
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Figure 3. Graphical representation of the reduced quadratic D-optimal randomized design re-
sponse surfaces for the dependent variables Y; = viscosity, Y, = density, Y3 = runoff speed, and
Y, = effectiveness (120 s) vs. the independent variables (no. of formulation (A), type of oil (B)).

Table 4. Candidates for the optimal eco-friendly graffiti remover proposed by D-optimal model optimization based on
desirability function and comparison of predicted and actual values.

No. Formulation Number ? Type of Oil Viscosity (mPa-s) Density (g/cm®) Runoff Speed (s) Effectiveness (%) Desirability
pb Ac P A P A P A
1 MG-400-RO-20 RO 38.7 37.8 1.04 1.04 26.8 26.0 68.5 75.0 0.907
2 MG-400-RO-1 RO 36.5 33.8 1.04 1.04 228 21.0 65.9 72.5 0.870
3 MG-400-UCO-1 uco 45.7 36.3 1.03 1.03 234 20.0 63.3 75.0 0.833
4 MG-400-UCO-20 Uuco 41.0 45.5 1.03 1.04 25.9 24.0 60.1 70.0 0.786
5 MG-400-50-1 SO 57.6 48.2 1.03 1.03 22.6 20.0 59.9 65.0 0.784
6 MG-400-SO-20 SO 415 44.3 1.04 1.04 17.3 17.0 50.7 42.5 0.653

2 As presented in Table 3; ® Value predicted by the D-optimal model; ¢ Actual experimental value.

The main goal of the optimization was to maximize the effectiveness of the graf-
fiti removal formulation after the average contact time with the flat surface of 120 s. It
was achieved for six formulations as mentioned above, which possessed functionality at
the same or at higher level than the commercial reference removers (Ref. 1, petroleum
ether—runoff time 5 s, effectiveness after 120 s 60%; Ref. 2, the Nitro solvent—runoff
time 5 s, effectiveness after 120 s 65%). The following compositions: MG-400-RO-1 and
MG-400-20; MG-400-UCO-1 and MG-400-UCO-20; MG-400-SO-1 and MG-400-SO-20, con-
stituted by the oil ester content from 27.50% to 32.50% (w/w) and water from 15% up
to 29% (w/w), resulted in good compromise between the cost and the quality of graffiti
removal (effectiveness more than 40%). The D-optimal model fitting as well as the response
regression equation are discussed in further sections. However, the best formulation turned
out to be the MG-400-RO-20 (rapeseed oil PEG-8 ester 38.5% wt., ethyl lactate 30.0% wt.,
alkylpolyglucoside C8/C10 2.5% wt., water 14.0% wt.), which was later used in open-field
testing, which is described further in the discussion section.
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2.6. Attenuated Total Reflection—Fourier-Transform Infrared Spectroscopy (ATR FT-IR) Analysis

Reference solid surfaces, i.e., marble, acrylic glass, aluminum, steel, natural stone,
and glass, were subjected to ATR FI-IR analysis together with the samples covered with
“Champion” paint sprays (black, blue, green, and red color) and after the laboratory
cleaning procedure. Results of the analysis are presented in the Figure 4. The applied
sprays are typical representatives of vinyl and acrylic based paints with diallyl phthalate
pigments. Their IR spectra are considered to be relatively complicated due to the presence
of resins, fillers, binders, and many other paint formulation components, which may
produce overlapped signals [2,28].
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Figure 4. Results of selective laboratory paint removal tests on the selected substrates studied
using ATR FT-IR spectral analysis. Reference materials and their samples covered with black, blue,
green, and red paints together with the appropriate samples after cleaning procedures are shown
in Figure 4A-F, respectively, in which: (A)—marble; (B)—acrylic glass; (C)—aluminum, (D)—steel;
(E)—natural stone; (F)—glass.
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The most characteristic signals derived from the paints that are present on the studied
surfaces can be noticed in Figure 4. Bands at approximately 2950-2800 cm ! are due to
the presence of the symmetric and asymmetric stretching of the CH groups in the aliphatic
chains. Moreover, a strong and narrow signal is produced by the carbonyl C=O stretching at
approximately 1730 cm ! as well as from the C-O stretching between 1020-1250 cm . Fi-
nally, signals at approximately 750 cm ! are probably due to the presence of phthalate color
pigments. Drawing conclusions from all of the studied references materials, the paint was
successfully removed, and that can be supported by the absence of the above-mentioned
characteristic signals on the cleaned solid surface spectra. Only in the case of acrylic glass
(see Figure 4B) was it harder to observe the above given stretching signals since the studied
substrates had similar structures to the used paints. However, the disappearance of the
C-O stretching vibrations at 1020~1250 cm ™! is found to be clearly visible.

3. Discussion

The interests of green chemistry can be aligned with the industrial needs of having
intensified processes with the use of raw materials from renewable sources or waste, high
yields, and simplified downstream processing units. Thus, products containing green
solvents derived from renewable materials have an increasing role in industrial cleaning
technologies, and such research studies are highly desired. Based on the literature, an
increasing trend is also observed in the replacement of traditional petrochemical solvents
with green solvents such as ethyl lactate, propylene carbonate, or amphiphile-based nanos-
tructured fluids (NSFs) [34,50]. The description “green solvent” implies a chemical that is
benign to human health and the environment; therefore, it is worth noting that the esterified
plant oil (RO, SO, UCO) with PEG 400 (denoted as Oil PEG-8 ester solvents) and ethyl
lactate (EL) constitute ecologically friendly reactants—a new class of green solvents [33,50].
Both substances belong to the class of agrochemical solvents that can be derived from plant
biomass. It should be noted that with an increasing awareness of sustainable development,
green solvents are to be extensively explored nowadays as efficacious alternatives in place
of toxic, volatile, harmful, flammable, and carcinogenic petrochemical solvents [51]. UCO
use is especially very encouraging because it does not promote food competition [52].
Traditional solvents used as graffiti removers that are based on petrochemical solvents com-
prise a large part of the waste by-products from many branches of the chemical industry
that cause various environmental and health problems [23]. At the same time, the so-called
sugar surfactants do not persist in the environment after use, readily biodegrading into
harmless compounds such as water and carbon dioxide [50,53].

The synthetic route of the Oil PEG-8 ester solvents meets all of the requirements that
are necessary to develop new, green, and sustainable chemical technologies based on the
application of products and processes that eliminate or reduce hazardous substances and
residues. A profound example may be the fact that the discussed process prevents the
storage of waste, including the used cooking oil as a substrate. It should be additionally
underlined that according to the atom economy principle, in the case of all three oil
substrates (RO, SO, and UCO), their incorporation in the appropriate final product (the
respective Oil PEG-8 ester solvents) was maximized, which is reflected by the oil yield (see
Table 1). Finally, the abovementioned oil-type solvents are considered as safer chemicals
because they can easily be obtained from renewable resources by means of convenient
catalytic processes that attain the required level of the pollution prevention hierarchy [45].

It has to be emphasized at this point that the surfactant presence in the graffiti re-
movers is very important because decreasing the polymer (paint)/solid interfacial tension
energetically favors film detachment from the solid surface, and a partial detachment of
the paint from the surface is responsible for the first step of dewetting processes [33]. The
specific role of surfactants in film dewetting comes from a thermodynamic and a kinetic
standpoint; the surfactants differ in promoting detachment and dewetting. For example,
in the presence of the oligooxyethylene-based nonionics Co—C11E6, the process is faster
and more efficient than a standard anionic dodecyl sulfate SDS; however, both accelerate
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dewetting with respect to solvent/H,O mixtures. Finally, the efficiency of surfactants
in terms of polymer detachment and dewetting is clearly boosted above the critical mi-
celle concentration (CMC) values. From kinetic a aspect, the surfactants acquire a role in
lowering the energy barrier, which prevents the paint from thermodynamically favored
dewetting [54]. Many cleaning formulations require the presence of significant amounts of
surfactants [31]. Nonionics revealing lower values of CMC in comparison to their ionic
counterparts [55] make it possible to allow the application of smaller amounts of non-
volatile ingredients that might reside on the painting after the cleaning process. For many
years, nonionic surfactants bearing a carbohydrate moiety as the hydrophilic part (so-called
saccharide-based surfactants or sugar surfactants) have achieved increasing interest be-
cause of their profound surface and performance properties, their reduced environmental
impact, and the fact that they can be synthesized from renewable sources [55-58]. It has
been found that these materials exhibit similar general trends in surface-active behav-
ior as those reported for polyoxyethylene-based nonionics [30,59]. Alkyl polyglycoside
(APGs)—easily accessible from bioresources, non-toxic and degradable, proving good
solubility in water and/or in organic solvents—has been found as a very amenable agent
for the stabilization of nanostructured cleaning systems [2,60]. From the above reasoning,
in the present study, APGs were selected as one of biodegradable components fulfilling
the requirements of green and sustainable demands in an amount (2.5% w/w) similar to
conventional nonionic surfactants.

Figure 5 makes it clear that the production of eco-friendly graffiti removers is sustain-
able, taking into account the fact that plant biomass is used to generate natural alcohols,
acids, and oils as valuable active substances for the purpose of creating innovative, safe,
and environmentally friendly products. The formulation proposed in the present study is
not only innovative, but it is also ecologically friendly, as the components are obtained from
renewable and fully biodegradable resources. The considered product development life
cycle of the graffiti remover, including product design, the processing of bio raw materials,
products manufacturing, packaging, sales, and use as well as disposal after the whole
process and additionally taking into account pollution prevention requirements, use of
sustainable resources and energy, to reduce the impact of the production and consumption
process on the environment, finally makes it possible for a graffiti removal product to
meet the green attribute requirements. Additionally, it should also be emphasized that the
environmentally safe graffiti remover formulated herein has a high potential for commer-
cialization because it proves to possess very high efficiency in removing graffiti paint, and
its production process complies with the principles of green chemistry.
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Figure 5. Lifecycle of all components of eco-friendly graffiti remover.

The design of experiments (DoE) and quality by design (QbD) approaches based
on statistical calculations are usually employed in formulation optimization. Analysis of
variance (ANOVA) of the response surfaces estimated by D-optimal design for dependent
variables Y1-Y4 indicated that the quadratic model exhibited the best fit in all cases, which
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is a typical solution in mixture designs in the literature [36,39,40,61]. The minor modifica-
tions for quadratic fitting were included for the viscosity (Y1) and the runoff speed (Y3)
responses by implementing inverse linear regression in order to increase the robustness of
the optimization model. The obtained best fit models had satisfactory statistical parameters,
i.e., an insignificant lack of fit and highly matched R? coefficients (both experimental and
adjusted). For all four response factors, the p-values of the model fitting were less than
0.05 together with high F-values (higher than 3.00), implicating that all of the applied
models were significant. The results of the ANOVA analysis are presented in Supple-
mentary Table S3. For all of the studied dependent variables, no significant interaction
effects were noticed for the formulation number (A) and the type of plant oil that was used
(B). The predicted values of Y;-Y, were mainly affected by the quadratic coefficient A2,
where all of the obtained p-values were statistically significant in the ANOVA test. This

clearly indicates that the composition formulation possesses the greatest influence on the

functional properties of bio-based graffiti remover rather than the oil type included in the

esterified derivatives, which is presented in Figure 6. As mentioned before, the percentage

concentration of water (see Table 3) on the appropriate level as well as the amount of

MG-400s esters will affect the effectiveness of the graffiti removal process to the highest

extent. Moreover, as mentioned in the previous paragraphs (the results section), it should

be emphasized that the appearance of the final formulation relied on the amount of water,
and that usually, the cloudy or milky solutions were produced when the water content

was above 25% w/w. To sum up, not only the effectiveness but also the appearance of the

graffiti remover product is of special interest to future consumers.
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Figure 6. Interaction plots between independent variables the dependent variables (A = no. of
formulation, B = type of oil) affecting the behavior of response variables (Y; = viscosity, Y, = density,
Y3 = runoff speed, and Y, = effectiveness (120 s)). The red line indicates sunflower oil, while black
line corresponds to rapeseed oil.
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The obtained quadratic regression equations from the D-optimal model fitted to the
experimental values of the response factors were as follows:

1/viscosity = 0.0346 + 0.0012A — 0.0027B + 0.0019AB — 0.0094A2 + 0.0005B> (1)

density = 1.02 + 0.0021A — 0.0007B + 0.0002AB — 0.0060A2 + 0.0084B> 2)
1/runoff speed = 0.0472 — 0.0120A — 0.0024B + 0.0117AB — 0.0538A% — 0.0059B>  (3)
effectiveness (120 s) = 32.75 — 1.63A — 5.96B — 2.94AB + 28.93A% — 0.4304B>  (4)

which proves the relationship between the variables in the optimization procedure. In the
case of the viscosity and density factors, the number of the formulation (A) contributes
to the positive regression coefficients, and the type of plant oil used (B) contributes to the
negative one. In the case of the quality measures of the graffiti removers, both the runoff
speed and the effectiveness after 120 s show negative coefficients of parameters A and
B, respectively. To conclude, both the exploration of the 3D response surfaces (Figure 3)
as well as the interaction plots (Figure 6) together with candidate profiles followed by
desirability function resulted in the selection of the MG-400-RO-20 formulation, which
clearly reflects the main goals of optimization: cost-effective composition of graffiti remover
formulation and maximized functionality, i.e., increased runoff time and effectiveness after
120 s from application when compared to the commercial reference products—petroleum
ether and the Nitro solvent.

Laboratory selective graffiti paint removal tests were performed according to the
laboratory cleaning evaluation described further in the Section 4.6 with the optimized
formulation, i.e., MG-400-RO-20. Figure 7 reports the complete set of samples with the
cleaning results. It was found that a single application of MG-400-RO-20 on the paint layer
is very effective on metal, glass, aluminum, and acrylic glass solid surfaces. On the other
hand, marble and natural stone materials required a double application of this formulation
to completely remove paint from those porous substrates.

All of the reference surfaces were further characterized by means of the high-resolution
pictures and the ATR FT-IR measurements. Figure 7 shows samples painted by black-,
blue-, green-, and red-colored paints, respectively. All FI-IR analyses and the reported
photographs are consistent with the conclusion that the paint layer was completely re-
moved. From the FT-IR spectra (Figure 4), it can be noticed that the reflectance profiles of
the analyzed substrate are similar before and after the cleaning process, while the spectrum
of the paint color is significantly different from the cleaned substrate, proving that paint
residues are either absent or undetectable within instrumental sensitivity.

According to the results of efficiency tests, optimization, and laboratory cleaning
assessment, the proposed eco-friendly graffiti remover formulation could be subjected to
evaluation on a genuine graffiti painting during an outside-the-laboratory experiment [6].

Therefore, as an example of a real graffiti cleaning case, the proposed eco-friendly
graffiti remover formulation MG-400-RO-20 was tested in the removal of graffiti paint from
different substrates in the city of Wroctaw (as shown in Figure 8). The tests for removing
graffiti paint from surfaces such as metal, glass, and sandstone in its natural condition
were performed as follows: the graffiti remover was applied at a distance of 200 mm
on test area with 600 s of initial contact of the product with the painted surface. After
this time, a sponge was used to remove the maximum amount of graffiti possible. After
graffiti removal, the surfaces were rinsed with water. As shown in Figure 8, old graffiti
paints were completely removed from glass surfaces (see Figure 8A) and various metal
surfaces (see Figure 8B,C,E), while slightly lower efficiency graffiti removal was achieved
on the sandstone surface (see Figure 8D). The lower effectiveness of the eco-friendly graffiti
remover in removing graffiti paint from stone surfaces may be associated with the much
higher porosity of this type of substrate than that of glass or metal [10,11]. It is worth
noting the complexity of graffiti removal resulting from the great number of variables at
play: ageing of the paint, weathering, its chemical nature, roughness and porosity of the
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substrate, and others [6]. In fact, graffiti is hardly ever removed after it is created, i.e., most
of the time, cleaning takes place after long environmental exposure. Consequently, the
graffiti interacts with the environmental agents (e.g., rain and atmospheric pollutants) and
also with the substrate. The graffiti paint may suffer physical and chemical alterations,
which makes it more difficult to remove [6]. According to the study presented in this
paper, when tested under natural conditions, eco-friendly graffiti remover formulation
MG-400-RO-20 was found to be effective for the selective and controlled graffiti removal
from different surfaces, proving that our developed and optimized formulation is an
attractive and convenient alternative to the use of petrochemical organic solvents in graffiti
paint cleaning.

A BCD E F

Figure 7. Complete set of samples used for the laboratory paint removal tests: (A) marble, (B) acrylic
glass, (C) aluminum, (D) steel, (E) natural stone, (F) glass.
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before cleaning after cleaning

Figure 8. Different graffiti surfaces cleaned with eco-friendly graffiti remover MG-400-RO-20 in the
city of Wroclaw. (A). Glass surface at a bus stop. (B). Metal surface at a train stop. (C). Metal surface
of a container. (D). Sandstone on a garden wall. (E). Metal surface of an excavator.

4. Materials and Methods
4.1. Materials
Rapeseed oil and sunflower oil were purchased from P.P.H.U. ERJOX A. Mazur &

J. Mazur (Blaszki, Poland), while the used cooking oil was purchased from Chemya
(Poznan, Poland). Polyethylene glycol 400 (CAS Number: 25322-68-3) was purchased from
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Donauchem Polska (Poznan, Poland). Tetra-n-butyl orthotitanate (CAS number: 227-006-8)
and Monobutyl tin tris-(2-ethylhexanoate) (CAS Number: 23850-94-4) were received from
Sigma-Aldrich (Poznari, Poland). Ethyl lactate (Purasolv EL, Corbion) (CAS number: 687-
47-8) was purchased from Envolab (Ditugotomice, Poland). Alkylpolyglucoside C8/C10
(APG) (CAS: Number: 68515-73-1) was purchased from OQEMA (Ozorkéw, Poland).
Minclear SG36, Minclear NQ70 and Minclear NC150 (Diatomaceous earth) were a kind gift
from Tolsa (Madrid, Spain). Ion exchange resins (Amberlyst A26, Amberlyst A46) were
a kind gift from DuPont, (Warszawa, Poland). Champion spray paints were purchased
form Champion Color Plus P. Lelito Sp. J. (Polchowo, Poland). Nitro solvent (mixture of
toluene and acetone) and petroleum ether were purchased from Dragon Poland Sp. z o.0.
(Skawina, Poland). Organic solvents, acids, and hydroxides were of analytical grade and
were received from Avantor (Gliwice, Poland).

4.2. Preparation of Esterified Natural Oil or Used Cooking Oil with PEG 400
4.2.1. Purification of Used Cooking Oil

The purification of the used cooking oil was conducted in a 2000 mL three-neck
glass flask connected with a reflux condenser and a thermocouple probe. The mixture
was agitated using a stainless steel stirrer. The glass flask was placed in a heated oil
bath. Diatomaceous earth as a mixture of alkaline and acid adsorbents (1.0 g NQ70,1.0 g
NC155 and 1.0 g SG36) was added to the glass flask containing about 1000 g of used
cooking oil heated up to the desired temperature of 70 °C. The mixture of oil and the
diatomaceous earth was stirred for 60 min while being heated continuously. Afterwards,
the diatomaceous earth was separated from the oil through filtration using two layers of
filter paper. Next, the treated and used cooking oil underwent measurements of the acid
value, the saponification value, the ester value, and the water content.

4.2.2. Synthesis of Esterified Natural Oil or Used Cooking Oil with PEG 400 (Oil PEG-8
Ester Solvent)

The esterification/transesterification of the plant oils (i.e., rapeseed oil (RO), sunflower
oil (SO), or used cooking oil (UCO)) was conducted in a 2000 mL Parr Temperature-
Controlled Pressure Reactor. The mixture was agitated by using a stainless steel stirrer
comprising a turbine. The reactor was heated by an external heating jacket. Monobutyltin
tris(2-ethylhexanoate) and titanium(IV) butoxide were used as catalysts in this process.
Catalysts were dissolved in PEG 400 before being poured into the reactor, which contained
about 850-900 g of oil, and were heated up to a desired temperature, which was 70-80 °C.
The reaction was kept at the desired temperature of 140-150 °C for 8 h. The molar ratio
of the natural oil or the purified used cooking oil and the PEG 400 was 1:1.2 while the
amount of Tin (Sn**) and Titanium (Ti**) catalyst in both was 150 ppm of the total amount
mass reaction mixture. Reaction control measurements were performed through classic
laboratory analysis (water content, acid value, saponification value, ester value) from
samples taken every two hours. The synthesis of the Oil PEG-8 ester solvents was continued
until the acid value of the reaction mixture was not higher than 0.05 mg KOH/g and until
the saponification value was stabilized. After the reaction finished, the temperature of
the Parr Temperature-Controlled Pressure Reactor was decreased to 70-80 °C, and the
adsorbent mixture consisting of diatomaceous earth (1.0 g NC155, 1.0 NQ70) and anionic
ion exchange resin (Amberlyst A26) and cationic ion exchange resin (Amberlyst A46) were
added to the reactor. The contacting process of the post-reaction mixture with adsorbent
mixture was conducted for 60 min at a temperature of 70-80 °C, while still having a
mixture of adsorbents uniformly suspended in a solution of plant Oil PEG-8 ester solvent
compounds in a stirred reactor. After the completion of the purification process, the
product was filtrated at 70 °C using two layers of filter paper [62]. The composition of the
eco-friendly graffiti removers, sample abbreviations, and their functional characteristics
are provided in Table 3.
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4.3. Preparation of Eco-Friendly Graffiti Remover Formulations

In order to obtain preparations for eco-friendly graffiti removers, formulations were
prepared by mixing Oil PEG-8 ester solvent, ethyl lactate, alkylpolyglucoside C8/C10,
and water in different proportions. All formulations were prepared by the cold blending
(20 °C) of the three components, the Oil PEG-8 ester, the ethyl lactate, and the APGs. To
avoid overheating, water was added last, taking into account the effect of heating up the
formulation, which caused its excessive thickening, leading to the formation of a paste.

Formulation of the eco-friendly graffiti removers was followed by evaluating their
macroscopic characteristics and physical properties. Organoleptic properties such as colour,
physical appearance, and homogeneity were evaluated by visual perception immediately
after preparation. Physical properties such as viscosity and density were measured using
the automatic densimeter DA-640 Kyoto Electronic and the RST-50-2 Rheometer Brookfield
with a Julabo heating-cooling system. The composition of the eco-friendly graffiti removers
and the measured physical properties of the solutions are presented in Table 3.

4.4. The Speed of Runoff Graffiti Remover from Surface

Plates made of acrylic glass (PMMA) were used for the tests. The plate was 500 x
200 x 10 mm. Groups of 5 acrylic glass samples were degreased with acetone and washed
with demineralized water and dried (n = 300 samples). On each plate, in the upper part, an
area of 100 x 100 mm was marked, to which the preparation was applied from a distance
of 200 mm [10,11]. The speed of runoff graffiti remover from the surface was calculated as
the time necessary to flow through the distance of 300 mm.

4.5. The Effectiveness Removing Graffiti Paints from the Flat Surface

Plates made of acrylic glass (PMMA) were used for the tests. The plates were
200 x 200 x 10 mm. The samples were covered with selected black, blue, green, yellow,
and red graffiti paints. These colors were chosen because they are commonly used by
graffiti painters [8]. Plates made of acrylic glass (PMMA) were painted with a spray
according to the method described by Sanmartin and Cappitelli [63]. The painted samples
were left to air-dry under laboratory conditions (20 & 5 °C and 40 = 5% RH) for twenty-four
hours. Groups of five PMMA samples were painted with each of the five graffiti paints
with a single layer of paint (n = 300 samples), and an area of 100 x 100 mm was marked as
the test area.

The eco-friendly graffiti remover was applied at a distance of 200 mm on the test area
with 60, 120, 180, 300, and 600 s of initial contact of the product with the painted surface [64].
After this time, a sponge (made of emery stone and polyurethane foam, thickness 12 mm,
size 120 x 100 mm) was applied in order to remove the maximum amount of graffiti. After
graffiti removal, the acrylic glass surfaces were rinsed with demineralized water [10,11].

The effectiveness of removing graffiti paints was assessed by measuring the surface
area from which the paint was removed. The effectiveness of cleaning with eco-friendly
graffiti remover was calculated as follows:

AE (%) = (So — Sx)/Se x 100 (5)
where Sy is the area from which the paint was removed, and S, is the initial area.

4.6. Laboratory Cleaning Evaluation

Laboratory graffiti removal evaluation was done with the proposed eco-friendly
graffiti remover formulation MG-400-RO-20. A small droplet of the discussed formulation,
approximately 2-3 mL, was placed on the previously painted (24 h prior to cleaning
procedure) examined flat surfaces, i.e., glass, metal, aluminum, acrylic glass, natural stone,
and marble. The approximate size of tested material was 2-8 cm in width (see Figure 7).
Subsequently, the swollen paint was gently cleaned off of the studied substrates with the
abovementioned remover by a soft mechanical action using dry cotton swabs. Afterwards,
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the reference covered with paint and cleaned solid surfaces were photographed by means of
high-resolution photography. Images were recorded perpendicularly to the photographed
substrates, with a minimum resolution of 1200 dpi.

4.7. Attenuated Total Reflection—Fourier-Transform Infrared Spectroscopy (ATR-FTIR) Analysis

Prior to Fourier transform infrared (FTIR) analysis, the spectra of the examined
samples were recorded using IR Spirit spectrophotometer (Shimadzu, Japan) with an
attenuated total reflectance (ATR) sampling accessory equipped with a diamond crystal
(4000-400 cm~ !, 64 scans, 2 cm ™! resolution, room temperature). The absorption spectra in
the range 3800~700 cm ™! were analyzed by LabSolutions IR software (Schimadzu, Japan)
by subtraction of the baseline and smoothing by reducing the noise from the water and the
carbon dioxide.

4.8. Optimization of the Studied Safe Graffiti Remover Formulation by RSM

Response surface methodology was used to determine the optimal formulation of
the green graffiti remover. A randomized reduced quadratic D-optimal design with a
coordinate exchange subtype was developed by Design Expert Software (ver. 13.05.0, State-
Ease, Inc., Minneapolis, MI, USA) [36,37]. A modified 2k full factorial D-optimal design
(presented in Supplementary Table 54) was used to optimize two significant factors, i.e.,
type of graffiti removal formulation (A) at 20 levels, and the plant oil used in the synthesis
of esterified derivatives (B) at three levels ((—1) rapeseed oil; (0) used cooking oil; (+1)
sunflower oil). In this study, 60 candidate experiments (Table 3) lead to the formation of a
30-run D-optimal experimental matrix, which was the best option possible in the use of the
maximization criterion of the response factors. The response surface was used to explore
the influence of the independent variables on the response factors (dependent variables).
The physical properties, i.e., viscosity and density, as well as the efficiency of the graffiti
remover, i.e., the runoff speed and the effectiveness on contaminated surfaces 120 s after
application, were considered as the response factors (Y1), (Y2), (Y3) and (Ya), respectively.

The following second-order polynomial equation based on the optimization design
model represents the correlation between independent and dependent variables [36]:

Y1, Y2, Yz 0r Ys = Bo + B1A + BB + B12AB + B11 A%+ B oB? (6)

where Y;-Y, are the dependent variables and A and B are independent variables, respec-
tively; B¢ is an intercept term, 31 and (3, are linear coefficient, and {31, is an interaction
coefficient, while 31,1 and (3 are the quadratic coefficients.

The obtained regression model was evaluated by analysis of variance (ANOVA) and
the corresponding statistical parameters, i.e., p- and F-values. The R? coefficient was
used to evaluate the quality of the optimization design model fitting to the experimental
results. Finally, in order to determine the optimal formulation and the desirability of the
eco-friendly graffiti remover and to explain the correlation between factors, the obtained
polynomial equations for the Y;-Y, response factors were presented in the form of a 3D
response surface and X,Y plots [36,37].

5. Conclusions

In summary, three plant 0il-PEG-8 ester solvents were synthesized via the direct es-
terification/transesterification of oils (i.e., rapeseed oil (RO), sunflower oil (SO), or used
cooking oil (UCO)) with monobutyltin(IV) tris(2-ethylhexanoate) and titanium(IV) butox-
ide as the catalyst under mild conditions of the performed processing. By combining the
organometallic tin (Sn**) and titanium(Ti**), a very efficient catalyst was obtained for the
direct esterification of the free fatty acids contained in plant oils and for the transesterifica-
tion of fatty triglycerides with polyethylene glycols (PEG400). Regardless of the type of the
plant oils used in the synthesized process, the physical properties of the Oil-PEGS ester
solvents were similar to each other, which then served as new green solvents to compose
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environmentally friendly and safe graffiti removers with other green solvents such as ethyl
lactate (EL), water, and alkylopolyglucoside as the surfactant.

The most efficient formulation content was determined by optimization through
the response surface methodology (RSM). There were two independent variables that
were tested and resulted in the conclusion that the formulation composition possesses the
greatest influence on the functionality of the graffiti remover. Finally, out of six candidates
determined by the statistical calculations and the exploration of the 3D response surfaces
combined with the desirability function based on response factors quality, one optimal
product was chosen, i.e., MG-400-RO-20, which was based on the rapeseed oil PEG-8 ester.
Before conducting the in situ cleaning tests, the abovementioned optimal formulation
was subjected to a laboratory paint removal test on the various substrates, where its high
effectiveness was confirmed. Concerning the effectiveness evaluation of the MG-400-RO-20
under the open-field conditions in the city of Wroctaw in Poland, the results highlight the
high and versatile effectiveness in the removal of paint from different types of surfaces i.e.,
glasses, metals, or sandstone.

Through the use of inexpensive and readily available biobased, biodegradable raw
materials, the method of direct plant oil esterification/transesterification with polyethylene
glycols shows the potential of a route of oil modification to enhance the group of green
solvents as the ones that are dedicated to the cleaning of graffiti paints. Taking into consid-
eration compliance with green standards (e.g., biodegradable alkylopolyglucoside-type
surfactants and esterified plant oils), paired with their high effectiveness, the tested for-
mulation has a high potential for its prospective use in protecting cultural heritage and
keeping public areas clean while bearing in mind health and safety as well as in promoting
green chemistry. As a final conclusion, we could select the most efficient formulations for
better performing and safer cleaning systems by means of response surface methodology
(RSM) optimization. In the future, more detailed physicochemical studies will need to be
performed to evaluate the interaction of the Oil PEG-8 ester solvents and APG surfactants
with the paint components that are required to be removed and the surface to be protected.

Supplementary Materials: The following are available online. Table S1: The runoff speed of eco-
friendly graffiti remover from the surface. Each data point represents the mean + S.D., n = 5, Table
52: A reduced quadratic D-optimal design experimental matrix of two independent variables with
their corresponding values and analyzed response factors Y;1—Y4: viscosity, density, runoff speed,
and effectiveness after 120 s, respectively, Table S3: ANOVA results for D-optimal randomized
design quadratic model for dependent variables of graffiti remover formulations, Table S4: D-optimal
randomized design with corresponding independent variables and their coded value levels for the
preparation of graffiti remover formulation.
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Supplementary Tables

Table S1. The speed of runoff eco-friendly graffiti remover from the surface. Each data point represents the mean
+S.D., n=5.

Formulation Runoff Speed, Runoff Speed, Runoff Speed,

(s) £S.D. (s) £S.D. (s) £S.D.
Type of Oil PEG-8 ester =~ MG-400-RO MG-400-SO  MG-400-UCO
1 21+1 201 201
2 44+2 25%1 45+2
3 35+2 40+2 341
4 23+1 28+ 1 21+1
5 20£1 24+1 19+1
6 70£3 100 £ 4 73+3
7 29+1 30+2 31+2
8 27+2 33+2 25+%1
9 21 %1 28+ 1 24 +1
10 16+ 1 26%1 19+1
11 22+1 34+2 25+%1
12 20+ 1 25+ 1 23+£1
13 35+2 41+2 35+£1
14 36+2 27+2 37+2
15 21£1 25+1 20£1
16 21£1 105+ 4 7243
17 70+3 27+1 74+3
18 73+3 28+1 24+£1
19 26+2 21+1 7443
20 26+2 17+ 1 241
Commerial product Runoff Speed (s) £ S.D.
Ref. 1. Extracion Gasoline 5+1
Ref. 2. Nitro Solvent 5+1

Table S2. A reduced quadratic D-Optimal design experimental matrix of two independent variables with their
corresponding values and analysed response factors Y1 — Ya: viscosity, density, runoff speed and effectiveness
after 120 s, respectively.

Run Formulation Type  Yu:viscosity Yz density Ys: Ya:
no. (A) of oil (mPa-s) (g/cm?3) Runoff effectiveness
(B) speed (120 s) (%)
(s)
1 20 1 37.75 1.042 26 75
2 1 2 36.32 1.0259 20 75
3 11 1 20.2 1.0285 22 5
4 10 2 58.34 1.035 19 50
5 20 3 24.32 1.0409 17 425
6 1 3 48.18 1.0345 20 65
7 15 2 37.21 1.02 20 45
8 1 3 48.18 1.0345 20 65
9 13 1 41.15 1.038 35 35
10 1 1 33.76 1.0345 21 72.5
11 20 3 44.32 1.0409 17 425
12 1 1 33.76 1.0345 21 72.5
13 20 1 37.75 1.042 26 75



14 5 1 29.39 1.0323 20 45
15 7 3 25.97 1.0316 30 325
16 3 3 46.13 1.0331 40 35
17 20 2 45.53 1.0356 24 70
18 1 1 33.76 1.0345 21 72.5
19 15 3 26.15 1.0326 25 40
20 10 3 64.67 1.0421 26 40
21 17 1 20.21 1.0148 70 10
22 1 3 48.18 1.0345 20 65
23 20 2 45.53 1.0356 24 70
24 15 1 28.42 1.0297 21 47.5
25 1 2 36.32 1.0259 20 75
26 1 1 33.76 1.0345 21 72.5
27 12 2 2247 1.023 23 5
28 12 3 25.86 1.0258 25 70
29 7 2 23.47 1.0246 31 40
30 1 3 48.18 1.0345 20 65

Table S3. ANOVA results for D-optimal randomized design quadratic model, for dependent variables of graffiti
remover formulations.

Source Sumofsq. Termdf F-value p-value
dependent variable: viscosity
Model 0.0010 5 3.56 0.0089
A-Formulation 0.0010 1 0.7161 0.3880
B-Type of oil 0.0003 1 4.62 0.0374
AB 0.0001 1 1.54 0.2218
A2 0.0006 1 10.87 0.0020
B2 2.804E-06 1 0.0484 0.8269
Lack of fit 0.0024 30 5.25 0.0021

S.D. =0.0076, Mean = 0.0292, R? = 0.2979, Adj. R2=0.2143
Mathematical correlation between response factor and independent
variables:
1/Viscosity = 0.0346 + 0.0012A - 0.0027B + 0.0019AB - 0.0094A? + 0.0005B2
dependent variable: density

Model 0.0014 5 6.07 0.0003
A-Formulation 0.0001 1 2.09 0.0961
B-Type of oil 0.0000 1 0.3973 0.5319
AB 1.360E-06 1 0.0299 0.8635

A? 0.0003 1 5.70 0.0215

B2 0.0007 1 15.40 0.0003

Lack of fit 0.0019 30 5.03 0.0032

S.D. =0.0067, Mean = 1.03, R? = 0.4196, Adj. R? = 0.3505
Mathematical correlation between response factor and independent
variables:

Density = 1.02 + 0.0021A - 0.0007B + 0.0002AB - 0.0060A2 + 0.0084B>
dependent variable: runoff speed

Model 0.0030 11 3.99 0.0008
A-Formulation 0.0002 1 3.14 0.0848
B-Type of oil 0.0000 1 0.6433 0.4278
AB 0.0002 1 2.63 0.1135

A? 0.0007 1 10.33 0.0028



B2 0.0001 1 1.54 0.2225

Lack of fit 0.0024 24 5.25 0.0005
S.D. =0.0082, Mean = 0.0418, R? = 0.5495, Adj. R2=0.4118

Mathematical correlation between response factor and independent

variables:
1/runoff speed = 0.0472 - 0.0120A - 0.0024B + 0.0117AB - 0.0538 A2 -
0.0059B2
dependent variable: effectiveness (120 s)
Model 7692.82 5 4.64 0.0019
A-Formulation 82.52 1 0.2486 0.6206
B-Type of oil 1260.48 1 3.80 0.0580
AB 206.22 1 0.6214 0.4350
A2 6012.43 1 18.12 0.0001
B2 1.84 1 0.0055 0.9410
Lack of fit 13938.93 30 4.75 0.0032

S.D. =18.22, Mean = 50.78, R? = 0.3556 Adj. R?=0.2789
Mathematical correlation between response factor and independent

variables:
effectiveness (120 s) =32.75 - 1.63A —5.96B - 2.94AB + 28.93A? - 0.4304B2

Table S4. D-optimal randomized design with corresponding independent variables and their coded value levels,
for the preparation of graffiti remover formulation.

independent number of value levels
variable levels low value high value
A: formulation no. 20 No. 1 No. 20

B: type of oil 3 1 (rapeseed) 3 (sunflower)
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GRAPHICAL ABSTRACT

e Novel eco-remover for graffiti coating
was designed for sensitive surfaces:
plastics, ceramics, or painted metal.

e W/0 nanoemulsions stabilized by alkyl
polyglucosides (APGs) comprise effi-
cient paint and ink removers.

e High-pressure homogenization process
(HPH) was optimized by response sur-
face methodology (RSM).

e The effectiveness of nanotechnological
detergent on different real surfaces was
evaluated through in situ tests.
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ABSTRACT
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Graffiti coating detergent, Water-in-oil nano-
emulsion

Ecological nanoformulation

Saccharide surfactants, Mechanical cleaning
Rational HPH process

* Corresponding author.

Nanostructured fluids (NSFs), such as water-in-oil (w/0) nanoemulsions (NEs), comprise one of the best examples
of new, ecological products dedicated to removing various graffiti coatings (so-called eco-removers) from sen-
sitive surfaces without causing damage underneath. These contemporary acceptable formulations are intended to
be more efficient in removing undesirable graffiti coatings than traditional organic solvent-based preparations. In
this paper, systematic studies were performed on the selective and controlled removal of paint and ink coatings
from substrates that were sensitive to mechanical cleaning by using innovative graffiti coating removers in the
form of “brush on, wipe off” detergents. The w/o NEs were fabricated by using a high-pressure homogenization
process (HPH) from the following ingredients from sustainable sources of raw materials: esterified used cooking
oils (Oil-PEG-8-ester), ethyl lactate (EL), water and saccharide-derived surfactants, such as alkyl polyglucosides
(APGs), which have excellent wetting and detergent activities. The most efficient formulations achieved during
the HPH process were determined by optimization through response surface methodology (RSM). The optimized
w/o0 nanoemulsions were tested for the selective removal and wetting ability of graffiti coatings from selected
sensitive surfaces, such as plastics, ceramics, or painted metal surfaces. Additionally, in studies of interaction
with graffiti coatings, evaluating their surface properties (topography, wettability) on a real paint coating
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allowed for the assessment of the mechanism of graffiti paint removal by the proposed ecological remover. Using
the "brush on, wipe off" cleaning procedure based on the developed w/o0 nanoemulsion systems has the potential
to remove safely rough and heterogeneous graffiti coatings. Therefore, nanotechnological detergents are an
outstanding environmentally friendly alternative to conventional graffiti coating removers.

1. Introduction

Getting rid of unwanted graffiti is a challenge that property owners
or managers often grapple with. In addition, they are often unsure how
to remove the effects of the vandalism without damaging the sensitive
surface underneath. Therefore, it is an extremely difficult task to clean
painted and coated surfaces such as painted walls, ceramic tiles, stain-
less steel, aluminum, vinyl fences, signage, clear acryl, plastics, windows
and many others by means of so-called 'brush on, wipe off’ detergents
[1]. Graffiti coating removal is a challenging task requiring numerous
variables, such as the type of substrate (chemical composition, texture,
porosity, hardness, etc.), the extent of aging by both the substrate and
the paint, and the duration between paint applications and removals [2,
3]. The safe cleaning approach is intended to remove any unwanted and
harmful graffiti layers from a sensitive surface, taking into account both
the environmental impact and anthropogenic activities [4,5]. During the
selection of the cleaning methodology, it must be taken into account that
not all construction materials behave similarly in the presence of
different cleaning methods and agents. Furthermore, a distinction be-
tween natural and artificial materials is imperative since most materials
appearing as natural ones are, in fact, cast stone, concrete, or plastic.
Moreover, cleaning graffiti from surfaces should be beyond the risk of
generating what are known as "cleanliness stains’, whereas most graffiti
removal techniques represent a nonnegligible threat to the integrity of
surfaces [1,6]. Using micro- and hydro-sandblasting, as well as grinders,
sanding disks, scalpels, and engraving pens, all result in the mechanical
removal of all unwanted layers and, in many cases, parts of the substrate
[7]. In addition, the opening of pores during the cleaning process that is

caused by the use of high-pressure hot water or petrochemical solvents
might significantly impact the surface, hence allowing their entry. Other
approaches, such as laser-based procedures, are costly and complex
cleaning technologies, but they also have downsides, since they can
noticeably modify the substrate color (e.g., by causing yellowing),
remove some grains and create voids, and transform or melt surfaces
[4].

In recent years, there has been significant progress in removing un-
wanted paint coatings from urban spaces or historical objects due to the
use of nanotechnology detergents. Many research teams have success-
fully implemented various solutions based on innovative cleaning fluids
such as nanostructured fluids (NSFs), for example, micelle solutions
(MS), water-in-oil microemulsions (ME) and nanostructured gels (NG)
[8-10], which are dedicated to the efficient removal of various polymer
coatings from sensitive surfaces. In the literature, there are many pub-
lications that describe the use of nanotechnological detergents for
removing polymer coatings commonly used in the conservation of
monuments and works of art from diverse substrates [8-10].

Regarding the disclosed preparations in the literature [11], the sys-
tems proposed by Baglioni et al. [12] require special consideration.
Recently, they presented five distinct NSFs based on various surfactant
types that were combined into a mixture of organic solvents, such as
1-butanol, butanone, and dimethyl carbonate. Then, they used the
mixtures to evaluate how well they clean surfaces covered with various
polymers, such as Paraloid B72® and Primal AC33®. This research team
has also previously demonstrated very high efficacy in removing poly-
mer coatings based on various polymers, such as vinyl, acrylic, or alkyd
polymers, using oil-in-water (o/w) microemulsion systems embedded in

Table 1
Structures and abbreviations for alkyl polygalactosides (APGs) and biosolvents.
APGs
No. Structure R DP* HLB,," Abbreviation
1 CeHi3 1.3 10.3 APG Cg
2 HOH CeHyy 13 9.3 APG Cg
3 0 CioHz 1.3 8.3 APG Cyo
4 H (@) CizHas 1.3 7.4 APG Cy,
5 H CgHi7, C10H21 1.4 9.3 APG Cg-Cyio
HO
OH
H O
(CH2),CHs
n=5-11
DP

BIOSOLVENTS
No. Structure Molecular Formula Mw HLB,,” Abbreviation
1 OH CsH1003 118.1 8.3 EL

O_CH

H 30)\( s
O
2 O C34Heg010 636.9 3.5 UCO-0il-PEG 8
C39H760: 625.0 0.9
{ o\/‘} MCHS 391176Us
H o m n=8
n m=16

O O
Hsc%omo*H%Hs

@ Degree of Polymerization.
b Calculated according to the universal McGowan scale [15].
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Fig. 1. General idea of the studies performed here.

a hydrogel containing an alkyl glycoside hydrotrope (AG 6206,
Nouryon) [8]. In addition to functional nanofluids, Buscaglia et al. [13]
proposed revolutionary, highly water-retentive hydrogels, such as
Nanorestore Gels® Peggy 5 and Nanorestore Gels® Peggy 6 (CSGI,
Florence, Italy), which have the ability to minimize mechanical action
on the original surface while delivering outstanding cleaning outcomes.
In the present article, we report our systematic studies on the se-
lective and controlled removal of paint and ink coatings from substrates
sensitive to mechanical cleaning, such as painted steel, ceramic tiles, and
milky acrylic glass. For this purpose, water-in-oil (w/0) nanoemulsions
were developed, and they were intended to belong to the innovative
“green” graffiti removers, a type of “brush on, wipe off” detergents. This
type of nanotechnological fluids can be used to remove rough paint
coatings. Several environmentally friendly commercial nonionic sur-
factants, alkyl polygalactosides (APGs) (their structures and abbrevia-
tions are depicted in Table 1), were selected and used to stabilize a
variety of w/o nanoemulsions fabricated using a high-pressure homog-
enization process (HPH) in an optimized manner. In fact, the HPH
process is the most efficient industrial technology for homogenization,
ensuring the appropriate reduction of the particle size to the desired
requirement. Additionally, ethyl lactate (EL) and esterified used cooking
oil (UCO) with polyglycols (PEG 400) (i.e., UCO-Oil-PEGS8 ester, syn-
thesized as in our recent work [14]), which meet the criteria for green
solvents in accordance with the principles of green chemistry, were
applied to form this new NSF-type product. The D-optimal design model
followed by response surface methodology (RSM) was used to select the
optimal w/0 nanoemulsions, which were then tested for the selective
removal of graffiti coatings from reference sensitive surfaces. The most
peripheral shell (surface) of a given material is greatly responsible for
the solid object’s physiochemical. Thus, the outer layer each material
might be vulnerable to a possible loss of its features due to degradation
caused by a harsh environment or external stimuli, i.e., abrasive or
chemical factors as well as the adhesion of unwanted coatings. In fact,
physical and/or chemical adhesion to the sensitive surfaces of graffiti
paints is critical for the effectiveness of their removal. Therefore, in
order to understand the principle of operation of a nanostructured fluid,
which is a water-in-oil nanoemulsion, we performed studies to deter-
mine the texture (optical profilometry analysis) and type (wettability) of
the surface created by acrylic paints on sensitive surfaces. Additionally,
to confirm the effectiveness of the w/o nanoemulsions developed by us
and the mechanism for removing graffiti coatings, in situ tests were
performed to remove unwanted inscriptions or discolorations from
sensitive surfaces that required the use of a noninvasive and nonde-
structive cleaning technique that simultaneously uses "brush on, wipe
off" detergents, allowing for the evaluation of the proposed graffiti
coating eco-remover. The main aim of the study is shown in Fig. 1.

2. Experimental: methods and materials
2.1. Materials

All the studied saccharide surfactants were obtained as commercial
reagents from Safic Alcan (Warszawa, Poland) (their structures and
abbreviations are shown in Table 1), while ethyl lactate (Purasolv EL,
Corbion) was purchased from Envolab (Dlugotomice, Poland). The
cooking oil PEG-8 ester solvent was synthesized by our research group
[14]. Montana Gold acrylic paint sprays were purchased from Montana
Cans™ (European Aerosols GmbH/MONTANA-CANS, Heidelberg, Ger-
many). The permanent type ink oil paint markers (Snowman) were
purchased from Seiko Seisakusho CO., Ltd. (Osaka, Japan). The organic
solvents, acids, and hydroxides were of analytical grade and were
received from Avantor (Gliwice, Poland).

2.2. Preparation of W/0O nanoemulsions by HPH

The formulation was prepared using the selected alkyl polygluco-
sides (APG structures 1-5, Table 1) at different concentrations. The
continuous phase (78.5 %) consisted of biosolvents, i.e., used cooking
Oil-PEG-8 ester (38.5 %) and ethyl lactate (40 %)< the dispersed phase
consisted of water (14 %), and different types of alkyl polyglucoside
(0.05; 0.075; 0.1 mol dm~3) surfactants were used. Fifteen sets of
100 mL pre-emulsions (see Table 1S in Supplementary Material (SM))
were prepared by normal pressure mechanical homogenization at
700.00 rpm for 5 min with a rotor-stator stirrer (IKA Works GmbH&Co.
KG, Staufen, Germany) equipped with a 4-bladed propeller stirrer at
25 °C. The resulting w/0 nanoemulsions were prepared according to a
high-energy method, i.e., high pressure homogenization. The above-
mentioned pre-emulsions were passed through an LV1 device, an air-
operated laboratory-scale high-pressure homogenizer (Microfluidics,
Newton, Massachusetts, USA). The basic construction of this homoge-
nizer consists of an orifice-type valve (1.0 mm diameter). The homog-
enized fluid escapes the device head after impacting a cone-shaped
metallic piece. The maximum shear rate generated by LV1 at 150 MPa
pressure was 9.23-10° s~1. The w/0 nanoemulsion (100 mL of sample
volume) inlet temperature was maintained at 25 °C + 2, and the high
homogenization pressure was set to 100 MPa during the first stage and
150 MPa during the second stage of the homogenization process. Each of
the prepared emulsions was passed through the head of the LV1
microfluidizer in five separate cycles (1 cycle: inlet, high shear rate, and
outlet of the fluid).
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Table 2

Physicochemical characterization of the products after HPH at P = 150 MPa and after five cycles of homogenization.
APGs APG Cg APG Cg APG Gy APG Cy, APG Cg-Cyg
NE no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Conc. [mol/ 0.05 0.075 0.1 0.05 0.075 0.1 0.05 0.075 0.1 0.05 0.075 0.1 0.05 0.075 0.1

dm?]

0 days storage
Dy [um] 0.963 0.810 0.475° 0.801 0.428 0.291 4.201 2.878 2.525 6.191 6.886 7.196 0.667 0.285 0.171
Dy S.D. & [um] 0.195 0.150 0.085 0.147 0.073 0.048 2.421 1.530 1.328 5.112 5.550 5.535 0.131 0.051 0.030
PDI 0.041 0.034 0.032 0.034 0.029 0.027 0.332 0.282 0.277 0.682 0.649 0.592 0.039 0.031 0.032
TSI 4.412 4.341 4.319 4.652 4.405 4.265 9.686 9.570 9.419 6.892 7.034 7.261 2.575 2.787 2.481
7 days storage
Dy [um] 1.116 0.901 0.502 0.890 0.467 0.305 b - - - - - 0.753 0.314 0.177
Dy S.D. & [um] 0.226 0.167 0.090 0.163 0.080 0.050 - - - - - - 0.148 0.056 0.031
PDI 0.048 0.038 0.034 0.038 0.032 0.028 - - - - - - 0.044 0.034 0.033
TSI 7.912 7.882 5.931 8.432 7.673 5.361 38.522 39.916 38.457 31.987 33.207 34.327 5.235 5.123 2.882
1 month storage
Dy [um] 1.168 0.950 0.537 0.927 0.480 0.315 - - - - - - 0.776 0.323 0.185
Dy S.D. & [um] 0.236 0.176 0.096 0.170 0.082 0.052 - - - - - - 0.152 0.058 0.032
PDI 0.050 0.040 0.036 0.039 0.033 0.029 - - - - - - 0.045 0.035 0.035
TSI 8.532 8.463 8.324 10.682 9.356 6.932 - - - - - - 5.712 5.583 3.013
3 months storage
Dy [um] 1.234 1.025 0.562 0.970 0.496 0.336 - - - - - - 0.788 0.332 0.192
Dy S.D. £ [um] 0.250 0.190 0.101 0.178 0.085 0.055 - - - - - - 0.155 0.059 0.035
PDI 0.053 0.043 0.038 0.041 0.034 0.031 - - - - - - 0.046 0.036 0.036
TSI 10.632 10.424 9.286 12.713 10.182 8.041 - - - - - - 6.253 5.682 3.102

2 Bolded values represent products obtained at the nanoscale.
b No data were collected due to a lack of time-dependent stability.

2.3. Physicochemical characterization measurements

2.3.1. Dynamic light scattering (DLS)

The particle size of the resulting w/o nanoemulsions was measured
using dynamic light scattering (DLS) on a Malvern Zetasizer Nano ZS
(Malvern Instruments, UK). All measurements were taken at room
temperature (20 + 5 °C) using a detection angle of 173°. Each value is
the average of three successive instrument runs with at least ten trials.

2.3.2. Optical microscopy

The size of the manufactured emulsions was assessed using a 4 x 41-
CX magnification polarization microscope (Olympus, Japan) equipped
with a 500MI capturing device (Ataray Ltd, Turkey) and Quick Photo 2.2
software. The mean diameter of the emulsion microparticles was
determined by averaging the diameters of at least 100 randomly selected
particles. The diameter polydispersity index (PdI) was computed using
the following equation:

PDI = (J_‘%”)z
X

€y

where Xsp is the standard deviation of the diameter of the microparti-
cles and X is the.

mean number-average diameter of the microparticles [16].

The shape of the studied particles was determined using an optical
microscope (Axio Imager). M1m (Zeiss, Germany) with 20 x magnifi-
cation in the transmitted light mode. The surface of the paint coating
was examined using an Eclipse E600POL (Nikon, Totyo, Japan) polar-
izing optical microscope at magnification of x100.

2.3.3. Turbidimetric measurements

The stability of the fabricated w/o nanoemulsions was measured in a
cylindrical glass vial using 20 cm® NE. At room temperature, w/o
nanoemulsion samples were scanned. The Turbiscan Lab Expert
(Formulation, Toulouse, France), which is equipped with two synchro-
nous optical sensors (transmission and backscattering detectors), was
used to observe the turbidity changes to determine the nanoemulsion
stability as expressed by the so-called Turbiscan Stability Index (TSI).
The TSI is a statistical characteristic determined by the stability kinetics
of light that is transmitted and backscattered over time. The same
samples were measured after seven days, one month, and three months

of storage at 25 °C. Using the instrument software (Turbisoft version
1.21), the findings were evaluated [17].

2.3.4. Contact angle measurements

The contact angle of the w/o nanoemulsion on the surface was
determined by sessile drop technique using a PGX+ goniometer (TQC
Sheen, Fibro-System, Capelle aan den IJssel, Netherlands). A liquid drop
of w/0 nanoemulsion was placed onto the surface through a capillary
tube and a micropump. Plates made of metal, acrylic glass (PMMA), and
ceramic tile were used for the tests. The plate measured
1000 x 1000 x 5 mm. Groups made up of 5 samples were degreased
with acetone, washed with demineralized water and dried. The values of
the contact angles were determined from the profiles of the sessile drops.
Each experiment was repeated 5 times, and the average values were
reported. The experiments were conducted at room temperature (25 °C).

2.3.5. ATR - FTIR analysis

The FT-IR (Fourier’s transform infrared) spectra of the reference
surface and surface-cleaned samples were analyzed using an IR Spirit
spectrophotometer (Shimadzu Corp., Japan) with an attenuated total
reflectance (ATR) sampling adapter coupled with a diamond crystal.
Under ambient conditions, the spectra were acquired in the
4000-400 cm ! region (64 scans, 2 cm ! resolution). LabSolutions IR
software (Shimadzu) was used to evaluate the absorption spectra in the
3800-600 cm ! region, with additional removal of noise generated by
carbon dioxide and humidity.

2.3.6. Optical profilometer analysis

The topography of studied surfaces was evaluated by an optical
profilometer, the Contour GT-K1 (Bruker, Germany), using the VXI
measurement mode, i.e., extended vertical scanning interferometry
(VSI). Evaluation of surface roughness changes was performed using
Vision 4.20 Veeco image processing software. On the analyzed surface
area of 0.94 x 1.3 mm = 1.222 mm?, the surface height statistics such
as amplitude parameters, i.e., the mean roughness: the arithmetic mean
of the absolute height (R,), the root mean square value of the ordinate
values within a sampling area (Rg), and the difference between the peak
values (Ry) were determined.
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2.4. Experimental design and optimization by response surface
methodology

To identify the best parameters for applying the w/o nanoemulsion-
based graffiti remover, RSM (response surface methodology) was used.
Design Expert Software (ver. 13.0.12.0, State-Ease, USA) was used to
examine a randomized quadratic D-optimal design with a coordinate
exchange subtype of an RSM analysis [14,18]. To optimize three
essential process parameters, a customized (3—5)° factorial D-optimal
design (shown in Supplementary Table 4 S) was applied, i.e., the con-
centration of the APG surfactant (A) at 3 levels ((—1) 0.050 mol dm’s;
(0) 0.075 mol dm_3; (+1) 0.100 mol dm_3); homogenization pressure
(B) at 3 levels ((—1) 1 atm; (0) 1000 atm; (+1) 1500 atm), and the type
of APGs used in the w/0 nanoemulsion ((—2) Cg; (—1) Cg; (0) C10; (+1)
C12; (+2) Cg-Cqp). In this study, 15 candidate experiments (Table 2)
induced the formation of a 38-run D-optimal experimental matrix, the
best possible solution to use the response factor minimization criterion.
The RSM was used to investigate the existing relationship between the
independent and dependent factors of the optimized process. The
physiochemical measures, i.e., the particle diameter, PDI, and emulsion
stability (TSI after 0 and after 7 days), were considered as the response
factors: (Y1), (Y2), (Y3), and (Y4).

The correlation between response factors and independent variables
is represented by the second-order polynomial function derived from the
optimal design model [18]:

Y1, Yo, Yzor Yq=Po + B1A + B2B + B3C + B12AB + B13AC + B 3BC +
B11A% + B2oB? + PasC 2

where Y; — Y4 are the dependent variables; A, B and C are indepen-
dent variables; By is an intercept term; p;, f2 and B3 are the linear co-
efficients; pq,2, 1,3 and Po 3 are the interaction coefficients; and P11, f2,2
and 3 3 are the quadratic coefficients.

An analysis of variance (ANOVA) and relevant statistical metrics,
such as the p- and F values, were used to evaluate the developed
regression model. The R? coefficient was applied to assess how effec-
tively the optimization design model suited the experimental results.
Lastly, the obtained polynomial equations for the Y; - Y4 response fac-
tors were presented in the form of 3D response surfaces to identify the
best process conditions for preparing the w/o nanoemulsion and thus
the suitability of the eco-friendly graffiti remover as well as to illustrate
the significant relations between variables [14,18].

2.5. In situ cleaning tests

2.5.1. Selective removal tests in model systems

Laboratory tests for the selective removal of paint coatings were
performed with the most rational w/o nanoemulsion formulations. On
the previously painted sensitive surface with red or blue paint or green
ink, paint (paint’s time of drying: 48 h) was overlain with a few milli-
liters of w/0 nanoemulsion (1-2 mL), and interaction with the painted
layer was allowed for 10 min. Afterward, the nanoemulsion and the
swollen paint were then taken off the tested substrates with dry cotton
swabs.

2.5.2. Laboratory "brush on, wipe off" detergent tests

A laboratory "brush on, wipe off" detergent assessment was made
with the proposed optimal w/o nanoemulsion graffiti remover formu-
lation. The tests were performed on the distressed white or black paints
under laboratory conditions (20 + 5 °C, 40 + 5 % RH, 30 days) applied
to reference surfaces, i.e., metal, acrylic glass, and ceramic tile. Small
droplets of the selected formulation (5-10 mL) were laid by spraying on
the surface of the aged paint in the central area for ten minutes (several
square centimeters). Subsequently, the w/o nanoemulsion with a
swelling paint coating was gently removed by performing a mechanical
action with a humid sponge.
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3. Results and discussion

The development of minimally invasive methods for disposing of
unwanted coatings is highly desirable at present because, consistent
with sustainable development principles, it is important to reduce the
consumption of energy, water, and raw materials. However, traditional
cleaning methods do not provide these characteristics. In the current
work, we propose a novel NSF-type detergent, i.e., water-in-oil (w/0)
nanoemulsions, which are fabricated by a technologically approved
HPH process from biodegradable components and received from
renewable resources [14].

The designed w/o0 nanoemulsions constitute an innovative approach
for cleaning with “brush on, wipe off” detergents dedicated to graffiti
coating removal from surfaces sensitive to mechanical cleaning. The key
component of a sustainable sensitive surface cleaning technology based
on NSF detergents is the removal of graffiti coatings quickly and safely,
without the need for specialized equipment or excessive amounts of
energy and water.

It must be emphasized at this time that many research groups [8,9,
19] conducted comprehensive studies with the use of nanostructured
fluids to remove pure film-forming polymer coatings, which are
commonly used as coatings protecting works of art against deterioration
under the influence of weather conditions, or used in their renovation. In
addition, the effectiveness of each nanostructured fluid depends on the
chemical aspects and structure of the surface created by applying graffiti
paint to the substrate. Coating polymers commonly used for conserva-
tion purposes, i.e., acrylic or vinyl polymers, tend to form homogeneous
and smooth structures [19], which are removed by the so-called "dew-
etting" mechanism reported by Baglioni et al. [20,21]. However, the
same polymers in the presence of auxiliary substances, e.g., high-volatile
solvents, fillers, plasticizers, dyes, etc., create inhomogeneous and
porous surfaces. Therefore, the studies conducted by our research group
shows that an important aspect of “brush on, wipe off” methods of
removing unwanted real paint coatings is a selection of sustainable
mechanism for cleaning sensitive surfaces.

In fact, the presence of a green surfactant in the graffiti eco-removers
is very important. This is because decreasing the polymer (paint)/sur-
face and polymer/polymer interfacial tension energetically favors film
detachment from the substrate [19,20,22], which helps to increase the
removal efficiency of unwanted graffiti coatings from the surface. An
important effect of the surfactant is to reduce the effects of chemical
and/or physical adhesion forces of all components of the paint to the
substrate. For many years, a good example of surface-active compounds
that meet these criteria have been nonionic surfactants bearing a car-
bohydrate moiety as the hydrophilic part (so-called saccharide-based
surfactants or sugar surfactants), which were highly appreciated by
the industry because of their excellent surface and wetting properties,
very low impact on the environment and the fact that they can be
fabricated from renewable sources [23-25]. Additionally, as reported by
Krawczyk [26], depending on the structure and type of sugar surfactants
present in the detergent, they may affect the wetting properties of
various solid surfaces, which means that depending on the type of APGs,
the wettability of the graffiti coating eco-remover will change. Thus,
according to our general strategy presented in Fig. 1, different types of
APGs were used for the stabilization and functionalization of nano-
emulsions involving the two-step homogenization: the atmospheric
mechanical and high-pressure homogenization (HPH) approach, leading
to the creation of w/o nanoemulsion particles with a size range of
approximately 200-500 nm. [26-29]. Subsequently, all the formula-
tions were processed using the two-step homogenization process under
pressures of 100 MPa and 150 MPa. The main physicochemical char-
acteristics of the designed formulations are summarized in Tables 18, 2S,
and 2.
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3.1. Preparation of w/o nanoemulsions by high pressure homogenization
(HPH) process

The high-pressure homogenization technique is known to be widely
employed in many scientific and industrial areas, i.e., chemical engi-
neering, biotechnology and food technology, because it is relatively easy
to scale up and can provide fine products with noticeably reduced par-
ticle sizes and great homogeneity. The HPH unit operation (Fig. 1S) is
usually executed by the application of high pressure to force a fluid
through a narrow space of the device’s head, which leads to high shear
stress. Novel HPH apparatuses (Fig. 1S) are able to achieve a pressure
beyond 1500 atm [30]. Hence, the created forces can be undoubtedly
employed to stabilize eco-emulsions, in which the droplet diameter can
be customized by operating the process parameters, i.e., changing the
energy input by varying the pressure levels or number of cycles. When
the applied pressure is high enough, the intra- and intermolecular forces
of particles in the formulation’s components can be cleaved. Thus, it is
possible to adjust the physiochemical properties of the resulting nano-
emulsions. That is why HPH, under certain conditions, may be suc-
cessfully applied as a stabilization technique [29].

In the present study, the main goal of nanoemulsion fabrication was
to ensure very high thermokinetic stability by using a high-pressure
homogenization process. In effect, transparent, yellowish, and homo-
geneous w/o nanoemulsions (Fig. 2S) were obtained, and they were free
of gravitational separation, e.g., sedimentation or flocculation. In
particular, close attention was given to producing nanoemulsions
characterized by small, homogeneous particle sizes. To characterize the
obtained products at every stage of production, the size of particles and
polydispersity indices (PDI) were measured. As expected, during the first
stage of nanoemulsion formation, when using different APGs as surfac-
tants, the resulting emulsions displayed an average particle size between
1.5 and 21 um, as well as a PDI of approximately 0.03-0.9 (see
Table 1S). Unexpectedly, it was found that the NE formulations based on
APG Cj and APG C;, were emulsions with average particle sizes larger
(>10 pm)) than those produced on the remaining APGs (<6 um). In
general, our main attempt, based on the resulting systems, was to create
nanoemulsion structures by applying a high-energy homogenization
method. In our case, the source of energy was high pressure that was
able to create strong enough shear stress [30], which could make it
possible to obtain a sufficiently small emulsion droplet size (at the
nanoscale). In effect, after the first high-pressure homogenization pro-
cess (the operating pressure was 100 MPa), the emulsions decreased
their average size by approximately between 30 % and 70 % when
compared to the mechanically homogenized emulsion (Table 2S), but a
nanoemulsion structure was not found to be formed. However, a sig-
nificant improvement in the emulsion size reduction of our preparations
using APG Cg, Cg, and Cg-Cqp as emulsifiers was found. The mean par-
ticle size was in the range of 0.6-3.2 um, maintaining a similar PDI
range, which supports the very good homogeneity of the obtained
emulsion systems. Moreover, it was again found that the emulsions
containing the longest hydrophobic chain of the studied alkyl poly-
glucosides, even when subjected to the high-energy homogenization
process, differed significantly in both particle size and PDI indices.
Therefore, with encouragement from a very good particle size reduction
at a pressure of 100 MPa, we made another attempt to create a nano-
emulsion structure of our preparations, this time using a pressure 50 %
higher than the one used for the first time. In effect, after the second high
pressure process homogenization (the operating pressure - 150 MPa),
the emulsions were again reduced in size between an average of 31 %
and 71 % (Table 2). Generally, the applied homogenization pressure of
150 MPa made it possible to form a nanoemulsion structure (Fig. 25).
Accordingly, five formulations of the w/o nanoemulsion with APG Cg
(NE no. 3), APG Cg (NE no. 5, NE no. 6), and APG Cg-C1o (NE no. 14, NE
no. 15) used as surfactants were successfully fabricated and were char-
acterized by average particle diameters between 171 nm and 475 nm,
with an excellent narrow size distribution and PDI values of < 0.1 (PDI
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Fig. 2. The nanoemulsion stability results following storage at a stable tem-
perature of 25 °C for 3 months.

= 0.027-0.031) (Table 2). This observation indicated that a reasonably
narrow distribution of monodispersed water droplets in the oil phase
was achieved. In the present study, it was not possible to create a
nanoemulsion structure during the high-pressure homogenization for
APG Cjo and APG C;3 and when the APG concentration in the system
was lower than 0.05 M.

3.2. Colloidal stability of the designed w/o nanoemulsions

As the main feature of colloidal systems, stability is frequently
explained as a lack of visible separation of emulsions over time. Simply,
when particles constituting the colloidal system do not aggregate within
a given time, the lack of aggregation can be related to long-term
colloidal stability. Therefore, the stability of nanoemulsions is a
particularly crucial property, especially from the point of view of
designing new formulations for commercial performance. That is why, if
these systems are not distinguished by suitable colloidal stability, they
may not find any potential application as a commercial product. Hence,
the key factor in the design of novel nanoemulsions is to achieve satis-
factory long-term colloidal stability. Among the different types of
colloidal stability, the most frequently discussed are kinetic and ther-
modynamic stability. They can usually be determined by, e.g., the ex-
amination of changes over time in the hydrodynamic diameter (DLS
measurements), surface charge or concentration of colloidal particles as
well as by optical analysis of possible destabilization processes (TSI).
Generally, nanoemulsions prepared by high-energy emulsification
techniques are thermokinetically stable. High-pressure homogenization
offers intense turbulence and shear flow, which leads to the breaking of
the dispersed phase into small droplets, i.e., less than 500 nm [27-29].

This study examined the stability of the manufactured nano-
emulsions over a three-month period. In addition to using DLS to mea-
sure particle sizes within the expected time range, the Turbiscan optical
analyzer was used to determine how quickly the NEs became unstable
(Fig. 2). As an outcome, the emulsions obtained during homogenization
under normal pressure with different APGs as surfactants showed
different destabilization kinetics. The TSI (7 days) was between 14 and
78 (see Table 1S). Unexpectedly, the formulations based on APG C;¢ and
APG C; were more unstable emulsions (TSI (7 days) > 70) than those
produced on the remaining APGs (TSI (7 days) 14.6-19.6), for which
sedimentation or particle flocculation phenomena were observed after 7
days of storage at room temperature. Therefore, the stability and
physicochemical characterization of these products were no longer
examined. Moreover, along with a reduction in the size of the emulsion,
its stability over time improved: a TSI (7 days) after HPH (P = 100 MPa,
five homogenization cycles) ranging from 10 to 24 (Table 2S) and a TSI
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Fig. 3. A graphical representation of the randomized quadratic D-optimal design response surfaces for the dependent variables Y; = diameter, Y5 = PDI, Y3 = TSI (O
days), and Y4 = TSI (7 days) vs. independent variables (concentration of APG (A), HPH pressure (B) as a function of APG type used: Cg-Cy9, Cg, Co).

(7 days) after HPH (P = 150 MPa, five homogenization cycles) ranging
from 2.8 to 8.5 (Table 2) were obtained for most of the prepared for-
mulations. Additionally, the fabricated emulsions based on APG C;( and
APC C;5 were characterized by a low thermokinetic stability index and a
TSI (7 days) after HPH (P = 100 MPa, five homogenization cycles)
ranging from 69 to 78 (Table 2S) and a TSI (7 days) after HPH
(P =150 MPa, five homogenization cycles) ranging from 32 to 40
(Table 2). Lastly, all the formulations lying within the nanoscale range
(Table 2), i.e., NE no. 3 (APG Cg), no. 6 (APG Cg), no. 14 and no. 15 (APG
Cs-C1), exhibited hydrodynamic diameter values without significant
changes within the time of storage (up to 3 months). The alkyl poly-
glucosides used in our study, APG Cg, APG Cg, and APG Cg-Cyg, with
hydrophilic-lipophilic balance (HLB) indices of 9.3-10.3, tend to
maintain greater stability in their emulsion or nanoemulsion systems
than APG C;o (HLB = 8.3) and APG C;, (HLB = 7.4) (see Table 2). The
length of the alkyl chain in the structure of the alkyl polyglucosides
appears to be critical to generate stable water droplets in the oil phase
through the high-energy emulsification process. During the high-
pressure homogenization process, APGs are adsorbed at the oil/water
interface, reducing the interfacial energy as well as providing a me-
chanical barrier to coalescence or other nanoemulsion destabilization
processes [31]. The observed progressive decrease in the size of the
water droplets in the structures of emulsions processed with increasing
homogenization energy provides greater stability against droplet ag-
gregation and gravity separation (see Tables 1S,2S) because the Brow-
nian motion and, consequently, the kinetics of the destabilization
process under the influence of the force of gravity, as observed as
sedimentation or creaming, is slower than the diffusion rate [32].
Consequently, the overall stability of the emulsion systems is increased

[33,34]. Additionally, the PDI value also affects the quality of the par-
ticle size distribution. A small PDI value of < 0.1 (PDI = 0.027-0.031)
(Table 2) represents mono-distributed particles, the hallmark of a
kinetically stable nanoemulsion [35,36]. Furthermore, specific in-
teractions between one of the components of the solvent mixture,
namely, ethyl lactate (HLB = 8.3) and the oil phase not only lower the
surface tension but also increase the miscibility of water in the oil phase,
which may explain the very high uniformity of the nanoemulsion (PDI
<0.1) (see Table 2) [37].

Nanoemulsions in general tend to be thermodynamically unstable
and decompose upon storage due to coalescence or flocculation, gravi-
tational separation, and Ostwald ripening. Rapid destabilization pro-
cesses are typically identified by the considerable distance between the
backscattering profile curves, whereas an overlap in the separate curves
shows the high stability of the examined samples and a modest rate of
destabilization. In general, based on the graphs shown in Fig. 3S, which
illustrate the kinetics of nanoemulsion destabilization (TSI) and back-
scatter profiles of fabricated nanoemulsions, they exhibit good colloidal
stability. On the last day of the turbidimetric test (3 months stored), no
macroscopic changes were observed in the analyzed samples (i.e., any
processes of aggregation, sedimentation, or creaming) [38]. During
long-term storage (3 months), slight changes in the mean particle size of
the nanoemulsions were observed (Table 2), indicating that a mild
Ostwald ripening effect could appear. Ostwald ripening can occur as a
process of diffusion by the discontinuous phase particles from small to
larger droplets through the continuous phase of the nanoemulsion,
which is characteristic of nanoemulsions produced by high-energy
methods. [39,40]. The results signified that having a suitable concen-
tration and selecting the type of APGs in use limited the Ostwald
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Table 3
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D-Optimal model optimization proposed candidates for the best w/0 nanoemulsion graffiti eco-remover based on a desirability function and a correlation of observed

and predicted values.

No. NE Type of APG diameter (pm) PDI TSI TSI Desirability
no. (0 days) (7 days)
P’ A" P A P A P A
1 15¢ Cg-Cyo 0.116 0.171 0.017 0.032 2.43 2.48 4.65 2.88 0.992
2 6 Cg 0.268 0.291 0.020 0.027 4.42 4.27 5.85 5.36 0.968
3 3 Ce 0.652 0.475 0.030 0.032 4.43 4.32 4.41 5.93 0.966

2 Values predicted by the D-optimal model.
b Actual experimental value.

¢ As presented in Table 2, obtained at a 0.1 mol dm~3 APG concentration under an HPH pressure of 150 MPa.

ripening effect on the obtained w/o nanoemulsions. This result was
probably because of the system’s considerably reduced kinetic energy
from the appropriately selected APG that limited particle mobility [41]
or because of the presence of inhibitors of this process during the oil
continuous phase, such as ethyl lactate or specific impurities contained
in the used cooking oil applied to make UCO-Oil-PEG-8 ester. Overall,
the results achieved during the long-term stability studies of w/o
nanoemulsions prepared by HPH indicate that the NSFs obtained by us
are long-term thermokinetically stable, which enables their commercial
use as brush-on and wipe-off detergents.

3.3. RSM optimization of the performed HPH process

The most desirable parameters of the high-pressure homogenization
process, together with the eligible saccharide surfactant and its con-
centration, were evaluated by applying the quadratic D-optimal design
in the coordinate exchange mode and exploring the subsequent response
surfaces. The direct leverage of the independent process variables, i.e.,
the APG surfactant concentration (A), homogenization pressure (B), and
APG type (C), on the response factors Y; (particle diameter), Yo (PDI), Y3
(TSI after 0 days) and Y4 (TSI after 7 days) was studied. The experi-
mental matrix of the selected optimal design with 38 randomized
experimental runs, together with the corresponding values of the inde-
pendent and dependent factors, is shown in Table 3S.

The process parameters for each graffiti coating eco-remover based
on the APG type and concentration, i.e., APG Cg, Cg, C19, C12, and Cs-Cy,
are presented in Tables 2, 1S, and 2S (see Supplementary Material sec-
tion). In the current study, 3D response surface plots were employed as a
graphical representation of the multiple regression model equation used
to evaluate the possible interactions between independent variables and
response factors. The obtained results allowed us to determine the op-
timum perimeter for the best HPH parameters to achieve graffiti coating
eco-removal using a w/o nanoemulsion. As the output of the statistical
calculations and experimental model fitting, the optimal regions for the
efficient production of graffiti remover are located within parameter C
(APG type) of Cg-C19, Cg, and Cg (for the highest concentration used) and
the maximum HPH pressure in the 3D response surfaces, as shown in
Fig. 3 and Fig. 4S. The described surfaces represent interactions between
independent variables A and B (as a function of parameter C) and
response variables Y; — Y4, as recognized as quality measures of w/o
nanoemulsion. To describe an example of these interactions, it may be
noted that the shorter the aliphatic chain of the APG surfactant and its
concentration was, the better the quality measures of fabricated emul-
sions, i.e., the lower particle diameter, more uniform PDI and higher
general stability (low TSI). Moreover, the second process factor, i.e.,
homogenization pressure, also strongly influenced the physicochemical
properties of the given w/o nanoemulsion systems, resulting in a strong
positive correlation: higher pressure made it possible to produce a
nanoemulsion system with high kinetic stability. Thus, a general
conclusion derived from the optimization results is that the APGs with
chains C;p and C;3 (see Fig. 4S) should be neglected as surfactants since
they resulted in the formation of a w/o emulsion with a particle diam-
eter that was too high and had poor stability. However, other

parameters, such as the concentration and homogenization pressure,
should be maximized. To conclude, three fabricated emulsion candi-
dates, i.e., NE no. 15, NE no. 6, and NE no. 3, were proposed by D-
optimal model optimization with corresponding predicted and actual
values, followed by desirability function measure [42], and are pre-
sented in Table 3.

The principal target of the optimization was to obtain a highly stable
w/0 nanoemulsion with an average particle diameter on the nanoscale
(less than 500 nm) and as low a monodispersity as possible while
maintaining the effectiveness of removing graffiti coatings from surfaces
sensitive to mechanical cleaning. The goal was achieved for three for-
mulations, as mentioned above, which possessed a high ability to
dispose of the unwanted coatings, as described in more details in further
sections (see Results 3.4-3.7). However, the best emulsion turned out to
be NE no. 6 (APG Cg, concentration 0.1 mol dm~3, produced under
150 MPa), which was later used in the outside-the-laboratory test, as
explained in further sections.

The design of experiments (DoE) and quality by design (QbD) solu-
tions resulting from mathematical and statistical computations are
typically used in formulation optimization and other processes. The
ANOVA evaluation of the quadratic response surfaces forecasted by a
coordinate-exchange D-optimal plan for response factors Y; - Y4
revealed that the quadratic model provided the best matching in all
instances, as is common for RSM methods [14,18,43,44]. The obtained
best-fit model had pronounced parameters, i.e., an insignificant lack of
fit with an appropriate number of degrees of freedom and highly
matched R? coefficients (experimental, adjusted, and predicted). For all
the dependent variables studied in the current contribution, the model
fitting p values were less than 0.05, implying that the D-optimal model
terms and their intercepts were significant. The outcome of the ANOVA
is summarized in Table 4S. For response Y; (diameter), the linear effect
of homogenization pressure (B) and the selected APG (C) had the
strongest impact; however, a combined influence could also be noted for
the mixed concentration (A) and type of APG (B). For responses Y5 and
Ys (PDI, TSI 0 days, respectively), a similar influence of independent
variables was observed. In brief, both HPH pressure (B) and type of APG
(C) had a linear effect on the dispersity and initial stability, both com-
bined (BC) and separately. Lastly, response Y4 (emulsion stability after 7
days) was similar under the linear influence of process parameters B, C,
and mixed BC; however, a combined effect of the concentration (A)
together with the type of APG surfactant (C), followed by the quadratic
effect of homogenization pressure (BZ), could also be observed. This
result evidently indicates that the type of saccharide surfactant and high
homogenization pressure, along with the secondary effect of the stabi-
lizing agent concentration, ensures the formation of a stable w/o
nanoemulsion with extensive efficiency for graffiti coating removal.

As a result of the ANOVA evaluation, the resulting polynomial
regression equations from the D-optimal model fitted to the experi-
mental values of the response factors were as follows:

Diameter = +5.52 — 0.1619A — 2.90B - 2.29C[1] - 3.78 C[2] + 4.23C[3] +
5.68C[4] — 0.0241AB - 0.0062AC — 0.5481AC[2] - 0.3617AC[3] + 1.61AC
[4] + 0.5084BC[1] + 1.62BC[2] — 3.61BC[3] — 0.5040BC[4] 2)
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Fig. 4. Results of selective laboratory paint coating removal tests (A) red paint, (B) blue paint, (C) green ink paint, on the selected reference materials of acrylic glass,
marble, steel, followed by appropriate samples after the cleaning procedure, i.e., NE no. 3, no. 6 and no. 15, respectively, as studied by ATR FT-IR spectral analysis.
The ranges on spectra shaded with color represent particular bands characteristic of the studied paints and surfaces.

PDI = +0.2497 — 0.0064A - 0.0503B - 0.2116C[1] — 0.2181C[2] + 0.1830C
[3] 4 0.4704C[4] — 0.0073AB + 0.0047AC[1] -+ 0.0053AC[2] + 0.0042AC[3]
—0.0031AC[4] + 0.0475BC[1] + 0.0429BC[2] — 0.0928BC[3] — 0.0598BCI[4]
—0.0131A% + 0.0174B> 3)

TSI (0 days) = +8.97 4 0.4708A —3.70B — 3.44C[1] - 1.80C[2] + 7.57C[3] +
3.10C[4] — 0.3406AB — 0.1883AC[1] — 0.4626AC[2] — 0.0024AC[3] +

1.22AC[4] + 2.65BC[1] + 1.27 BC[2] - 3.09BC[3] — 3.85BC[4] 4)

TSI (7 days) = +39.06 + 0.7008A — 11.33B — 19.06C[1] — 14.93C[2] +

29.81C[3] + 24.78C[4] + 0.1226AB — 1.70AC[1] - 2.27AC[2] - 2.86AC[3] +
5.55AC[4] + 6.19BC[1] + 4.04BC[2] — 6.24BC[3] — 8.98BC[4] + 0.3716A% -
9.94B> (5)

This demonstrates the relationship between the independent and

response factors in the optimized process. Three formulations were
selected based on the examination of the three-dimensional response
surfaces (Figs. 3 and 4S), the candidate characteristics, and the desir-
ability measure. APG Cg, in particular, APG Cg and APG Cg-C;0, have
been indicated by RSM as appropriate surfactants to create thermoki-
netically stable nanoemulsion systems but were also found to be stable
over time, for at least 3 months, at room temperature. Therefore, only
the optimized and long-term kinetically stable water-in-oil nano-
emulsion systems (NE no. 15, NE no. 6, and NE no. 3 formulations) were
chosen for the assessment of selective paint removal under laboratory
conditions and for determining the wetting ability of graffiti coatings.
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Fig. 5. Evaluation of the surface optical topography, i.e., (A1) the optical profilometer image of black paint coating together with the roughness parameters, (B1) the
optical profilometer image of white paint coating together with the roughness parameters, (A2) profile of changes in the height of irregularities on the surface of
black paint along the X and Y axes, (B2) profile of changes in the height of irregularities on the surface of white paint along the X and Y axes, (A3) distribution of the
height of irregularities on a surface of black paint with dimensions of 0.94 mm x 1.3 mm, (B3) distribution of the height of irregularities on a surface of white paint

with dimensions of 0.94 mm x 1.3 mm.

3.4. Interactions of optimal w/o nanoemulsions with paint and ink
coatings

As a preliminary test, the selected w/o nanoemulsions were tested
using cotton swabs soaked with the biobased graffiti remover formula-
tion. As expected, selective removal of paint and ink with each rational
w/0 nanoemulsion from sensitive surfaces was successful through the
mechanical cleaning process. This success was achieved due to the
strong control over the penetration and spreading of the cleaning
detergent on the treated materials [8,10,45,46]. Fig. 4 depicts the entire
set of cleaned samples. Small squares are apparent on the surface of the
sample, although the red, blue, and green ink paints were completely
erased in the middle part (Fig. 4A-C). After each application of the
graffiti remover on the paint or ink coating, when the contact time of the
formulation with the surface was too short, poor penetration of the
preparation into the structure of different graffiti paints was observed,
which prevented effective surface cleaning. As observed during labo-
ratory tests, the minimum rational time of contact was 10 min, when the
acrylic paints or inks were quite easily removed from acrylic glasses,
steels, or marbles without significant mechanical force required to
remove the damaged graffiti paint coating. A longer single application
was found to be more effective than repeated short applications of the
w/o nanoemulsion-based remover agents. The rational contact time of
the paint remover is individually selected for each type of nano-
structured fluid [1,4,8-13], because the effectiveness of the process of
cleaning the surface from unwanted coatings depends on the form (gel
or liquid), solvent composition, and surface compounds.

ATR-FTIR analyses and the micrographs provided here confirm that
the acrylic red, blue or green ink paint layer was completely removed,
while the surface underneath was not damaged or significantly altered.
The vibrations generated by the paint coatings placed on the evaluated
sensitive surfaces are presented in Fig. 4A-C below. The signals between
approximately 2950 and 2800 cm ! are caused by the asymmetric and
symmetric stretching of hydrocarbon bonds in the alkyl chain of the
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analyzed paints. Along with C-O stretching at 1250-1050 cm™, an
intense and narrow signal at approximately 1715-1680 cm ™' shows the
stretching of the carbonyl moiety, i.e., a carbon-oxygen double bond.
Vibrations in the range of low frequency, i.e., between 800 and
700 cm ™}, are likely created by phthalate dyes or plasticizers, which are
typical of spray paints used for graffiti drawings. Specifically, based on
the FT-IR spectra presented in Fig. 4A-C, it can be observed that the
reflectance profiles of the reference surface and the area after being
cleaned of graffiti paint are comparable. Even though the spectra of the
red, blue, and green ink paints varied significantly, paint residues were
either absent or imperceptible at the resolution of the instrument. Using
the proposed w/o nanoemulsions as graffiti remover is effective in the
selective removal of paint or ink from surfaces that are sensitive to the
mechanical cleaning process, without causing significant damage to
these surfaces.

3.5. Wettability studies of fabricated graffiti removers

Wettability is tendency of a fluid to preferentially adhere to a solid
surface due to intermolecular interactions when brought together. The
aging graffiti coatings are heterogeneous in nature, exhibiting different
wetting affinities. For example, a greater affinity for oil than for water
(oil-wet), or contrary, higher affinity for water than for oil (water-wet),
or an intermediate wetting (in between the cases mentioned above) [26,
47]. In particular, wettability of the graffiti coatings plays a dominant
role on their removal efficiency and is strongly associated with the
degradation or dissolution of vinyl, acrylic, or alkyd coatings by solvents
assisted with surfactants [12,45,46].

In reality, the physical wettability of a surface is determined by the
interacting surface forces, as well as the surface roughness, which also
affects the adhesion strength. Therefore, it should be taken into account
while removing the undesired graffiti coatings, particularly when
employing the "brush on, wipe off" technique. In the cleaning process of
the sensitive surfaces, the roughness of the coating can essentially
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Fig. 6. Dynamic contact angle observation of the nanoemulsion along with the
sessile drop images of the optimized w/o nanoemulsion on: (A) White paint
coating. (B) Black paint coating. INSET: The images reflect the behavior of the
NE no. 6 formulation represented by the green line on the graph.

influence the penetration of the graffiti remover liquid into the cleaned
surface. Models by Wenzel or Cassie-Baxter describe the relationship
between the topographic characteristics of surfaces and their wettability
[48].

Changes in the wettability of the paint surface and the solid surface
underneath the coating significantly increase the effectiveness of the
paint removal without the need of using mechanical force for cleaning.
However, wettability is affected by numerous factors, i.e., the type of
surfactant used for emulsion stabilization, the properties of the paint
coating surface and its wetting behavior, as well as the solid-liquid in-
teractions [26]. Therefore, knowledge of the graffiti paint coating
structure and its wetting propensity is important for the formulation and
fabrication of an appropriate graffiti removal agent to achieve a satis-
factory effect of removing graffiti coatings without the need to use
mechanical cleaning tools.

To learn about the ability of the w/o nanoemulsion, which is based
on different alkyl polyglucoside surfactant systems, to change wetta-
bility of the paint coatings, the contact angle measurements were per-
formed using white or black paint-covered steel surfaces [49,50]. These
colors were chosen because they are the most commonly used graffiti
spray paints.

First the contact angle between the acrylic paint surface and deion-
ized distilled water was measured at 25 °C and relative humidity 40 %. It
varied between 89° and 94°, which confirmed that the white and black
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paints were poorly wetted. Afterwards, the contact angles measurements
were repeated with the optimal w/o nanoemulsion.

In addition, the surface structure of these paints was evaluated by
using the technique of optical surface topography (see Fig. 5). The
topography of the studied acrylic paint surfaces was determined by an
optical profilometer, by performing analysis under the same conditions
as the measurement of the contact angles.

Evaluation of the roughness parameters (Fig. 5) showed that the
white and black paint surfaces were rough and heterogeneous. More-
over, there were considerable variances in the surface roughness along
the X and Y directions. As expected, the paint surfaces are neither
smooth nor even. Furthermore, based on the changes in amplitude pa-
rameters of the surface roughness and the high-magnification images
(x100) of the paint surface (Fig. 5S), a large number of pores can be
observed that come deep below the paint surface (>10.0 um) and are not
wider than several tens of nanometers. The presence of pores is related
to the fact that the highly volatile components of the paint, after being
applied to the substrate, rapidly evaporate from it, which initiates the
formation of pores on its surface. Therefore, it can be concluded that the
surface of acrylic paints in commonly used graffiti paints is rough and
has a varied texture [51].

The results are shown in Fig. 6 A-B. Through a sessile drop investi-
gation, it was found that the contact angle dropped from 40° to less than
10° for each tested formulation at t = 10 s at 25 °C. Fig. 6 A-B shows the
images of the solution droplets on the white or black paint surfaces at
their initial state and the state at which they have reached a constant
contact angle. The effective alteration in the wettability of the paint
surface from poorly-wetting to the intensely water-wetting, which is due
to surfactant molecule interactions of nanoemulsions with the nonpolar/
organic components of graffiti coatings [47,52].

After a short contact time, the graffiti eco-removing fluid successfully
dissolved the destroyed paint coating, resulting in the formation of a
liquid-like film on the substrate surface. The thickness of the polymer
coating decreases with time because of the enhanced interaction of
surfactant molecules with solvents, paint molecules, and the substrate
surface. Ultimately, molecules of the paint coating detach from the steel
surface.

As mentioned above, Wenzel’s and Cassie-Baxter’s approaches take
into account the surface properties in aspect of its wettability. It helps to
understand a dependence between the structure and chemical nature of
the paint coating in order to describe relationship between the liquid/
vapor and liquid/solid interfaces [53] In the context of the "brush on,
wipe off" cleaning method, it is crucial to guarantee the correct distri-
bution of the cleaning solution on the surface, irrespective of the sub-
strate’s structure. On the surface of the dried paint, as depicted in Fig. 5
A2-B2, pores of varying sizes are evident, which serve as penetration
places for the molecules, including the dispersed water nanodroplets
surrounded by the surfactants. In effect, this allows the surfactants to
reach the surface underneath the paint layer and begin the process of
detaching the paint from the substrate.

The creation of an interfacial gradient between the paint and solvent
oil phases by the diffusion of surfactant molecules at the paint-solvents
interface, which is known as the Gibbs-Marangoni effect, is attributed to
a change in the wettability of the removed coating [52]. At the time of
contact of the graffiti remover liquid (w/o nanoemulsion), with appli-
cation on the surfaces of graffiti coating, the degradation of the polymer
coating initiates.

When the nanodetergent can effectively reduce the effects of physical
adhesive forces such as of the van der Waals nature (dispersion, dipole-
dipole, dipole-induced dipole), electron-donor and electron-acceptor
(including hydrogen bonding), n-electrons, and electrostatics (or
possibly the chemical ones, too) [54] the process of removing the paint
coating from the sensitive substrate is feasible and most effective.
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Fig. 7. Exemplary samples of surfaces sensitive to mechanical cleaning as evaluated by in situ detergent tests: (A) acrylic glass, (B) steel, and (C) ceramic tile.

3.6. Removal of graffiti coatings by the “brush on, wipe off” approach

Subsequently, after the laboratory paints were subjected to selective
removal and wettability tests, the decision was made that NE formula-
tion number 6 proposed as “brush on, wipe off” detergent would be
assessed in situ on some “real” pieces of surface, which were initially
covered with black and white graffiti paints. In addition, to better
represent the reference surfaces (acrylic glass, steel, ceramic tile sub-
strates) covered with paints, they were specifically aged under labora-
tory conditions (room temperature and relative humidity of 40 %) to
assess the effectiveness of the rational w/o nanoemulsion in paint
removal and ensure that the cleaning action did not damage the surface.
The samples of real surfaces with dimensions of 40 x 40 cm reported in
Fig. 7 were a perfect case study to test the w/0 nanoemulsion proposed
here. Fig. 7 shows the results of laboratory tests on graffiti removal from
the automatic surfaces mentioned before.

NE no. 6, as graffiti coating eco-remover spread very quickly over the
entire central part of the tested samples. This confirms finding the
excellent wetting properties of w/o nanoemulsions for aged paints. As
soon as five minutes after the application of the w/o nanoemulsion to
the white and black paint on the surface, the destruction of the paint
structure was observed, which increased its area each subsequent min-
ute. As mentioned previously, as soon as 10 min after applying the eco-
graffiti remover to the paint’s surface, similarly to other research groups
[8,9,12,45], we were able to remove the damaged graffiti coating
structure quickly and effectively from the tested reference substrates.
During the cleaning process, no swelling phenomenon was observed in
the acrylic graffiti paints used, which is characteristic of the dewetting
process described in earlier works [9,12,20-22], where nanostructured
liquids were tested for pure film-forming polymers. The very high

effectiveness of the interaction of the w/o nanoemulsion with the paint
components made the removal of graffiti from the surface possible
without the need to use mechanical force to tear or detach it. The pic-
tures provided here show the selective removal of the graffiti paints from
only the area to which the graffiti remover was applied. These tests
represent a reliable assessment on the applicability of the w/o nano-
emulsion as a “brush on, wipe off” detergent for safe graffiti removal
under real street conditions.

3.7. Application of the NSF detergents under real conditions

Lastly, after the aged graffiti coating-selective removal tests, the
proposed w/o nanoemulsion was assessed in situ on real surfaces sen-
sitive to mechanical cleaning, which were vandalized with different
writings and tags. The graffiti paintings reported in Fig. 7 were an ideal
case study to test the "brush on, wipe off"' detergents proposed in the
current study. Using formulation NE no. 6, the efficacy of removing
graffiti paints from sensitive substrates in Wroclaw (Poland) was
investigated in real-life situations.

The tests on the effectiveness of removing graffiti coatings from
surfaces such as painted steel, specially painted steel, road infrastructure
signs, and facade ceramic tiles, were tested as follows: NE no. 6 was
applied by spraying from a distance of 100 mm onto the test area. Then,
after approximately 10 min, gentle mechanical removal of the graffiti
paint coating from the substrate was started with a humid sponge. After
the unwanted graffiti coating was removed, a damp microfiber cloth was
used to clean the sensitive surface. As shown in Fig. 8, old graffiti
coatings were completely removed from various painted steel items (see
Fig. 8A, B) and ceramic tiles (see Fig. 8C).

From the beginning to the end of cleaning, the pictures provided here
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AFTER CLEANING

Fig. 8. Different sensitive surfaces were cleaned with w/o0 nanoemulsion formulation number 6 in the city of Wroctaw. (A) Painted steel surface on a parking lot. (B)

Special steel surface of a road sign. (C) Ceramic tile surface of the facade.

show the gradual removal of the graffiti coatings, as performed by a
single application of the w/o nanoemulsion on the covered surfaces. It is
important to note the complexity of graffiti coating removal, which is
the consequence of a large number of variables, such as the age of the
paint, weathering, chemical composition, roughness, and porosity of the
substrate, among others [2,14]. Furthermore, despite the many above-
mentioned variables that significantly affect the cleaning process, our
developed rational w/o nanoemulsion was able to remove old graffiti
coatings quickly and selectively without affecting the underlying paint
layers or basic substrates.

The nanotechnological detergent we propose for removing graffiti
coatings created by us complements the group of modern NSFs [8,12,45,
461, as "brush on, wipe off" detergents intended for specialized actions in
removing graffiti coatings from various surfaces. Basically, these tests
represent a reliable assessment on the applicability of this w/o nano-
emulsion containing ‘green’ solvents stabilized with ecological surfac-
tants, such as alkyl polyglucosides, as an eco-friendly graffiti remover
for the selective removal of paint/ink coatings from surfaces sensitive to
mechanical cleaning.
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4. Conclusions

Our investigations showed the high potential of using w/o nano-
emulsions stabilized by alkyl polyglucosides as an ecological graffiti
coating remover. The first step consisted of optimization studies for
different commercial types of APGs. These experiments allowed us to
show that the length of the alkyl chain in the APG molecule (i.e., R not
greater than Cjg) is clearly crucial to stabilizing w/o nanoemulsion
systems fabricated using the convenient process of high-pressure ho-
mogenization (HPH). Moreover, the pressure of homogenization and the
concentration of surfactant in use played a key role in determining the
optimal process conditions. RSM studies performed by the D-optimal
model, followed by ANOVA, resulted in the selection of the three most
desired graffiti eco-remover formulations, i.e., NE no. 15, NE no. 6, and
NE no. 3, which were later used in interaction studies with graffiti
coatings by evaluating their surface properties (topography, wetta-
bility). It turned out that the optimal graffiti coating eco-remover, as
"brush on, wipe off" detergent, exhibits high efficiency in the disposal of
unwanted hydrophobic paints and inks, which form heterogeneous and
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rough surface structures. They are different from the nanostructured
fluids [9,12,20-22] used so far, which were selected as non-solvents of
polymers in order to swell the film they created on the surface and then
separate them from it in the process of dewetting. The NSF developed by
us penetrates through the porous structure of the paint surface into its
interior, initiating the dissolution of the polymer while reducing its
chemical and/or physical adhesion forces with the substrate. The pre-
sent contribution may introduce an opportunity to further develop
"brush on, wipe off" cleaning methods based on renewable raw mate-
rials, thus enabling the further development of more efficient nano-
technological water-in-0oil nanoemulsion fluids for commercial
applications such as graffiti coating removers, without the need for
excessive mechanical cleaning, which is of great importance from the
point of view of handling sensitive surfaces.
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Table 1S. Physicochemical characteristic of product after atmospheric homogenization (P = 0.1 MPa. 700 RPM)

APGs APG Cs APG Cs APG Cio APG Ci2 APG Cs-Cio

NE no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Concentration [mol/dm3] 0.05 0.075 0.1 0.05 0.075 0.1 0.05 0.075 0.1 0.05 0.075 0.1 0.05 0.075 0.1
0 days storage

DH [pm] 5387 5397 5557 4624 2459 1804 15551 16.882 16.148 12.553 14.375 21.036 4511 2545 1.490

DH S,D, + [um] 1.142 1.132 1.161 0961 0.519 0374 11557 13.162 13358 10.875 13.277 20.269 0.764 0.431 0.254

PDI 0.045 0.044 0.044 0.043 0.045 0.043 0.552 0.608 0.684 0.751 0.853 0.928  0.029 0.029 0.029

TSI 0 days (60 minutes) 575 690 7.9  9.60 9.68 8.68 2131 2370 2518 1945 2024 2144 383 421 551

TSI 7 days storage 19.68 14.82 14.64 2176 21.53 2222 7823 7504 7402  69.59 7411 77.11 1548 15.16 16.98

TSI 1 months storage 2171 1561 15.15 2836 32.38 2447 - - - - - - 3192 2852 2926

TSI 3 months storage 2234 1696 16.18 3394 3321 2523 - - - - - - 3201 1926 2941

'No data collected, due to lack of time-dependent stability.

Table 2S. Physicochemical characteristic of product after HPH (P = 100 MPa. five cycles homogenization)

APGs APG Cs APG Cs APG Cio APG Ci2 APG Cs-Cio

NE no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Concentration [mol/dm3] 0.05 0.075 0.1 0.05 0.075 0.1 0.05 0.075 0.1 0.05 0.075 0.1 0.05 0.075 0.1
0 days storage

DH [um] 3.210 2.892 1.624 2226 1.224 0.881 8.574 7.020 6.475 8.973 10.127 12.197 2.382 1.019 1.490

DH S,D, £ [um] 0.865 0.588 0.317 0.439 0.224 0.157 5.130 436 4.014 14062 8.464 9.785 0.513 0.198 0.114

PDI 0.073 0.041 0.038 0.039 0.033 0.032 0.358 0.386 0.384 0.676 0.699 0.644 0.046 0.038 0.038

TSI 0 days (60 minutes) 5.23 5.53 541 7.29 726  7.99 14.14 15.43 13.75 7.04 8.96 9.25 3.55 328 3.16

TSI 7 days storage 12.87 12.44 1243 2402 2149 17.05 68.11 69.73 73.76 50.18 60.53 6291 12.72 12.19 10.35

TSI 1 months storage 15.33 1447 14.15 27.70 2353 185 -1 - - - - - 14.44 13.56 10.55

TSI 3 months storage 17.31 16.65 1543  28.66 24.41 20.19 - - - - - - 15.25 14.74 10.86

'No data collected, due to lack of time-dependent stability.



Table 3S. A quadratic D-Optimal randomized design experimental matrix of three
independent variables with their corresponding values and analyzed response factors Y1 —
Y4: particle diameter. PDI. TSI after O days and TSI after 7 days. respectively.

Run A: B: C: APGtype  Yi: diameter Y2: PDI Ys: TSI Ya:
Concentration ~ Pressure [um] (0 days) TSI (7 days)
of APG [mol [atm]

dm?]

1 0.075 1 C10 16.882 0.608 23.7 75.04
2 0.05 1 C8 4.624 0.043 9.6 21.76
3 0.1 1000 C8 0.881 0.032 7.99 17.05
4 0.075 1 Cl12 14.375 0.853 20.24 74.11
5 0.075 1000 C10 7.02 0.386 15.43 69.73
6 0.075 1000 C6 2.892 0.041 5.53 12.44
7 0.075 1 C8-C10 2.545 0.029 4.21 15.16
8 0.05 1500 C8 0.801 0.034 4.652 8.432
9 0.1 1 C8 1.804 0.043 8.68 22.22
10 0.05 1000 C8-C10 2.382 0.046 3.55 12.72
11 0.075 1000 C6 2.892 0.041 5.53 12.44
12 0.1 1500 C6 0.475 0.032 4.319 5.931
13 0.075 1 C8 2.459 0.045 9.68 21.53
14 0.05 1000 Cl12 8.973 0.676 7.04 50.18
15 0.05 1 C10 15.551 0.552 21.31 78.23
16 0.075 1 CI2 14.375 0.853 20.24 74.11
17 0.05 1000 C8-C10 2.382 0.046 3.55 12.72
18 0.075 1 C10 16.882 0.608 23.7 75.04
19 0.1 1 C6 5.557 0.044 7.19 14.64
20 0.1 1000 CI2 12.197 0.644 9.25 62.91
21 0.05 1 C6 5.387 0.045 5.75 19.68
22 0.075 1500 C8 0.428 0.029 4.405 7.673
23 0.075 1 C8-C10 2.545 0.029 4.21 15.16
24 0.075 1500 Cl12 6.886 0.649 7.034 33.207
25 0.1 1500 C10 2.525 0.277 9.419 38.457
26 0.05 1500 C6 0.963 0.041 4412 7.912
27 0.05 1000 C10 8.574 0.358 14.14 68.11
28 0.1 1500 C8-C10 0.171 0.032 2.481 2.882
29 0.05 1000 C8 2.226 0.039 7.29 24.02
30 0.075 1500 C8-C10 0.285 0.031 2.787 5.123
31 0.05 1000 Cl12 8.973 0.676 7.04 50.18
32 0.1 1500 C10 2.525 0.277 9.419 38.457
33 0.05 1500 C10 4.201 0.332 9.686 38.522
34 0.05 1500 C8 0.801 0.034 4.652 8.432
35 0.075 1500 C8 0.428 0.029 4.405 7.673
36 0.1 1500 C8 0.291 0.027 4.265 5.361
37 0.1 1500 C6 0.475 0.032 4.319 5.931
38 0.1 1500 C6 0.475 0.032 4.319 5.931

Table 4S. ANOVA results for D-optimal randomized design quadratic model. for dependent
variables of graffiti remover w/o nanoemulsion formulations.

Source Sum of sq. Term df  F-value p-value
dependent variable: diameter

Model 976.48 15 182.55 <0.0001

A - concentration 1.94 1 5.44 0.0292

B - pressure 206.83 1 580.01 <0.0001

C - APGs 500.09 4 350.59 <0.0001

AB 0.0001 1 1.54 0.2218

AC 0.0006 1 10.87 0.0020

BC 2.804E-06 1 0.0484 0.8269



Lack of fit 7.85 11
S.D. =0.5972. Mean = 4.84. R? = 0.992. Adj. R? = 0.9866. Pred. R? = 0.9648

Mathematical correlation between response factor and independent variables:
diameter = +5.52 - 0.16194 - 2.90B - 2.29C[1] - 3.78C[2] + 4.23C[3] + 5.68C[4] -
0.02414B - 0.0062AC - 0.5481AC[2] - 0.3617AC[3] + 1.61AC[4] + 0.5084BC[1] +

1.62BC[2] - 3.61BC/[3] - 0.5040BC[4]

dependent variable: PDI

Model 2.86 17 610.01 <0.0001

A - concentration 0.0007 1 2.38 0.1385
B - pressure 0.0442 1 160.35 <0.0001
C - APGs 241 4 2183.69 < 0.0001
AB 0.0006 1 2.23 0.1511

AC 0.0006 4 0.5447 0.7048
BC 0.0912 4 82.65 <0.0001

A? 0.0011 1 4.02 0.0587

B2 0.0014 1 492 0.0383

Lack of fit 0.0055 9

S.D. =0.0166. Mean = 0.2270. R* = 0.9981. Adj. R = 0.9964. Pred. R? = 0.9863

Mathematical correlation between response factor and independent variables:
PDI =+0.2497 - 0.0064A - 0.0503B - 0.2116C[1] - 0.2181C[2] + 0.1830C[3] +
0.4704C[4] - 0.0073AB + 0.0047AC[1] + 0.0053AC[2] + 0.0042AC[3] -
0.0031AC[4] + 0.0475BC[1] + 0.0429BC[2] - 0.0928BC[3] - 0.0598BC[4] -

0.0131A2+0.0174B2
dependent variable: TSI (0 days)

Model 1305.48 15 85.85 <0.0001

A - concentration 1.31 1 1.29 0.2683
B - pressure 307.81 1 303.62 <0.0001
C - APGs 681.70 4 168.11 <0.0001

AB 1.38 1 1.36 0.2555

AC 6.45 4 1.59 0.2123
BC 180.73 4 44.57 <0.0001

Lack of fit 22.30 11

S.D. =1.01. Mean = 8.56. R? = 0.9832. Adj. R> = 0.9717. Pred. R* = 0.9208

Mathematical correlation between response factor and independent variables:
TSI (0 days) = +8.97 + 0.4708A - 3.70B - 3.44C[1] - 1.80C[2] + 7.57C[3] + 3.10C[4]
- 0.3406AB - 0.1883AC[ 1] - 0.4626AC[2] - 0.0024AC[3] + 1.22AC[4] + 2.65BC[1]
+ 1.27BC[2] - 3.09BC[3] - 3.85BC[4]

dependent variable: TSI (7 days)

Model 23727.28 17 136.04 <0.0001

A - concentration 0.6865 1 0.0669 0.7985
B - pressure 2077.03 1 202.44 <0.0001
C - APGs 16450.34 4 400.84 <0.0001
AB 0.1723 1 0.0168 0.8982

AC 159.37 4 3.88 0.0171

BC 801.92 4 19.54 <0.0001

A? 0.8884 1 0.0866 0.7716
B? 443.16 1 43.19 <0.0001

Lack of fit 205.20 9

S.D.=3.20. Mean = 29.45. R* = 0.9914. Adj. R = 0.9841. Pred. R? = 0.9601

Mathematical correlation between response factor and independent variables:
TSI (7 days) = +39.06 + 0.7008A - 11.33B - 19.06C[1] - 14.93C[2] + 29.81C[3] +
24.78C[4] + 0.1226AB - 1.70AC[1] - 2.27AC[2] - 2.86AC[3] + 5.55AC[4] +
6.19BC[1] + 4.04BC[2] - 6.24BC[3] - 8.98BC[4] + 0.3716A2 - 9.94B?




Fig. 1S. Microfluidics LV1 device as an air-operated laboratory-scale high-pressure
homogenizer.

Fig. 2S. Sample of w/o nanoemulsion fabricated by HPH
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Fig. 5S. Pictures taken with an optical microscope in x100 magnification. (A) Black paint, (B)
White paint.
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Abstract: Water-in-oil (w/0) nanoemulsions stabilized with amino acid surfactants (AAS) are one
example of nanotechnology detergents of the “brush on, wipe off”-type for removing graffiti coatings
from different sensitive surfaces. The high-pressure homogenization (HPH) process was used to
obtain the nanostructured fluids (NSFs), including the non-toxic and eco-friendly components such
as AAS, esterified vegetable oils, and ethyl lactate. The most effective NSF detergent was determined
by response surface methodology (RSM) optimization. Afterwards, several surface properties, i.e.,
topography, wettability, surface free energy, and the work of water adhesion to surfaces before and
after their coverage with the black graffiti paint, as well as after the removal of the paint layers by
the eco-remover, were determined. It was found that the removal of graffiti with the use of the NSF
detergent is more dependent on the energetic properties and microporous structure of the paint
coatings than on the properties of the substrates on which the layers were deposited. The use of NSFs
and knowledge of the surface properties could enable the development of versatile detergents that
would remove unwanted contamination from various surfaces easily and in a controlled way.

Keywords: ecological graffiti remover; sensitive surfaces; amino-acid-type surfactants; surface
roughness; wettability; contact angle; surface free energy; work of adhesion; work of spreading

1. Introduction

Due to their durability, attractiveness, and availability, materials such as glass, alu-
minum alloys, stone, and marble are extensively utilized in architecture, in both public and
private buildings. Nevertheless, because of their popularity, vandalism is common on the
surfaces of these materials. For the most part, this means that the objects lose their aesthetic
value, and after extended exposure to physical factors, their surfaces can experience a
shift in their own qualities [1,2]. Traditionally, chemicals, physical methods, and more
recently, biological approaches have been used to strip off undesired graffiti coatings [3-7].
Furthermore, chemical cleaning in conjunction with mechanical action is by far the most
common method of removing graffiti from a surface. However, the fundamental issue with
these actions is the threat to the surface integrity by the visible alteration of the substrate
color, the removal of some of the mineral particles, and the formation of gaps on the surface,
considerably altering the surface roughness [8]. The coatings durability depends upon
the adhesion strength paint/surface [9]. Strong adhesion allows the materials to function
properly as coatings on the substrates [10,11]. In many cases, adhesion is a desirable
phenomenon, but on the other hand, the adhesion of food products to the surface of oil
contaminants or paints on various surfaces (graffiti) is unfavorable because it increases the
surface cleaning cost [3].
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Adhesion is a phenomenon involving the attachment of two surfaces of different
phases as a result of the action of chemical and/or physical adhesive forces such as van der
Waals (dispersion, dipole—dipole, dipole-induced dipole), electron-donor and electron—
acceptor (including hydrogen bonding), rr-electrons and electrostatic forces. The DLVO
theory describes the interactions of forces acting on a surface [12,13]. The work of adhesion,
whose value is a measure of the intermolecular attraction between two distinct phases, may
be used to characterize the strength of the contacts between two surfaces. In the case of a
solid and a liquid, the work of adhesion (W4) can be expressed by the relation [12,14]:

Wa = Ysv + v — st 1)

where sy, yry and gy are the liquid—vapor, solid—vapor, and solid—liquid interfacial
surface free energies, respectively.

In the absence of any chemical interactions, the adhesion strength is determined
by the molecular physical interactions. The surface roughness also plays an important
role [13,15-18]. The adhesion of a liquid to a solid surface is commonly investigated via the
contact angle measurements, and then by the determination of the solid surface free energy
and the thermodynamic work of adhesion. In the case of a smooth, homogeneous, and
isotropic solid surface, the contact angle (6y) is described by the Young’s equation [19,20]:

cosfy = 'YSV,)/:V'YSL )

In the case of rough and/or heterogeneous solid surfaces, the contact angle is described
by the Wenzel equation on the rough surface and the Cassie-Baxter equation on the
heterogeneous surface [21]. The Wenzel equation is given by [22]:

Ysv —YsL

cosby =r
YLv

= rcosfy 3)
where 7 is the roughness parameter that expresses the ratio of the true solid surface to its
horizontal projection.

As the r value is always greater than 1, the surface roughness enhances the hydrophilic-
ity of the wetted surfaces or the hydrophobicity of the non-wettable surfaces. The Cassie—
Baxter equation describes the contact angle of a liquid droplet that is in contact partly with
the surface of the solid and partly with the air in its cavities [23]:

_ filysy —s1) — foviv
TLv

cosOcp = ficosby + f 4)
where f; and f; are the coefficients representing the fractions of the liquid droplet contact
area at the solid-liquid and liquid-air interfaces, respectively.
Having determined the contact angle, it is possible to calculate the thermodynamic
work of adhesion [14]:
Wa = v (1+ cost) ®)

The combination of wettability and adhesion force is expressed by the work of spread-
ing Wg, which can be derived from the work of adhesion W, and the work of cohesion W¢:

Ws = W4 — Wc = 71y (cost — 1) (6)

where We = 21y.

This allows characterization of the competition between the liquid /solid adhesions
with a variety of liquids or substrates differing in their polarities [24]. Wg is the thermo-
dynamic quantity that relates the wettability to the mechanical strength of adhesion. It
enables the characterization of the competition between the solid-liquid adhesions with
different liquids [25].
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For the determination of the solid surface free energy, there are different theoretical
approaches to the nature of the interfacial interactions [26-28]. One of the approaches
uses the advancing (6,) and receding (6;) contact angles of only one liquid [29-31]. The
advancing contact angle is measured for a liquid drop whose volume increases upon
the contact with the solid surface. After reducing the droplet volume for almost every
solid /liquid/gas system, the three-phase contact line is receded, and the receding contact
angle under the equilibrium conditions is smaller than the advancing contact angle. The
receding contact angle shows the strength of liquid /solid adhesion [32-34]. The difference
between these two contact angles is called the hysteresis of the contact angle, and its origin,
among others, is due to the surface roughness, the chemical heterogeneity of solids [32,35]
and/or the liquid film left behind the retreating droplet. Chibowski [29-31] proposed
the quantitative interpretation of the contact angle hysteresis (CAH), assuming that the
difference between the advancing and receding contact angles results from the presence of
a liquid film behind the droplet. Hence, the total surface free energy of a solid (ys) can be
obtained from the three measurable parameters: the probe liquid surface tension (yry) and
the advancing and receding contact angles measured on the investigated solid surface.

w1+ COSQ,;)Z

= =YA= e 7
ST 2 ~+ cosB;, + cosb, @

The real solid surfaces are more or less rough; therefore, the surface free energies
calculated from Equation (7) should be considered apparent. Nevertheless, changes in the
surface free energy due to a given surface treatment provide interesting information about
the paint adhesion to the surface and its removal.

The aim of this study was to determine the surface properties (topography, wettability,
surface free energy, and work of adhesion) of sensitive surfaces, i.e., different commercial
decorative tiles (glass, aluminum, stone, and marble) before and after the black paint
treatment and after the selective removal of the graffiti coatings from these surfaces using
the ecological graffiti remover. For this purpose, water-in-oil (w/0) nanoemulsions were
developed, which are nanotechnological “brush on, wipe off” detergents. To maintain
the integrity of the nanoemulsion formed during the high-pressure homogenization, a
variety of commercially available, mild, and environmentally friendly anionic surfactants
of the amino-acid-type (AAS) were chosen and utilized (their structures and abbreviations
are shown in Table 1). Currently, there are only a few studies [36—40] that examine the
possibility of using AAS to manufacture nanostructured fluids (NFs) to be used as graffiti
cleaners. One of the criteria for selecting a suitable AAS was the presence of a glycine
molecule or its direct analog in the structure of the amino acid composing the AAS. The
D-optimal design model followed by the response surface methodology (RSM) was applied
to select an optimal w/o nanoemulsion, which was then used as a “brush on, wipe off”
nanotechnological detergent for the selective removal of graffiti coatings and verification
of the effect of this type of detergent on the surface properties of sensitive substrates. In
fact, the physical and/or chemical adhesion of nanostructural fluid to the surface of graffiti
paints is crucial for their effective removal [41-45]. Therefore, in addition to assessing
the spreading effectiveness of the NFs fabricated by our team on the surface of selected
sensitive surfaces coated with the black paint, experiments were also performed to monitor
changes in the wettability of the graffiti-painted surface, taking the simplicity of removal
into account.
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Table 1. Structures and abbreviations for the amino-acid-type surfactants (AAS) and biosolvents.

Mw vl

2
No. Structure INCI Abb. ™) (mN/m) HLB,
Amino-acid-type surfactants (AAS)
HO_ o
m=10 )
1 o Sodium Lauroyl SLG 356 357 9.7
o: Glutamate
e O N
| m
O H
HO_ o
m=10-16
2 © Sodium Cocoyl SCCG 359 29.9 8.3
o )J\‘\/l/ Glutamate
*Na~’ N
| m
(@] H
O (@] m=10-16
1
3 *Na O - NGO N Sodium Methyl Cocoyl SMCT 363 353 6.1
0 m Taurate
CHg
0 m=10-16
.0 )J\M/ Sodium Cocoyl
4 +Na N " Glycinate SCG 273 26.4 7.5
H
Solvents
OH
1 H.C N O~CHa Ethyl lactate EL 118.1 28.7 8.3
(0]
2 CH
(0] 3
H { \/}P )LH(IT] n=8
=18 . UCO-0il- 636.9 35
2 UCO-0il-PEG 8 PEG 8 6250 32.6 0.9

0 0
HscHJ,ﬁo“oﬁoJLH%HS
H

1 Measured by the sessile drop methods (see 2.4.1) 2 Calculated according to the universal McGowan scale [46].

2. Results and Discussion

Currently, there is a significant demand for “brushed on, wiped off” nanodetergents
to remove undesirable paint coats due to the growing awareness of the need to save water
and reduce dependence on petrochemical raw materials. In this paper, we describe the
water-in-oil (w/0) nanoemulsions stabilized with the amino acid surfactants (AAS), formed
due to the process of high-pressure homogenization (HPH), resulting in the formation of
w /o0 nanoemulsion droplets with the size in the range of approximately 200-500 nm, as
part of our ongoing research on the development of this class of nanodetergents [42].

Quick and safe removal of graffiti coatings without the need for specialized equipment
and excessive amounts of energy and water is an integral part of the technology of cleaning
sensitive surfaces with NSF detergents. In Section 3.1, the proposed AAS-based NSF
detergents were discussed in detail. The previous research [42] highlighted the importance
of using nonionic surfactants of the alkyl polyglucosides (APG) type in the formulation
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of the eco-graffiti remover, which effectively reduced surface tension [47,48]. Surfactants
play an important role because they initiate the process of reducing the polymer (paint)-
surface and polymer—polymer interfacial tension, thus promoting the detachment of the
film from the substrate. The main function of the surfactant is to weaken the chemical
and/or physical forces of all paint components adhered to the substrate. In addition, the
NSF developed by our group can go through the paint porous surface and inside, where it
can start dissolving the polymer [42].

However, it is worth mentioning that the film-forming coats of polymers typically em-
ployed to preserve, maintain, and renew the surfaces of the works of art or the monuments
against the deterioration caused by weather conditions are removed using the nanostruc-
tured liquids in the extensive studies by the other authors [43-45,49-52]. The mechanism for
removing this type of coating, so-called “dewetting”, has been well-described by Baglioni
etal. [51,52].

2.1. Preparation, Characterization and RSM Optimization of w/o Nanoemulsions

Our study showed that, using the high-pressure homogenization technology [53,54],
it is possible to produce water-in-oil nanoemulsions stabilized by the amino-acid-type sur-
factants. As a result, transparent, yellowish, and homogeneous w/o nanoemulsions were
obtained (as shown in Figure 1) which were then subjected to the long-term thermokinetic
stability study that lasted at least 90 days and carried out at room temperature (20 + 5 °C).
To observe changes in the droplets size (Dy), the polydispersity index (PDI) and the physi-
cal stability of the preparation, as determined by the Turbiscan stability index (TSI), were
measured in each stage of the technological manufacturing process [53,55]. As expected, us-
ing the non-pressure homogenization technology and various types of AAS as the emulsion
stabilizers, the pre-emulsion that had the average droplets size between 1.1 and 11.0 pm
and the polydispersity index ranging from 0.024 to 0.140 were produced (see Table S1),
characterized by the short-term thermokinetic stability TSI (60 min) < 5.1. Surprisingly, the
NE formulations based on the amino acid surfactant SCG showed good thermokinetic sta-
bility during the storage for 90 days (TSI (90 days) <9.0). Then, the obtained pre-emulsions
were subjected to the high-pressure homogenization process at the working pressure of
100 MPa or 150 MPa. As a result, at the working pressure of P = 100 MPA the pre-emulsions
decreased their average droplets size by approximately 35-49%, and at the pressure of
P =150 MPA by approximately 75-86%; furthermore, their physical stability, defined by
the TSI parameter, was significantly improved (see Table S2 and Table 2). As a result of the
high pressure at P = 150 MPa, nanoemulsion structures were produced for NE No. 7, NE
No. 10 and NE No. 11 at the amino acid surfactant concentrations of 0.05 mol/dm3 SCMT
and 0.05 and 0.075 mol/dm?3 SCG. The obtained colloidal nanoemulsion structures were
characterized by the average droplets size in the range of 186—478 nm while maintaining
a similar range of PDI <0.1 (PDI = 0.037-0.049) which proves very good homogeneity of
the obtained nanoemulsion systems (see Table 2). Our research has also proven that the
obtained narrow distributions of monodisperse water droplets in the oil phase were very
thermokinetically stable during long-term storage at room temperature. As a result, only
slight changes in the TSI parameter (TSI (0 days) = 0.06-0.86 and TSI (90 days) = 0.15-1.51)
and the average droplets size (Dy (0 days) = 186478 nm and Dy (90 days) = 205-533 nm)
were observed for 90 days (see Table 2). In addition, very time-stable colloidal systems were
obtained, for which typical aggregation phenomena such as coalescence, sedimentation, or
flocculation of droplets were not observed [55]. Surprisingly, the NE formulations based on
SLG and SCCG, i.e., amino acid surfactants based on glutamine, were not able to form na-
noemulsion structures. At the same time, it was found that all preparations based on SCCG
exhibited only short-term thermokinetic stability, while in the case of long-term storage at
room temperature, they were characterized by very high instability of the emulsion system
(TSI (7 days) >30), which was visible in the form of coalescence and the sedimentation
of droplets.



Molecules 2023, 28, 1986 6 of 28

A 1N} ' r . r
i 1%
——Tsl
m-
T
s
E -
= o
B ol
LTI
2w}
180
(e

H, 100 ' ' .
Gt
an
o, UL S
E -
— m-
-
200
200
T
v
o days Tdays  30days  Widays
1L T T - -
C - !:&
B o
7000
g =
"= 500
B el
2000 -
i
T -
-

0 days 7 ubays 30 alas %0 days

Figure 1. Changes in the key parameters (DH and TSI) to characterize the stability of nanoemulsions
during the 3-month storage period. (A) NE No. 7. (B) NE No. 10. (C) NE No. 11.



Molecules 2023, 28, 1986 7 of 28

Table 2. Physicochemical characterization of the products after HPH at P = 150 MPa and after five cycles of homogenization.

Type of AAS: SLG SCCG SCMT SCG

NE No. 1 2 3 4 5 6 7 8 9 10 11 12
Concentration (mol/dm?) 0.05 0.075 0.1 0.05 0.075 0.1 0.05 0.075 0.1 0.05 0.075 0.1
0 days storage

Dy (nm) 749 1042 1424 1328 1963 2247 4351 776 817 186 478 761
Dy S.D. + (nm) 143 190 253 297 460 695 96 150 152 36 113 198
PDI 0.036 0.033 0.032 0.050 0.055 0.096 0.049 0.037 0.035 0.037 0.056 0.068
TSI 1.01 1.57 2.40 1.74 1.89 2.27 0.86 1.53 1.56 0.06 0.09 0.11
7 days storage

Dy (nm) 779 1137 1524 -2 - - 461 864 906 192 497 799
Dy S.D. + (nm) 144 209 281 - - - 102 167 175 38 117 208
PDI 0.034 0.034 0.034 - - - 0.049 0.037 0.037 0.038 0.055 0.068
TSI 1.67 3.05 5.04 31.32 34.02 31.78 1.17 2.74 2.84 0.07 0.10 0.20
1 month storage

Dy (nm) 812 1194 1618 - - - 484 916 961 200 514 833
Dy S.D. + (nm) 146 215 292 - - - 104 178 187 39 122 219
PDI 0.032 0.032 0.033 - - - 0.046 0.038 0.038 0.038 0.057 0.069
TSI 212 4.69 8.42 - - - 1.35 3.39 3.80 0.10 0.15 0.78
3 months storage

Dy (nm) 843 253 1681 - - - 508 971 1018 205 533 868
Dy S.D. &+ (nm) 147 221 304 - - - 106 91 209 42 127 238
PDI 0.030 0.031 0.033 - - - 0.044 0.039 0.042 0.042 0.057 0.075
TSI 2.35 5.44 10.02 - - - 151 4.17 4.76 0.15 0.22 1.64

1 Bold values represent the products obtained at the nanoscale. > No data collected due to the lack of time-dependent stability.
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The amino acid surfactants used in our study, SCMT and SCG, characterized by
the HLB of 6.1-7.5 and the surface tension (yry) of 26.4-35.3 mN/m, tended to produce
more stable colloidal systems in their emulsions or nanoemulsions than SLG (HLB =9.7,
YLy =35.7mN/m) or SCCG (HLB = 8.3, 71y =29.9 mN/m) (see Table 1). Therefore, the
amino acids comprising the AAS structure [56] were of key importance to producing time-
stable colloidal systems, such as water droplets dispersed in the oil phase produced in the
process of high-energy homogenization. During the high-pressure homogenization process,
AAS are adsorbed at the oil-water interface, reducing the interfacial energy, and providing
a mechanical barrier to the coalescence processes or other physical destabilization processes
of the nanoemulsion [57-59]. The obtained results indicated that the simpler the structure
of the amino acid was (in our study this was an amino acid based on glycine), the easier
it was to produce a stable long-term structure of the nanoemulsive fluid. In general, the
results obtained during the long-term stability studies of w/0 nanoemulsions prepared
using the HPH technology indicate that the obtained SCG-based NSFs were long-term
thermokinetically stable, which allows them to be commercially used as the “brush on,
wipe off” detergents.

The optimal conditions of the HPH process for the fabrication of AAS-based NSFs,
together with the desirable amino acid surfactants and their concentrations, were studied
using the quadratic D-optimal design model. The existing relationship between the input
variables, i.e., AAS concentration (A), HPH pressure applied (B), and type of AAS (C) and
the response variables, i.e., particle diameter (Y1), PDI (Y,), TSI after 0 days (Y3), TSI after
7 days (Y4), and TSI after 30 days (Y5), was evaluated. The randomized 38-run experi-
mental matrix of the D-optimal design, with the numerical values of the corresponding
independent and dependent variables, is shown in Table S4. The 3D response surface plots,
based on the multiple regression model (D-optimal), graphically represent the potential
interactions between the process and response factors (see Figures S2 and S3). The main
goal of the optimization was to determine the conditions that allow for the creation of
the AAS-based NSF system with great kinetic stability (minimized TSI values), uniform
monodispersity (PDI as low as possible), an average particle size within the nanoscale
(500 nm and less), and preserved effectiveness in removing unwanted paint coatings from
the sensitive surfaces. The results of the D-optimal design evaluation allowed to describe
the most desirable fabrication parameters. The ANOVA metrics, followed by multiple
regression analysis (see Text S1 and Table S5), pointed out that the most efficient parameters
for production of AAS NSFs are in the 3D response surfaces (Figures 52-S5) within a
combination of the lowest concentration of AAS (A), the highest homogenization pressure
(B), and the amino acid surfactants exhibiting lower HLB values: SCMT and SCG (C). The
discussed surfaces correspond to the interactions between factors A and B (in the function
of the factor C) and the dependent variables Y;-Ys. In general, AAS with lower HLB,
especially the one derived from glycine (SCG), followed by its lower concentration in the
NSEF system, noticeably increased the quality of fabricated w/o nanoemulsions, i.e., they
exhibited the smallest droplet diameter, highly uniform dispersity (the smaller PDI), and
great kinetic stability (TSI values in the range of 0.06-1.51). On the other hand, the homoge-
nization pressure (B) also had a strong positive influence on the quality of the prepared
NSFs, where within the highest-pressure values it was possible to achieve the production
of greatly stable w/o nanoemulsions. To summarize, the D-optimal design optimization
pointed out that SLG- and SCCG-based NSFs should not be considered in further analyses
due to their poor stability and micrometric size of particles. Secondly, the combination
of the highest pressure of HPH and the lowest concentrations of AAS gave satisfactory
formulations. As a conclusion, the SCG-based system with the concentration of AAS be-
tween 0.05 and 0.075 mol/dm? was suggested by the D-optimal model optimization, which
refers to the formulations NE No. 10 and No. 11. The characteristics of NE No. 10 and
No. 11, with predicted values from the RSM model and actual values of response factors,
followed by the desirability function measure [41,42] are presented in Table 3. However, of
the two candidates, NE No. 10 turned out to be the optimal one, due to its approximately
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50% better stability index (up to 90 days of storage), the average particle diameter of less
than 220 nm (vs. 478 nm), and noticeably smaller PDI values. Therefore, formulation NE
No. 10 was subjected to further studies as described in the following sections.

Table 3. Candidates proposed by the D-optimal model optimization for the best AAS-based w/o
nanoemulsion graffiti eco-remover based on the desirability function and the correlation of the
observed and predicted values.

NE Type of Diameter TSI TSI TSI RPN
No. No. AAS (am) PDI (0 Days) (7 Days) (30 Days) Desirability
p3 A4 P A P A P A P A
1 101 SLG 207 186 0.042 0.037 0.06 0.06 1.66 0.07 0.34 0.10 0.964
2 112 SLG 380 478 0.043 0.057 020 0.09 1.56 0.10 5.53 0.15 0.950

Glass (G)

1 As presented in Table 2, obtained at the 0.05 mol/ dm? AAS concentration under the HPH pressure of 150 MPa.
2 As presented in Table 2, obtained at the 0.75 mol/ dm?® AAS concentration under the HPH pressure of 150 MPa.
3 Values predicted by the D-optimal model. # Actual experimental values.

2.2. Surface Properties of Sensitive Surfaces

Graffiti can be seen on the facades of both private and public buildings, underground
passages, viaducts, and railway stations. Inscriptions and signs are often painted with
easily available spray paints. The durability of such coatings depends on the surface
properties of the substrates on which they were used, i.e., the type of substrate, its surface
layer structure, and the adhesion strength of oil or acrylic paints. Considering the practical
aspects related to the graffiti coatings removal, various materials that are often used in
architecture were chosen to study considering their durability, aesthetics, availability, and
ease of implementation. For these purposes, sensitive surfaces obtained from man-made
materials (glass (G), aluminum alloy (Al)) and natural materials (stone-travertine (S) as
well as marble (M)) were used (Figure 2). These surfaces are applied as decorative wall
tiles. Evaluation of the removal of the Montana paint coating from the sensitive surface
substrates was made using wettability measurements of the advancing and receding water
contact angles, determination of adhesion work and surface free energy, as well as surface
roughness parameters.

Aluminium (Al) Stone (5) Marble (M)

Figure 2. Photographs of the reference sensitive surfaces available on the commercial market (A).
Images of the reference sensitive surfaces at 40 x magnification (B).
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2.2.1. Surface Structure Analysis

Surface roughness is an important parameter affecting the bond strength between the
paint coatings and the substrates [60]. In view of the mechanical theory of adhesion, an
increase in the microroughness has a beneficial effect on increasing the actual surface area
at the coating—substrate interface. The paint fills micro-irregularities and, after hardening
creates mechanical anchors, promoting its bond strength. Surface topography plays an
important role in the study of surface properties of solids because roughness can affect
wettability [61-64].

Therefore, optical profilometry was used to obtain information about the structure
of the tested sensitive surfaces before and after the black paint treatment and selective
removal of the graffiti coatings from these surfaces using an ecological graffiti remover. In
addition, the effect of the ecological removal on the clean bare surfaces cleaning and their
surface properties was investigated.

Figure 3 shows the 3D and 2D images of the tested sensitive surfaces. On each plate,
an area of 0.94 x 1.3 mm? was scanned in three places, and the images corresponding to
the average value of the roughness parameters are shown.

Analyzing the surface images, the amplitude parameters of the surface roughness were
determined using the Vision 4.20 Veeco image processing software. The arithmetic means
of the absolute height (R,), the root-mean-square value (rms) of the ordinate values within
the sampling area (R;) and the differences between the peak values (R;) are summarized
in Table 4. These parameters were calculated over the entire measured array, and they
quantitatively characterized the roughness of the surfaces [65,66].

Table 4. Roughness parameters of the sensitive bare surfaces: glass (G-B), aluminum alloy (Al-B),
stone (S-B), marble (M-B), painted (B-P), after removal of paint coating (B-Pc) and cleaning the bare
surface with nanoemulsion (Bc).

R, R, Ry
Sample
(nm)
G-B 0.37 + 0.02 0.62 + 0.07 289 +17.1
G-B-P 1.16 £ 0.02 pm 1.48 £+ 0.01 pm 19.2 4.5 um
G-B-Pc 0.74 + 0.07 1.60 £+ 0.39 99.5 + 52.2
G-Bc 0.73 +1.63 1.34 +£0.29 47.6 = 16.7
(um)

Al-B 3.95 4+ 0.39 5.01 4+ 0.56 46.0 += 4.1
Al-B-P 1.36 = 0.07 1.69 = 0.04 143 £ 0.9
Al-B-Pc 542 +0.24 6.72 +0.22 444 +45
Al-Bc 397 +0.24 5.69 + 0.38 179.0 £19.5
S-B 3.78 +1.40 5.08 +1.90 492 +9.7
S-B-P 1.62 £+ 0.04 2.05 + 0.06 17.1£0.7
S-B-Pc 2.72 +0.30 3.50 + 0.38 51.8 +8.3
S-Be 6.55 + 0.82 8.56 + 1.04 724 +14
M-B 1.12 £ 0.20 1.86 = 0.13 32.8 +12.8
M-B-P 1.50 £ 0.16 1.92 +£0.22 20.8 +3.70
M-B-Pc 0.69 + 0.05 1.38 = 0.26 23.2 +5.50
M-Bc 0.81 4+ 0.05 1.27 £0.35 20.1 +17.2

Comparing the roughness parameters of the bare sensitive surfaces, glass with a rms
value of 0.62 nm and the average roughness R, of 0.37 nm possessed the smoothest surface
which was similar to the values obtained by other authors [67-69]. Significantly greater
roughness occurred on the other three surfaces, with the surface roughness parameters
being virtually the same for the bare surfaces of aluminum alloy (Al-B) and stone (S-B).
Nevertheless, on the aluminum alloy, they were artificially produced while the stone was
composed of minerals, empty spaces, pores, or fissures whose volume and distribution
significantly affect the stone’s behavior [70].
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Figure 3. Optical profilometer images of 0.94 x 1.3 mm? surface areas of A—glass (G), B—aluminum (Al), C—stone (S), D—marble (M), 1—bare surface sample,

D4

-

2—surface covered with paint, 3—surface after removal paint coating with NE No. 10 removal, and 4—bare surface after cleaning with NE No. 10.
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The roughness height distribution on these surfaces differed slightly as seen in
Figure 4B,C. On the Al-B surface, there were 52.5% hills and 32.5% holes up to 5 mm,
whereas there were 50.6% hills and 36.4% holes on the S-B surface. The original Al alloys
roughness was between 0.1 and 1 um [71-74], depending on the surface composition.
Several chemical and physical methods were used to increase the surface roughness of
aluminum alloys and enhance their wetting properties. Torrisi et al. [72] used six methods
of surface treatment to change the aluminum structure (polishing, sanding, acid etching,
laser ablation, ion implantation and nanoparticle deposition). Polishing the surface with
the abrasive micro- to submicro-silicate grains dispersed in the solution resulted in the
mirror surface. In turn, such surface treatments of aluminum resulted in the decrease in the
R, value from 0.1 to 0.028 pm and a slight increase in the water contact angle from 95 to
99°. On the other hand, sandblasting, consisting in spraying SiO, particles with a diameter
< 10 um in air onto the Al surface, caused a significant increase in roughness to 3 um
and 4.5 um after 30 s and 3 min of treatment, respectively. In this case, an increase in the
hydrophobicity of the surface was observed, appearing as a decrease in the water contact
angles to 83° and 63°, respectively. It was postulated that on the modified Al surfaces, the
water contact angle was practically proportional to the average roughness which can be
expressed by the almost linear relationship 6, = 14R (um) + 100 [72]. Kubiak et al. [62]
investigated the effect of surface roughness on the wettability of engineering materials
(aluminum, titanium, steel, copper alloys, ceramic and PMMA). In the case of the A7064
aluminum alloy, a significant effect of the surface roughness on the contact angle of water
was found. On the surface with an average roughness of 0.22 um, the water contact angle
was 78.9° whereas at R; = 3.48 pm it was already 86.9°.
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Figure 4. Roughness height distribution on the surfaces of glass (A), aluminum (B), stone (C) and

marble (D) of the dimensions of 0.94 x 1.3 mm?.
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Natural stones comprised two other substrates that were covered with the graffiti.
For ages, they have been used in the construction of various buildings in all architectural
forms. Currently architects turn back to the use of natural stone for the interior design,
e.g., wall cladding. As already mentioned, tiles made of natural stone (travertine) and
marble were used in our research. They belong to limestone sedimentary rocks, with
travertine being more porous. In the past travertines were applied as both a building
material and decorative stones. The natural stones are mostly prepared as tiles or slabs for
the internal use and for the terraces. Travertine is always offered in the “open-pore” or
“trowelled version”. Marble is an extremely common decorative stone willingly applied
for architectural and sculptural purposes. Its advantage is that it is relatively easy to grind
and polish, especially in the process of finishing glossy decorative materials. Compared to
the tiles made of stone, its surface is smoother. The average roughness on the bare marble
surface was 1.12 £ 0.2 pm, and approximately 78% of its surface was covered with hills, up
to 1 pm (Figure 4). In the case of the stone (S-B), the R, was 3.78 &+ 1.4 um with 51.6% of its
surface being holes up to 5.3 um and hills up (37%) to 5.9 pm.

Cira et al. [75] studied the effects of the physico-mechanical and mineralogical prop-
erties as well as the chemical contents of four limestones on their final glossiness and
roughness values. They carried out polishing tests which allowed to determine the effect of
material properties and these parameters on the quality of their surface. Their study re-
vealed that coarse abrasives (from 60 to 320) had a more pronounced effect on the decrease
in the surface roughness (from 2.4 to 0.3 um) without a significant increase in glossiness.
An increase in the glossiness values was found when abrasives above 360 were used for
the limestone polishing. Moreover, a good correlation between the final glossiness values
and the surface roughness (R = 0.92) was found.

From the data presented in Table 3 and Figure 4, a smoothing effect of the black acrylic
paint on the surface roughness of aluminum alloy (Al-B-P) and stone (S-B-P) was evident.
In the case of glass—paint (G-B-P) and marble-paint (M-B-P), the presence of the paint
coating increased the R, and R, parameters. The basic components of acrylic paint are
acrylic resins formed through polymerization. In the water-borne acrylic paints the binder
component is present in the form of an aqueous suspension of acrylic polymers. Due to its
characteristics, acrylic paints form an aesthetic smooth surface on the substrate immediately
after drying, which does not change its color even after long periods of time. The advantage
of this type of paint is the fastness of drying, covering strength, flexibility and resistance to
water, light, and chemical agents. On all substrates with different surface properties and
topography, the paint coatings with a similar microstructure were obtained (Figure 3A2-D2).
Analyzing the roughness height distribution curves (Figure 4), a symmetrical relationship
between the number of events vs. height was observed. For the heights ranging from
—3.5 um to 3.5 um, it was found that on the surfaces of G-B-P, Al-B-P, S-B-P, and M-B-P, the
irregularities occupy 97.5, 96.6, 91.9, and 94.4% of the surfaces, respectively. Nevertheless,
there constituted deeper pores on the paint layers as evidenced by the R; parameter values.
During the drying of the paint on the substrate, volatile solvents quickly evaporated,
initiating pore formation.

The next stage of the study involved the removal of the graffiti from the investigated
sensitive surfaces using the w/o nanoemulsion and the assessment of their surface topogra-
phy in terms of wettability. Analyzing the amplitude roughness parameters (Table 4) for the
two smoothest surfaces, i.e., glass and marble, the microstructure of their surface changed
slightly after removing the 500-600 um thick paint layer. For the glass surface (G-B-Pc) the
roughness parameters marginally increased, similarly to the bare glass after cleaning with
the eco-cleaner (G-Bc). These minor changes were difficult to attribute unambiguously to
the mentioned processes. The flat glass manufactured with the float technique congeals in
contact with air and molten tin during the cooling process. The surface of the glass on the
tin side is smoother than that on the air side. In practice, it is difficult to distinguish between
the two sides of the glass because the roughness on these surfaces is at the nanoscale. In
the case of marble after removing the paint coating and cleaning the bare surface (M-B-Pc
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and M-Bc), the surface was slightly smoothed with a similar distribution of roughness
height (Figure 4D).

After removing the graffiti coating from the Al surface (Al-B-Pc), the R, and R,
parameters increased while the value of R; remained unchanged. The roughness height
distribution (Figure 4) proved that 97% of the surface was covered with hills (48.1%)
and holes (48.9%) < 15 um. The influence of surface cleaning on its structure was also
examined. The purpose of such a surface treatment was to remove impurities and residues,
i.e., deposits, dust, fats, oxides, or microorganisms and to increase the surface roughness
which in turn, increases the adhesion of the coating and its strength bonding with the
substrate [21]. It appeared that after cleaning the aluminum surface (Al-Bc) was slightly
rougher than the bare surface (Al-B), which is evidenced by the increase in the R, parameter
and the almost 4-fold increase in R; (Table 4).

After removing the paint a slightly different distribution of roughness was observed
on the stone surface form than on the marble. Almost the entire surface of S-B-Pc had
holes (37%) and hills (53%) up to 5 pm. Pores with a depth of up to 15 um (7.9%) were
also exposed, which was clearly visible on the surface roughness profile of the running
band (1.2 mm). The process of stone cleaning with the nanoemulsion revealed its porous
structure as evidenced by a significant increase in the surface roughness parameters (Table 4
and Figure 5). The roughness height distribution curve on the 1.222 mm? stone surface
was flattened (Figure 4), indicating roughness of various dimensions. As follows from
the obtained results, the w/o nanoemulsion stabilized by the amino-acid-type surfactants
can be used as an ecological remover for graffiti. In addition, it can also serve as an
ecological cleaner for various substrates. In the case of stone it should be remembered that
these processes uncover pores which can be exposed to the destructive effects of moisture,
dirt, and other weather conditions. Therefore, such surface should be protected using an
appropriate impregnation process.
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Figure 5. Surface roughness profiles of the running band on the bare stone (S-B), covered with the
paint (S-B-P) after its removal and cleaning the bare surface (S-B-Pc). The figure also shows the values
of the roughness parameters along the profile curve.
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2.2.2. Wettability and Surface Free Energy

As mentioned above, the wettability of solids with water provides essential informa-
tion about the surface properties of materials and this is an important parameter for many
industrial processes, e.g., in the metallurgical industry, especially in the corrosion processes
of metals, or in the oil industry in the separation of water-oil systems and others [76]. The
commonly used parameter for wetting characterization is the contact angle which can
range from 0 to 180°. In the physical sense, for the same liquid the value of the contact
angle depends on the type of solid and the magnitude of interfacial interactions [77].

Figure 6 shows the advancing and receding contact angles of water on the bare plates of
the man-made materials (glass: G-B and aluminum alloy: Al-B) and on the natural materials
(stone: S-B and marble M-B), covered with the black acrylic paint and after removing the
paint layers using the ecological remover. Moreover, the contact angles of water on the
bare plates after cleaning with the w/o nanoemulsion were measured. Generally, the
reproducibility of the measured contact angles was quite good. However, in the case of the
bare surfaces of glass, stone, and marble, the contact angle was significantly greater after
removal of the paint coating (G-B-Ps, S-B-Ps and M-B-Ps). Obviously significant differences
in the structure and chemical composition of natural materials (stone and marble) are
found in any measured property. For example, the contact angle values measured on
the surface of different specimens originating from the same rock taken from the same
quarry are often different [24]. The sensitive bare surfaces were not cleaned to maintain the
natural conditions for applying graffiti coatings; hence their surfaces can be energetically
heterogeneous. Removal of the graffiti was made by applying the w/o nanoemulsion on the
paint coating surface for 10 min and the swelling and dissolving paint was removed using a
wet sponge. After the cleaning process, the samples were washed with only demineralized
water. It can be assumed that there are areas of different wettability on a visually clean
surface which is shown by the measured water contact angles.

The type of material, its surface treatment, the surface roughness, and its hydropho-
bic/hydrophilic properties determine the wettability of the surface with water [24,61]. The
smallest water contact angles on the bare plates were obtained on the glass surface (G-B)
which is the smoothest of all the tested bare materials. The reproducibility of the advancing
and receding contact angle values was very good (vertical bars show standard deviations).
The glass surface, the main component of which is SiOy, is preferentially wetted by water
because of its hydrophilic character due to the presence of hydroxyl groups and siloxane
bridges. The hydroxyl (silanol) groups represent strong adsorption sites that interact specif-
ically with water molecules by hydrogen bonding. Water is a polar liquid with a surface
tension of 72.8 mN/m at 20 °C whose apolar component is 21.8 mN/m and polar one
is 51 mN/m. Hence, the interactions across the water—solid interface are of a dispersive
nature and exhibit a polar acid-base character (electron-donor and electron—acceptor).
Strong intermolecular interactions occurring at the nanoscale usually lead to strengthen-
ing of the interfacial interactions at the solid—liquid interface. At the macroscale, this
results in a decrease in the contact angle. On the three studied glass samples: bare glass
(G-B), after removing the paint (G-B-Pc) and after cleaning the bare glass (G-Bc), similar
water contact angles were obtained. The average advancing contact angle of water was
31.4 £+ 1.0°, and the receding one 21.4 & 1.5°. Analyzing the water contact angles on the
smooth glass surface one can observe that the contact angle hysteresis (H = 6, — 6) was
relatively high (8.2-11.1°). It seems difficult to relate these values of hysteresis with only
those of the surface roughness which were only a few nanometers high (Table 4). Starow
and Velarde [78] proved that the static advancing contact angle does not depend on the
roughness of the solid surface below ~10-30 nm. Chibowski and Jurak [79] postulated that
the hysteresis of the contact angle can result from the presence of the liquid film behind the
three-phase solid/liquid drop/gas (vapor) contact line after its withdrawal via the droplet
volume reduction as well as the presence of Deriaguin’s disjoining pressure. Obviously,
the value of the contact angle hysteresis depends on the intermolecular interactions at
the interface, i.e., between the solid surface and liquid. Additional information about the



Molecules 2023, 28, 1986 16 of 28

solid surface-liquid interactions can be obtained from the apparent surface free energy
calculated from the advancing and receding contact angles and the surface tension of
water (Equation (7)) [29-31]. Using the measured contact angles (Figure 6) the surface free
energies were calculated for the bare sensitive surfaces, those covered with the acrylic paint,
after removal of the graffiti coating and after cleaning the bare surfaces with an ecological
remover/cleaner as plotted in Figure 7. The obtained total surface free energy values of the
glass samples (G-B, G-B-Pc, G-Bc) were similar to those obtained by other authors [80-82].
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Figure 6. Advancing and receding contact angles of water on the bare sensitive surfaces, covered
with paint, after the removal of the paint coating with NE No. 10, and after cleaning the bare surface
with NE No. 10. (A) Surfaces from the man-made materials. (B) Surfaces from the natural materials.



Molecules 2023, 28, 1986

17 of 28

>
)

Taotal surface free energy (ml/

Total surface free energy (mj/m")

- M ol
Bp BPc B B Bp BPc Bec

Figure 7. Surface free energy calculated from the CAH approach of bare sensitive surfaces, covered
with the paint (B-P), after its removal (B-Pc), and cleaning the bare surfaces with NE No. 10 (Bc).
(A) The surfaces produced from the man-made materials. (B) The surfaces produced from the
natural materials.

Higher values of water contact angles were obtained on the other rougher sensitive
surfaces. As already mentioned, the above wettability of metals and their alloys depend
on the surface treatment, e.g., adsorption, chemisorption and/or generally interactions of
gases present in the environment [25]. Like most metals, aluminum undergoes a natural
oxidation process when in contact with atmospheric oxygen, which leads to the formation
of a thin layer of aluminum oxide on its surface. The passivation process depends on
the smoothness of the aluminum and the created film helps to prevent corrosion. The
analysis of XPS results showed that there was about 12.7% aluminum oxide on the surface
of the aluminum alloy AMS 4049 [71]. The presence of such a layer should affect the
hydrophilic properties of Al and its alloys as well as the surface free energy. On the bare
aluminum alloy investigated here, the advancing contact angle of water was 77.5 £ 2.6°,
which indicates the hydrophilic nature of the surface [25,62,71,73,74,76]. On the Al-B sur-
face with the average roughness R, = 3.95 £ 0.39 um, the contact angle hysteresis was
11.8° while the surface free energy determined from Equation (7) was much lower than
that of glass amounting to 41.0 & 2.1 mJ/m? (Figure 6). The smoothing of the roughness
of Al-B-P (R, = 1.36 £ 0.07 um), caused by the black acrylic paint layer increased its hy-
drophobic properties (6, = 80.5 &= 1.2°), and slightly decreased the total surface free energy
(s = 39.5 mJ /m?) in comparison to the bare surface.

Pogorzelski et al. [25] carried out a similar study of the wettability of metallic surfaces
(Fe, Al, Cu, and a brass alloy) covered with the layers of four paints of different colors
(colorless, white, black, and red). They measured the Young’s equilibrium contact angle
(fy), and the advancing (6,) and receding (6,) contact angles of water using the tilting plate
method. Based on these experimental data, several surface wettability parameters, such as
the contact angle hysteresis (CAH), the film pressure (), the total surface free energy (7ysy)
calculated from the CAH approach [29-31], the work of adhesion (W), and spreading (W),
were determined. Pogorzelski et al. [25] found an increase in the hydrophobic properties
of the paint-treated metallic surfaces when compared to the bare untreated surfaces. This
resulted from the increase in 0y, 6,, 8,, CAH and a decrease in sy and Wy, and a less
negative Ws. The increase in the apolar interactions (dispersive component 4, in relation
to the total surface free energy ysy also indicated the surface hydrophobization after its
painting. For the untreated metallic surfaces, the 4%, /sy ratio changed in the range
(0.74-0.77)ysy while for the paint-treated surfaces it decreased to (0.62-0.69)ysy. Moreover,
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the spatial evolution of the data point distribution in the space of CAH vs. W allowed
the authors to distinguish the processes simultaneously occurring, i.e., micro-roughness
smoothing, chemical paint component distribution and mixing at the outermost surface;
and found them to be base substratum specific. They associated the surface wettability
changes with the compositional changes at the interface but not with the surface roughness.
It was because the CAH remained almost the same for both the un-treated and paint-
treated metal surfaces. The authors concluded that the CAH methodology using the three
measurable quantities, 6,, 6y, and the liquid surface tension, 7y, is a useful tool in the
studies of such processes as lubrication, liquid coating and thermoflow [25].

In our studies, after removing the black paint (Al-B-Pc) and cleaning the bare alu-
minum alloy (Al-Bc), the 6, decreased from 77.5 £ 2.6° to 72.1 £ 2.3°, and 70.2 £ 2.6°,
respectively. This shows a minimal increase in the hydrophilicity of these surfaces and a
slight increase in their surface free energy (Figure 6). However, no functional relationship
was found between the surface roughness (Table 4), wettability (Figure 5) and the surface
free energy (Figure 6).

The advancing water contact angle on such a surface (S-B) was 65.1 £ 4.1° which
means that the surface was slightly hydrophilic. It can be assumed that the tiles made of
stone were covered with impregnate to protect them against water absorption and dirt
penetration. The contact angle decreased to 12 & 5.8° and 7.8 4 0.9° after removing the
paint (S-B-Pc) and after cleaning the stone (S-Bc), respectively (Figure 6), which exhibits its
hydrophilic character, but the roughness height distribution shows that pores of various
depths were uncovered (an increase in the roughness parameters) (Table 4 and Figure 4).
Generally, according to the Wenzel theory [22], an increase in roughness of the hydrophilic
surface (6 < 90°) will enhance its wettability (a decrease in the contact angle), i.e., increase
the hydrophilicity. Nevertheless, in the case of the porous materials, the surface roughness
can only have a partial effect on the surface wettability, because the imbibition of liquid into
the absorbing material is also important [61,83]. On the less porous marble the 8, of water
decreased from 43.9 + 6.3° (M-B) to 37.5 £+ 11.7° (M-B-Pc) and 6.2 £ 0.8° (M-Bc) despite
the decrease in the amplitude parameters of surface roughness.

Regardless of the type of sensitive surfaces (G-B, Al-B, S-B and M-B), the surfaces
roughness (R; from 0.37 £ 0.02 nm (G-B) to 3.95 & 0.39 um (Al-B)) and their surface free
energy (s from 41.0 + 2.1 mJ/m? (Al-B) to 65.5 + 1.4 mJ/m? (G-B)) after being covered
with a thick layer of black acrylic paint, the same energetic properties of the solid/paint
systems were obtained. The surface free energy of G-B-P, Al-B-P, S-B-P, and M-B-P changed
in a narrow range from 37.4 to 39.9 mJ/ m?. This is consistent with g = 39.7 mJ/m?
of the acrylic paint determined from the advancing contact angles of two polar (water
and formamide), and apolar (diiodomethane) liquids based on the acid-base approach of
van Oss et al. [28,84]. The main component of acrylic paint is poly(methyl methacrylate)
(PMMA), whose monomer contains —C = O and —O— bonds in the molecule, showing
electron—donor interactions. Hence, the PMMA and acrylic paint indicate some weak
polar interactions with the predominance of the base ones [84-86]. The surface free energy
of all the investigated sensitive surfaces—paint layers was relatively low and similar to
PMMA [80,87-89]. The greatest changes in the surface wettability and surface free energy
after removing the paint and cleaning the bare surfaces were found for stone (S-B-Pc and
S-Bc) and marble (M-B-Pc and M-Bc), which is related to the hydrophilic nature of natural
materials, their porosity and/or the surface treatment (impregnation, or grinding).

2.2.3. Work of Adhesion

The changes in the surfaces wettability and surface free energies of the investigated
sensitive surfaces can also be well depicted by the changes in the thermodynamic work
of adhesion W4, which was calculated from the advancing contact angles of water based
on the Young-Dupré equation (Equation (5)) (Figure 8). The work of water adhesion is an
important parameter because these surfaces are in contact with the water molecules present
in the w/o0 nanoemulsion used to remove the graffiti coating and clean the bare surfaces.
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Figure 8. Work of adhesion of water to the bare sensitive surface samples, covered with paint (B-P),
after paint removal (B-Pc), and cleaning bare surfaces with NE No. 10 (Bc). (A) The surfaces produced
from man-made materials. (B) The surfaces produced from natural materials.

As can be seen in Figure 8, all the values of the work of water adhesion W, were
lower than that of the work of water cohesion. Water interacts most strongly with the
porous stone surface after removing the paint (S-B-Pc) and after cleaning the bare stone
and marble surfaces with the nanoemulsion (S-Bc and M-Bc). For these systems W4 was
only a little smaller than the work of water cohesion Wc = 27 =2 - 72.8 = 145.6 mJ /m?.
This indicates the strong hydrophilic character of these surfaces having high surface free
energies, greater than those of s of the hydrophilic bare surfaces (5-B and M-B). In the
case of polar glass tiles (G-B, G-B-Pc and G-Bc), the work of water adhesion was lower,
amounting to 134.8 + 0.7 mJ/m?. This means that after removing the paint from the smooth
glass surface and after cleaning the bare glass, the surface properties of this material did
not changed. However, in the case of the other man-made materials, i.e., aluminum, the
work of adhesion W, increased slightly, from 88.6 + 3.2 mJ/m? (Al-B) to 95.2 + 2.7 m]/m?
(Al-B-Pc) and 96.8 4 3.3 mJ /m? (Al-Bc). The greatest increase in the work of water adhesion
occurred after painting all the sensitive surfaces with the black acrylic paint. The values of
W, were from 82.7 4 2.2 mJ/m? (G-B-P) to 86.2 + 2.3 mJ/m? (S-B-P) and in the range of
the acrylic enamel (84.1 mJ/m?) and PMMA (90.3 mJ/m?). Hence, the studied layers of
graffiti coating on the sensitive surfaces were sufficiently thick to possess properties similar
to those of acrylic enamel and PMMA. Therefore, it can be concluded that when removing
black acrylic paint from the different sensitive surfaces with w/o nanoemulsion, the kind
of substrate should not significantly affect this process.

2.3. “Brush on, Wipe off” Method for Testing Graffiti Removers

The contact angle values of the w/o nanoemulsion are helpful in determining the
wettability and adhesion of the graffiti remover to the undesirable paint layers on the
sensitive surfaces. A good parameter describing the changes in wettability of paint coatings
by nanoemulsion is the work of spreading Ws, which is expressed by the difference between
the work of adhesion, W4, and the work of liquid cohesion, W, as expressed by Equation
(6). This is a crucial criterion for understanding how the graffiti remover works.

Figure 9A illustrates the changes in the contact angles as a function of time from the
moment when the w/o nanoemulsion droplets of nanotechnological detergent, NE No.
10 were deposited on the acrylic black paint layers on different sensitive surfaces (G-B-P,
Al-B-P, 5-B-P and M-B-P). On all surface—paint systems the contact angles of nanoemulsion
decreased sharply during the first 5 s, most extensively on the M-B-P surface (from 58.3 to
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14.4°), and least extensively on the Al-B-P surface (from 38.9 to 21.2°). During the next 35 s
the reduction in the contact angles was much smaller, and the changes on the surfaces of
Al-B-P and S-B-P, and M-B-P and G-B-P were similar.
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Figure 9. Dynamic contact angles of nanoemulsion No. 10 versus the time contact with the paint
covered (A) and bare sensitive surfaces (B) and its work of spreading on the paint covered (C) and
bare sensitive surfaces (D).

Similar experiments were conducted on all the studied bare sensitive surfaces (Figure 9B).
Irrespective of the nature of the surface, differences in the surface topography (surface
roughness) and free surface energies of the sensitive surfaces, the changes in the nanoemul-
sion dynamic contact angles were similar. During the first few seconds, the contact angles
decreased by about 50%, and then the changes were smaller, in the range from 20 to 25°.
Thus, already within 5 s the contact angles of the nanoemulsion droplets on the black acrylic
paint layers decreased below the values of the contact angles on bare sensitive surfaces.

Based on the dynamic contact angles of the nanoemulsion and its surface tension, the
work of spreading was calculated (Figure 9C,D). During the first few seconds the work of
spreading of the graffiti remover on all tested surfaces, both unpainted and covered with
the black paint, was smaller than 5.0 mJ/m?. Nevertheless, the values of Ws of the w/o
nanoemulsion on all the bare surfaces with hydrophilic properties approached zero very
quickly, while on more hydrophobic acrylic paint layers they reached the values of about
-2.5 mJ/m? within 5 s. This proves the excellent wetting properties of the framed graffiti
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remover (NE No. 10) sodium cocoyl glycinate stabilized (See Figure 9) on the surfaces
characterized by different surface properties.

According to the Shi and Gardner model [90,91], the process of adhesive wetting of
porous materials, such as wood, assessed from the measurements of the contact angle,
also includes the spreading of the liquid and its penetration into the pores. Hence, contact
angle changes as a function of time are observed. The rate at which the liquid penetrates
and spreads across the surface of the solid is proportional to the rate at which the contact
angle changes. They presented the wetting model of a systems in which the changes in
the dynamic contact angles can be quantitatively related to penetration and spreading
during the adhesive wetting process by the parameter K (the contact angle change rate
constant) [90].

_ 60, ®)
0; + (6. — 0;)exp [K(G:)—EG,‘ ) t}

where 0y is the contact angle at a given moment, 0; is the initial contact angle, and 6, is the
equibibrium contact angle.

The constant K value allows to assess how fast the liquid spreads over the surface and
penetrates into the solid pores. If the K-value is higher than zero, then the contact angle
will approach its equilibrium value more quickly, and the liquid will penetrate and spread
across the surface more quickly as well. There will be no penetration or spreading of the
liquid over the surface when K is equal to zero and the equilibrium contact angle is equal
to the initial contact angle. On the other hand, when K approaches high values, it is safe
to assume that the liquid quickly wets the surface of the solid (this means that the contact
angle is 0) [90]. In addition to evaluating the spreading of adhesives on the surface of the
wood, this model can also be used to evaluate the efficacy of a given graffiti remover and
to determine whether or not it is suitable for removing particular paint coatings.

In our study, the droplets of the nanotechnological detergent (NE No. 10) were spread
on the bare sensitive surfaces but did not penetrate into the pores of natural materials as
shown by the achievement of a stable equilibrium contact angle after 5 s. This confirms
that the detergent does not destroy the natural materials. However, the interactions of this
ecological preparation with the porous coats of graffiti paint additionally results in the
penetration of the nanoemulsion into the porous structure of the paint (see Figure S1).

The majority of the previous studies on the thermodynamics of the interaction between
the apolar paint coats and nanostructured liquid showed the usefulness of the temporary
or equilibrium contact angles [49,92]. This is due to the fact that these contact angles
are easier to measure. Therefore, the process of liquid entering and spreading was not
taken into consideration. However, the capacity to penetrate in addition to the graffiti
remover’s exceptional spreading is a vital factor for assessing the capability and efficiency
of removing undesired coatings from sensitive surfaces. This property was determined by
the graffiti remover spreading ability. Hence, having knowledge of the adhesive wetting
process of the nanostructured paint surface fluid, including all the data regarding the
formation of drops, their spreading on the surface, and ability to penetrate into the coating
structure, allows to develop a new generation of graffiti removal agents that are based
on nanotechnological detergents. They could be designed to remove paint safely without
causing any surface damage.

Ox

3. Materials and Methods
3.1. Materials

All the studied amino-acid-type surfactants were obtained as commercial reagents
from Clariant Produkte (Frankfurt am Main. Germany) (for the abbreviation, see Table 1).
Ethyl lactate (Purasolv EL, Corbion) was purchased from Envolab (Dtugotomice, Poland).
Our research team manufactured the used cooking oil PEG-8 ester solvent [41]. The surface
samples were purchased from DellArte Group Sp. z o0.0. (Robakowo, Poland) (for the
abbreviation, see Figure 2). The spray paint Montana Black was purchased from Montana
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Cans™ (MONTANA-CANS. Heidelberg. Germany). The organic solvents, acids, and
hydroxides were of analytical grade and were obtained from Avantor™ and delivered by
VWR™ (Gliwice, Poland).

3.2. Fabrication of NSFs

The formulation was prepared using the selected amino acid surfactants (AAS struc-
tures 1-4, Table 1) at different concentrations. The continuous phase (78.5%) was composed
of biosolvents, i.e., the cooking Oil-PEG-8 ester (38.5%) and ethyl lactate (40%). The
dispersed phase included water (14%), and different types of amino acid (0.05; 0.075;
0.1 mol/dm?) surfactants were used. Twelve sets of 250 mL pre-emulsions (see Table S1)
were prepared by normal-pressure mechanical homogenization at 700 rpm for 5 min with
the rotor-stator stirrer (IKA Works GmbH & Co. KG, Staufen, Germany) equipped with
the 4-bladed propeller stirrer at 25 °C. The resulting w/o nanoemulsions were prepared
according to the high-energy method, i.e., high-pressure homogenization. The abovemen-
tioned pre-emulsions were passed through the air-operated laboratory-scale high-pressure
LV1 homogenizer (Microfluidics, Newton, MA, USA). Its basic construction includes the
orifice-type valve (1.0 mm diameter). The homogenized fluid escapes the device head after
impacting a cone-shaped metallic piece. The maximum shear rate generated by LV1 at 150
MPa pressure was 9.23-106 s71. The inlet temperature of the w /o nanoemulsion (100 mL
sample volume) was maintained at 25 £ 2 °C, and the homogenization pressure was set to
either 100 MPa or 150 MPa. Each of the prepared emulsions was passed through the head
of the LV1 microfluidizer in five separate cycles (1 cycle: inlet, high shear rate, and outlet of
the fluid).

3.3. Physicochemical Characterization Measurements and RSM Optimization
3.3.1. Surface Tension Measurements

The surface tension of NSF at 20 & 1 °C was determined using the Theta Lite optical
tensiometer based on the hanging drop shape analysis and the Young-Laplace equation.

3.3.2. Contact Angle Measurements

The advancing (6;) and receding (6;) contact angles of water on the studied sensitive
surfaces were measured using a GBX contact angle meter (France) equipped with a digital
camera and chamber enabling the adjustment of temperature and relative humidity. The
contact angles were determined based on the deposited drop shape analysis using the
WinDrop software. The measurements of the advancing contact angle were performed
using the water droplet of 6 uL, which was settled on the surface of the plate with a
microsyringe. The receding angle was measured after removing 2 uL of water from the
droplet on the surface. The measurements were made at the temperature of 20 &+ 1 °C and
50% humidity. The figures show the mean values of contact angles on both sides from 10 to
15 water droplets. For each series of measurements, the standard deviation from the mean
value was determined.

3.3.3. Surface Free Energy Determination

The total surface free energy (ys) of the studied solid support was determined from
the contact angle hysteresis (CAH) model proposed by Chibowski [29-31] based on the
measured advancing and receding contact angles of water and its surface tension (yry)
at20 °C.

3.3.4. Surface Topography

The topography of the studied surfaces was estimated by the optical profilometer
(Contour GT-K1, Bruker, Germany) using the VXI measurement mode or the extended
vertical scanning interferometry (VSI).
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3.3.5. Dynamic Light Scattering (DLS)

The droplets size was investigated using the dynamic light scattering (DLS) by means
of the Malvern Zetasizer Nano ZS (Malvern Instruments, UK). Five measurements were
performed at room temperature (20 = 5 °C) to obtain a single average result. Each sample
was evaluated in its undiluted form.

3.3.6. Turbidimetric Measurements

After the high-pressure homogenization treatment, the stability of the nanoemul-
sion was examined in the Turbiscan LabExpert (Formulaction, Smart Scientific Analysis,
Toulouse, France) for 3 months at 20 °C. The w/o0 nanoemulsion sample in a glass vial was
placed in the thermostatic chamber. The electroluminescence diode emitted a collimated
light beam (A = 880 nm) passing through the sample. The transmission detector recorded
the light passing through the sample at the angle of 0° in the incident light direction. The
other diode acted as a backscattering detector recording the light scattered at the angle
of 135°. In addition, the Turbiscan stability index (TSI) values were computed using the
Turbiscan Easy Soft (Formulaction, Smart Scientific Analysis, Toulouse, France).

3.3.7. RSM Optimization

The response surface methodology (RSM) was utilized to determine the optimal
parameters for fabrication of w/o nanoemulsion-based graffiti removers by the high-
pressure homogenization process. The Design Expert software (ver. 13.0.12.0, State-Ease,
Minneapolis, MI, USA) was employed to study the randomized quadratic D-optimal model
in the coordinate exchange mode through the response surface exploration [41,42]. To find
out the best combination of process parameters, a custom-built (3—4)3 factorial D-optimal
design (shown in ESI Table S3) was applied. In this study the independent variables, with
their corresponding levels, were as follows: the concentration of AAS (A) at 3 levels ((-1)
0.050 mol/dm?; (0) 0.075 mol/dm3; (+1) 0.100 mol/ dm3); the homogenization pressure
(B) at 3 levels ((-1) 1 atm; (0) 1000 atm; (+1) 1500 atm) and the type of AASs used in the
w/o nanoemulsion at 4 levels ((-2) SLG; (-1) SCCG; (0) SMCT; (+1) SCG). In the presented
investigation 12 candidate experiments (see Table 2) served as a library to form the 32-
run D-optimal experimental matrix. The RSM study was used to determine the existing
relationship between the independent input variables and the response factors of the
optimized homogenization process. The crucial physical characteristics of the fabricated
nanoemulsions, i.e., particle diameter, PDI, and emulsion stability (TSI after 0, 7 and
30 days), were used as the response factors: (Y1), (Y2), (Y3), (Ys), and (Ys). The existing
correlation between the independent and dependent variables is defined by the second-
order polynomial formula derived from the D-optimal design, (see Equation (S1)) [42].
The analysis of variance (ANOVA), followed by the resulting statistical metrics (p- and
F-values, and R?), allowed for evaluation of the selected optimization model and fitting of
the predicted and actual experimental data. The optimal region of parameters for preparing
AAS-based w/o nanoemulsions was determined using the 3D response surfaces modeled
from the Y;-Y5 polynomial equations (Equations (52)-(S6)).

3.3.8. Optical Microscopy Analysis

The surface and microstructure of the sensitive surfaces were examined using an
Eclipse E600POL polarizing optical microscope (Nikon, Tokyo, Japan) at magnifications of
40x and 100x.

3.3.9. Laboratory “Brush on, Wipe off” Detergent Tests

A laboratory “brush on, wipe off” detergent assessment was made with the proposed
optimal w/o nanoemulsion graffiti remover formulation. The tests were performed on
distressed black paint under laboratory conditions (20 = 5 °C, 40 + 5% RH, 30 days)
applied to reference surfaces, i.e., glass, aluminum, marble, and stone. Small droplets of
the selected formulation (4-5 mL) were overlaid on the surface of the paint coating (coating
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layer thickness: 500-600 pm), and interaction with the painted layer was allowed for 10 min.
Afterward, the w/o nanoemulsion with a swelling and dissolving paint coating was gently
removed by performing mechanical abrasion with a humid sponge. After the cleaning
process was completed, the sample surfaces were washed with fully demineralized water.
The cleaning procedure was repeated for reference on sensitive surfaces that were not
covered with paint.

4. Conclusions

These investigations were aimed at demonstrating some key aspects of the interactions
between graffiti paint coatings applied to various sensitive surfaces (glass tiles, aluminum,
stone, and marble) and the w /o nanoemulsion stabilized with AAS. The nature of sensitive
surfaces and graffiti coatings that must be removed and the effect of the nanoemulsion on
bare and black acrylic paint-coated plates were the main issues considered in this present
contribution. Optimization through the RSM was performed and allowed to formulate the
most effective eco-graffiti remover identified as NE No. 10. These experiments proved that
the type of amino acid in the AAS molecule (with the simplest structure, i.e., glycine) is
crucial for the stabilization of nanoemulsion systems. Based on the wettability of paint
coatings with a graffiti remover, it seems that the action of this type of agent was due to the
intermolecular interactions of the w/o nanoemulsion and the apolar surface of the paint.
Additionally, the emulsion spreading and its penetration rate into the pores formed during
the graffiti coating drying played the most significant role.

However, regardless of the size of the surface roughness, after coating them with a
relatively thick layer of black acrylic paint, the obtained solid-paint systems possessed
practically the same surface properties and topography. Depending on the kind of substrate
and its polarity, the surface free energies after coating with the paint decreased by about 4%
(Al-B-P) to 43% (G-B-P), thus reaching the value typical of acrylic paints (37.4-39.9 m]/m?).
It seems that the removal of graffiti coatings from sensitive surfaces with the use of a
nanotechnological detergent initially was more dependent on the energetic properties and
microporous structure of the paint layer than on the properties of substrates on which the
layer was deposited. Moreover, the graffiti coating eco-remover proposed by us ensures
that the original substrate is not affected during the removal of the undesirable coating. It
is believed that this work can be an opportunity for the further study and development
of “brush on, wipe off” cleaning methods. Using nanostructured fluids and applying
knowledge about the properties of the surfaces could enable one to develop efficient
detergents that would remove easily the unwanted contaminants from different surfaces in
a fully controlled way.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/molecules28041986/s1. Figure S1. Image of the painted sensitive surfaces
with black paint enlarged by 100 x. Table S1. Physicochemical characteristics of the product after
atmospheric homogenization (P = 0.1 MPa. 700 RPM). Table S2. Physicochemical characterization
of the products after HPH at P = 100 MPa and after five cycles of homogenization. Equation (S1).
The second-order polynomial function derived from the D-optimal design model. Table S3. The
custom built (3-4)® factorial D-optimal design with corresponding variables and their levels. Table
S4. A quadratic D-optimal randomized design experimental matrix of three independent variables
with their corresponding values and analyzed response factors, Y;-Y5: particle diameter, PDI, TSI
after 0 days, TSI after 7 days, and TSI after 30 days, respectively. Text S1. Description of the ANOVA
evaluation of the D-optimal model fitting of the experimental results, followed by analysis of the
relationship between the independent and dependent variables. Equations (52)—(56). Polynomial
regression equations that emerged from the ANOVA analysis of the D-optimal model for particular
response factors. Table S5. ANOVA results for the D-optimal randomized design quadratic model for
dependent variables of the graffiti remover w/o nanoemulsion formulations. Figure S2. A graphical
representation of the randomized quadratic D-optimal design response surfaces for the dependent
variables Y; = diameter, Y, = PDI, Y3 = TSI (0 days), Y4 = TSI (7 days), and Y5 (TSI 30 days) vs.
the independent variables (concentration of AAS (A), HPH pressure (B) as a function of the AAS
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type used: SLG). Figure S3. A graphical representation of the randomized quadratic D-optimal
design response surfaces for the dependent variables Y; = diameter, Y, = PDI, Y3 = TSI (0 days),
Y4 = TSI (7 days), and Y5 (TSI 30 days) vs. the independent variables (concentration of AAS (A), HPH
pressure (B) as a function of the AAS type used: SCCG). Figure S4. A graphical representation of the
randomized quadratic D-optimal design response surfaces for the dependent variables Y; = diameter,
Y, = PDI, Y3 = TSI (0 days), Y4 = TSI (7 days), and Y5 (TSI 30 days) vs. the independent variables
(concentration of AAS (A), HPH pressure (B) as a function of the AAS type used: SCMT). Figure S5.
A graphical representation of the randomized quadratic D-optimal design response surfaces for the
dependent variables Y; = diameter, Y, = PDI, Y3 = TSI (0 days), Y4 = TSI (7 days), and Y5 (TSI 30 days)
vs. the independent variables (concentration of AAS (A), HPH pressure (B) as a function of the AAS
type used: SCG) [93-95].
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Table S1. Physicochemical characteristic of the product after atmospheric homogenization (P = 0.1 MPa. 700
RPM).

SLG SCCG SCMT SCG

Pre-emulsion no. 1 2 3 4 5 6 7 8 9 10 11 12
Concentration (mol/dm? 0.05 0.075 0.1 0.05 0.075 0.1 0.05 0.075 0.1 0.05 0.075 0.1

0 days storage

Du (um) 4.768 6.537 8322 5213 9.372 11.013 3.523 4.824 5.152 1.162 3.389 5.151
Du S.D. + (um) 0.942 1.046 1.288 0.877 2573 4.124 0.772 0.887 0.976 0.232 0.693 0.886
PDI 0.039 0.026 0.024 0.028 0.075 0.140 0.048 0.034 0.036 0.040 0.042 0.030
TSI (60 min storaged) 141 209 364 274 347 513 135 243 252 0.11 013 0.16
TSI 7 days storage 254 517 858 2545 4527 7964 319 5.09 6.68 270 283 335
TSI 1 months storage 502 7.06 10.69 x X X 6.71 846 1054 491 593 6.90
TSI 3 months storage 8.88 1256 18.61  x X X 9.66 1219 1528 6.14 729 870

Table S2. Physicochemical characterization of the products after HPH at P = 100 MPa and after five cycles of
homogenization.

SLG SCCG SCMT SCG
NE no. 1 2 3 4 5 6 7 8 9 10 11 12
Concentration (mol/dm?®) 0.05 0.075 0.1 0.05 0.075 0.1 005 0075 01 0.05 0.075 0.1

0 days storage

Du (nm) 2537 3580 4696 2710 4790 5763 1696 2401 2473 746 1984 2720
Du S.D. + (nm) 494 648 803 631 1312 2103 297 479 498 109 318 462

PDI 0.038 0.033 0.029 0.054 0.075 0.133 0.031 0.040 0.041 0.021 0.026 0.029
TSI (60 min storaged) 151 226 335 1.82 226 331 102 195 221 0.09 011 0.14
TSI 7 days storage 273 475 805 2541 36.15 57.99 240 497 584 084 110 156
TSI 1 months storage 6.54 1329 2655 x X x 601 1540 18.68 236 3.19 4.68
TSI 3 months storage 720 1515 31.60 x X x 637 1693 2092 3.07 428 6.55

The existing relationship between response factors and independent variables is represented by the
second-order polynomial function derived from the D-optimal design model:

Y1, Y2, Y3, Yaor Ys=Po+ B1A + 2B + [33C + 312AB + B13AC + B23BC + (31,142 + B22B2 + 333C2 (Eq. S1):
where Y1 — Ys are the dependent variables; A, B and C are independent variables; (3o is an intercept

term; (31, 32 and (s are the linear coefficients; (312, f15 and 23are the interaction coefficients; and {1,
[322 and Pss are the quadratic coefficients.



Table S3. The custom built (3-4)3 factorial D-optimal design, with corresponding variables and their levels.

Level
Independent variables
-2 -1 0 +1
(A) = concentration of amino acid based surfactant (mol/dm?) - 0.050 0.075 0.100
(B) = homogenization pressure (atm) - 1 1000 1500
(C) = type of surfactant used SLG SCCG SCMT SCG
Dependent variables Goal
Y1 = particle diameter (um) Minimalize
Y2=PDI Minimalize
Y3 = TSI (0 days) Minimalize
Y4 =TSI (7 days) Minimalize
Ys = TSI (30 days) Minimalize

Table S4. A quadratic D-Optimal randomized design experimental matrix of three independent variables with
their corresponding values and analyzed response factors Y1 — Ys: particle diameter, PDI, TSI after 0 days, TSI

after 7 days, and TSI after 30 days respectively.

Run A: B: C: AAS Y1: diameter Y2: PDI Ys: TSI Ya: Ys:
Concentration  Pressure type [um] (0 days) TSI TSI
of AAS [atm] (7 days) (30 days)
[mol/dm?3]
1 0.05 100 SCCG 2.71 0.0542151 1.81525 25.4135 25.4135
2 0.1 0.1 SCG 5.151 0.0295859 0.16 3.35256 6.9033
3 0.075 150 SCG 0.478 0.0558858  0.090688  0.0997568  0.149635
4 0.1 150 SMCT 0.817 0.0346218 1.56 2.8392 3.80453
5 0.05 100 SCG 0.746 0.0213489 0.08558 0.842107 2.3579
6 0.1 0.1 SCCG 11.013 0.140225 5.13 79.637 79.637
7 0.05 150 SMCT 0.435 0.0487039  0.856417 1.17329 1.34929
8 0.075 0.1 SCG 5.151 0.0295859 0.16 3.35256 6.9033
9 0.1 150 SCCG 2.247 0.0956673  2.27014 31.7819 31.7819
10 0.075 100 SMCT 2.401 0.0398003 1.94752 4.96618 15.3952
11 0.075 100 SLG 3.58 0.032763 2.26 4.746 13.2888
12 0.075 100 SCCG 4.79 0.0750234  2.25916 36.1466 36.1466
13 0.075 150 SCG 0.478 0.0558858  0.090688  0.0997568  0.149635
14 0.05 150 SCCG 1.328 0.0500169 1.74 31.32 31.32
15 0.1 100 SLG 4.696 0.0292398 3.35235 8.04565 26.5507
16 0.1 100 SCG 2.72 0.02885 0.1352 1.55886 4.67657
17 0.1 150 SLG 1.424 0.0315661 24 5.04 8.4168
18 0.05 0.1 SLG 4.768 0.0390328 1.41 2.54 5.02
19 0.05 150 SLG 0.749 0.0364509 1.01 1.6665 2.11646
20 0.1 0.1 SLG 8.322 0.0239539  3.64386 8.5774 10.6937
21 0.05 0.1 SCCG 5213 0.0283024  2.73571 25.4486 25.4486
22 0.1 0.1 SMCT 5.152 0.0358879  2.52335 6.68001 10.539
23 0.1 150 SCCG 2.247 0.0956673  2.27014 31.7819 31.7819
24 0.05 0.1 SCG 5.151 0.0295859 0.16 3.35256 6.9033
25 0.05 150 SLG 0.749 0.0364509 1.01 1.6665 2.11646
26 0.075 0.1 SMCT 4.824 0.033809 2.43 5.09155 8.46323
27 0.1 150 SMCT 0.817 0.0346218 1.56 2.8392 3.80453
28 0.05 0.1 SMCT 3.523 0.0480186 1.35 3.19415 6.71116
29 0.1 0.1 SCCG 11.013 0.140225 5.13 79.637 79.637
30 0.075 0.1 SLG 6.537 0.0256039 2.09 5.17 7.06
31 0.05 150 SCG 0.186 0.037461  0.0620756 0.0651794 0.0977691
32 0.05 150 SCG 0.186 0.037461  0.0620756 0.0651794 0.0977691




Text S1.

The main goal of the optimization was to obtain a w/o nanoemulsion with an average particle
diameter on the nanoscale (less than 500 nm, then better) and as low a monodispersity as possible,
while maintaining very high stability over time period of 30 days. The goal was achieved for two
formulations, i.e., NE no. 10 and NE no. 11, which fulfilled the given requirements. Nonetheless, the
best emulsion turned out to be NE no. 10 (the best solution: SCG AAS, concentration 0.1 mol/dms3,
fabricated under 1500 atm), which was later used in surface properties evaluation. In formulation
optimization and other processes, it is common practice to make use of the answers produced by
mathematical and statistical calculations using the design of experiments (DoE) and quality by design
(QbD) approaches.

As is typical for RSM approaches, the ANOVA evaluation of the quadratic response surfaces
predicted by a coordinate-exchange D-optimal plan for response variables Y1 — Y5 indicated that the
quadratic model offered the best matching in every instance. [S1-53]. The derived best-fit model had
significant parameters, i.e., a negligible discrepancy between the experimental, adjusted, and
forecasted R? coefficients, and a suitable number of degrees of freedom. All p-values for model fitting
were less than 0.05, indicating that the terms and intercepts of the D-optimal model were significant
for all dependent variables examined in this contribution. Table S5 summarizes the analysis of
variance findings.

All three independent variables, i.e., concentration of AAS (A), homogenization pressure (B), and
type of AAS (C), exhibited a two-factor interaction (2FI) and had the equivalent impact on the
response Y1 (particle diameter), both in individual and combined effects ((A), (B), (C), and (AB), (AC),
and (BC)). Therefore, an appropriate combination of process parameters at desirable levels can ensure
that the produced formulation will meet the criteria for an effective w/o nanoemulsion. From the point
of view of response Y2 (PDI), the main effect was observed also in terms of 2FI; however, in this case,
concentration and type of AAS employed had the greatest influence on maintaining the lowest PDI
values (both (A) and (B), as well as (AC). In the case of the response factors Ys and Y4, the influence of
independent variables (A) - (C) was exactly the same as for response Yi. The exhibited a 2FI
relationship with response factor, where all three process parameters had the same equivalent impact
on the TSI values after 0 and 7 days, both individually and combined, i.e., (A), (B), and (C), as well as
(AB), (AC), and (BC). Finally, for the response Ys (TSI after 30 days), only the linear influence of all
three process parameters (A), (B), and (C) was observed, with equivalent impact (p-value: <0.0001).

Those results clearly demonstrate that the type of amino-acid based (AAS) surfactant and high
homogenization pressure, in conjunction with the effect of the stabilizing agent concentration, ensure
the formation of a stable w/o nanoemulsion that is exceptionally effective for the removal of graffiti
coating. Therefore, appropriate selection of process parameters is crucial.

The polynomial regression equations that emerged from the ANOVA analysis after fitting the
experimental values of the response factors with the D-optimal model were as follows:

Diameter (Y1) = +3.62 +0.9311A -2.57B +0.4048C[1] +1.50C[2] -0.9558C[3] -0.5726AB +0.2668ACl[1]
+0.6730AC[2] -0.4083AC[3] -0.0533BC[1] -0.7567BC[2] +0.6963BC[3] (Eq. S2)

PDI (Y2) = +0.0469 +0.0076A +0.0004B -0.0155C[1] +0.0340C[2] -0.0062C[3] -0.0039AB -0.0111AC[1]
+0.0290AC[2] -0.0136 AC[3] +0.0012BC[1] -0.0098 BC[2] +0.0012BC[3] (Eq. S3)

TSI (0 days) (Ys) = +1.72 +0.5610A -0.4643B +0.4359C[1] +1.19C[2] +0.0123C[3] -0.2115AB +0.4481AC[1]
+0.1991AC[2] -0.0952AC[3] +0.1743BC[1] -0.6030BC[2] +0.0537BC[3] (Eq. S4)

TSI (7 days) (Ys) = +12.88 +4.72A -4.61B -8.44C[1] +29.01C[2] -8.66C[3] -4.24AB -1.29AC[1] +8.94AC[2]
-2.94AC[3] +3.31BC[1] -9.00BC[2] +3.72BC|[3] (Eq. S5)

TSI (30 days) (Ys) = +16.02 +5.88A -5.04B -6.19C[1] +26.31C[2] -9.47C[3] (Eq. S6)



Table S5. ANOVA results for D-optimal randomized design quadratic model for dependent variables

of graffiti remover w/o nanoemulsion formulation.

Source Sumofsq. Termdf F-value p-value
dependent variable: diameter
Model 258.96 12 52.08 <0.0001
A- concentration 20.03 1 48.32 <0.0001
B - pressure 164.74 1 397.54  <0.0001
C-AAS type 31.91 3 25.67 <0.0001
AB 5.95 1 14.35 0.0012
AC 5.66 3 4.55 0.0144
BC 6.42 3 517 0.0088
Lack of Fit 7.87 13

S.D. =0.6437, Mean = 3.43, R2=0.9705, Adj. R?=0.9519, Pred. R? = 0.8748

dependent variable: PDI

Model
A- concentration
B - pressure
C-AAStype
AB
AC
BC
Lack of fit

0.0260
0.0019

3.311E-06

0.0139
0.0003
0.0074
0.0009
0.0022

12 18.46 <0.0001
1 16.61 0.0006
1 0.0282 0.8684
3 39.44 <0.0001
1 2.33 0.1436
3 20.92 <0.0001
3 2.59 0.0833

13

S.D.=0.0108, Mean = 0.0480, R2=0.9210, Adj. R2=0.8711, Pred. R?=0.6761

dependent variable: TSI (0 days)

Model
A - concentration
B - pressure

C - APGs
AB
AC
BC

Lack of fit

57.54
7.39
5.31

30.53

0.8110

3.04
3.16
1.39

12 65.73 <0.0001
1 101.34  <0.0001
1 72.75 <0.0001
3 139.48  <0.0001
1 11.12 0.0035
3 13.88 <0.0001
3 14.46 <0.0001
13

S.D.=0.2701, Mean = 1.68 R?=0.9765, Adj. R? = 0.9616, Pred. R?=0.9127

dependent variable: TSI (7 days)

Model
A - concentration
B - pressure

C- APGs
AB
AC
BC

Lack of fit

12556.06
559.76
544.36

8865.84
325.95
702.26
650.94
0.0000

12 30.64 <0.0001
1 16.39 0.0007
1 15.94 0.0008
3 86.54 <0.0001
1 9.54 0.0060
3 6.85 0.0026
3 6.35 0.0036
6

S.D.=5.84 Mean = 13.07 R2 = 0.9509, Adj. R2=0.9198, Pred. R?=0.7490

dependent variable: TSI (30 days)

Model
A - concentration
B - pressure
C - APGs
Lack of fit

9606.87

800.38
639.40

7430.44

0.0000

5 17.55 <0.0001
1 731 0.0119
1 5.84 0.0230
3 22.63 <0.0001
6

S.D. =10.46, Mean = 15.46, R = 0.7714, Adj. R2=0.7275, Pred. R? = 0.6455
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Figure S2. A graphical representation of the randomized quadratic D-optimal design response surfaces for the dependent variables Y1 = diameter, Y2 = PDI, Ys = TSI (0 days), Y4
=TSI (7 days), and Ys (TSI 30 days) vs. independent variables (concentration of AAS (A), HPH pressure (B) as a function of AAS type used: SLG).
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Figure S4. A graphical representation of the randomized quadratic D-optimal design response surfaces for the dependent variables Y1 = diameter, Y2 = PDI, Ys = TSI (0 days), Y4
=TSI (7 days), and Ys (TSI 30 days) vs. independent variables (concentration of AAS (A), HPH pressure (B) as a function of AAS type used: SCMT).
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Figure S5. A graphical representation of the randomized quadratic D-optimal design response surfaces for the dependent variables Y1 = diameter, Y2 = PDI, Ys = TSI (0 days), Y4
=TSI (7 days), and Ys (TSI 30 days) vs. independent variables (concentration of AAS (A), HPH pressure (B) as a function of AAS type used: SCG).
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INTRODUCTION
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Abstract

Examples of nanostructured fluids (NSFs) used as highly specialized “brush-on,
wipe-off” detergents for the removal of graffiti coatings resistant to removal are
water-in-oil nanoemulsions that have been stabilized with nonionic saccharide sur-
factants. Nanodetergents with safe, ecofriendly ingredients were produced using
high-pressure homogenization (HPH). These ingredients included D-limonene or
3-methoxy-3-methyl-1-butanol, esterified vegetable oils, and alkyl polyglucosides
(APG). Responsive surface methodology (RSM) optimization was used to identify
the most efficient detergents for removing stubborn graffiti coatings. Two different
types of black paint containing nitrocellulose or bitumen as components to
strengthen the paint properties were used to create a stubborn graffiti coating on a
marble surface. The effectiveness of the nanodetergents in removing the stubborn
graffiti coatings was evaluated, and the results revealed a considerable variation in
the pace at which the coatings could be removed by the nanodetergents, despite
the fact that both paints strengthened with different additives showed similar sur-
face properties. It was found that alkyl polyglucosides are highly efficient in stabiliz-
ing water-in-oil nanoemulsion systems, including diverse solvent types. These
nanoemulsions can be used as specialized “brush-on, wipe-off” detergents for the
precise removal of different graffiti coatings, which require a specified action period
to prevent destroying the underlying original substrate.

KEYWORDS

graffiti remover, nanostructured detergent, saccharide-based surfactant, surface properties

windows, and a wide variety of other surfaces. In addi-
tion, the removal of stubborn graffiti coatings can be a

It is possible to discover graffiti in the majority of metro-
politan settings around the globe. Therefore, graffiti
removal is a common challenge faced by the owners
and administrators of commercial and residential prop-
erties. On the other hand, they are usually unable to
remove the graffiti in a way that does not damage the
original surface. It should be emphasized that it is an
extremely difficult task to clean painted and coated sur-
faces using so-called “brush-on, wipe-off” detergents
(Baglioni et al., 2021; Bartman et al., 2023a; Garcia-
Florentino et al., 2020). This includes the cleaning of
painted walls, ceramic tiles, stainless steel, aluminum,
vinyl fences, signs, transparent acrylic, plastics,

difficult process due to a number of factors, such as the
substrates (chemical composition, texture, porosity,
hardness, etc.), the aging process of the paint (and the
substrate), and the amount of time that has passed
between applications and removals (Bartman et al.,
2023a, 2023b; Wilhelm et al., 2021).

Research groups are currently facing a significant
obstacle in the form of the creation of a new generation
of graffiti cleaning preparations that are both extremely
effective and nontoxic in equal measure (Bartman
et al., 2021; Gomes et al., 2017). As of right now, the
most important thing to focus on is applying a sustain-
able approach to the eco-design of professional goods,

J Surfact Deterg. 2023;1-14.
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with a particular emphasis on the principles of green
chemistry. Therefore, the formulation selection criteria
should take into account the following: the necessity of
using biodegradable raw materials, which are produced
from renewable resources and are not subject to accu-
mulation in the environment, a high efficiency of clean-
ing the surface from graffiti while preserving all of its
functional properties, and product safety (Bartman
et al., 2021; Zhang et al., 2021). In addition, the formu-
lation should be easy to manufacture and use. Due to
the application of nanostructured fluids (NSFs), major
advancements have been made in recent years in the
process of removing undesirable paint coats from the
urban surrounding or historical monuments (Baglioni
et al., 2022; Gomes et al., 2017). The formulations of
ecological surfactants based on saccharides highlight
the unique spectrum of nanostructured fluids used as
nanotechnological detergents for the eradication of
graffiti (Baglioni et al., 2021; Bartman et al., 2021,
2023a; Chelazzi et al., 2020).

Nanostructured fluids (NSFs), such as water-in-oil
nanoemulsions (NEs), are among the most effective
nanodetergents for removing graffiti coatings, espe-
cially when using the “brush-on, wipe-off” approach
(Bartman et al., 2023a, 2023b; Maravelaki, 2022).
These cutting-edge formulations outperform the con-
ventional organic solvent-based preparations when it
comes to eradicating the stubborn graffiti coatings,
especially on the delicate surfaces that cannot with-
stand mechanical cleaning and become destroyed
(Bechikh et al., 2020; Sanmartin et al., 2014). The fun-
damental basis for the effectiveness of the “brush-on,
wipe-off” nanodetergents in removing graffiti coating is
that they have unique properties that allow them to
spread and permeate the painted surface until they
reach the original substrate (Bartman et al., 2023b).
Hence, removing the coating is a straightforward clean-
ing operation. These formulations are also among the
most innovative achievements in the field of colloid
engineering.

The purpose of the study was to develop new envi-
ronmentally friendly professional products for removing
graffiti coatings by utilizing nanodetergents of the
“pbrush-on, wipe-off” range. High-pressure homogeni-
zation (HPH) was used to produce water-in-oil nanoe-
mulsions (Bartman et al., 2023a, 2023b) that included
nontoxic and ecofriendly components such as esterified
vegetable oils, alkyl polyglucosides (APG), and biosol-
vents such as D-limonene (LIM) and 3-methoxy-3-
methyl-1-butanol (MMB). In order to determine the most
efficient cleansers, an optimization method known as
the design of experiments (DoE) was utilized. After-
ward, these detergents were used in the process of
removing graffiti coatings from delicate surfaces such
as marble. In addition, the surface characteristics of a
variety of strengthened black paints that are typically
utilized as graffiti paints were investigated in this study.

In order to obtain further information on the makeup of
these paints, attenuated total reflectance Fourier-trans-
form infrared spectroscopy tests were also carried out.
Additionally, several experimental studies on the sur-
face topography, wettability, surface free energy, and
the work of water adhesion to the paint surfaces were
made. It is not easy to determine which detergents are
going to be the most successful for removing a particu-
lar type of graffiti. There are a number of different com-
ponents and variables at play, such as the chemical
nature of the paint used for graffiti and how it ages, as
well as the chemical nature, surface morphology, and
porosity of the substrate from which the graffiti has to
be removed. However, by making the use of nanostruc-
tured fluids and having an understanding of the charac-
teristics of paint surfaces, one could create effective
nanodetergents that would quickly remove undesired
and tenacious pollutants from a variety of surfaces in a
manner that can be fully controlled.

EXPERIMENTAL PROCEDURE
Materials

The solvent used to test new formulations, namely, 3-
methoxy-3-methyl-1-butanol (MMB), was supplied by
Kuraray CO (Tokyo, Japan), while D-limonene (LIM)
was kindly provided by HSH Chemie GmBH (Hamburg,
Germany). The nonionic surfactant alkyl polyglucosides
(APG Cg—C1p) were kindly supplied by Nouryon
(Amsterdam, Netherlands).

The Montana paint sprays were purchased from
Montana Cans™ (European Aerosols GmbH/MON-
TANA-CANS, Heidelberg, Germany). The organic sol-
vents, acids, and hydroxides were of analytical grade
and were purchased from Avantor (Gliwice, Poland).
Black graffiti paints were applied to marble plates
from mosaic tiles purchased from a commercial
supermarket.

Preparation of biosolvents

The used cooking oil PEG-8 ester (UCO-OIl-PEG 8)
and the rapeseed oil PEG-8 ester (RO-Oil-PEG 8) sol-
vents were synthesized by our research group (Bart-
man et al., 2021). Fatty acid carbon chains can range
in length from C45 to Cog in typical vegetable oils. The
rapeseed oil that we were using for the synthesis pro-
cess included over 90% by weight of C4g carbon
chains, whereas the used cooking oil contained up to
80% by weight of C4g carbon chains and up to 20% by
weight of C4g carbon chains, which is usual for these
oils (Cardenas et al, 2021). The method that we
described in our previous work (Bartman et al., 2021)
for the synthesis of biosolvents based on vegetable oils
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is assumed to be a waste-free method that provides a
product in the form of a mixture of esters of various
types and compounds that are not subject to esterifica-
tion or transesterification as a result of the use of cata-
lysts that are based on organometallic compounds that
are based on tin and titanium. Our technique of synthe-
sis is an alternate approach to the processing of vege-
table oils, which are treated primarily in industry using
the ethoxylation process in order to make non-ionic
surfactants.

Preparation of removers

The detergent was produced using the saccharide sur-
factant of preference (APG structure, Table 1) in three
different concentrations (0.05, 0.075, and 0.1 moI/dms)
throughout the manufacturing process. The continuous
phase was made up of biosolvents (structure shown in
Table 1), namely, D-limonene or 3-methoxy-3-methyl-
1-butanol (40%), and cooking oil PEG-8 ester or rape-
seed oil PEG-8 ester (38.5%). This phase included

78.5% of biosolvents overall. In the dispersed phase,
water made up about 14% of the total volume, and the
APG surfactant was utilized. There are many various
methods reported in the literature for the fabrication of
nanoemulsions, including high-shear homogenization
and ultrasound, solvent emulsification/evaporation,
hot/cold high-pressure homogenization (HPH), and the
microemulsion approach. However, HPH technology is
the most suitable and reliable, and, contrary to the
above-mentioned approaches, in most cases scaling
up reveals no problem. Other advantages of HPH com-
prise the unnecessity of organic solvents usage and
the small particles production of a low polydispersity
index (Estanqueiro et al., 2015; Severino et al., 2012).
Therefore, in accordance with our previous work (Bart-
man et al., 2023a, 2023b), a two-stage homogeniza-
tion process was used to generate w/o nanoemulsion
particles with a size between 200 and 500 nm: first,
mechanical homogenization under normal pressure
was used, resulting in emulsion particles that are not
thermokinetically stable, and then high-pressure
homogenization (HPH) was used to obtain a very high

TABLE 1 Structures and abbreviations for the nonionic surfactants and biosolvents
APGs
No.  Structure R DP? HLB.®  7,,5(mN/m)  Abb.
1 CgH17; C1oH21 1.4 9.3 29.5 APG Cg—Cq
HOH
H1O 0
H
HO
OH
H
(CH3),CH3
n=7,9
DP
Biosolvents
No. Structure Molecular formula  M,, HLB,.° 7oy (MN/m) Abb.
CH, (M)
1 H304@—< CioH16 136.2 2.32 32.3 LIM
CH,
2 /\>< CsH1402 118.2 6.39 31.2 MMB
~

HO (@]

gdef o) C32He4010 608.8 6369 3.5 32.6 UCO-OIl-PEG 8
{0\4 )LHCHs CasHesO10 568.0 - 6250 0.9 32.8 RO-Oil-PEG 8
H O m n=8 C35H6305
n m=14-16
o) 0 Cs39H7605
H;C CH
3 Hﬁozﬁow >Hy
H

2Degree of polymerization.

bCalculated according to the universal McGowan scale (Nie et al., 2022).
°Measured using pendant drop methods.

9Exemplary dominant components of the biosolvent mixture.

°n—The average number of EO units in the molecule.

'm—The average number of CH, units in the alkyl chain of the carboxylic acid.
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thermokinetic stability of the nanoemulsion with spe-
cific particle sizes. In the first stage, 12 sets of emul-
sions were prepared in 250 cm® (see Table S1) at a
temperature of 25°C using a rotor-stator stirrer (IKA
Works GmbH & Co. KG, Staufen, Germany) equipped
with a four-blade propeller. The process was con-
ducted at 700 rpm for 5 min. The aforementioned
emulsions were homogenized using the laboratory-
scale, air-operated LV1 high-pressure homogenizer
(Microfluidics, Newton, Massachusetts, USA), which
applied a pressure of 100 MPa (see Table S1) or
150 MPa (see Table 2), depending on the experiment.
Each of the produced emulsions was passed five times
through the head of the LV1 microfluidizer (inlet, high
shear rate, and outlet of the fluid) to obtain
nanoemulsions.

Experiments of formula primary selection
of nanodetergent

Surface tension measurements

Using the pendant drop shape analysis and the
Young-Laplace equation, a measurement of the sur-
face tension of NSF was performed using the Theta
Lite optical tensiometer at a temperature of 20 £ 1°C.

Dynamic light scattering

Dynamic light scattering (DLS) on the Malvern Zetasi-
zer Nano ZS (Malvern Instruments, UK) was used to
assess the size of the droplets. In order to get a single
result that is representative of the whole, five separate
measurements were made at the temperature of
20 + 5°C.

Turbidimetric measurements

A cylindrical glass vial with a volume of 20 cm® was
used to carry out the stability test on the manufactured
nanodetergents. The samples were scanned while they
were at room temperature. The Turbiscan LabExpert
(Formulaction, Smart Scientific Analysis, Toulouse,
France), which is outfitted with two synchronous optical
sensors (transmission and backscattering detectors),
was used to observe changes in the turbidity in order to
determine the stability of the nanodetergent, which was
expressed by the so-called Turbiscan Stability Index
(TSI). The calculations for the Turbiscan stability index
(TSI) were made with the assistance of Turbiscan Easy
Soft (Formulaction, Smart Scientific Analysis, Tou-
louse, France). After 7 days, 1 month, and 3 months of
storage at 25°C, the identical samples were analyzed
for all three time periods.

AOCS&_WILEYL
RSM optimization

Response surface methodology (RSM) was used to
find the best configurations for the high-pressure
homogenization production process of w/o nanoemul-
sion-based graffiti removers. Through the response
surface exploration, the randomized nonlinear D-opti-
mal model in the coordinate exchange mode was stud-
ied using the Design Expert program (ver. 13.0.12.0,
State-Ease USA; Bartman et al., 2023a, 2023b). The
(3—4) 3 fractional factorial D-optimal design (as indi-
cated in ESI Table S2) was used to determine the opti-
mum range for the process variables. The following
sets of values were selected for the independent vari-
ables in this analysis: the concentration of APG Cg—C1g
surfactant (A) at three levels ([—1] 0.050 mol/dm?; [0]
0.075 mol/dm?; [+1] 0.100 mol/dm®), the homogeniza-
tion pressure (B) at three levels ([—1] 1 atm; (0)
1000 atm; [+1] 1500 atm), and the type of biosolvent
mixture used in the w/o nanoemulsions at four levels
([-2] UCO-MMB; [-1] UCO-LIM; [0] RO-MMB; [+1]
RO-LIM). The 30-run D-optimal experimental matrix
used in this study was generated from 12 potential trials
(see Table 2). The RSM analysis was performed to
establish a relationship between the input and depen-
dent variables of the homogenization process. The par-
ticle diameter, polydispersity index (PDI), and emulsion
stability (TSI after 0, 7, and 30 days) were employed as
the response factors Y1, Y2, Y3, Y4, and Y5, respec-
tively. The D-optimal design yielded a second-order
polynomial formula (see Equation S1; Bartman
et al., 2023a) that described the preexisting correlation
between the independent and dependent variables.
Using the p-values, F-values, and R? coefficients of
determination from the ANOVA evaluation, it was pos-
sible to assess the quality of the fit between the
expected and actual experimental data and to deter-
mine the best optimization model to be used. The opti-
mum range of parameters for manufacturing the APG-
based w/o nanoemulsions was established using the
3D response surfaces modeled from the Y1-Y5 polyno-
mial formulae (see Equations S2—-S6).

Surface properties
Contact angle measurements

The advancing (6;) and receding (6,) contact angles of
water were measured using the GBX contact angle
meter from France. This instrument was equipped with
a digital camera and a chamber that allowed for the
temperature and relative humidity to be adjusted.
Applying the WinDrop program, the contact angles
were determined from the geometry of the deposited
drops. The advancing contact angle of water (Milli-Q)
was measured after gently settling a 6 uL droplet on the
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plate surface with the help of an automatic deposition
system. Then, after sucking 2 puL from the droplet into
the syringe, the receding contact angle was measured.
The measurements of contact angles were taken at 20
1+ 1°C and 50% humidity.

Surface free energy determination

On the basis of the measured advancing and receding
contact angles of water and its surface tension (y,) at
20°C, the total surface free energies of the studied
paint layers deposited on the marble plates were calcu-
lated using the contact angle hysteresis (CAH)
model proposed by Chibowski (Chibowski, 2003;
Chibowski, 2007).

Optical microscopy analysis

At the magnifications of x40 and x100, the surface
and microstructure of the paint surfaces were analyzed
with the use of an Eclipse E600POL polarizing optical
microscope that was manufactured by Nikon in Tokyo,
Japan.

ATR-FTIR analysis

The spectra of the paint layer surface and surface-
cleaned samples were analyzed by Fourier-transform
infrared spectroscopy (FT-IR) performed using an IR
Spirit spectrophotometer (manufactured by the Shi-
madzu Corporation in Tokyo, Japan) equipped with an
attenuated total reflectance (ATR) sampling accessory
that contained a diamond crystal. The spectra were
captured with a resolution of 2cm~" and 64 scans
when the circumstances were ambient. The recording
range was from 4000 to 400 cm~'. LabSolutions IR
software (Shimadzu Corporation, Tokyo, Japan) was
used to conduct an analysis of the spectra of absorp-
tion in the range 3800-700 cm~'. This was accom-
plished first by subtracting the baseline and then by
smoothing the data by decreasing the noise caused
water and carbon dioxide.

Efficiency of removers
Graffiti paint removal

On the marble samples, which were all cleaned before
the experiments and painted with one of several types
of black paint (the drying period for the paint was 72 h),
a few milliliters of nanodetergent (3—-5 cm®) was spread
out, and the interactions with the painted layers were
allowed to take place for at least 10 min. After that, the

nanodetergent and the swelled paint were removed
from the substrates using dry cotton swabs, and the
surface was rinsed in the deionized water.

RESULTS AND DISCUSSION
Primary selection of nanodetergent

The previous studies showed that not every saccha-
ride-type nonionic surfactant is suitable for producing
nanodetergents of w/o nanoemulsion type for graffiti
removal (Bartman et al.,, 2023a). Furthermore, com-
pared to the formulations with the amino acid-based
anionic surfactants (AAS; Bartman et al., 2023b), these
nanodetergents were slightly less effective at spreading
on the surface of black acrylic paints than the nanode-
tergents containing alkyl polyglucosides. In order to
evaluate the efficacy of nanodetergents containing Cg—
C0 alkyl polyglucosides when combined with other bio-
solvents, D-limonene (LIM) and 3-methoxy-3-methyl-1-
butanol (MMB), both of which are known to be environ-
mentally friendly, were chosen as the test compounds.
In our previous studies, we developed several kinds of
“brush on, wipe off” nanodetergents that were based
on ethyl lactate (Bartman et al., 2023a, 2023b), which
is one of the most widely used and accessible biosol-
vents that are now on the market (Pereira et al., 2021).
Other chemical compounds, such as gamma-valerolac-
tone, which was reported by Kerkel et al. (2021) or
dihydrolevoglucosenone, which was described by Mile-
scu et al. (2023) are known in the literature. Both of
these compounds have the potential to be categorized
as biosolvents. The limited availability of these com-
pounds on the market, however, may prove to be a
substantial barrier to the commercialization of nanode-
tergents derived from this category of removers in the
future.

A high-pressure homogenization technique was
used to manufacture all of the water-in-oil nanoemul-
sions stabilized by APG Cg—C4q; the pressure used
during the preparation was 150 MPa. As predicted,
the obtained nanodetergents constituted clear, yellow-
ish, and homogeneous fluids. These preparations
were subjected to the long-term thermokinetic stability
tests at room temperature (20 + 5°C), which lasted for
at least 90 days. Droplet size (Dy), polydispersity
index (PDI), and physical stability as defined by the
Turbiscan stability index (TSI) were investigated in
order to observe changes in the colloidal system of
nanodetergents. The aim of these tests was to deter-
mine how stable these preparations would be over
time. As a result of high-pressure P = 150 MPa,
nanoemulsion structures were prepared for NE nos. 2,
3, 5, and 6, and NE nos. 9, 11, and 12 at the concen-
trations of sugar surfactant (APG Cg—C40) of 0.075 or
0.01 mol/dm?, respectively. The produced colloidal
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structures of the nanoemulsion containing D-limonene
were characterized by an average droplet size in the
range of 233—427 nm while maintaining a comparable
range of PDI <0.1 (PDI = 0.021-0.023). In compari-
son, the nanodetergents containing 3-methoxy-3-
methyl-1-butanol contained droplets of the sizes in the
range of 335-497 nm with PDI <0.1 (PDI = 0.024-
0.025; see Table 2). In addition, the results of the ther-
mokinetic stability tests revealed that the narrow distri-
bution of monodisperse water droplets formed in the
oil phase was extremely stable over the extended
periods of storage. This is an important characteristic
of nanodetergents that are designed for the use in the
professional settings. Thus, the TSI parameter (TSI
(0 days) = 1.16-2.32 and TSI (90 days) = 1.76-3.80)
and the mean droplets size (Dy (0 days) = 233—
497 nm and Dy (90 days) = 270—-496 nm) exhibited a
relatively small change over the course of the last
90 days (see Table 2). Surprisingly, regardless of the
chemical nature of the type of used solvent specifically
cyclic (LIM) or aliphatic (MMB), nanoemulsions were
created that were characterized by a very time-stable
colloidal system with comparable characteristics. In
these nanoemulsions, conventional aggregation pro-
cesses such as coalescence, sedimentation, or floc-
culation of droplets were not observed (Kumari
et al., 2020).

At this point, it should be emphasized that the addi-
tion of a surfactant type of APG in nanodetergents used
as graffiti removers is extremely significant (Carnero
Ruiz, 2008; Stubbs et al., 2022). By energetically lower-
ing the polymer (paint)/biosolvent interfacial tension, as
well as polymer (paint)/solid system, it supports the
optimum distribution of the detergent on the surface of
the paint layer, while also encouraging optimal penetra-
tion into its depth (Laska et al., 2006; Wilk et al., 2009).
Our experiments showed that the chosen Cg—C( alkyl
polyglucosides as a stabilizing ingredient for the
“brush-on, wipe-off” nanodetergents were extremely
versatile and effective. Thus, they can be used in pro-
fessional detergents for removing graffiti.

Using the quadratic D-optimal design model, the cir-
cumstances in which the HPH method for the produc-
tion of APG Cg—C, based NSFs yields the best results
were investigated. The existing association between
the input factors [APG concentration (A), HPH pressure
(B), and type of biosolvents mixture (C)] and the
response variables, that is, Y4 (particle size), Y, (PDI),
Y3 (TSI after 0 days), Y4 (TSI after 7 days), and Y5 (TSI
after 30 days), was assessed. Table S3 displays the D-
optimal design randomized experimental matrix for 30
runs, complete with the numerical values of the input
and output variables. The 3D response surface plots
(Figures S1 and S2) reveal the potential interactions
between the process and response variables according
to the multiple regression model (D-optimal). The pri-
mary objective of the optimization procedure was to
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identify the conditions that must be satisfied in order to
produce the APG Cg—C,o-based NSF system that pos-
sesses excellent kinetic stability (the smallest possible
TSI values), sustained monodispersity (minimal PDI
values), an average droplet size of 500 nm or less, and
a level of effectiveness that is maintained when it
comes to removing graffiti coatings from sensitive sub-
strates. The D-optimal design assessment results
allowed for the description of the best manufacturing
settings. The ANOVA metrics, followed by the multiple
regression analysis (see Appendix S1 and Table S4),
showed that the most efficient parameters for the pro-
duction of APG Cg—C49 NSFs are located on the 3D
response surfaces (Figures S1 and S2) within the com-
bination of the highest concentration of APG (A), the
highest homogenization pressure (B), and the UCO-
LIM and UCO-MMB solvent systems (C). The
described surfaces represent the interplay between the
dependent variables Y4 through Y5 and the indepen-
dent variables A and B (as a function of factor C). In
general, the solvent systems based on the used-cook-
ing oil (both UCO-LIM and UCO-MMB) combined with
the highest concentration of APG Cg—C,o in the NSF
system evidently enhanced the physiochemical charac-
ter of the obtained w/o nanoemulsions, that is, they
demonstrated the smallest droplet size (233—335 nm),
very high monodispersity (PDI of 0.025 and less), and
noticeably large kinetic stability (TSI from 1.16 to 3.54,
within up to 90 days). Nevertheless, the homogeniza-
tion pressure also had a significant beneficial impact on
the quality of the created NSFs; within the highest-pres-
sure values, largely stable w/o nanoemulsions could
be made.

To sum up, the D-optimal design optimization
revealed that the RO-LIM and RO-MMB solvent sys-
tem-based NSF formulations, as well as those based
on the reduced APG content should not be explored
further. In addition, the formulations were successful
when the greatest pressure of HPH and the highest
concentration of APG Cg—C,¢ were combined. To con-
clude, formulations NE nos. 6 and 3 were proposed by
the D-optimal model, which refers to the preparation
conditions of NSF graffiti removers based on the sol-
vent systems UCO-LIM and UCO-MMB combined with
0.1 mol/dm® APG concentration and 1500 atm (HPH)
pressure. As a consequence, the formulations in ques-
tion were investigated further, as detailed in the subse-
quent sections. To emphasize the selection of NE nos.
6 and 3, only those exhibited the lowest possible diam-
eter in the nanoscale as well as the greatest stability
over time, which were the main goals of the optimiza-
tion, as stated in Table S2 (score of importance: 5 out
of 5).

Table 3 presents the information on NEs 6 and 3,
including their estimated and observed values for
response variables and the desirability function mea-
sure (Bartman et al., 2023a, 2023b).
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Characterization and removal of stubborn
graffiti paints

In the case of graffiti coatings that are difficult to be
removed, the effectiveness of the agents cleaning the
undesired coatings can be greatly increased by care-
fully selecting biosolvents, including surfactants, which
is not possible when using commercial solvents such
as nitro solvent or petroleum ether (Bartman
et al,, 2021). There are several varieties of graffiti
paints, each suitable for a certain purpose or activity.
Each type of paint has its own individual characteristics
and attributes. Currently, in often rather complicated
spray paint formulas, in addition to the binders and
dyes, solvents, fillers, emulsifiers, antioxidants, and
plasticizers, light stabilizers, biocides, and other similar
substances are frequently used (Wills et al., 2022). The
precise makeup of these paints is frequently unclear
since their preparation follows proprietary formulas,
which prevents the disclosure of such information by
the producer. Several research teams have attempted
to evaluate the paint compositions using different
methods, such as ATR FT-IR or Raman spectroscopy

(Baglioni et al., 2018; Germinario et al., 2016; Marazioti
et al., 2023), but had some problems evaluating the
recorded spectra due to the complicated paint composi-
tions. In this paper, spray paints from the alkyd group
were evaluated, comprising the following components
according to the producer: (1) modified alkyd resin with
nitrocellulose, and (2) modified alkyd resin with bitu-
men. Adding nitrocellulose to the paint composition
improves the paint layer gloss, adhesion, and hard-
ness, while adding bitumen improves the paint hard-
ness and adhesiveness to the substrate and creates a
matte hue (Germinario et al., 2016).

Figure 1a shows the ATR-FTIR spectrum of black
spray paints based on the nitrocellulose-modified alkyd
resin, and Figure 1b illustrates the spectrum of bitu-
men-modified alkyd resin. Both spectra can be found in
the figures.

The most characteristic signals derived from the
paints present on the studied surfaces can be found in
Figure 2. Regarding the black paint containing nitrocel-
lulose (Figure 2a), a series of characteristic bands
could be observed (marked in Figure 2a). An intensive
double signal with a small shoulder in the range of

TABLE 3 The most suitable detergents formulations proposed by the D-optimal model optimization based on the desirability function and

the correlation of the observed and predicted values

Type of Diameter (nm) PDI TSI (0 days) TSI (7 days) TSI (30 days)
No. NEno. solventsystem P? A° P A P A P A P A Desirability
1 6° UCO-LIM 314 233 0.021 0.022 1.25 1.16 1.59 1.42 0.87 1.58 0.992
2 3¢ UCO-MMB 389 335 0.026 0.024 2.13 2.25 2.45 2.70 2.29 3.19 0.842

2Values predicted by the D-optimal model.
bActual experimental values are indicated in bold.

°As presented in Table 2, obtained at the 0.1 mol/dm® APG Cg—C1, concentration under the HPH pressure of 150 MPa.
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FIGURE 1 Attenuated total reflectance-Fourier-transform infrared spectroscopy spectra of the black spray paint samples: nitrocellulose-

modified alkyd resin (a) and bitumen-modified alkyd resin (b)
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FIGURE 2 Evaluation of the surface optical topography: (a) optical profilometer images of 0.94 x 1.3 mm? surface areas of (1) paint (1) and
(Il) paint (2) with the roughness parameters; (b) roughness height distribution on the surfaces of paints (1) and (2) with dimensions of

0.94 x 1.3 mm?; (c) images of the paint surface at x 100 magnification

2950-2850 cm~ " was due to the presence of stretching
vibrations (both symmetric and asymmetric) of the C—H
bond in the aliphatic chains of the paint constituents
(possibly from both alkyd and nitrocellulose side-
chains). The strong and narrow bands at approximately
1730 and 1650 cm™" correspond to the carbonyl C=0
and N—O stretching vibrations, respectively. The C—H
bending vibrations can be observed in the region
(group of signals) between ca. 1490 and 1370 cm™".
Lastly, for nitrocellulose, the C—N bond vibrations,
together with C—H rocking, can be found at 850 and
815-750 cm ', respectively (Marazioti et al., 2023;
Obidiegwu et al., 2016). In the case of the black paint
with the bitumen-derived binders and dyes, the studied
IR spectra showed characteristic peaks for both alkyd
resins and bituminous binders (see Figure 2b). The
absorption peaks at ca. 3400 and 1700 cm~' were
responsible for the presence of O—H stretching vibra-
tions, as well as those derived from the carboxylic acid
moieties (carbonyl). Furthermore, as in the case of
Paint (1), the bands at approximately 2950-2800 cm ™"
were due to the symmetric and asymmetric stretching
of the CH groups in the aliphatic chains (both alkyd and
bitumen derivatives), and the bands at approximately
1490—1370 cm~" were caused by the bending of C—H
bonds. Lastly, signals between 1050 and 950 cm™'

and around 750 cm~" were due to the presence of sulf-
oxide (S=0) and O—H vibrations in the paint (2) com-
ponents, indicating the presence of alkyd resin and
bitumen binders (Hofko et al, 2018; Marazioti
et al., 2023; Obidiegwu et al., 2016).

The wettability measurements of the advancing and
receding water contact angles, as well as the determi-
nation of the work of water adhesion, surface free
energy, and the surface roughness parameters, were
performed in order to obtain a better understanding of
the surface properties of coatings formed by black
paints containing nitrocellulose or bitumen. The surface
roughness of the graffiti paint layers added to the origi-
nal sensitive substrate is a crucial characteristic that
influences the spreading of nanodetergents over the
paint surface, as well as their ability to penetrate it
(Bartman et al., 2023b; Edachery et al., 2022).

The study of surface topography is an essential part
of the research carried out on paint surface attributes
since the appearance and structure of a surface can
have an influence on its wettability. Images of the sur-
faces of paint sample (1) and paint sample (2) are
shown in Figure 2c1,c2, where the difference in their
structures can be seen quite clearly when viewed at
x100 magnification. The selected images of the sur-
faces are presented in Figure 2a1,a2, along with the
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following roughness parameters calculated for the sur-
face on the basis of the entire measured array: R,,
average roughness; R,, root-mean-square roughness;
Ry, peak—valley difference.

When the surface roughness characteristics of the
tested paints were compared, it was found that they
were almost identical. Paint (1), which contained nitro-
cellulose, had an average roughness of 2.33 pm,
whereas paint (2), which contained bitumen, had an
average roughness of 2.15 pm. On the other hand, as
shown in Figure 2b1,b2, there was a large amount of
variation in the distribution of roughness heights
throughout the paint layers. On the surface of paint (1),
there were 43.2% peaks and 41.4% depressions up to
4 um, whereas, on the surface of paint (2), there were
37.0% peaks and 49.4% depressions. It was also noted
that paint (1) containing nitrocellulose had a much
higher percentage of pits, 8.5% above 4 um, in compar-
ison to paint (2), which contained only 5.4% pits. It is
interesting to note that paint (2), which contained bitu-
men, had 1.3% more summits over 4 pm, for a total of
8.3%. The images and data make it evident that the
surfaces of the investigated paints had deep pores and
high elevations, as demonstrated by the values of the
R; parameter, which were similar to those obtained by
other authors (Pogorzelski et al., 2022; Ribeiro
et al., 2013). The drying process of the paint on the
substrate might result in structural differences between
different coats of paint (Ploeger et al., 2008; Pozo-Anto-
nio et al., 2022). According to the sheets of characteris-
tics provided by the manufacturer, in addition to
nitrocellulose, paint (1) consisted mainly of xylene, ace-
tone, 2-methoxy-1-methylethyl acetate, and kerosene,
whereas paint (2) containing bitumen consisted mainly
of dimethyl ether, xylene, cyclohexane, and ethyl ace-
tate. Depending on the additive modifying the paint, the
composition of highly volatile solvents found in the origi-
nal paint composition varies dramatically, which, after
applying the paint to a surface, influences the structure
of the developing layers of graffiti coatings (Germinario
et al., 2016; Ploeger et al., 2008).
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As mentioned above, the wettability of solids with
water provides essential information about the surface
properties of materials, and this is an important param-
eter for many cleaning processes (Al-Yaseri
et al., 2022). The contact angle, which can range from
0° to 180° is the parameter that is most often used for
wetting assessment. The value of the contact angle for
a given liquid changes depending on the kind of solid
and the intensity of the physical interactions at the inter-
face (Chibowski et al., 2017). The average advancing
contact angle of water was 85.6° £ 0.9° and the aver-
age receding contact angle was 71.6° + 3.5° for paint
(1), whereas, for paint (2), these values were 6,
=825°+2.2° and 6, =65.3°%£1.1°, respectively
(Figure 3a). In analyzing the water contact angles on
rough paint surfaces, the hysteresis of the contact
angle (H=6, —6,) was found to be rather considerable
(14.0°=17.1°). As the values of the average advancing
contact angle of water were comparable for both types
of paint, the degree of the contact angle hysteresis
depended primarily on the intermolecular interactions
at the interface between the paint surface (roughness)
(Loganina et al., 2023) and the liquid rather than on the
black paint composition. Additional information about
the solid surface/liquid interactions could be obtained
from the apparent surface free energy calculated from
the advancing and receding contact angles and the sur-
face tension of water (Chibowski, 2003, 2007;
Figure 3b). The values of the total surface free energy
obtained for the paint layers are comparable to those
determined in our earlier study for acrylic paint without
any additives (Bartman et al., 2023b). The surface free
energy of paint (1) and paint (2) changed in a narrow
range, from 35.7 to 37.0 mJ/m?. This is consistent with
ys=39.7mJ/m? of the acrylic paint determined from
the advancing contact angles of polar and apolar lig-
uids based on the acid—base approach of van Oss
et al. (van Oss et al., 1988; van Oss et al., 1990). In
general, an increase in the roughness of the hydrophilic
surface (6 <90°) will improve its wettability (a decrease
in the contact angle), that is, increase the hydrophilicity,
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FIGURE 3 Evaluation of the surface properties: (a) advancing and receding contact angles of water on the paint layer surfaces; (b) surface
free energy calculated from the CAH approach; (c) work of water adhesion to the paint layers
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according to the Wenzel theory (Shardt & Elliott, 2020).
However, in the case of graffiti coatings, surface rough-
ness can have only a limited effect on the surface wet-
tability because liquid (nanodetergent) penetration into
the structure paint layer is also important (Krainer &
Hirn, 2021; Prakash & Prasanth, 2021). The changes in
the thermodynamic work of adhesion (W,) can provide
changes in both the surface wettability and the surface
free energy for the paint surfaces being investigated.
As follows from Figure 3c, all values of the work of
water adhesion were smaller than those of the work of
water cohesion: paint (1) Wa=78.4mJ/m?, and paint
(2) Wa = 82.4 mJ/m?.

As part of the performance assessment, the opti-
mized “brush-on, wipe-off” nanodetergents were used
to remove paints containing nitrocellulose or bitumen
from a painted natural surface such as marble. As
expected, water-in-oil nanoemulsions containing
UCO-LIM (NE no. 6) and UCO-MMB (NE no. 3) sol-
vent systems stabilized with alkyl polyglucosides
(APG Cg—C1p) spread very fast across the whole sur-
face of the tested samples, which enabled the sam-
ples to be completely wet. Nevertheless, when the
nanodetergent maintained its contact with the paint
surface for a longer period, the amount of liquid
remaining on the paint surface was reduced, evidenc-
ing the process of penetrating the paint coating. It was
possible to remove a layer of paint completely from
the marble surface by applying a suitable nanostruc-
tured liquid (3-5 cm®) directly to the surface of suitably
fortified acrylic paints (paint thickness: 500—-600 mm)
within the specified contact time. For detergent NE no.
6, which contained the UCO-LIM solvent system, the
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FIGURE 4 Evaluation of paint removal efficiency. Results of

selective laboratory paint layer removal tests: (a) paint layer removal
with NE no. 6; (b) paint layer removal with NE no. 3
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time necessary to remove black paint (1) and paint (2)
layers was 15 min from the moment of application,
while for detergent NE no. 3, which contained the
UCO-MMB solvent system, the time was 15 min for
paint (1) and 60 min for paint (2). Figure 4 reports the
complete set of samples with the cleaning results. The
tests of effectiveness in removing the stubborn graffiti
coatings revealed significant differences in the speed
of their removal by the developed nanodetergents.
The UCO-MMB solvent system could remove paints
containing nitrocellulose as quickly as the UCO-LIM
system. However, for paints containing bitumen,
detergent NE no. 3 was four times slower but could
completely remove this type of paint. In fact, the
results demonstrated that the efficacy of the nanotech-
nological preparation for removing graffiti paints con-
stituting w/o nanoemulsions is determined by two
factors: a biosolvent system that is stabilized with an
appropriate surfactant, and components that modify
the properties of acrylic paint. As reported in our previ-
ous works (Bartman et al., 2023a, 2023b), particularly,
the water molecules behave mainly as a transport
medium for surfactants, which penetrates directly into
the structure of the porous graffiti paint through the
pores on its surface (see Figure 2). The droplets of the
nanoemulsion interact directly with the porous chan-
nels of the paint layer, which initiates the process of
solubility and widening of the mentioned channels.
Thus, the nanodroplets are able to reach the paint/
substrate interface, and that enables the paint resi-
dues to be detached (Bartman et al., 2023b).
High-resolution imaging and ATR FT-IR measure-
ments were also used for further characterization of
each test surface. The results of an analysis of the
effectiveness in removing paints (1) and (2) using
ATR FT-IR measurements and high-resolution
images seen at x100 magnification are presented in
Figure 5. In particular, it can be observed from the FT-
IR spectra in Figure 5a1,a2 that the reflection profiles
of the reference surface and the graffiti-cleaned
region were comparable. Even though the spectra of
the black paints were not observed, the resolution of
the equipment revealed that any paint remains were
either nonexistent or impossible to detect. At the mag-
nification of x100, the attached images (Figure 5b,c)
demonstrate that the stubborn black paints were prac-
tically removed from the whole region treated with the
graffiti removal nanodetergent. On the other hand, as
a result of the large surface roughness of the marble,
minute particles of black paint residue were found in
the regions of the marble that had the largest depres-
sion (below 8 um; the areas of paint are marked red).
On the basis of these microphotographs, it could be
confirmed that nanodetergent NE no. 6, which was
composed of the UCO-LIM solvent system, demon-
strated a significantly larger capacity for removing the
enhanced black graffiti paint than nanodetergent NE
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no. 3 with the UCO-MMB solvent system. The results
of these experiments demonstrated that both of these
reasonable preparations were capable of efficiently
removing strengthened acrylic paint containing nitro-
cellulose or bitumen from a rough surface without
damaging it.

CONCLUSIONS

Studies were carried out to develop nanostructured
fluids that can be used as professional “brush-on,
wipe-off” removers for the elimination of graffiti coatings
resistant to removal. Two different black paints that
contained either nitrocellulose or bitumen were used as
additives to the alkyd resin that altered the paint char-
acteristics. As an example, the nanodetergent
designed specifically for the careful and risk-free
removal of persistent graffiti coatings was a water-in-oil
nanoemulsion stabilized with nonionic saccharide sur-
factants. The efficiency of the nanodetergents in
removing stubborn graffiti coatings was evaluated, and

FIGURE 5 Evaluation of paint
removal efficiency: (a) results of
selective laboratory paint layer
removal tests, as studied by
attenuated total reflectance-
Fourier-transform infrared
spectroscopy spectral analysis;

Paint (2)

r—r T - images of the reference marble

g sensitive surface at x 100
|| magpnification after paint removal
J with (b) NE no. 6 and (c) NE no. 3

FHHY AN 24000 LG SO0
waveniimber (o]

the findings showed that there was a significant differ-
ence in the rate at which the coatings were removed by
the produced nanodetergents. The paints including
nitrocellulose could be removed using either the UCO-
LIM system or the UCO-MMB solvent system (NE no.
3). Both systems needed approximately the same
amount of time to accomplish the task (NE no. 6). How-
ever, although detergent NE no. 3 acted four times
more slowly on paints including bitumen, it was still
capable of completely removing all residues of this type
of paint. The findings of our study proved that nano-
technological detergents stabilized with saccharide sur-
factants are particularly successful in the removal of
tenacious graffiti paint. These detergents were
designed specifically for this purpose. However, the
use of alkyl polyglucosides makes it possible to com-
pose w/o nanoemulsions containing various solvent
systems. These nanoemulsions can be used as spe-
cialized detergents for the accurate removal of various
graffiti coatings which require a specific action time to
avoid damaging the original substrate located under
the paint surface.
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Table S1. Physicochemical characteristic of the product after homogenization.

UCO-MMB UCO-LIM RO-MMB RO-LIM

Pre-Emulsion no. 1 2 3 4 5 6 7 8 9 10 11 12
Concentration APG C8-C10 (mol/dm®) 0.05 0.075 0.1 005 0.075 0.1 005 0.075 0.1 0.05 0.075 0.1
0 days storage Homogenization pressure (P = 0.1 MPa)

DH (pm) 5.241 3.684 2913 4712 2912 2.142 5433 3.925 3.135 4.845 3.025 2.342
DH S.D. £ (um) 0.784 0.563 0.442 0.714 0.452 0.331 1.121 0.881 0.632 0.913 0.556 0.424
PDI 0.022 0.023 0.023 0.023 0.024 0.024 0.043 0.050 0.041 0.036 0.034 0.033
TSI (60 min storaged) 3.14 285 235 285 256 235 323 295 244 3112 268 255
TSI 7 days storage 7.42 642 6.12 523 498 469 775 6.83 621 636 6.12 598
TSI 1 months storage 11.23 1023 942 7.15 7.04 693 1299 1134 1040 835 821 794
TSI 3 months storage 16.45 1626 1544 11.26 11.04 1035 18.53 17.54 16.59 1246 12.21 12.06
0 days storage Homogenization pressure (P = 100 MPa)

DH (pm) 2.725 1.883 1.524 2508 1.595 1.209 2.615 1.954 1.505 2.544 1.771 1.237
DH S.D. + (um) 0.458 0.323 0265 0371 0.231 0.169 0.432 0330 0.237 0.402 0274 0.187
PDI 0.028 0.029 0.030 0.022 0.021 0.020 0.027 0.028 0.025 0.025 0.024 0.023
TSI 0 days (60 minut) 2.01 1.94 190 1.62 159 148 243 237 213 243 220 215
TSI 7 days storage 291 272 266 235 223 207 437 414 377 350 3.12 3.10
TSI 1 months storage 699 598 585 564 490 456 1093 10.14 866 9.80 9.06 9.30
TSI 3 months storage 839 7.17 644 677 588 501 1531 1359 11.26 11.07 10.14 1041

The existing relationship between response factors and independent variables is represented by the second-order
polynomial function derived from the D-optimal design model:

Y1,Y2,Y3 Ysor Ys=Po+ BiA + 2B + B3C + Bi12AB + Bi13AC + B23BC + Bi,14% + 2282 (Eq. S1):
where Y1 — Ys are the dependent variables; A, B and C are independent variables; o is an intercept term; P1, B2

and B3 are the linear coefficients; P12, B1,3 and P23 are the interaction coefficients; while 1,1 and P22 are the
quadratic coefficients.

Table S2. The customized (3—4)* fractional factorial D-optimal design, with corresponding variables and their
levels.

. Level
Independent variables %) 1 0 1
(A) = concentration APG Cs-Cio surfactant (mol/dm?) - 0.050 0.075 0.100
(B) = homogenization pressure (atm) - 1 1000 1500
(C) = type of solvents mixture uco- - uco- RO- RO-
MMB LIM MMB LIM
Dependent variables Goal®
Y1 = particle diameter (um) Minimalize (5/5)
Y2=PDI Minimalize (3/5)
Y3 = TSI (0 days) Minimalize (3/5)

Y4 =TSI (7 days)
Ys = TSI (30 days)

Minimalize (4/5)
Minimalize (5/5)

2 importance of a given goal on a scale from 1 to 5 (1 — the least important; 5 — the most important)



Table S3. A quadratic D-Optimal randomized design experimental matrix of three independent variables with
their corresponding values and analyzed response factors Y1 — Ys: particle diameter, PDI, TSI after 0 days, TSI
after 7 days, and TSI after 30 days respectively.

Run A: B: C: solvents Yi: Yo: Ys: Ya: Ys:
Concentration Pressure  mixture type  diameter PDI TSI TSI TSI
of APG [atm] [um] (0 days) (7 days) (30 days)
Cs—Cio
[mol/dm?]

1 0.075 0.100 RO-LIM 3.025 0.03378 2.68 6.12 8.21
2 0.05 100 UCO-LIM 2.508 0.02192 1.62 2.35 5.64
3 0.05 0.100 RO-LIM 4.845 0.03551 3.12 6.36 8.35
4% 0.075 0.100 RO-MMB 3.925 0.05038 2.95 6.83 11.34
5 0.075 150 UCO-LIM 0.31209 0.02233 1.25 1.55 1.77
6* 0.05 0.100 UCO-LIM 4.712 0.02296 2.85 5.23 7.15
7* 0.05 0.100 UCO-MMB 5.241 0.02238 3.14 7.42 11.23
8 0.1 100 UCO-LIM 1.2087 0.01951 1.48 2.07 4.56
9 0.1 150 RO-MMB 0.4971 0.02516 223 3.19 3.92
10 0.05 150 RO-MMB 0.6714 0.02746 2.58 4.03 5.07
11* 0.075 0.100 UCO-LIM 2912 0.02409 2.56 4.98 7.04
12% 0.075 150 UCO-LIM 0.3121 0.02233 1.25 1.55 1.767
13* 0.05 150 RO-LIM 0.6360 0.02319 2.24 3.02 3.69
14* 0.075 150 UCO-MMB 0.4160 0.02437 232 2.90 3.42
15% 0.05 0.100 RO-MMB 5.433 0.04257 3.23 7.75 12.99
16 0.1 0.100 RO-LIM 2.342 0.03278 2.55 5.98 7.94
17* 0.1 0.100 RO-MMB 3.135 0.04064 2.44 6.21 10.40
18* 0.1 150 UCO-MMB 0.3351 0.02363 2.25 2.70 3.19
19 0.075 100 RO-MMB 1.954 0.02846 2.37 4.14 10.14
20% 0.1 150 RO-LIM 0.3460 0.02116 1.92 2.34 2.81
21%* 0.1 0.100 UCO-LIM 2.142 0.02388 2.35 4.69 6.93
22% 0.05 150 UCO-MMB 0.6090 0.02622 241 3.23 3.84
23%* 0.1 150 RO-MMB 0.4974 0.02516 223 3.19 3.92
24* 0.1 100 UCO-MMB 1.524 0.03027 1.90 2.66 5.85
25% 0.05 150 RO-LIM 0.6360 0.02319 2.24 3.02 3.69
26* 0.1 150 RO-LIM 0.3460 0.02116 1.92 2.34 2.81
27%* 0.075 100 RO-LIM 1.771 0.02397 2.20 3.12 9.06
28%* 0.1 0.100 UCO-MMB 2913 0.02302 2.35 6.12 9.42
29* 0.075 0.100 UCO-MMB 3.684 0.02336 2.85 6.42 10.23
30%* 0.05 150 RO-MMB 0.6714 0.02746 2.58 4.03 5.07

* Repetition points selected for the D-Optimal model, in order to maintain an appropriate level of degrees of freedom of the model.



Table S4. ANOVA results for D-optimal randomized design quadratic model for dependent variables of graffiti

remover w/o nanoemulsion formulation.

Source Sum of sq. Term df  F-value p-value
dependent variable: diameter

Model 79.55 14 473.94  <0.0001

A- concentration 7.58 1 632.22 <0.0001

B - pressure 64.11 1 5347.43  <0.0001

C — solvents mixture type 0.9798 3 27.24 <0.0001

AB 4.57 1 381.36 < 0.0001

AC 0.0704 3 1.96 0.1637

BC 0.7949 3 22.10 <0.0001

A? 0.4981 1 41.54 <0.0001

B? 0.6102 1 50.90 <0.0001
Lack of Fit 0.1798 10

S.D. =0.1095, Mean = 1.99, R*> = 0.9977, Adj. R* = 0.9956, Pred. R?=0.9911

dependent variable: PDI

Model 0.0014 12 17.55
A- concentration 6.459E-06 1 0.9915
B - pressure 0.0004 1 64.33
C — solvents mixture type 0.0006 3 29.69
AB 7.343E-07 1 0.1127
AC 0.0000 3 0.5142
BC 0.0004 3 21.69
Lack of fit 0.0001 12

<0.0001
0.3333
<0.0001
<0.0001
0.7412
0.6780
<0.0001

S.D. = 0.0026, Mean = 0.0271, R* = 0.9253, Adj. R* = 0.8726, Pred. R*> = 0.7901

dependent variable: TSI (0 days)

Model 7.45 14 92.68
A- concentration 1.02 1 177.12
B - pressure 3.37 1 587.71
C — solvents mixture type 1.88 3 109.05
AB 0.1902 1 33.13

AC 0.0659 3 3.83

BC 0.6510 3 37.80
A? 0.0008 1 0.1326

B? 0.1412 1 24.59

Lack of fit 0.0861 10

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.0322
<0.0001
0.7209
0.0002

S.D.=0.0758, Mean = 2.34 R? = 0.9886, Adj. R*=0.9779, Pred. R*=0.9515

dependent variable: TSI (7 days)

Model

A- concentration
B - pressure
C — solvents mixture type

AB
AC
BC
A2
B2

Lack of fit

97.74
3.27
78.69
14.35
0.1140
0.4713
0.1680
0.0372
1.65
0.4755

14

—_— ) W) — L) — —

10

220.22
103.15
2482.15
150.91
3.60
4.96
1.77
1.17
52.08

<0.0001
<0.0001
<0.0001
<0.0001
0.0773
0.0138
0.1966
0.2960
<0.0001

S.D. =17.80 Mean = 4.19 R? = 0.9952, Adj. R* = 0.9906, Pred. R*> = 0.9757

dependent variable: TSI (30 days)

Model
A- concentration
B - pressure
C — solvents mixture type

AB
AC
BC
A2
B2

Lack of fit

285.83
7.70
208.34
58.21
0.1442
1.34
5.72
1.59
20.89
5.94

14

1
1
3
1
3
3
1
1

10

51.59
19.46
526.48
49.03
0.3644
1.13
4.82
4.03
52.79

<0.0001
0.0005
<0.0001
<0.0001
0.5551
0.3701
0.0152
0.0631
<0.0001

S.D. =0.6291, Mean = 6.38, R> = 0.9797, Adj. R* = 0.9607, Pred. R* = 0.9176




Comments to the Table S4:

From the point of view of ANOVA analysis of the PDI response factor, the model was reduced from
quadratic to 2FI (two-factor interaction), since interactions in the quadratic form, i.e., A% or B, were aliased due
to unreasonable agreement between predicted and adjusted R? coefficients (the difference was higher than 0.2),
which highly affected the adequate precision of the model. Furthermore, since the independent variable C (type
of the solvent system) was non-numerical (categorical), it was not possible to implement the evaluation of the
responses with D-Optimal in a multivariate way, i.e., an ABC interaction. The influence of the C factor was
determined in a non-direct way, as represented in the Eqs. 2 — 6 by coefficients C[1], C[2], C[3], AC[1], AC[2],
ACJ[3], BC[1], BC[2], and BC[3], respectively. Finally, the non-significant factors resulting from the ANOVA
evaluation (with a p-value > 0.05) were still maintained in the final formulas for the given response factors. It
was necessary from the point of view of maintaining the appropriate robustness of the implemented D-optimal
model as well as increasing the forecasting capability of the explored response surfaces. Therefore, even though
the non-significant factors, e.g., A% in some cases, had a minor influence on the predicted values of response
factors, their presence ensured an appropriate level of noise-to-ratio, increasing the adequate precision. This
approach is typical for custom-designed Optimal models applied in the RSM technique [1-6].

Text S1.

The primary objective of the optimization was to produce a w/o nanoemulsion with a nanoscale average
particle diameter (less than 500 nm, if feasible) and as low a monodispersity as possible while maintaining very
high stability over a 30-day period. The objective was met for two formulations, NE no. 6 and NE no. 3, which
met the specified conditions. Both formulations were obtained under a pressure of 1500 atm in the HPH method,
with an APG content of 0.1 mol/dm3, and in the solvent systems UCO-LIM and UCO-MMB, respectively.
Design of experiments (DoE) and quality by design (QbD) techniques are frequently utilized in formulation
optimization and other procedures to obtain answers from mathematical and statistical computations.

The ANOVA evaluation of the quadratic response surfaces predicted by a coordinate-exchange D-optimal
plan for dependent factors Y1—Ys revealed that the quadratic model provided the best matching in every case, as
is common for RSM techniques. The best-fit model produced has significant parameters, i.e., a small difference
between the experimental, adjusted, and predicted R? values, and an appropriate number of degrees of freedom.
All model fitting p-values were less than 0.05, suggesting that the D-optimal model terms and intercepts were
significant for all dependent variables studied in this contribution. Table S4 presents the results of the variance
analysis.

All three independent variables, i.e., concentration of APG Cs — Cio (A), homogenization pressure (B), and
type of solvent system (C), exhibited a quadratic interaction and had the equivalent impact on the response Y
(particle diameter), both in individual and combined effects ((A), (B), (C), (A?), (B?), and (AB), (AC), and (BC)).
As a result, a suitable combination of process parameters can guarantee that the resulting formulation meets the
criteria for an effective w/o nanoemulsion. From the point of view of response Y2 (PDI), the main effect was
observed in terms of two-factor interaction (2FI); however, in this case, HPH pressure (B) and solvent system
(C) employed had the greatest influence on maintaining the lowest PDI values (both (B) and (C), as well as (AC)
and (BC). In terms of the response variables Y3, Ya, and Ys, the impact of the independent variables A—C was
precisely the same as it was for response Y1. The exhibited a quadratic relationship with response factor, where
all three process parameters had the same equivalent impact on the TSI values after 0, 7, and 30 days, both
individually and combined, i.e., (A), (B), and (C), as well as (AB), (AC), and (BC).

These findings make it abundantly evident that the kind of solvent system and a high homogenization
pressure, in conjunction with the influence of the stabilizing agent concentration, guarantee the production of a
stable w/o nanoemulsion that is highly efficient for the removal of graffiti coating. Thus, it is essential to
carefully determine the proper process parameters. Upon fitting the experimental values of the response factors
with the D-optimal model, the polynomial regression equations that resulted from the ANOVA analysis were as
follows:

Diameter (Y1) = +2.33 -0.69234 -1.62B +0.1117C[1] -0.2114C[2] +0.2552C[3] +0.5263A4B +0.02054C[1] -
0.09934C[2] +0.07584C[3] -0.1324BC[1] +0.2363BC[2] -0.2203BC[3] +0.29934 -0.4544B> (Eq. S2)

PDI (Y2) = +0.0274 -0.00054 -0.0037B -0.0028C[1] -0.0051C[2] +0.0075C[3] -0.00024B +0.0011AC[1]
+0.00004C[2]-0.0006AC[3] +0.0049BC[1] +0.0028BC[2] -0.0055BC[3] (Eq. S3)

TSI (0 days) (Ys) = +2.18 -0.22904 -0.3699B +0.1460C[ 1] -0.4539C[2] +0.2525C[3] +0.1074AB
-0.0394AC[1] +0.10514C[2] -0.0561AC[3] +0.1363BC[1] -0.2960BC[2] +0.1379BC[3] -0.0117A4 +0.2186B>
(Eq. S4)

TSI (7 days) (Y4) = +3.64 -0.39834 -1.74B +0.3079C[1] -1.12C[2] +0.8376C[3] +0.0831AB -0.1381AC[1]
+0.22134C[2] -0.1644AC[3] -0.1330BC[1] +0.0751BC[2] +0.0672BC[3] +0.0818A% +0.7475B°
(Eq. S5)

TSI (30 days) (Ys) = +9.26 -0.60294 -3.03B +0.4728C[1] -2.13C[2] +1.94C[3] +0.09354B -0.2757AC[1]
+0.3091AC[2] -0.2431AC[3] -0.4360BC[1] +0.1569BC[2] -0.4107BC[3] -0.53544> -2.66B°>  (Eq. S6)



Influence of process parameters
on the response factors in the
function of solvents mixture
type: UCO-MMB

Figure S1. A graphical illustration of the response surfaces of the randomized quadratic D-optimal design for the dependent factors Y1 = diameter, Y2 = PDI, Y3 = TSI (0 days), Y4 = TSI (7
days), and Ys = TSI (30 days) vs. independent variables (concentration of APG (A) and HPH pressure (B) as a function of solvents mixture type used: UCO-MMB).
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Figure S2. A graphical illustration of the response surfaces of the randomized quadratic D-optimal design for the dependent factors Y1 = diameter, Y2 = PDI, Y3 = TSI (0 days), Y4 = TSI (7
days), and Ys = TSI (30 days) vs. independent variables (concentration of APG (A) and HPH pressure (B) as a function of solvents mixture type used: UCO-LIM).
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E=A Wettability of Graffiti Coatings by Green Nanostructured
Fluids

Marcin Bartman,*™ Lucyna Hotysz,™ Sebastian J. Balicki,”’ Weronika Szczesna-Gérniak,” and

Kazimiera A. Wilk*

Green nanostructured fluids (GNFs), specifically water-in-oil
nanoemulsions (w/o NEs), were investigated as professional
“brush on, wipe off” nanodetergents for the effective removal
of various challenging graffiti coatings. The efficacy of the
advanced nanodetergents in eradicating resilient graffiti coat-
ings was evaluated using various methods to assess the surface
properties of forming graffiti coatings. The surface properties of
these coatings were examined by assessing their wettability by
water, surface free energy, and topography to obtain informa-
tion on the intermolecular interactions with the nanodetergent
during the wetting and graffiti removal process. Our findings
revealed significant variations in the coating removal rate and
efficacy of green nanostructured fluids, which are stabilized

Introduction

Among the frequently occurring irregularities in many cities,
graffiti is one of the most serious problems affecting cultural
heritage monuments around the world. It is worth mentioning
that the spread of graffiti is also associated with crime and
urban decline, as well as expenditure of financial resources.
Therefore, there is an urgent need for efficient strategies to
remove such graffiti.

The removal of graffiti coatings from various surfaces is a
complex task that requires effective and environmentally
friendly cleaning approaches. The traditional methods, such as
mechanical cleaning and the use of organic solvents, often lead
to surface damage and compromise the integrity of the
underlying substrates.> Thus, new and innovative strategies
should be implemented to effectively remove unwanted
paintings. In the literature, nanodetergents have emerged as a
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using surfactants derived from saccharides or amino acids. A
water-in-oil nanoemulsion, stabilized by caprylyl/capryl gluco-
side, demonstrated exceptional efficiency at cleaning graffiti
paints based on alkyd resin and containing various additives
such as nitrocellulose or bitumen, from any hard surface within
a short time period. However, a w/o NE, stabilized by sodium
cocoyl glycinate, also showed effective removal of graffiti paints
containing durable bitumen, albeit at a slower rate on. These
green nanostructured fluids can be used as specific nano-
detergents for the comprehensive removal of various graffiti
coatings, but require a specified action time to prevent damage
to the original substrate beneath the paint coating.

promising solution, offering an improved efficiency and a
reduced environmental impact.!’ Among these green nano-
structured fluids, the “brush on, wipe off” approach utilizing
water-in-oil nanoemulsions has shown a great potential for
removing stubborn graffiti coatings.*” The effectiveness of
nanodetergents in removing graffiti coatings relies on their
ability to spread and permeate the painted surface, ultimately
reaching the original substrate."*”’ Understanding the spread-
ing dynamics of nanodetergents and their interactions with
graffiti coatings is essential for developing optimal cleaning
strategies.®'” In particular, the wettability of the surface plays a
critical role in determining the efficacy of nanodetergents and
their ability to remove undesired graffiti."*'"

Wettability, defined as the ability of a liquid to spread and
form a thin, uniform film on a solid surface, is influenced by
various factors, including surface roughness, chemical composi-
tion, and interfacial forces.®'” The spreading process of nano-
detergents on graffiti coatings is governed by the balance
between adhesive and cohesive forces, i.e., the nanodetergent
surface tension and surface free energy of a solid surface.®'"
Knowledge of these two parameters allows us to understand
the mechanisms underlying the removal process and optimize
the nanodetergent formulations accordingly."

Surface free energy, which encompasses both polar and
dispersive components, is a key parameter that determines the
wettability of a surface.®'” The intermolecular forces, such as
van der Waals forces and hydrogen bonding, determine the
surface free energy and ultimately influence the spreading
behavior of nanodetergents.®'” Additionally, surface rough-
ness, which is characteristic of many graffiti coatings, can
further affect the wettability by altering the contact area and
increasing the surface accessible to interactions.?

© 2023 Wiley-VCH GmbH
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The spreading dynamics of nanodetergents on graffiti
coatings is influenced not only by surface characteristics but
also the composition of the nanodetergent formulation
itself.">'” The selection of suitable surfactants and solvents
plays a crucial role in obtaining optimal spreading and
penetration.™ In previous research,!'**'"" the D-Optimal
model was employed for conducting Response Surface Method-
ology (RSM) experiments. This approach, in conjunction with
ANOVA analysis, facilitated the identification of the optimal
graffiti eradication preparation within the mild and environ-
mentally benign surfactant category. In the above-mentioned
studies, we analyzed saccharides (APGs)® containing alkyl
chains with varied lengths (ranging from C, to C;;) and
examined the impact of their concentration on the stability and
removal efficiency of the resulting nanoemulsions. In the same
aspect, we also investigated surfactants derived from amino
acids (AAS)," such as glutamine, taurine, or glycine. Further-
more, we studied the effect of other solvents,” namely D-
limonene and 3-methoxy-3-methyl-1-butanol, on the physico-
chemical properties of nanodetergents and their cleaning
capabilities.

The aim of this study was to examine the kinetics in the
processes occurring at the interface of a paint coating/water
using different oil/air nanoemulsions. Gaining a comprehensive
understanding of the mechanisms involved in the spreading of
nanodetergents on different graffiti coatings that incorporate
different additives, such as nitrocellulose or bitumen, is of
utmost importance in achieving a thorough elimination of the
paint coating from any given substrate, as these additives have
a substantial impact on the overall quality and longevity of the
resulting coating. For this purpose, we selected the water-in-oil
nanoemulsions stabilized with a saccharide or amino acid
surfactant which showed the best properties for removing
graffiti coatings under controlled laboratory conditions and in
real-life environments. Of the ecologically balanced saccharide
or amino acid surfactants that can be combined with environ-
mentally friendly solvents, caprylyl/capryl glucoside (also re-
ferred to as decyl octyl glucoside) and sodium cocoyl glycinate
were selected as the best representative of their groups.

The surface characteristics of a variety of black paint
coatings that are typically utilized as graffiti paints were
investigated in this study. Additionally, several experimental
studies analyzed the surface topography. The kinetics of
wetting the surface of various black graffiti paint coatings with
water and the w/o nanoemulsions was determined.

By analyzing the interfacial interactions between the graffiti
coating structure and the original substrate, the surface free
energy, the work of adhesion, and the spreading behavior, we
were able to evaluate the basic principles governing the
removal process.

By leveraging the properties of green nanostructured fluids
and understanding the characteristics of the paint coating, we
can explore the interactions between nanodetergents and
graffiti coatings. This knowledge will pave the way for the
creation of increasingly superior, effective, safe, and efficient
cleaning methodologies. This approach not only enhances the
effectiveness of cleaning processes but also contributes to
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maintaining the original properties of surfaces that have been
harmed by undesired coatings.

Results and Discussion
Characterization of Graffiti Coatings

The wide variety of graffiti formulas and brands of commercial
graffiti paints is a big issue in the field of graffiti coatings and a
significant challenge for those who want to remove it.'"*>'®
Spray paint formulae are often complex and contain a variety of
components. These can include binders which help the paint
adhere to surfaces and dyes which are responsible for the color.
However, these are just the basic ingredients. Many spray paints
also contain solvents, which help to dissolve other substances;
fillers, which give the paint structure and volume; emulsifiers,
which help mix water and oils; antioxidants, which prevent the
paint from oxidizing; plasticizers, which increase flexibility; light
stabilizers, which protect the paint from UV radiation; and
biocides, which inhibit the growth of bacteria and fungi."®

In this study, the focus was on alkyd group spray paints.
According to the manufacturer, these paints are composed of
1) pure alkyd resin, 2) modified alkyd resin with nitrocellulose,
and 3) modified alkyd resin with bitumen (Figure 1). The
addition of nitrocellulose enhances the gloss, adhesion, and
hardness of the paint layer. In contrast, the addition of bitumen
improves the hardness and adhesion of the paint to the
substrate and imparts a matte hue."”

Overall, the composition of spray paints can have a
significant impact on their properties and behavior. Knowledge
about these compositions can help researchers develop more
effective graffiti paint removers. In order to gain more
comprehensive knowledge of the surface properties of coatings
formed by various black paints, several key measurements and
determinations were performed.

Firstly, the wettability of the coatings by water was
assessed. This involved measuring both the advancing 6, and
receding 6, water contact angles. The advancing angle refers to
the angle at which the three phases solid/liquid/gas contact as
the droplet moves onto the solid surface, while the receding
angle is that at which the droplet recedes while diminishing its
volume "2 The largest value of the average advancing
contact angle was obtained for paint no. 2, while for paint no.
1, this angle was the lowest. It was observed, however, that
paint no. 3 had the smallest receding contact angle (see
Table 1). Analysis of the water advancing and receding contact
angles found that the contact angle hysteresis was different (
H =0, —0,) for different paint modifying agents (paint no. 1:
H=11.8°% paint no. 2: H=14.0%; paint no. 3: H=17.1°).

Secondly, the thermodynamic work of water adhesion W,
was determined. This is a measure of the amount of energy
required to remove a unit area of water from a solid
surface.”>? This is an important parameter allowing us to
understand the adhesion strength of water to the surface of the
coatings. Additionally, the work of spreading Ws of water on
the surfaces was calculated; its value provides information on

© 2023 Wiley-VCH GmbH
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Figure 1. Image of the surface of black graffiti paint coatings at 100x magnification (a) without the addition of a modifier, (b) with nitrocellulose, (c) with

bitumen.

Table 1. Characteristics of wettability by water and surface parameters of
graffiti coatings.

Parameter Paint no. 1 Paint no. 2 Paint no. 3

0, (deg) 80.7£1.6 85.6+0.9 824+22

0, (deg) 68.9+33 71.6+£3.5 653+1.1

¥s (mJ/m2) 390+14 357+£1.0 370+£1.9

W, (mJ/m2) 84.5+2.0 784+1.1 824+28

W (mJ/m2) —629+238 —62.31+18.0 —58.8+17.1

whether the liquid spreads spontaneously on the surface
(positive value) or forms a drop on it (negative value).?"*?¥ The
total surface free energy y, of the studied coatings was also
determined, which is an important surface characteristic that
reflects the type and magnitude of intermolecular
interactions.?”’ All tested paints obtained comparable values for
these parameters, which are characteristic of the surface
properties of black paints:

a) W, in the range of 78.4+84.5 mJ/m?%

b) W in the range of —62.9 < —58.8 mJ/m?

c) ysin the range of 35.7 +39.0 mJ/m?

These measurements provide valuable insights into the
interaction of water with the surface of the coatings.

Finally, the parameters related to the surface roughness of
the coatings were evaluated. Surface roughness can signifi-
cantly influence properties such as gloss, adhesion, and
wettability.”

The examination of graffiti paint surface topography is a
vital aspect of studying their characteristics, as the aesthetic
appeal and texture of a surface can impact its wettability.””
Figure 2A displays the images of the surfaces for paint no. 1 (I),
paint no. 2 (Il), and paint no. 3 (lll), accompanied by the
computed roughness parameters based on the entire measured
matrix. The parameters include R, which indicates the mean
roughness; R, which is the root-mean-square roughness; and R,,
which is the difference between the peak and valley.”®

Comparison of the surface roughness attributes of the
examined paints found that paint no. 1, which lacks additives
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such as nitrocellulose or bitumen, exhibited a remarkably small
average roughness of 0.14 um. This indicates that this paint
forms a nearly smooth coating on material surfaces. Conversely,
the other two paints displayed similar characteristics. Paint no.
2, which includes nitrocellulose, demonstrated an average
roughness of 2.47 um, while paint no. 3, containing bitumen,
exhibited an average roughness of 2.24 um.

Moreover, as depicted in Figure 2B, there is a substantial
disparity in the distribution of roughness height across the
layers of paint. The surface formed by paint no. 1, which serves
as a reference paint devoid of additives, exhibited neither peaks
nor depressions larger than 1 pum, with both peaks and
depressions smaller than 1 um equally distributed at 50%.
However, notable surface differences were identified in the
coatings created by paints no. 2 and no. 3. On the surface of
the paint with nitrocellulose, 23.9% of depressions and 26.1%
of peaks were larger than 1 um, and 12.2% of depressions and
37.8% of peaks were up to 1pum. In contrast, in the paint
containing bitumen, 24.2% of depressions and 19.9% of peaks
were larger than 1 um, and 15.3% of depressions and 40.6 % of
peaks were up to 1 um. The images and data from the optical
topography analysis indicate that the surfaces of paints no. 2
and no. 3 exhibit deep pores and significant elevations, as
demonstrated by the R, parameter values. These data align with
those reported by the other researchers.">* Conversely, paint
no. 1, which lacks the aforementioned additives, does not form
a rough graffiti coating structure during the drying phase.
However, it is worth noting that structural differences between
various paint layers can result not only from the paint drying
process on the substrate,***" but also, as our study has
revealed, from its additive composition.

Due to these comprehensive measurements and determi-
nations, a more profound understanding of the surface proper-
ties of these black paint coatings was achieved.

© 2023 Wiley-VCH GmbH
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Figure 2. Evaluation of the surface optical topography: (A) optical profilom-
eter images of 0.94x1.3 mm? surface areas of (I) paint no. 1, (Il) paint no. 2,
and (Ill) paint no. 3 with their roughness parameters. (B) Roughness height
distribution on the surfaces of paints no. 1, 2, and 3.

Characterization of Green Nanostructured Fluids as “Brush
on, Wipe off” Nanodetergents

To design an optimal cleaning formulation for the removal of
graffiti coatings, several guidelines should be followed: i) the
solvent must possess good affinity for the surfactant; ii) each
component of the mixture should be non-toxic and environ-
mentally friendly; and iii) the surfactant should be rapidly
biodegradable and safe for aquatic organisms. The fabrication
of “brush on, wipe off” nanodetergents that fulfill these criteria
is an efficient approach for the quick and safe removal of
undesirable graffiti. Therefore, according to our presented
strategy in our previous complex research, different types of
APGP' and AAS™ surfactants were used to stabilize and
functionalize the nanoemulsions, leading to the formation of
thermokinetically stable w/o nanoemulsion particles with a size
range of approximately 100-500 nm.®? We tested the opti-
mized nanoemulsions toward their colloidal stability and
droplet sizes, i.e., nanodroplets of 150-200 nm in size as the
main criterion (according to RSM)."*'”! Such particles’ sizes were
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possible to obtain when we used APG Cg-C,, surfactant at a
concentration of 0.1 M and SCG surfactant at a concentration of
0.05 M to stabilize the system (see Table 2). In previous works,
we also conducted laboratory experiments to determine the
effectiveness of different concentrations and types of
surfactants"** and solvents®'” in removing various types of
graffiti coatings. The results obtained proved that the type of
surfactant and the length of the alkyl chain in its structure play
a key role in the fabrication of kinetically stable nanoemulsions.
However, the influence of the biosolvent type on stability of
final nondetergent formulation was negligible. The ecological
surfactants that were stated above were discovered to be the
best option also according to the results of RSM calculations.
Our previous research proved that water-in-oil nanoemul-
sions, stabilized with a saccharide™” or amino acid™ surfactant
as nanostructured fluids, have excellent cleaning properties for
removing unwanted and persistent graffiti coatings from
various surfaces such as glass, natural stone, marble, aluminum,
steel, and acrylic glass."* Prior research has established the
effectiveness of mathematical and statistical modeling-driven
evaluation methods, such as the response surface methodology
(RSM) and design of experiments (DoE), in accurately forecast-
ing and verifying the functional properties of chemical
formulations and the end products of optimized production
processes.*>”! Furthermore, the utilization of RSM is prevalent
in evaluation studies owing to its significant effectiveness as a
statistical tool for the optimization of diverse processes. This
methodology has been effectively used in scenarios where it is
necessary to determine the direct influence of independent
variables on dependent variables. This phenomenon holds
special significance in complex systems because the variables
may display diverse patterns of correlation. By utilizing this
methodology, it becomes feasible to ascertain the individual as
well as collective impacts among these factors."**' This
procedure involves the generation and analysis of experiments,

Table 2. Physicochemical characterization of selected green nanostruc-
tured fluids.

GNF no. 19 GNF no. 2"
Type of surfactant (APG C8-C10) (SCQG)
Conc. 0.1 M 0.05M
Solvents Ethyl lactate (EL)

Used cooking oil PEG-8 ester (UCO-PEG-8)
DH [um] 0.1754+0.05 0.186+0.04
PDI 0.030 0.037
y, @ 30.1£0.1 30.7+£0.3
[mN/m]
TSI®! 2.1440.05 0.06+0.04
N
2h 7.15 835
4h 7.45 10.80
24 h 8.05 14.05

[a] Measured by pendant drop method. [b] Turbiscan Stability Index (TSI)
determined after 1 hour at 20°C. [c] TSI determined after 2, 4, and
24 hours at 60°C.
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the utilization of modeling approaches, and the implementation
of optimization strategies.

In this study, the water-in-oil nanoemulsions stabilized with
a saccharide or amino acid surfactant with the best properties
for removing graffiti coatings in controlled laboratory condi-
tions and in real-life environments (as indicated by RSM) were
used for testing. The selected green nanostructured liquids
(GNFs) are nanotechnology detergents. The surfactant that was
responsible for maintaining a stable colloidal system of “green”
solvents in GNFs was caprylyl/capryl glucoside (APG Cg-C,0)** or
sodium cocoyl glycinate (SCG)." The “green” solvent system
consisted of a combination of ethyl lactate (EL) (40% w/w),
used cooking oil-PEG-8 ester (UCO-PEG-8) (38.5%), and water
(H,0) (14% w/w). The physicochemical characterization of the
selected candidates is presented in Table 2.

The aim of these studies was to determine the stability of
preparations using accelerated aging tests, which involved
intentional destabilization of the colloidal system™* (Figure 3).

Analysis of the transmittance profiles found that despite the
natural instability of water-in-oil nanoemulsions resulting from
the thermal expansion of the solvent components from the
moment the sample at 20°C is placed in the chamber heated to
60 °C, no significant changes in the thermokinetic stability were
observed.

However, in the case of GNF no. 2, clarification of the
solution under the influence of temperature was observed
(obtaining high transmittance values), which is also observed
on the graph of TSI vs. time.
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Wettability and Removal of Graffiti Coatings

As mentioned above, wettability depends on the intermolecular
interactions between the liquid and the solid surface. They
determine the adhesion strength of the liquid to the surface at
the moment of contact. The aged graffiti coatings have differ-
ent wetting properties due to different surface features
comprising hydrophilic, hydrophobic, or both.">*3” The
strengths of the graffiti coatings determine how easily they can
be removed, which depends on the interaction of the solvents
and surfactants with the polymeric coatings.?®* The actual
wettability of a surface also depends on its roughness, which
influences its adhesion to other surfaces.

This is an important factor to consider when removing
graffiti coatings from various cheap or expensive surfaces,
especially with the “brush on, wipe off” method.

The roughness of the coating can affect the penetration of
the graffiti remover liquid into the surface. There are mathemat-
ical models that relate the surface topography and wettability
(e.g., the models by Wenzel or Cassie-Baxter).?**” According to
the results of our study, we can claim that the black graffiti
paints have many similarities in terms of their surface proper-
ties.

Nevertheless, when the structure of the graffiti coatings on
flat surfaces is taken into consideration, discrepancies in the
structures of their coatings can be observed. In the chosen
black paints, the alkyd resin was the foundation, which can
create a variety of surface textures, depending on the
components that are included in the formulation of the paint,
ranging from entirely smooth to quite rough.

In order to determine the efficacy of particular nano-
detergents, tests were carried out to determine the amount of
time the GNF was required to remain in contact with the
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Figure 3. Transmittance profiles recorded over a 24-hour period for GNF no. 1 (A) GNF no. 2 (B) with the corresponding TSI profiles in the same period. GNF

no. 1 (A1) and GNF no. 2 (B1).
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surface of the paint coating before the maximum amount of
paint could be removed from the surface.*" This was performed
to evaluate the effectiveness of the nanodetergents. In order to
achieve this aim, plates made of glass were prepared and
coated with each type of black paint in a 500 um thick layer.
After that, 2 ml of each nanodetergent was applied to the
surface at regular intervals and allowed to remain there for a
predetermined amount of time. Then, the drops and particles of
the dissolved or degraded graffiti coating were removed with a
cotton swab at the appropriate interval.*? Figure 4 depicts the
findings of this experiment.

A, GNF no,1 B. GMNF no.2

1 u LiL

f=Smim

E=1lmin

Figure 4. Effectiveness of removing graffiti coatings created by paint no. 1
(1), paint no. 2 (Il), and paint no. 3 (lll) using green nanostructured fluids GNF
no. 1 (A) and GNF no. 2 (B).
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These results revealed the kinetics of paint removal by the
most effective environmentally friendly nanostructured fluids
containing caprylyl/capryl glucoside or sodium cocoyl glycinate.
When testing each nanodetergent, it was discovered that a
contact duration of less than 5 minutes does not remove the
graffiti coating from the model surface reliably. However, in the
case of GNF no. 1, a more significantly impact can be seen in
the degradation of specific kinds of graffiti paint. This is in
contrast to the case of GNF no. 2, in which this effectiveness is
barely evident. After ten minutes, noticeable improvements in
the efficacy of removing various types of paint can be seen.
After this amount of time passed, the nanodetergent that
contains caprylyl/capryl glucoside was able to efficiently
penetrate each layer of the graffiti coating and remove it.

On the other hand, GNF no. 2, which contained sodium
cocoyl glycinate, was unable to penetrate paint no. 3, which
had bitumen in it. It was noticed that increasing contact
duration of the individual nanodetergents increased the area of
the graffiti coating that was removed. This demonstrates the
great penetrating capacity of these graffiti removers. It is also
important to note that, using GNF no. 2, it was possible to
remove paint no. 3 from the glass surface after half an hour.

Figure 5 illustrates the changes in the contact angles as a
function of time from the moment when the fluid droplets of
the green nanostructured detergents, GNF no. 1 (Figure 5A) and
GNF no. 2 (Figure 5B), were deposited onto the black paint
layers. On all surface-paint systems, the contact angles of the
nanodetergents decreased sharply during the first few seconds
(Figure 1s).

Nanodetergent GNF no. 1 resulted in the following dynamic
changes in the contact angle (at t=5 s): from 36.8° to 8.1° on
the glass surface; from 53.0° to 16.0° on paint surface no. 1;
from 53.3° to 9.6° on paint surface no. 2; and from 36.1° to
28.7° on paint surface no. 3. For the GNF preparation no. 2, the
following dynamic changes in the contact angle (at t=>5 s) were
observed: from 36.7° to 12.2° on the glass surface; from 59.5° to
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Figure 5. Dynamic contact angles of GNF no. 1 (A) and GNF no. 2 (B) versus time contact with bare glass and paints no. 1, 2 and 3.
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27.9° on paint surface no. 1; from 51.3° to 20.1° on paint surface
no. 2; and from 44.7° to 35.6° on paint surface no. 3. During the
next 15 seconds, the reduction in the contact angles was much
smaller, and the changes on the surfaces of graffiti coatings
were also smaller. The measured contact angle within 25
seconds of placing a drop on the paint surface for GNF no. 1
were glass=7.3° paint no. 1=13.5°, paint no. 2=7.2°, and
paint no. 3=25.8° and for GNF no. 2, they were glass=7.8°,
paint no. 1=24.3° paint no. 2=17.2°, and paint no. 3=31.5°.

During each stage of our study, droplets of the green
nanostructured fluid GNF no. 1 or GNF no. 2 spread easily on
the surfaces of all tested graffiti coatings. However, the
interactions of the nanodetergents with individual graffiti paints
provided detailed information on their penetrating capacities,
which determine the viability and effectiveness of removing
undesired coatings from surfaces.”

However, the nanodetergent that contained a saccharide
surfactant exhibited considerably better capabilities than the
one with an amino acid surfactant in terms of reducing the
surface free energy of all the black graffiti paint coatings. The
water-in-oil nanoemulsions stabilized by saccharide surfactants
were quite successful in removing a wide variety of graffiti
coatings while also being extremely versatile.

This makes it possible for them to be used in practice to
remove graffiti coatings from the surfaces of urban infra-
structure without conducting expensive tests to determine the
type of paint that was used to deface the surface.

Usage of the Most Efficient Water-in-Oil Nanoemulsion under
Real Conditions

The proposed green nanostructured fluid no. 1 was finally
tested in situ on six independent real-world surfaces that had
been damaged by a variety of inscriptions or paints. The graffiti
artworks depicted in Figure 5 served as the ideal case study for
evaluating the efficacy of the “brush on, wipe off” detergent.
The following procedures were carried out in order to
evaluate the efficacy of various methods for removing graffiti
coatings from surfaces including stainless steel (Figure 6A),
window glass (Figure 6B), concrete floors (Figure 6C), paint-
protected flooring (Figure 6D), aluminum (Figure 6E), and tile
ceramic (Figure 6F). The green nanostructured liquid was
applied to the tested real-world surface by spraying (exactly
one dose-10 mL) this liquid through an atomizer that was
100 mm away from the surface. This is the optimal distance
recommended by the atomizer manufacturer in order to obtain
the best possible effect of spraying the detergent onto the
cleaned surface. Then, we waited 10 minutes for the nano-
detergent to effectively spread over the surface of the graffiti
coating and interact with it. Then, a microfiber cloth measuring
200%300 mm and having a thickness of 3 mm was chosen for
the purpose of eliminating the dissolved and deteriorated
graffiti coating, together with the nanodetergent, from the
surface under examination. The approach used for graffiti
removal aligns with the established 6R principles,*” which aim
to mitigate environmental harm and promote resource and

ChemPhysChem 2023, €202300771 (7 of 9)

AFTER CLEANING

BEFORE CLEANING

Figure 6. Different surfaces were cleaned with green nanostructured fluid
no. 1 in the city of Wroclaw: (A) stainless steel; (B) window glass; (C) concrete
floor; (D) concrete floor with protective coating; (E) aluminum facade; (F)
ceramic tiles.

energy conservation. As can be seen in Figure 6, all surfaces
that had been affected by graffiti had their previous graffiti
coatings completely erased (see Figures 6A1-F1).

An excellent alternative to the conventional graffiti remov-
ers based on the petroleum-based solvents is provided by these
green nanostructured fluids which can be used as effective and
versatile nanotechnological “brush on, wipe off” detergents.

Conclusions

Our study presents new green nanostructured fluids as
attractive cleaning formulations, which were successfully ap-
plied in the removal of graffiti coatings from various types of
surfaces. This investigation aimed to demonstrate some
important features of the interactions occurring between graffiti
paint coatings and water-in-oil nanoemulsions stabilized by an
ecologically friendly surfactant, such as caprylyl/capryl glucoside
or sodium cocoyl glycinate. The primary concerns addressed in
this article were the characterization of the coatings on the
graffiti paint surface that need to be removed, as well as the
effects of nanodetergents on various types of black paints
containing a variety of additives, such as nitrocellulose or
bitumen.

In this study, the most effective nanodetergents developed
by our research team were put to the test to verify their
effectiveness in removing resistant graffiti coatings in real-world
environments. The conducted research allowed us to determine
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the best green nanostructured fluid that can be applied as a
professional “brush on, wipe off” nanodetergent.

The results of this study indicated notable variations in the
coating removal rate and efficacy of different green nano-
structured fluids, which were stabilized by a surfactant derived
from saccharide or amino acid. Using a water-in-oil nano-
emulsion stabilized by caprylyl/capryl glucoside, alkyd resin-
based graffiti paints with various additives and functional
properties can be cleaned efficiently and effectively from any
hard surface in a relatively short period of time, up to ten
minutes. In addition, the w/o nanoemulsion stabilized by
sodium cocoyl glycinate also proved to be extremely efficacious
in removing paint. However, the pace at which it operates on
paintings containing bitumen was three times slower than the
speed at which it acts on paints containing other types of
additives.

However, regardless of the amount of surface roughness,
the effectiveness in removing graffiti coatings using nano-
emulsions was primarily related to the composition, energy
surface properties, and microporous structure of the graffiti
paint coating.

According to the results of our study, it has been shown
that the use of a saccharide surfactant to stabilize the nano-
detergent produces an outstanding effectiveness in the removal
of several forms of resistant graffiti paints. The significant
benefits of using this detergent include its non-toxic nature,
biocompatibility, biodegradability, and its environmentally
friendly properties.

The designed green nanostructured fluid can be used as a
specific detergent for the full removal of various graffiti coatings
but require a specified action time in order to prevent damage
to the original substrate found underneath the paint surface.
The opportunity to evaluate the developed cleaning nano-
formulation on a real-world surface was of primary importance
to assess the applicability of the designed system. The knowl-
edge about the surface properties of the green nanostructured
fluids and their effectiveness combined with their eco-sustain-
ability prove the potential of such formulations as a future
detergent for the easy removal of undesirable paints from
different surfaces.

Experimental Section

Fabrication on Green Nanostructured Fluids

The formulation was prepared using the best of the ecologically
approved surfactants, mainly, caprylyl/capryl glucoside (APG Cg-C,,)
and sodium cocoyl glycinate (SCG). The continuous phase of 78.5%
of the applied biosolvents, consisted of the following components:
the used cooking Oil-PEG-8 ester (38.5%) and ethyl lactate (40%).
The dispersed phase was made up of water (14%) and the
appropriate concentrations of surfactants: (APG Cg-C;,=0.1 M or
SCG=0.05 M). Pre-emulsion of 300 mL was fabricated through
mechanical homogenization at normal pressure, stirring at 700 rpm
for 5 minutes using a rotor-stator stirrer equipped with a 4-bladed
propeller one at a temperature of 20°C. The pre-emulsion was then
processed through an air-operated, laboratory-scale high-pressure
LV1 homogenizer. The device of an orifice-type valve (1.0 mm
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diameter) makes possible to homogenize the fluids to exit the
device head subsequently impacting a cone-shaped metallic entity.
At a pressure of 150 MPa, the LV1 can generate a maximum shear
rate of 9.23-106s™". The inlet temperature of the w/o nano-
emulsion (100 mL sample volume) was kept at 204+2°C, and the
homogenization pressure was set to 150 MPa. Each emulsion was
passed through the head of the LV1 microfluidizer in five separate
cycles (1 cycle: inlet, high shear rate, and outlet of the fluid).

Surface Tension Measurements

The surface tension of the GNFs was measured at a temperature of
20+ 1°C using the Theta Lite optical tensiometer and employing
the pendant drop shape analysis and the Young-Laplace equation.

Dynamic Light Scattering

The size of the droplets was evaluated using dynamic light
scattering (DLS) and the Malvern Zetasizer Nano ZS instrument
manufactured by Malvern Instruments, UK. The results are reported
as the average of five distinct measurements conducted at a
temperature of 20+ 5°C.

Turbidimetric Measurements

A cylindrical glass vial with a volume of 20 cm® was used to carry
out the stability tests on the manufactured nanodetergents at
60°C. A Turbiscan LabExpert (Formulaction, Smart Scientific Analy-
sis, Toulouse, France), outfitted with two synchronous optical
sensors (transmission and backscattering detectors), was used to
observe the changes in the turbidity in order to determine the
stability of the nanodetergent, which was expressed by the so-
called Turbiscan Stability Index (TSI). The Turbiscan Stability Index
(TSI) scores were calculated using Turbiscan Easy Soft software
(Formulaction, Smart Scientific Analysis, Toulouse, France).

Optical Microscopy Analysis

At a magnification of 100x, the surface and microstructure of the
black paint coatings were analyzed with the use of an Eclipse
E600POL polarizing optical microscope that was manufactured by
Nikon (Tokyo, Japan).

Contact Angle Measurements

A GBX contact angle meter (France) was used to measure the
advancing (8a) and receding (8r) contact angles of water. The
device was outfitted with a digital camera and a chamber that
facilitated the adjustment of temperature and relative humidity.
The contact angles were determined using the WinDrop application
by analyzing the geometric properties of the deposited drops. The
measurement of the advancing contact angle of water (Milli-Q) was
conducted by gently placing a 6 uL droplet onto the surface of the
plate using an automated deposition device. Subsequently, follow-
ing the aspiration of a 2uL volume from the droplet into the
syringe, the receding contact angle was quantified. The contact
angle measurements were conducted at a temperature of 20+ 1°C
and a relative humidity of 50 %.

Surface free energy determination

The contact angles of water and its surface tension (y,) were
measured at a temperature of 20°C in order to determine the total
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surface free energy of the paint coatings deposited on the bare
glass. This calculation was performed using the contact angle
hysteresis (CAH) model developed by Chibowski.?'*?

Surface Topography

The assessment of the topography of the surfaces was conducted
using an optical profilometer (Contour GT-K1, Bruker, Germany) in
either the VXI measurement or the extended vertical scanning
interferometry (VSI) mode.
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Figure S1. Dynamics of changes in the contact angle in the first phase of wetting of black graffiti paint

coatings.

Table 1S. Structures for the surfactants and solvents.

.
Yiv

2
No. Structure INCI Abb. (mN/m) HLBm
Surfactants
HOH
HtO
° H
HO Caprylyl/Capryl
1 ! OH Glucoside APG Cs—C1o 29.5 9.3
(CH2)nCH3
DP=1.4 n=7,9
0 m=10-16
O )LM/ Sodium Cocoyl
2 Na* \n/\l}l m Glycinate SCe 26.4 7.5
O H
Solvents
OH
1 H3C)\WOVCH3 Ethyl lactate EL 28.7 8.3
(@)
2 CH
(0]
H{ \/‘}nO)LHm 3n—8
m=16 3.5
2 UCO-0il-PEG 8  UCO-OIl-PEG 8 32.6
e) o) 0.9
HsCl s o~} fCHs
OH m=8

" Measured by the sessile drop methods.
2 Calculated according to the universal McGowan scale.
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Opis wynalazku

Przedmiotem wynalazku jest sposéb otrzymywania nisko- i/lub Srednioczasteczkowych poliete-
roestréw stosowanych przede wszystkim jako surfaktanty polimerowe.

W ostatnich latach stale wzrasta stopien zapotrzebowania na surfaktanty w r6znych dziedzinach
przemystu m.in. przemysle spozywczym, kosmetycznym i farmaceutycznym. W zwigzku z tym, wspot-
czesne badania naukowe koncentrujg sie na otrzymywaniu i badaniu zwigzkéw powierzchniowo-czyn-
nych o tagodniejszym wplywie na $rodowisko naturalne, mniejszej toksycznosci i korozyjnosci, bardziej
stabilnych dzieki strukturze czgsteczkowej oraz posiadajgcych lepsze witasciwosci powierzchniowe
i biologiczne.

Zwigzki powierzchniowo-czynne (ZPC) okreslane jako surfaktanty, tenzydy, detergenty, posiada-
jagce zdolno$é obnizania napiecia powierzchniowego na granicy faz réznych medidw.

Wéréd ZPC szczegdinym zainteresowaniem cieszg sie surfaktanty polimerowe, miedzy innymi
z uwagi na mozliwos¢ Scistego sterowania ich wtasciwosciami dobierajgc rodzaj sktadnikéw wchodza-
cych w sktad czasteczki oraz ich iloSciowy udziat. Do grupy zwigzkéw zwanych surfaktantami polimero-
wymi mozemy zaliczy¢ polieteroestry (PEE) nazywane kopolimerami blokowymi. Surfaktanty polime-
rowe sg zroznicowane pod wzgledem budowy chemicznej poszczeg6inych blokéw, co bezposrednio
przektada sie na ich fizyczne wtasciwosci. W ogélnoéci, PEE zbudowane sg ze sztywnych segmentéw
takich jak pierscieri aromatyczny i ugrupowania oligoeterowe oraz segmentéw gietkich zbudowanych
z czgsteczek na przykiad poli(glikolu etylenowego) (PEG). Konsekwencjg takiej budowy czgsteczkowe;j
jest obserwowalna réznica w ruchliwosci czgsteczkowej pomiedzy poszczegbinymi segmentami i ma
bezposrednie przetozenie na wiasciwosci tworzywa sztucznego, do ktérego dodawane sg polimerowe
surfaktanty. Na przykfad obecno$¢ sztywnych segmentéw w czgsteczce surfaktantu polimerowego
ogranicza jego migracje w tworzywie sztucznym.

W dokumencie patentowym US 7 893 189 zostat opisany sposéb otrzymywania polieteroe stréw

z estrow kwasoéw mono- i/lub polikarboksylowych posiadajgcych co najmniej jedno wigzanie eterowe
w wyniku reakcji grupy hydroksylowej estru z tlenkiem alkilenu np. tlenkiem etylenu w obecno$ci po-
dwdjnych katalizatoréw metalocyjankowych (DMC).
Dziatajgc na estry wyzszych kwaséw ttuszczowych tlenkiem etylenu w podwyzszonej temperaturze
i zwiekszonym ci$nieniu w obecnosci katalizatoréw DMC uzyskuje sie alkoksylowane pochodne estrowe
z kilkoma grupami etoksylowymi (-CH2-CH2-O-)n. Otrzymane w wyniku tego procesu zwigzki uznane sg
za znakomite detergenty, ze wzgledu na ich neutralne nie uczulajgce dziatanie na skoére.

Sposo6b wedtug wynalazku US 7 893 189 obejmowat nastepujgce etapy:

1. Reakcje jednego lub kilku estréw kwaséw mono- lub polikarboksylowych zawierajgcych jedng
lub wiecej grup hydroksylowych z jednym lub kilkoma tlenkami alkilenu z otwarciem pierscienia

z wytworzeniem odpowiednich estrow kwaséw monokarboksylowych lub estrow kwaséw poli-

karboksylowych zawierajgcych jeden lub wiecej zwigzanych tancuchéw polieterowych, w kté-

rym dodatek tlenku alkilenu prowadzi sie w obecnoéci jednego lub wiekszej liczby dioli i/lub
polioli oraz opcjonalnie, jednego lub wiekszej liczby estréw kwaséw dikarboksylowych;
2. Poddanie produktéw otrzymanych w etapie pierwszym jednej z reakcji:

o Transestryfikacja z uzyskaniem hydroksylowej grupy funkcyjnej polieteroestru w wyniku re-
akcji z jednym lub kilkoma diolami i/lub poliolami lub ewentualnie jednym lub kilkoma diolami
kwasoéw dikarboksylowych lub opcjonalnie pochodnymi kwasoéw dikarboksylowych;

e Transestryfikacja z estrami kwaséw monokarboksylowych i/lub wielokarboksylowych za-
wierajgcych wolng grupe hydroksylowg prowadzgcg do wytworzenia polieteroestru zawie-
rajgcego grupy estrowe na koncu tancucha;

e Zmydlanie (hydroliza) w celu otrzymania odpowiednich kwaséw mono- i wielokarboksylo-
wych posiadajgcych wigzanie polieterowe w fancuchu, a nastepnie ich estryfikacja z ewen-
tualnym dodatkiem kwaséw mono i/lub polikarboksylowych z wolnymi grupami hydroksylo-
wymi prowadzgca do wytworzenia polieteroestru zawierajgcego grupy estrowe na korncu
fancucha.

W dokumencie US 4 268 410 przedstawiono spos6b otrzymywania oraz zastosowanie srodkéw
powierzchniowo-czynnych jako emulgatoréw. ZPC wytwarzane sg w wyniku reakcji alkoksylowania es-
trow kwasow ttuszczowych (palmitynowego, oleinowego, laurynowego) i heksytolu. Surfaktanty wedtug
wynalazku wytwarza sie przez pofaczenie proceséw estryfikacji i eteryfikacji. Srodki powierzchniowo
czynne o $cisle okreSlonym wzorze, wytwarza sie w wyniku alkoksylowania estru kwasu tluszczowego
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i heksytolu z dizasadowag lub trizasadowg pochodng kwasu karboksylowego. Otrzymane ZPC wykazujg
znacznie wyzszg lepkos¢ w wodnych roztworach (nawet ponad 100-krotnie) oraz w mieszaninie z in-
nymi konwencjonalnymi surfaktantami, niz materiaty niespolimeryzowane.

W dokumencie US 5 319 006 opisano spos6b wytwarzania zywic polieteroestrowych w reakcji
polieteru z cyklicznym bezwodnikiem takim jak bezwodnik maleinowy w obecnoéci kwasu Lewisa jako
katalizatora (np. chlorek cynku, bromek cynku). Dodatek do otrzymanej zywicy monomeru winylowego,
np. styrenu powoduije jej utwardzenie.

W dokumencie US 5 436 314 ujawniono sposob otrzymywania polieteroestréw z polieteréw i kwa-
sow dikarboksylowych, poprzez losowe wstawienie czgsteczki kwasu dikarboksylowego w szkielet po-
lieterowy. Reakcja katalizowana jest przez mocne kwasy protonowe o wartosci pKa ponizej 0. Poliete-
roestry otrzymane zgodnie z metodami opisanymi w US 5 319 006 oraz US 5 436 314 charakteryzujg
sie lepszymi wtasciwosciami uzytkowymi w poréwnaniu z ich odpowiednikami otrzymanymi w sposéb
konwencjonalny — poprzez estryfikacje. Jednak losowy sposéb dodawania bezwodnika lub kwasu
w strukture politeru nie sprawdza sie w wysokich temperaturach dla kwaséw aromatycznych, takich jak
kwas izoftalowy i kwas tereftalowy, z uwagi na ich ograniczong rozpuszczalno$¢ w mieszaninie reakcyj-
nej w wysokich temperaturach.

Dwuetapowy proces wytwarzania polieteroestréow o wysokiej zawarto$ci jednostek estréw aroma-
tycznych zawartych w strukturze zostat ujawniony w dokumencie US 5 612 444. W pierwszym etapie
polieteropoliol o niskiej masie czgsteczkowej poddaje sie reakcji z aromatycznym kwasem dikarboksy-
lowym z wytworzeniem poliestru posredniego. Nastepnie otrzymany produkt po$redni poddaje sie reak-
¢ji z bezwodnikiem kwasu dikarboksylowego w obecnosci kwaséw Lewisa jako katalizatora. Otrzymany
produkt zawiera od okoto 10% wag. % powtarzalnych jednostek pochodzgcych z aromatycznych kwa-
séw dikarboksylowych. Otrzymang zywice utwardza sie w reakcji z monomerem winylowym, np. styre-
nem. Proces sprawdza sie w przypadku kwasu izoftalowego, jednak z powodu wysokiej temperatury
topnienia oraz stabej rozpuszczalnosci w roztworach organicznych, kwas tereftalowy nie znajduje wy-
korzystania w tej metodzie.

Z kolei przedmiotem wynalazku opisanego w EP 1 217 022 B1 jest spos6b wytwarzania zywic
polieteroestrowych skfadajgcych sie z powtarzajgcych aromatycznych jednostek diestrowych. Proces
obejmuje reakcje estru glikolowego kwasu aromatycznego z polieterem i kwasem dikarboksylowym
w podwyzszonej temperaturze i w obecnos$ci kwasu Lewisa jako katalizatora. Wynalazek dotyczy spo-
sobu wytwarzania nienasyconej zywicy polieteroestrowej sktadajgcej sie z powtarzajgcych jednostek
tereftalowych w reakgji estru 2-metylo-1,3-propanodiolu i kwasu tereftalowego, polieteropoliolu o Sred-
niej funkcyjnosci hydroksylowej od 2 do 6 i liczbowo $redniej masy czgsteczkowej 400-12000 oraz nie-
nasyconego bezwodnika cyklicznego w obecnosci kwasu protonowego o pKa mniejszym niz 0 jako
katalizatora i w temperaturze reakcji 150-250°C.

W dokumencie US 5 145 883 ujawniono sposéb wytwarzania polioli polieteroestrowych zawiera-
jacych reszty kwasow polikarboksylowych w wyniku reakcji poliolu polieterowego o liczbie hydroksylo-
wej co najwyzej 400, bezwodnika kwasu polikarboksylowego i monoepoksydu, a takze w obecnosci
podwdjnych katalizatorow metalocyjankowych.

W dokumencie US 7 893 189 ujawniono sposéb otrzymywania poli(etero-estro)polioli o budowie
blokowej w wyniku reakcji estréw kwaséw mono- lub polikarboksylowych z jednym lub wiecej polietero-
poliolem. Zwigzki te sg stosowane do wytwarzania materiatow poliuretanowych o korzystnych wtasci-
wosciach takich jak: odporno$¢ na hydrolize, niska lepko$¢, wysoka odporno$é na Scieranie i rozpusz-
czalniki, wytrzymato$¢ na rozcigganie.

Z kolei przedmiotem wynalazku opisanego w dokumencie PL 216179 jest sposéb otrzymywania
tereftalanu dioktylu w temperaturze co najmniej 170°C w wyniku reakgji estryfikacji kwasu tereftalowego
z izooktanolem, katalizowanej przez zwigzki metaloorganiczne, w ktérych sktad wchodzg jony metali
takie jak Ti i/lub Zr i/lub Sb i/lub Sn oraz reszty alkoksylowe OR, o budowie liniowej lub rozgatezione;j
i liczbie atoméw wegla nie mniejszej niz 4, a korzystnie od 7 do 10, o znamiennym stosunku molowym
zwigzkéw zawierajgcych liczby hydroksylowe OH do zwigzkéw z grupami alkoksylowymi OR nieprze-
kraczajgcym 0,2. Przy czym zastrzezono iz w koncowe;j fazie estryfikacji, gdy stezenie produktu w mie-
szaninie reakcyjnej przekracza 50%, a po zatrzymaniu dozowania kwasu tereftalowego zwieksza sie
stezenie katalizatora metaloorganicznego przez dodanie do mieszaniny reakcyjnej roztworu zawierajg-
cego wylgcznie alkoksylany metali Ti i/lub Zr i/lub Sb i/lub Sn w oktanolu do uzyskania klarownego
roztworu tereftalanu dioktylu w oktanolu i obnizenia sie zawarto$ci wolnych kwaséw do poziomu nie
wyzszego niz 0,02 mg KOH/g. Stezenie katalizatora metaloorganicznego w czasie dozowania kwasu
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tereftalowego w przeliczeniu na zawartoS¢ metalu utrzymywane jest na poziomie nie mniejszym niz
25 ppm, natomiast po zakonczeniu dozowania kwasu tereftalowego catkowite stezenie katalizatora
w roztworze zwieksza sie do 30 ppm w przeliczeniu na zawarto$¢ metalu. Estryfikacje prowadzi sie
w strumieniu inertnego gazu, co ma na celu odwodnienie mieszaniny reakcyjnej tak, aby stezenie wody
w poczatkowej fazie estryfikacji nie byto wyzsze niz 0,15%, a w jej koncowej fazie nie wyzsze niz 0,10%.
Produkt estryfikacji wydziela sie z mieszaniny poreakcyjnej przez rozktad katalizatora wodg w $rodowi-
sku zasadowym, a nastepnie przez oddzielenie produktéw rozktadu i oddestylowania nadmiarowe;j ilosci
alkoholu, surowy produkt jest filtrowany z dodatkiem sorbentow.

Znany jest sposéb otrzymywania tereftalanu bis(2-etyloheksylu) opisany w patencie PL 220664
znajdujgcego zastosowanie jako plastyfikator tworzyw sztucznych. Zaznacza sie, ze estry kwasu tere-
ftalowego oraz alkoholi alifatycznych, a w szczegdlnoséci alkoholu 2-etyloheksylowego ze wzgledu na
wiasciwosci plastyfikujace, sg potproduktami stosowanymi w przetwdrstwie tworzyw sztucznych. Estry-
fikacje kwasu tereftalowego alkoholem 2-etyloheksylowym prowadzi sie w obecnosci kwasnego katali-
zatora dodanego do kwasu tereftalowego w stosunku od 7 do 20% wag., korzystnie gdy tym katalizato-
rem jest kwas para toluenosulfonowy w stezeniu 30-75%, dodany jednorazowo na poczgtku syntezy
lub porcjami podczas jej trwania. Estryfikacja prowadzona jest w temperaturze od 125°C do 155°C, ale
nie wyzszej niz 170°C, pod obnizonym ci$nieniem do 20 mmHg oraz przy hadmuchu gazu inertnego,
najkorzystniej azotu, z zapewnionym ciggtym odbiorem wody reakcyjnej. Przy czym zastrzezono, ze
alkohol 2-etyloheksylowy dodawany jest w 60% nadmiarze w stosunku do jego stechiometrycznej iloSci.
W metodzie syntezy opisanej w PL 220664 B1 prowadzi si¢ neutralizowanie mieszaniny reakcyjnej
z wykorzystaniem wodnych roztworéw wodoroweglanéw, weglanéw, wodorotlenkéw sodu lub potasu,
lub ich mieszaniny w stosunku w stezeniu od 5 do 10%. Ponadto, do odbarwienia gotowego estru sto-
suje sie sorbenty takie jak wegiel aktywny lub ziemie okrzemkowg oraz tereftalanu bis (2-etyloheksylu)
przemywany jest wodg zdemineralizowana, po estryfikacji pozostaty alkohol 2-etyloheksylowy usuwany
jest na drodze destylacji prézniowej i/lub z parg wodna.

Celem niniejszego wynalazku jest opracowanie metody otrzymywania nisko- i/lub $redniocza-
steczkowych polimerowych zwigzkéw powierzchniowo-czynnych (zwanych réwniez polieteroestrami)
o okres$lonej rownowadze hydrofilowo-lipofilowej (indeks HLB) opartej na efektywnym wykorzystaniu
proceséw estryfikacji i/lub transestryfikacji.

Prowadzenie syntezy przemystowej polieteroestréw znanymi metodami, korzystajgcymi z dostep-
nych instalacji wigze sie z istotnymi problemami. Krytycznym parametrem jest jako$¢ surowcow stoso-
wanych do syntezy, a zwlaszcza obecno$é zanieczyszczen w postaci np. wody, cukréw, hydroksykwa-
séw karboksylowych, aldehydéw, itp. Szczegdlnie niepozadanym zjawiskiem jest dezaktywacja katali-
zatordw metaloorganicznych pod wptywem zawarto$ci wody w mieszaninie reakcyjnej >0,1% wag. Dla-
tego, szczegbinym celem wynalazku jest utrzymanie zywotnosci stosowanego katalizatora metaloorga-
nicznego przez caty proces syntezy na tym samym poziomie.

Kolejnym celem wynalazku jest zapewnienie kontroli wzrostu taricucha polimerycznego oraz uzy-
skanie produktu o jak najmniejszym stopniu polidyspersyjnosci.

Kolejnym problemem wystepujgcym w przemystowej syntezie polieteroestrow jest zmiennosé
wiasciwosci fizykochemicznych substratow pod wptywem temperatury. Niektére surowce lub produkty
mogg ulegac¢ rozktadowi pod wptywem zbyt wysokiej temperatury procesu (np. rozktad termiczny kwasu
cytrynowego). Moze réwniez nastepowac niepozadana sublimacja surowcéw lub produktéw (np. subli-
macja bezwodnika trimelitowego — krystalizacja jego w kolumnie destylacyjnej, skraplaczu itp.). Niepo-
zgdanym zjawiskiem nasilajgcym sie przy wzroscie temperatury jest nabywanie wiasciwosci autokatali-
tycznych kwasow karboksylowych o wysokim pKa.

Istota wynalazku

Powyzsze cele zostaty nieoczekiwanie osiggniete w sposobie syntezy wedtug wynalazku.

Przedmiotem wynalazku jest sposéb otrzymywania nisko- i/lub $rednioczasteczkowych polime-
rowych zwigzkéw powierzchniowo-czynnych o okreslonej rbwnowadze hydrofilowo-lipofilowej (indeks
HLB), oparty na efektywnym wykorzystaniu proceséw estryfikacji i/lub transestryfikacji estréw organicz-
nych i/lub kwasdéw organicznych z alkoholami organicznymi charakteryzujgcy sie tym, ze co najmnie;j
jeden ester organiczny AE1 i/lub kwas organiczny A1 miesza sie w roztworze o temperaturze nie nizsze;j
niz 60°C zawierajgcym alkohole organiczne AL1, ktére w swojej strukturze zawieraja nie wiecej niz
sze$¢ grup hydroksylowych, przy czym estrédw organicznych AE1 jest nie wiecej niz 90% wagowych
i alkoholi organicznych AL1 zawierajgcych co najmniej 2 grupy hydroksylowe jest nie wiecej niz 90%
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wagowych, nastepnie podwyzsza sie temperature mieszaniny reakcyjnej do nie mniej niz 100°C i w spo-
séb ciggly kontaktuje sie ze ztozem katalizatora heterogenicznego typu zywicy jonowymiennej, gdzie
zachodzi proces estryfikacji i/lub transestryfikacji i w sposéb ciggty usuwa sie wode powstajaca w reak-
¢ji, az do momentu gdy jej stezenie w roztworze bedzie nie wyzsze niz 0,05% wagowych, po czym do
mieszaniny reakcyjnej dodaje sie organiczny zwigzek cyny i/lub organiczny zwigzek tytanu i/lub orga-
niczny zwigzek cynku jako katalizator reakgcji estryfikacji i/lub transestryfikacji oraz podwyzsza sie tem-
perature mieszaniny reakcyjnej do nie mniej niz 150°C i w sposéb ciggty usuwa sie powstajgcg w reakcji
wode i/lub alkohol AE1 w ilosci nie wiekszej niz 90% molowych wprowadzonego alkoholu AE1 w struk-
turze estréw organicznych AE1, po czym do mieszaniny reakcyjnej o temperaturze nie wyzszej niz
210°C wprowadza sie ester organiczny BE1 i/lub kwas organiczny B1 i/lub alkohol organiczny BL1
i usuwa sie w sposaéb ciggty alkohol BE1 w iloci nie wiekszej niz 90% molowych wprowadzonego alko-
holu BE1 w strukturze estréw organicznych BE1 i/lub usuwa sie wode reakcyjng do momentu osiggnie-
cia liczby kwasowej mieszaniny reakcyjnej nie wyzszej niz 0,5 mg KOH/g, po czym chtodzi sie miesza-
nine reakcyjng i w temperaturze nie wyzszej niz 150°C do uktadu wprowadza sie wode demineralizo-
wang w ilosci nie wiekszej niz 0,5% masowych catej mieszaniny reakcyjnej, po czym otrzymang mie-
szanine nisko- i $rednioczgsteczkowych zwigzkoéw powierzchniowo-czynnych chtodzi sie do tempera-
tury nie nizszej niz 60°C i kontaktuje sie z mieszaning adsorbentéw sktadajacg sie z wegla aktywnego
i/lub bentonitu i/lub ziemi okrzemkowej i/lub kationowej zywicy jonowymiennej i/lub anionowej zywicy
jonowymiennej, po czym zawiesine poddaje sie procesowi filtraciji.

Reakcja syntezy polieteroestrow wedtug wynalazku przebiega zgodnie z nastepujacym schema-
tem:

Etap |

_ Ry —= (R | | R + R—OH+ HO
n-1

m m-1

AL1 Al AE1

gdzie:
ne(2-6)
me(2-3)

Etap Il

o) o] 0
0 0 2 2 0 0
R Re + R’-(OH) + :ek ) + %J\ /R1) - ( . )% /lk / ¢ ¥ R1——.OH * HZO
1( 1‘o)l\)Rs)J\o’ or) ST R o TR O AR LI o)J\ R)ko’ 4(OH)
m- n-1

gdzie:
ne(2-6)

me (2-3)

o€ (1,2,3,4,itd.)

Istota metody otrzymywania nisko-, i Srednioczgsteczkowych polimerowych zwiazkéw powierzch-
niowo-czynnych w reakgcji estryfikacji i/lub transestryfikacji alkoholi organicznych z estrami organicznymi
i/lub z kwasami organicznymi polega na tym, ze w pierwszym etapie co najmniej jeden ester organiczny
AE1 i/lub kwas organiczny A1 miesza sie w roztworze o temperaturze nie nizszej niz 60°C zawierajgcym
alkohole organiczne AL1 zawierajgcych nie wigcej niz szes$¢ grup hydroksylowych, przy czym estrow
organicznych AE1 jest nie wiecej niz 90% wagowych i alkoholi organicznych AL1 zawierajgcych co
najmniej 2 grupy hydroksylowe jest nie wiecej niz 90% wagowych, nastepnie podwyzsza si¢ tempera-
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ture mieszaniny reakcyjnej do nie mniej niz 100°C i w sposéb ciagty kontaktuje sie ze ztozem kataliza-
tora heterogenicznego typu zywicy jonowymiennej, gdzie zachodzi proces estryfikacji i/lub transestryfi-
kacji i w sposéb ciggty usuwa sie wode powstajgca w reakcji, az do momentu zaprzestania wydzielania
sie wody, po czym do mieszaniny reakcyjnej dodaje sie organiczny zwigzek cyny i/lub organiczny zwig-
zek tytanu i/lub organiczny zwigzek cynku jako katalizator reakcji estryfikacji i/lub transestryfikacji oraz
podwyzsza sie temperature mieszaniny reakcyjnej do nie mniej niz 150°C i w sposéb ciggly usuwa sie
powstajgcg w reakcji wode i/lub alkohol AE1 w ilosci nie wiekszej niz 90% molowych wprowadzonego
alkoholu AE1 w strukturze estréw organicznych AE1, po czym do mieszaniny reakcyjnej o temperaturze
nie wyzszej niz 210°C wprowadza sie ester organiczny BE1 i/lub kwas organiczny B1 i/lub alkohol or-
ganiczny BL1 i usuwa sie w sposob ciggly alkohol BE1 w iloSci nie wiekszej niz 90% molowych wpro-
wadzonego alkoholu BE1. W strukturze estréw organicznych BE1 i/lub usuwa sie wode reakcyjng do
momentu osiggniecia liczby kwasowej mieszaniny reakcyjnej nie wyzszej niz 0,5 mgKOH/g, po czym
chtodzi sie mieszanine reakcyjng i w temperaturze nie wyzszej niz 150°C do uktadu wprowadza sie
wode demineralizowang w iloSci nie wiekszej niz 0,5% m/m catej mieszaniny reakcyjnej, otrzymang
mieszanine nisko- i Srednioczgsteczkowych zwigzkéw powierzchniowo-czynnych chtodzi sie do tempe-
ratury nie nizszej niz 60°C i poddaje kontaktowaniu z mieszaning adsorbentéw sktadajgcej sie z wegla
aktywnego i/lub bentonitu i ziemi okrzemkowej i anionowej zywicy jonowymiennej i/lub kationowej zy-
wicy jonowymiennej, po czym zawiesine poddaje sie procesowi filtracji.

Korzystnie jest, jezeli jako estry organiczne AE1 stosuje sie estry kwaséw alifatycznych i/lub aro-
matycznych i/lub monohydroksyalifatycznych, zawierajgcych nie wigcej niz trzy grupy karboksylowe
z alkoholami zawierajgcymi tylko jednag grupe hydroksylowg typu R-OH, gdzie R jest podstawnikiem
alkilowym zawierajgcym od 4 do 20 atomoéw wegla.

Korzystnie jest, jezeli jako kwasy organiczne A1 stosuje sie kwasy alifatyczne i/lub aromatyczne
i/lub monohydroksyalifatyczne zawierajgce nie wiecej niz trzy grupy karboksylowe.

Korzystne jest, jezeli jako alkohole organiczne AL1 stosuje sie zwigzki organiczne zawierajgce
nie wiecej niz sze$¢ grup hydroksylowych.

Korzystnie jest, jezeli jako alkohole organiczne AL1 stosuje sie polietery, ktére zawierajg co naj-
mniej jedno wigzanie eterowe (-C-O-C-) i/lub co najmniej dwie grupy hydroksylowe (-OH) i ich $rednia
masa czasteczkowa (Mw) jest nie wyzsza niz 3000g/mol.

Korzystnie jest, jezeli jako estry organiczne BE1 stosuje sie estry kwaséw alifatycznych i/lub aro-
matycznych zawierajgcych nie wiecej niz trzy grupy karboksylowe z alkoholami zawierajgcych tylko
jedng grupe hydroksylowa typu R-OH, gdzie R jest podstawnikiem alkilowym od 2 do 20 atoméw wegla.

Korzystnie jest, jezeli jako kwasy organiczne B1 stosuje sie kwasy alifatyczne i/lub aromatyczne
i/lub monohydroksyalifatyczne zawierajgce nie wiecej niz trzy grupy karboksylowe.

Korzystne jest, jezeli jako alkohole organiczne BL1 stosuje sie zwigzki organiczne zawierajgce
€0 najmniej jedng grupe hydroksylowg.

Korzystnie jest, jezeli jako alkohole organiczne BL1 stosuje sie polietery, ktdre zawierajg co naj-
mniej jedno wigzanie eterowe (-C-O-C-) i/lub co najmniej dwie grupy hydroksylowe (-OH) i ich $rednia
masa czgsteczkowa (Mw) jest nie wyzsza niz 3000 g/mol. Korzystnie jest, jezeli jako alkohole organiczne
BL1 stosuje sie niskoczgsteczkowe estry polimerowe, ktére zawierajg co najmniej dwa wigzania estrowe
(-CO-0-C) i co najmniej jedng grupe hydroksylowg (-OH) i ich $rednia masa czasteczkowa (Mw) jest nie
wyzsza niz 3000 g/mol.

Korzystne jest, jezeli alkohole organiczne AL1 miesza sie z estrami organicznymi AE1 w proporcji
molowej grup hydroksylowych (-OH) do grup estrowych (-CO-O-C-) od 1:1 do 1:5, korzystnie od 1:2 do
1:4 i/lub z kwasami organicznymi A1 w proporcji molowej grup karboksylowych (-CO-OH) do grup hy-
droksylowych (-OH) od 1:2 do 1:6, korzystnie od 1:3 do 1:5.

Korzystnie jest, jezeli estry organiczne BE1 dodaje sie do mieszaniny reakcyjnej w ilosci nie wiek-
szej niz 2,5 mola na 1 mol estréw organicznych AE1.

Korzystnie jest, jezeli do mieszaniny reakcyjnej w temperaturze nie wyzszej niz 210°C, korzystnie
od 160°C do 190°C, dodaje si¢ co najmniej jeden kwas organiczny Bl i/lub alkohol organiczny BL1
w ilosci nie wiekszej niz 2,0 mole na 1 mol estréw organicznych AE1.

Korzystnie jest, jezeli wode i/lub alkohol AE1 i/lub alkohol BE1 powstajgcy w reakcji usuwa sie ze
strefy reakcji w spos6b ciggty metoda destylaciji pod obnizonym cisnieniem i/lub metodg destylacji pod
ci$nieniem normalnym z barbotazem azotu.

Korzystnie jest, jezeli jako katalizator heterogeniczny stosuje sie makroporowatg, silng kationowg
zywice jonowymienng zawierajgcg grupy sulfonowe osadzone na matrycy polimerowej, 0 minimalnej
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koncentracji grup sulfonowych w zakresie 0,5 eq/dm®-2,0 eg/dm?, korzystnie 0,8 eq/dm®-1,0 eq/dm?,
i 0 przecietnej $rednicy poréw w zakresie 160 A-300 A, korzystnie 190 A-240 A.

Korzystne jest, jezeli jakohomogeniczny katalizator reakcji estryfikacji i/lub transestryfikacji sto-
suje organiczny zwigzek czterowarto$ciowej cyny (Sn*+) zawierajgcy co najmniej jedng grupe alkosy-
lowg (R1-O-), gdzie R1 jest podstawnikiem alkilowym zawierajagcym od 4 do 8 atomdw wegla, korzystnie
8 atoméw wegla.

Korzystnie jest, jezeli jako homogeniczny katalizator reakcji estryfikacji i/lub transestryfikacji sto-
suje organiczny zwigzek tytanu zawierajgcy nie wiecej niz cztery grupy alkosylowe (R1-O-), gdzie R jest
podstawnikiem alkilowym zawierajgcym od 3 do 4 atomoéw wegla, korzystnie 4 atomy wegla.

Korzystnie jest, jezeli jako homogeniczny katalizator reakcji estryfikacji i/lub transestryfikacji sto-
suje organiczny zwigzek dwuwarto$ciowego cynku (Zn2+) zawierajgcy co najmniej jedng grupg karbok-
sylowg (-OOR;), gdzie R jest podstawnikiem alkilowym zawierajgcym od 2 do 12 atoméw wegla.

Korzystnie jest, jezeli wode demineralizowang dodaje sie do mieszaniny reakcyjnej w iloSci nie
wiekszej niz 0,50% wagowych w temperaturze nie wyzszej niz 210°C, korzystnie od 120°C do 180°C.

Korzystnie jest, jezeli mieszanine adsorbentéw stosuje sie w ilosSci nie wiekszej niz 2,0% m/m
w stosunku do mieszaniny nisko-, i/lub $rednioczgsteczkowych polimerowych zwigzkéw powierzch-
niowo-czynnych, korzystnie od 0,4% m/m do 1,0% m/m.

Korzystnie jest, jezeli adsorbent zawiera co najmniej 30% m/m anionowej zywicy jonowymienngj, i/lub
5,0% m/m kationowej zywicy jonowymiennej, i 5,0% m/m wegla aktywnego ilub bentonitu, i 20,0% m/m
ziemi okrzemkowe;j.

Opis szczegdlnie korzystnych realizacji wynalazku

Ester organiczny AE1, ktdéry moze byé: estrem zawierajgcym jedno wigzanie estrowe (-CO-O-)
(takim jak: maslan n-butylu, 2-etyloheksaninan 2-etyloheksylu, stearynian 2-etyloheksylu, palmitynian
cetylu i inne), estrem zawierajgcym dwa wigzania estrowe (-CO-O) (takim jak: malonian di(2-etylohek-
sylu), maleinian di(2-etyloheksylu), bursztynian di(2-etyloheksylu), adypinian di(2-etyloheksylu), seba-
cynian di(2-etyloheksylu), tereftalan di(2- etyloheksylu), malonian dilaurylu, i inne), estrem zawierajgcym
trzy wigzania estrowe (-CO-O-) (takim jak: cytrynian tri-n-butylu, acetylocytrynian tri-n-butylu, cytrynian
tri(2- etyloheksylu), acetylocytrynian tri(2-etyloheksylu), trimelitan tri(2-etyloheksylu), trimelitan triizono-
nylu i inne) wraz z/lub kwasem karboksylowym Al, ktéry to moze byé: kwasem alifatycznym (takim jak:
malonowy, maleinowy, masfowy, bursztynowy, adypinowy, 2- etyloheksanowy, sebacynowy, steary-
nowy i inne), kwasem aromatycznym (takim jak: benzoesowy, tereftalowy, trimelitowy i inne), kwasem
monohydroksyalifatycznym (takim jak: glikolowy, cytrynowy i inne), miesza sie¢ w temperaturze nie niz-
szej niz 60°C z roztworem alkoholi organicznych AL1 zawierajgcych nie wiecej niz sze$é grup hydrok-
sylowych, przy czym estréw organicznych AE1 jest nie wiecej niz 90% wagowych oraz alkoholi orga-
nicznych AL1 zawierajgcych co najmniej 2 grupy hydroksylowe jest nie wiecej niz 90% wagowych. Sto-
sowana proporcja molowa grup hydroksylowych (-OH) do grup estrowych (-CO-O-) moze wynosi¢ od
1:1 do 1:5, korzystnie od 1:3 do 1:4. Natomiast proporcja molowa grup karboksylowych (-CO-OH) do
grup hydroksylowych (-OH) powinna wynosic¢ od 1:2 do 1:6, korzystnie od 1:3 do 1:5.

Mieszanine reakcyjng cyrkuluje sie przez state ztoze heterogenicznego katalizatora typu zywicy

jonowymiennej. Z mieszaniny reakcyjnej w sposéb ciggty usuwa sie wode powstajgcg w wyniku reakcji
metodg ciggtej destylacji pod obnizonym ci$nieniem wspomagang przez wprowadzany do wezta reak-
cyjnego azot. Kontaktowanie mieszaniny reakcyjnej ze ztozem heterogenicznego katalizatora trwa do
momentu zaprzestania wydzielania sie wody.
Niezbedne jest odwodnienie mieszaniny reakcyjnej tak, aby stezenie wody w roztworze reakcyjnym byto
co najwyzej 0,05% masowych. Prawie catkowite usuniecie wody jest konieczne ze wzgledu na potrzebe
utrzymania w $rodowisku reakgcji petnej aktywnosci katalizatoréw homogenicznych oraz wyeliminowania
zjawiska dezaktywowania sie katalizatoréw metaloorganicznych pod jej wptywem. Do odwodnionej mie-
szaniny reakcyjnej wprowadza sie katalizator procesu syntezy bedacy: organicznym zwigzkiem cztero-
wartosciowej cyny (Sn**), przy czym zawiera on co najmniej jedng grupe alkosylowg (Ri-O-), gdzie
R1 jest podstawnikiem alkilowym zawierajacym od 4 do 8 atomdéw wegla, i/lub organicznym zwigzkiem
czterowartoSciowego tytanu (Ti**) zawierajgcym nie wiecej niz cztery grupy alkosylowe (R1-O-), gdzie
R+ jest podstawnikiem alkilowym zawierajacym od 3 do 4 atomdéw wegla, korzystnie 4 atomy wegla i/lub
organicznym zwigzkiem dwuwarto$ciowego cynku (Zn2*) zawierajgcym co najmniej jedng grupg kar-
boksylowa (-OOR1), gdzie R jest podstawnikiem alkilowym zawierajagcym od 2 do 12 atomoéw wegla.

Po zakonhczeniu wydzielania sie wody z uktadu reakcyjnego, mieszanine reakcyjng podgrzewa
sie co najmniej do temperatury 170°C i wprowadza sie do uktadu ester organiczny BE1, ktéry moze byc¢
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estrem zawierajgcym jedno wigzanie estrowe (-CO-0O-) (takim jak: maslan n-butylu, 2-etyloheksaninan
2-etyloheksylu, stearynian 2-etyloheksylu, palmitynian cetylu i inne), estrem zawierajagcym dwa wigzania
estrowe (-CO-0O-) (takim jak: malonian di(2-etyloheksylu), maleinian di(2-etyloheksylu}, bursztynian di(2-
-etyloheksylu), adypinian di(2-etyloheksylu), sebacynian di(2-etyloheksylu), tereftalan di(2-etylohek-
sylu), malonian dilaurylu, i inne), estrem zawierajgcym trzy wigzania estrowe (-CO-O-) (takim jak: cytry-
nian tri-n-butylu, cytrynian tri(2-etyloheksylu), trimelitan tri(2-etyloheksylu), trimelitan triizononylu i inne)
i/lub kwas karboksylowy B1, ktéry to moze by¢ kwasem alifatycznym (takim jak: melanowy, mastowy,
bursztynowy, adypinowy, 2-etyloheksanowy, sebacynowy, stearynowy i inne), kwasem aromatycznym
(takim jak: benzoesowy, tereftalowy, trimelitowy i inne), i/lub alkohol organiczny BL1, ktéry musi zawie-
raé co najmniej jedng grupe hydroksylowg (-OH), korzystnie stosuje sie polietery, ktére zawierajg co
najmniej jedno wigzanie eterowe (-C-O-C-} i co najmniej dwie grupy hydroksylowe (-OH) i ich $rednia
masa czgsteczkowa (Mw) jest nie wyzsza niz 3000 g/mol i/lub niskoczgsteczkowe estry polimerowe,
ktére zawierajg co najmniej dwa wigzania estrowe (-CO-0O-C) i co najmniej jedng grupe hydroksylowg
(-OH) i ich $rednia masa czgsteczkowa (Mw) jest nie wyzsza niz 3000 g/mol i w spos6b ciggty usuwa
sie z uktadu reakcyjnego metodg ciggtej destylacji pod obnizonym ci$nieniem wspomagang przez wpro-
wadzony do wezta reakcyjnego azot powstajgcy w wyniku reakcji alkohol BE1 w iloSci nie wigkszej niz
90% molowych wprowadzonego alkoholu BE1 w strukturze estréw organicznych BE1 i/lub usuwa sie
wode reakcyjng do momentu osiggniecia liczby kwasowej mieszaniny reakcyjnej nie wyzszej niz 0,5 mg
KOHY/g. Estry organiczne BE1 dodaje sie do mieszaniny reakcyjnej w ilosci nie wiekszej niz 2,5 mola na
1 mol estréw organicznych AE1. Kwas organiczny B1 i/lub alkohol organiczny BL1 dodaje sie w iloSci
nie wiekszej niz 2,0 mole na 1 mol estréw organicznych AE1.

Po zakonhczeniu proceséw estryfikacji i/lub transestryfikacji roztwér reakcyjny chiodzi sie i dodaje
sie do niego wode zdemineralizowang w ilosci nie wiekszej niz 0,5% masowych mieszaniny reakcyjnej.
Mieszanine poreakcyjng chtodzi sie do temperatury nie nizszej niz 60°C i kontaktuje sie jg z mieszaning
adsorbentéw sktadajgcg sie z wegla aktywnego i/lub bentonitu i ziemi okrzemkowej i anionowej zywicy
jonowymienne;j i/lub kationowej zywicy jonowymiennej, przy czym ilo§¢ mieszaniny adsorbentéw jest nie
wieksza niz 2,00% m/m w stosunku do masy mieszaniny nisko-, i/lub $rednioczgsteczkowych polimero-
wych zwigzkéw powierzchniowo-czynnych. Niezbedne jest dodawanie takiej ilosci mieszaniny adsor-
bentéw, aby koncowa mieszanina poreakcyjna nie zawierata wody i/lub kwasnych zwigzkéw. Catkowite
usuniecie tych elementéw gwarantuje, ze na etapie wydzielania nisko-, i/lub $rednioczgsteczkowych
polimerowych zwigzkéw powierzchniowo-czynnych z zatezonej mieszaniny poreakcyjnej nie beda ge-
nerowac sie produkty uboczne mogace istotnie wptywac na jako$¢ koncowego produktu.

Zalety wynalazku

Metoda syntezy surfaktantéw polimerowych bedgca przedmiotem niniejszego wynalazku po-
zwala na otrzymanie zwigzku o pozadanych i dajgcych sie teoretycznie przewidzie¢ wiasciwosciach.
W oparciu 0 wyznaczony stosunek masy ugrupowan hydrofitowych znajdujgcych sie w taricuchu sur-
faktantu polimerowego do catkowitej masy czgsteczkowej surfaktantu polimerowego, czyli warto$ci HLB
odpowiadajgcej réwnowadze hydrofilowo-lipofilowej czasteczki, mozliwe jest zaprojektowanie wtasci-
wosci surfaktantow polimerowych. Indeks HLB wyraza sie jako iloczyn wartosci 20 oraz ilorazu masy
czgsteczkowej czesci hydrofitowej analizowanej czasteczki do catkowitej masy analizowanej czasteczki.

HLB = 20 x -2
Mcz

Wraz ze wzrostem wartoéci indeksu HLB (do maksymalnej warto$ci wynoszgcej 20), a wiec zwiekszo-
nym udziale masy czgsteczkowej czesci hydrofitowej surfaktantu polimerowego ztozonej z ugrupowania
poli(oksyetylenowego), grup wodorotlenowych, eterowych, atoméw fluorowcopochodnych, ugrupowan
aminowych, zwieksza si¢ jego hydrofilowos¢. Natomiast, w przeciwnym przypadku, gdy udziat masy
czgsteczkowej czesci hydrofitowej w czgsteczce surfaktantu polimerowego maleje, warto$¢ parametru
HLB zmniejsza sig, co oznacza zwiekszenie jej hydrofobowych wtasciwoséci i zmiane zastosowarn final-
nych produktéw. Zalezno$¢é miedzy witasciwoSciami oraz zastosowaniami surfaktantéw, a indeksem
HLB opisane zostato w tabeli ponizej.
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Tabela 1. Zalezno$¢ miedzy wartoscig indeksu HLB a finalnym zastosowaniem zwigzku powierzchniowo-czynnego.

Wartos¢ HLB Zastosowanie ZPC
:§ 1,5-3 Srodki antypienigce
z 3-6 Emulgatory tylu W/O
':g 7-9 Srodki zwilzajgce 1 powlekajgce
5 8§18 Emulgatory tvpu O/W
= 13-16 Srodki piorace
v 15-18 Solubilizatory

Zgodnie z wynalazkiem, mozliwe jest skuteczne prowadzenie w zintegrowanym wielofunkcyjnym
wezle reakcyjnym procesow estryfikacji i/lub transestryfikacji z zastosowaniem zywic jonowymiennych
typu kationitowego z i/lub organicznymi zwigzkami tytanu i/lub cynku i/lub i/lub cyny oraz mozliwe jest
takie dobranie parametréw proceséw aby uzyskac¢ zwigzek powierzchniowo-czynny o okre$lonej réw-
nowadze hydrofilowo-lipofilowej. Ponadto, sposéb syntezy prowadzony zgodnie z wynalazkiem pozba-
wiony jest opisanych powyzej wad i pozwala osiggng¢ wskazane powyzej cele. Istotng zaletg prezen-
towanego sposobu jest osiggana w nim niewrazliwo$¢ katalizatora heterogenicznego na ilo$¢ wody za-
wartej w mieszaninie reakcyjnej.

Ponadto, niska temperatura procesu w pierwszym etapie syntezy pozwala unikngé dekompozycji
zwigzkdéw organicznych takich jak cukry, hydroksykwasy oraz niekorzystnej kondensacji aldehydéw.

Osiggnieto réwniez mozliwo$é pracy katalizatora heterogenicznego w warunkach réznej tempe-
ratury procesowej od 80°C do 200°C.

Ponadto uzyskano zwiekszenie wydajnosci procesu estryfikacji i transestryfikacji dzieki zastoso-
waniu bimodalnego systemu reakcyjnego, poprzez kontrole szybko$ci osuszania mieszaniny reakcyjne;j
z wody i wydzielania z niej nadmiarowej ilosci alkoholu monohydroksylowego.

Dla lepszego wyjasnienia istoty prezentowanego wynalazku ponizej przedstawione zostaty
szczegbine przyktady jego realizacji.

Ponadto na Fig. 1 przedstawiony zostat schemat ideowy modelowego uktadu reakcyjnego do
syntezy nisko-, i/lub Srednioczgsteczkowych polimerowych zwigzkéw powierzchniowo-czynnych.

Przyktady

Proces syntezy nisko-, i/lub $rednioczgsteczkowych polimerowych zwigzkéw powierzchniowo-
czynnych wykonuje sie na module wezta reakcyjnego przedstawionego na Fig. 1, ztozonego z nastepu-
jgcych elementéw:

1. Ptaszczowego reaktora mieszalnikowego o objetosci 5 dm?3 wyposazonego w mieszadio me-
chaniczne, w regulacje temperatury w zakresie 25°C-250°C, barbotaz azotu o wydajnosci prze-
ptywu azotu w zakresie 1 Ndm?®h-30 Ndmd/h,

2. Plaszczowego reaktora przeptywowego o objetosci 2 dm? wyposazonego w regulacje tempera-
tury w zakresie 25°C-200°C oraz w regulacje przeptywu cieczy przez reaktor w zakresie
0,5 dm3/h-10 dmdh,

3. Kolumny destylacyjnej wyposazonej w zewnetrzne dwustrefowe ogrzewanie elektryczne, za-
pewniajgce skuteczne wydestylowanie wody i/lub alkoholu,

4. Pompy cyrkulacyjnej o wydajno$ci pracy w zakresie 0,5 dm3/h-20 dm3/h,

5. Dozownika materiatéw sypkich,

6. Dozownika materiatéw ciektych,

7. Skraplacza opar,

8. Separatora opar,

9. Rozdzielacza faz,

10. Pompy prézniowe;j,

11. Zbiomika operacyjnego na wode reakcyjng,

12. Zbiornika operacyjnego na alkohol,

13. Zbiornika operacyjnego na alkohol.

Do dozownika materiatéw ciektych (6) wprowadza sie mieszaning alkoholi organicznych AL1 skfadajacej
sie z alkoholu monohydroksylowego oraz alkoholu zawierajgcego nie wiecej niz sze$¢ grup hydroksy-
lowych, ktéra w cato$ci dozowana jest do ptaszczowego reaktora mieszalnikowego (1). Po napetnieniu
reaktora (1) uruchamia sie mieszadto mechaniczne oraz grzanie ptaszczowe. W trakcie ogrzewania
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mieszaniny alkoholi w reaktorze (1) uruchamia sie pompe prézniowa (10) wytwarzajac w wezle reakcyj-
nym podci$nienie oraz uruchamia sie przeptyw czynnika chtodniczego przez skraplacz opar (8) oraz
separator opar (9). W chwili, gdy temperatura mieszaniny alkoholi w reaktorze osiggnie temperature
60,0°C-70,0°C z dozownika materiatéw ciektych (6) dozuje sie ester organiczny AE1, a z dozownika
materiatéw sypkich (5) dozuje sie kwas organiczny A1. Predko$¢ dozowania zaréwno estru AE1 jak
i kwasu A1 jest dostosowana do szybko$ci rozpuszczania sie kwasu A1 w roztworze wytwarzanym
w ptaszczowym reaktorze mieszalnikowym (1). W trakcie dozowania poszczegélnych reagentéw uru-
chamia sie grzanie strefowe w kolumnie destylacyjnej (3) oraz w ptaszczowym reaktorze przeptywowym
(2) aby rozgrzaé znajdujgcg sie w nim zywice jonowymienng bedgcg heterogenicznym katalizatorem
procesu estryfikacji i/lub transestryfikacji. Po wprowadzaniu catej ilosci estru AE1 oraz kwasu A1 i cat-
kowitym ujednorodnieniu sie mieszaniny reakcyjnej, uruchamia sie pompe cyrkulacyjng (4) pomiedzy
ptaszczowym reaktorem mieszalnikowym (1) a ptaszczowym reaktorem przeptywowym (2). Cyrkulacje
mieszaniny pomiedzy dwoma reaktorami utrzymuje sie w zakresie 4,0 dm3h—12,0 dm3/h, oraz w wezle
reakcyjnym ustala sie temperature w zakresie 100,0°C-130,0°C, obroty mieszadta mechanicznego
w zakresie 15,0 rad/s—21,0 rad/s, ci$nienie na statym poziomie. W zakresie 350,0 mmHg-600,00 mmHg
oraz barbotaz azotu w reaktorze (1) w zakresie Ndm?3 5—15 Ndmé/h.

Wraz z ustaleniem sie parametrow procesowych w ukfadzie reakcyjnym zachodzg dwa réwno-
czesne procesy. W ptaszczowym reaktorze przeptywowym (2) wypetnionym zywicg jonowymienng za-
chodzi proces estryfikacji i/lub transestryfikacji mieszaniny reakcyjnej, a w reaktorze mieszalnikowym
(1) zachodzi proces destylacji pod obnizonym ci$nieniem z barbotazem azotu majgcym na celu zapew-
nienie ciggtego procesu usuwania wody reakcyjnej powstajgcej w reaktorze przeptywowym (2). Opary
wody opuszczajg uktad reakcyjny wraz z oparami alkoholi AL1 i/lub alkoholi AE1, ktére to kieruje sie do
kolumny destylacyjnej (3).

W kolumnie destylacyjnej nastepuje proces rozdzielenia azeotropu woda — alkohol monohydrok-
sylowy AL1 od alkoholi AL1 i/lub alkoholi AE1. Pary azeotropu sg skraplane w skraplaczu opar (7)
i w separatorze opar (8) skad kierowane sg do rozdzielacza faz (9). Faza organiczna przelewem z roz-
dzielacza faz (9) zawracana jest na szczyt kolumny destylacyjnej (3), natomiast faza wodna sptywa do
zbiornika operacyjnego na wode reakcyjng (11).

W ukiadzie reakcyjnym kontroluje sie podczas procesu estryfikacji i/lub transestryfikacji zawarto$é
wody w ukfadzie reakcyjnym oraz liczbe kwasowg mieszaniny reakcyjnej. Po osiggnieciu wymaganego ste-
zenia wody w mieszaninie reakcyjnej na poziomie < 0,05% m/m. Rozpoczyna sie dozowanie homogenicz-
nego katalizatora procesu estryfikacji i/lub transestryfikacji. Homogeniczny katalizator wprowadza sie do
ukfadu w postaci cieklego homo- iflub heterogenicznego roztworu przez dozownik materiatéw cieklych
(6) w trakcie podwyzszania temperatury roztworu reakcyjnego do temperatury 170°C—190°C i obnizania ci-
$nienia do nie mniej niz 150,0 mmHg, tak aby zapewni¢ ciggto$é procesu destylacji niskowrzgcych skiadni-
kéw mieszaniny reakcyjnej z reaktora mieszalnikowego (1). W trakcie stabilizacji temperatury roztworu reak-
cyjnego do dozownikow materiatdw sypkich (5) i ciektych (6) wprowadza sie ester organiczny BE1 i/lub al-
kohol organiczny BL1 i/lub kwas organiczny B1.

Dobor estru organicznego BE1 i/lub alkoholu organicznego BL1 i/lub kwasu organicznego B1
uwarunkowany jest od projektowanej réwnowagi hydrofilowo-lipofilowej (indeks HLB liczony metodg
Griffina) i liczby hydroksylowej dla syntetyzowanych nisko,- i/lub $rednioczgsteczkowych polimerowych
zwigzkow powierzchniowo-czynnych.

Nastepnie po ustabilizowaniu sie temperatury roztworu reakcyjnego oraz catkowitym rozpuszcze-
niu sie zawiesiny katalizatora, z dozownikéw materiatéw sypkich (5) i ciektych dozuje sie (6) ester orga-
niczny BE1 i/lub alkohol organiczny BL1 i/lub kwas organiczny B1. Przebieg wzrostu faricuchéw polime-
rowych zwigzkéw powierzchnio-czynnych kontroluje sie poprzez oznaczanie Sredniej masy czgsteczko-
wej mieszaniny reakcyjnej i/lub liczbe kwasowg i/lub zawarto$¢ wody.

Synteze nisko-, i/lub $rednioczgsteczkowych polimerowych zwigzkéw powierzchniowo-czynnych
kontynuuje sie do momentu usunigcia alkoholu BE1 w iloci nie wiekszej niz 90% molowych wprowa-
dzonego alkoholu BE1 w strukturze estréw organicznych BE1 i/lub osiagniecia liczby kwasowej miesza-
niny reakcyjnej nie wyzszej niz 0,5 mg KOH/g. Po zakonczeniu syntezy nisko,- i/lub $rednioczgsteczko-
wych polimerowych zwigzkdw powierzchniowo-czynnych obniza sie temperature reaktora mieszalniko-
wego (1) i przez dozownik materiatdw ciektych (5) dozuje sie wode demineralizowang w ilosci nie wiek-
szej niz 0,5% masowych mieszaniny reakcyjnej. Mieszanine poreakcyjng chtodzi sie do temperatury nie
nizszej niz 60°C, a nastepnie przez dozownik materiatéw sypkich (6) wprowadza sie mieszanine adsor-
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bentéw skitadajaca sie z wegla aktywnego i/lub bentonitu i ziemi okrzemkowej i anionowej zywicy jono-
wymiennej i/lub kationowej zywicy jonowymiennej w ilosci nie wiekszej niz 2,0% m/m w stosunku do
mieszaniny nisko-, i/lub $rednio czgsteczkowych polimerowych zwigzkéw powierzchniowo-czynnych.
Proces kontaktowania sie mieszaniny poreakcyjnej z mieszaning adsorbentéw prowadzi sie przez
1,0 h—6,0 h w temperaturze 60°C—90°C i pod nadmuchem azotu od 1 Ndm3%h-5 Ndmé/h, utrzymujgc
jednoczes$nie réwnomiernie zawieszong w ptaszczowym reaktorze mieszalnikowym (1) mieszanine ad-
sorbentéw w roztworze surowych polimerowych zwigzkéw powierzchniowo-czynnych. Po zakoiczeniu
procesu kontaktowania sie produkt syntezy filtruje sie w temperaturze 60°C-90°C pod ci$nieniem azotu
0,30 MPa -10,0 MPa przy uzyciu filtra ci$nieniowego.

Przvktad 1

W reaktorze przeptywowym umieszcza sie 1,0 dm?3 ztoza katalizatora heterofazowego w postaci
silnej kwasnej zywicy jonowymiennej (Amberlyst A46). Do reaktora mieszalnikowego wprowadza sie
800,0 g PEG400, 130,0 g 2-etyloheksanolu, uruchamia sie mieszadto mechaniczne oraz ogrzewanie
ptaszczowe reaktora mieszalnikowego, uruchamia sie pompe prézniowa, ktérg wytwarza sie podcisnie-
nie 400 mmHg, uruchamia sie przeptyw wody o temperaturze 15°C przez skraplacz oraz uruchamia sie
barbotaz roztworu reakcyjnego azotem w ilosci 5,0 Ndm3/h. W momencie osiggniecia w reaktorze mie-
szalnikowym temperatury 60°C rozpoczyna si¢ dozowanie 342,0 g bursztynianu di(2-etyloheksylu) oraz
59,0 g kwasu bursztynowego. W trakcie dozowania pozostatych skfadnikéw mieszaniny reakcyjnej za-
facza sie grzanie elektryczne kolumny destylacyjnej oraz ogrzewanie ptaszczowe reaktora przeptywo-
wego. Po zadozowaniu catosci estru i kwasu i ich catkowitemu rozpuszczeniu sie oraz osiggnieciu tem-
peratury 120°C przez roztwdr reakcyjny, rozpoczyna sie proces destylacji pod ci$nieniem 400,0 mmHg.
Opary wody i alkoholi, opuszczajg reaktor do kolumny destylacyjnej. Pary azeotropéw i alkoholi skrapla
sie w skraplaczu i separatorze po czym kieruje sie je do rozdzielacza. Odwodnione alkohole przelewem
z rozdzielacza kieruje sie do kolumny destylacyjnej, a wode magazynuje sie w odpowiednim zbiorniku
operacyjnym. Po ustabilizowaniu sie procesu destylacji uruchamia sie¢ pompe cyrkulacyjng, ktéra za-
pewnia staty przeptyw mieszaniny reakcyjnej przez ztoze katalizatora heterofazowego w ilosci 5,0 dm3h
i prowadzi proces estryfikacji i transestryfikacji usuwajgc ze strefy reakcji powstajgcg w syntezie wode
i alkohol. W reaktorze utrzymuje sie temperature 120°C, obroty mieszadta w zakresie 17 rad/s, ci$nienie
na statym poziomie 400,0 mmHg, azot 5,0 Ndm?/h. Skroplong wode i alkohol gromadzi sie w odpowied-
nich zbiornikach. Po osiggnieciu wymagajgcego stezenia wody (0,04% m/m) i oznaczeniu liczby kwa-
sowej (1,5 mg KOH/g) rozpoczyna sie dozowanie katalizatora homofazowego do ukfadu syntezy w ilosci
20,0 g, ktory jest 5,0% roztworem tlenku dioktylocyny w 2-etyloheksanolu. Po zadozowaniu katalizatora
homofazowego temperature mieszaniny reakcyjnej podwyzsza sie do 180°C i obniza sie ci$nienie do
125,0 mmHg. W trakcie podwyzszania temperatury mieszaniny reakcyjnej do uktadu reakcyjnego do-
zuje sie 73,0 g kwasu adypinowego, 370,0 g adypinianiu di(2-etyloheksylu) i 400,0 g PEG 400. Proces
estryfikacji konczy sie w momencie, gdy roztwér reakcyjny osiggnie liczbe kwasowg 0,2 mg KOH/g i za-
warto$é wody 0,02% m/m. Proces transestryfikacji konczy sie w momencie, gdy z roztworu reakcyjnego
zostanie odebrane 195,0 g 2-etyloheksanolu. W chwili odbioru 90% zaplanowanej iloSci wydzielonego
2-etyloheksanolu, mieszanine reakcyjng chtodzi sie. W temperaturze 115°C do reaktora mieszalniko-
wego dozuje sie 8,0 g wody demineralizowang w celu zakonczenia procesu syntezy nisko, - i/lub $red-
nioczgsteczkowych polimerowych zwigzkdéw powierzchniowoczynnych. Kiedy mieszanina poreakcyjna
wychtodzi sie do temperatury 85°C dozuje sie 10,0 g mieszaniny adsorbentéw sktadajacej sie
z 2,5 g wegla aktywnego, 4,5 g ziemi okrzemkowej, 3,0 g zasadowej zywicy jonowymiennej Amberlyst
A260H. Proces kontaktowania prowadzi sie przez 4 godziny w temperaturze 85°C pod barbotazem
azotu w ilosci 3 Ndm?3/h, utrzymujgc réwnomiernie zawieszong zawiesine w przestrzeni roboczej reak-
tora. Po procesie rafinacji polimerowych zwigzkéw powierzchniowoczynnych, produkt filtruje sie w tem-
peraturze 90°C pod ci$nieniem azotu 1 MPa.

Otrzymuje sie klarowny produkt o charakterystyce zamieszczonej w tabeli 2.

Przyktad 2

Synteze nisko-, i/lub $rednioczgsteczkowych polimerowych zwigzkéw powierzchniowo-czyn-
nych prowadzi sie tak jak w przyktadzie 1 z tg réznica, ze w pierwszym etapie zamiast bursztynianu
di(2-etyloheksylu) stosuje sie 390 g tereftalanu di(2-etyloheksylu), a jako katalizator homofazowy
stosuje sie tytatnian tetra-n-butylu, a w drugim etapie zamiast adypinianiu di(2-etyloheksylu) stosuje
sie 390 g tereftalanu di(2-etyloheksylu), a jako 14,0 g mieszaniny adsorbentéw stosuje sie
z 4,2 g wegla aktywnego, 5,6 g ziemi okrzemkowej, 4,2 g zasadowej zywicy jonowymiennej Am-
berlyst A260H. Proces estryfikacji konczy sie w momencie, gdy roztwor reakcyjny osiggnie liczbe
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kwasowg 0,1 mg KOH/g i zawarto$¢ wody 0,02% m/m. Proces transestryfikacji konczy sie w mo-
mencie, gdy z roztworu reakcyjnego zostanie odebrane 201,5 g 2-etyloheksanolu.

Otrzymuje sie klarowny produkt o charakterystyce zamieszczonej w tabeli 2.

Przvktad 3

Synteze nisko-, i/lub $rednioczgsteczkowych polimerowych zwigzkéw powierzchniowo-czyn-
nych prowadzi sie tak jak w przykfadzie 1 z tg réznica, ze w pierwszym etapie zamiast PEG400
stosuje sie 180,0 g butan-1,4-diol, zamiast bursztynianu di(2-etyloheksylu) stosuje sie 370,0 g ady-
pinianiu di(2-etyloheksylu), zamiast kwasu bursztynowego stosuje sie 151,5 g kwasu sebacyno-
wego a jako katalizator heterofazowy stosuje sie Amberlyst A70, a w drugim etapie zamiast kwasu
adypinowego stosuje sie 151,5 g kwasu sebacynowego. Proces estryfikacji konczy sie w momencie,
gdy roztwor reakcyjny osiggnie liczbe kwasowg 0,2 mg KOH/g i zawarto$é wody 0,03% m/m. Proces
transestryfikacji konczy sie w momencie, gdy z roztworu reakcyjnego zostanie odebrane 130,0 g 2-
-etyloheksanolu.

Otrzymuje sie klarowny produkt o charakterystyce zamieszczonej w tabeli 2.

Przyvktad 4

Synteze nisko-, i/lub $rednioczgsteczkowych polimerowych zwigzkéw powierzchniowo-czyn-
nych prowadzi sie tak jak w przykfadzie 1 z tg rdéznica, ze w pierwszym etapie zamiast PEG400
stosuje sie 124,0 g glikol etylenowy, zamiast bursztynianu di(2-etyloheksylu) stosuje si¢ 546,0 g tri-
melitanu di(2-etyloheksylu), zamiast kwasu bursztynowego stosuje si¢ 166,0 g kwasu tereftalo-
wego, a jako katalizator heterofazowy stosuje sie Amberlyst A70, a w drugim etapie zamiast adypi-
nianiu di(2-etyloheksylu) stosuje sie 390,0 g tereftalanu di(2-etyloheksylu), zamiast PEG400 stosuje
sie 1500,0 g PEG 1500 i nie stosuje sie kwasu adypinowego, a jako 17,0 g mieszaniny adsorbentéw
stosuje sie z 3,4 g wegla aktywnego, 8,5 g ziemi okrzemkowej, 5,1 g zasadowej zywicy jonowy-
miennej Amberlyst A-21. Proces estryfikacji konczy sie w momencie, gdy roztwér reakcyjny osia-
gnie liczbe kwasowg 0,25 mg KOH/g i zawarto$é wody 0,02% m/m . Proces transestryfikacji konczy
sie w momencie, gdy z roztworu reakcyjnego zostanie odebrane 250 g 2-etyloheksanolu.

Otrzymuje sie klarowny produkt o charakterystyce zamieszczonej w tabeli 2.

Przvktad 5

W reaktorze przeptywowym znajduje sie katalizator heterofazowy w postaci silnej kwasnej zywicy
jonowymiennej (Amberlyst A70). Do reaktora mieszalnikowego wprowadza sie 372,0 g dodekan-1-olu,
130,0 g 2-etyloheksanolu, 400,0g PEG 200 i uruchamia sie mieszadto mechaniczne oraz ogrzewanie
ptaszczowe reaktora mieszalnikowego, uruchamia sie pompe prézniowag, ktérg wytwarza sie podci$nie-
nie 525 mmHg, uruchamia sie przeptyw wody o temperaturze 15°C przez skraplacz oraz uruchamia sie
barbotaz roztworu reakcyjnego azotem w ilosci 3 Ndm3/h. W momencie osiggniecia w reaktorze mie-
szalnikowym temperatury 60°C rozpoczyna sie dozowanie 528,0 g cytrynianu tri-(2-etyloheksylu) oraz
96,0 g kwasu cytrynowego. W trakcie dozowania pozostatych sktadnikéw mieszaniny reakcyjnej zatgcza
sie grzanie elektryczne kolumny destylacyjnej oraz ogrzewanie ptaszczowe reaktora przeptywowego.
Po zadozowaniu cato$ci estru i kwasu i ich catkowitemu rozpuszczeniu sie oraz osiggnieciu temperatury
95°C przez roztwor reakcyjny rozpoczyna sie proces destylacji pod ciSnieniem 525 mmHg. Opary wody
i alkoholi, opuszczajg reaktor do kolumny destylacyjnej. Pary azeotropéw i alkoholi skrapla sie w skra-
placzu i separatorze po czym Kieruje sie je do rozdzielacza. Odwodnione alkohole przelewem z rozdzie-
lacza kieruje sie do kolumny destylacyjnej a wode magazynuje sie w odpowiednim zbiorniku operacyj-
nym. Po ustabilizowaniu si¢ procesu destylacji uruchamia sie pompe cyrkulacyjng, ktéra zapewnia staty
przeplyw mieszaniny reakcyjnej przez ztoze katalizatora heterofazowego w ilosci 7,5 dm3/h i prowadzi
proces estryfikacji i transestryfikacji usuwajgc ze strefy reakcji powstajgcg w syntezie wode i alkohol.
W reaktorze utrzymuje sie temperature 95°C, obroty mieszadta w zakresie 19,0 rad/s, ci$nienie na sta-
fym poziomie 500 mmHg, azot 3 Ndm?3/h. Skroplong wode i alkohol gromadzi sie w odpowiednich zbior-
nikach. Po osiggnieciu wymagajgcego stezenia wody (0,04% m/m) i oznaczeniu liczby kwasowe;j
(1,0 mg KOH/g), rozpoczyna sie¢ dozowanie 20,0 g 4,0% roztworu tlenku dioktylocyny w 2-etyloheksa-
nolu. Po zadozowaniu katalizatora homofazowego temperature mieszaniny reakcyjnej podwyzsza sie
do 160°C i obniza sie cisnienie do 250 mmHg. W trakcie podwyzszania temperatury mieszaniny reak-
cyjnej do uktadu reakcyjnego dozuje sie 264,0 g cytrynianu tri-(2-etyloheksylu), 192,0 g kwasu cytryno-
wego, 186,0 g dodekan-1-olu i 200,0 g PEG200. Proces estryfikacji kofczy sie w momencie, gdy roztwér
reakcyjny osiagnie liczbe kwasowa 0,1 mg KOH/g i zawarto$¢ wody 0,02% m/m . Proces transestryfi-
kacji koficzy sie w momencie, gdy z roztworu reakcyjnego zostanie odebrane 130,0 g 2-etyloheksanolu.
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W chwili, gdy liczba kwasowa mieszaniny reakcyjnej osiggnie 0,1 mg KOH/g nalezy jg schtodzié. W tem-
peraturze 120°C do reaktora mieszalnikowego dozuje sie 9,0 g wody demineralizowanej w celu zakon-
czenia procesu syntezy nisko, -i/lub $rednioczgsteczkowych polimerowych zwigzkéw powierzchniowo-
czynnych. Kiedy mieszanina poreakcyjna wychtodzi sie do temperatury 75°C dozuje sie 9,0 g miesza-
niny adsorbentéw sktadajgcej sie z 2 g wegla aktywnego, 3 g ziemi okrzemkowej, 4 g zasadowej zywicy
jonowymiennej Amberlyst A260H. Proces kontaktowania prowadzi sie przez 6 godzin w temperaturze
75°C pod barbotazem azotu w ilosci 4 dm3/h, utrzymujgc réwnomiernie zawieszong zawiesine prze-
strzeni roboczej reaktora. Po procesie rafinacji polimerowych zwigzkéw powierzchniowoczynnych, pro-
dukt filtruje sie w temperaturze 70°C pod ci$nieniem azotu 0,8 MPa.

Otrzymuje sie klarowny produkt o charakterystyce zamieszczonej w tabeli 2.

Przyktad 6

Synteze nisko-, i/lub $rednioczgsteczkowych polimerowych zwigzkéw powierzchniowo-czynnych
prowadzi sie tak jak w przyktadzie 5 z tg r6znica, ze jako katalizator heterofazowy stosuje sie Amberlyst
A46 i w pierwszym etapie zamiast: PEG200 stosuje si¢ 900,0 g D450, dodekan-1-olu stosuje si¢
74,0 g butanolu, 130 g 2-etyloheksanolu stosuje sie 260,0 g, cytrynianu tri-(2-etyloheksylu) stosuje sie
360,0 g cytrynianu tri-n-butylu i jako katalizator homofazowy stosuje sie octan cynku. W drugim etapie
zamiast dodekan-1-olu stosuje sie 130,0 g 2-etyloheksanolu. Proces estryfikacji kofczy sie w momen-
cie, gdy roztwor reakcyjny osiggnie liczbe kwasowg 0,2 mg KOH/g i zawarto$¢ wody 0,01% m/m. Proces
transestryfikacji konczy sie w momencie, gdy z roztworu reakcyjnego zostanie odebrane 74,0 g buta-
nolu.

Otrzymuje sie klarowny produkt o charakterystyce zamieszczonej w tabeli 2.

Przyktad 7

W reaktorze przeptywowym umieszcza sie 1,0 dm? ztoza katalizatora heterofazowego w postaci
silnej kwasnej zywicy jonowymiennej (Amberlyst A46). Do reaktora mieszalnikowego wprowadza sie
675,0 g PEG300, 65,0 g 2-etyloheksanolu, uruchamia sie mieszadto mechaniczne oraz ogrzewanie
ptaszczowe reaktora mieszalnikowego, uruchamia sie pompe prézniowa, ktéra wytwarza podci$nienie
400 mmHg, uruchamia sie przeptyw wody o temperaturze 15°C przez skraplacz oraz uruchamia sie
barbotaz roztworu reakcyjnego azotem w ilosci 7 Ndm?3/h. W momencie osiggniecia w reaktorze mie-
szalnikowym temperatury 60°C rozpoczyna sie dozowanie 320,0 g 2-etyloheksanianu 2-etyloheksylu
oraz 144,0 g kwasu 2-etyloheksylowego. W trakcie dozowania pozostatych sktadnikéw mieszaniny re-
akcyjnej zatgcza sie grzanie elektryczne kolumny destylacyjnej oraz ogrzewanie ptaszczowe reaktora
przeptywowego. Po zadozowaniu catosci estru i kwasu, oraz ich catkowitemu rozpuszczeniu oraz osig-
gnieciu temperatury 100°C przez roztwoér reakcyjny, rozpoczyna sie proces destylacji pod ci$nieniem
350 mmHg. Opary wody i alkoholi, opuszczajg reaktor do kolumny destylacyjnej. Pary azeotropéw i al-
koholi skraplajg sie w skraplaczu i separatorze po czym Kieruje sie je do rozdzielacza. Odwodnione
alkohole przelewem z rozdzielacza kieruje sie do kolumny destylacyjnej, a wode magazynuje sie w od-
powiednim zbiorniku operacyjnym. Po ustabilizowaniu sie procesu destylacji uruchamia sie pompe cyr-
kulacyjng, ktoéra zapewnia staty przeptyw mieszaniny reakcyjnej przez ztoze katalizatora heterofazo-
wego w ilosci 5,0 dm3/h i prowadzi sie proces estryfikacji i transestryfikacji usuwajgc ze strefy reakcji
powstajacg w syntezie wode i alkohol. W reaktorze utrzymuje sie temperature 100°C, obroty mieszadta
w zakresie 15,0 rad/s, ciSnienie na statym poziomie 350 mmHg, przeptyw azotu 7 Ndm?3h. Skroplong
wode i alkohol gromadzi sie w odpowiednich zbiornikach. Po osiggnieciu wymagajgcego stezenia wody
(0,02% m/my) i oznaczeniu liczby kwasowej (0,5 mg KOH/g) rozpoczyna si¢ dozowanie 15,0 g 5,0%
roztworu tlenku dioktylocyny w 2-etyloheksanolu. Po zadozowaniu katalizatora homofazowego tempe-
rature mieszaniny reakcyjnej podwyzsza sie do 180°C i obniza sie ciSnienie do 100 mmHg. W trakcie
podwyzszania temperatury mieszaniny reakcyjnej do uktadu reakcyjnego dozuje sie 166,0 g kwasu te-
reftalowego, 487,5, g tereftalanu di(2-etyloheksylu) i 300,0 g PEG300. Proces transestryfikacji konczy
sie w momencie, gdy z roztworu reakcyjnego zostanie odebrane 175,0 g 2-etyloheksanolu. Proces es-
tryfikacji konczy sie w momencie, gdy roztwdr reakcyjny osiagnie liczbe kwasowg 0,1 mg KOH/g i za-
warto$¢ wody 0,01% m/m . W chwili, gdy liczba kwasowa mieszaniny reakcyjnej osiggnie 0,1 mg KOH/g
chtodzi sie jg. W temperaturze 110°C do reaktora mieszalnikowego dozuje sie 9,0 g wody deminerali-
zowanej w celu zakonczenia procesu syntezy nisko, -i/lub srednioczgsteczkowych polimerowych zwigz-
kéw powierzchniowoczynnych. Kiedy mieszanina poreakcyjna wychtodzi sie do temperatury 85°C, do-
zuje sie 9,0 g mieszaniny adsorbentéw sktadajgcej sie z 2,0 g wegla aktywnego, 3,0 g ziemi okrzemko-
wej, 3,0 g zasadowej zywicy jonowymiennej Amberlyst A260H, 1,0 g kwasnej zywicy jonowymienne;j
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Amberylyst A45. Proces kontaktowania prowadzi sie przez 4 godziny w temperaturze 85°C pod barbo-
tazem azotu w ilosci 4 dmd/h, utrzymujgc réwnomiernie zawieszong zawiesine przestrzeni roboczej re-
aktora. Po procesie rafinacji polimerowych zwigzkéw powierzchniowoczynnych, produkt filtruje sie
w temperaturze 90°C pod ci$nieniem azotu 1,2 MPa.

Otrzymuje sie klarowny produkt o charakterystyce zamieszczonej w tabeli 2.

Przykitad 8

Synteze nisko-, ilub $rednioczasteczkowych polimerowych zwigzkéw powierzchniowo-czynnych pro-
wadzi sie tak, jak w przyktadzie 7 z tg réznica, ze w pierwszym etapie zamiast PEG300 stosuje sie
750,0 g G500, a jako katalizator homofazowy stosuje sie tytanian tetra-n-butylu, a w drugim etapie zamiast
kwasu bursztynowego stosuje sie 166,0 g kwasu tereftalowego, 487,5 g tereftalanu di(2-etyloheksylu) i za-
miast PEG 300 stosuje sie niskoczgsteczkowy poliester politereftalanu glikolu etylenowego (PET) o $rednim
ciezarze czasteczkowym Mw=1500 g/mol. Proces estryfikacji konczy sie w momencie, gdy roztwor reakcyjny
osiggnie liczbe kwasowg 0,2 mg KOH/g i zawarto$¢ wody 0,01% m/m. Proces transestryfikacji konczy sie
w momencie, gdy z roztworu reakcyjnego zostanie odebrane 160,0 g 2-etyloheksanolu.

Otrzymuje sie klarowny produkt o charakterystyce zamieszczonej w tabeli 2.

Tabela 2. Charakterystyka nisko-, i/lub $rednioczgsteczkowych polimerowych zwigzkéw powierzchniowo-czynnych
otrzymanych w przyktadach 1-8.

. L. Barwa w skali ]
Sredni ciezar Zawartosé Liczba
platynowo-
Lp. czasteczkowy | HLB ] wody, %o kwasowa,
kobaltowej,
(M), g/mol Wagowy mgKOH/g
Hazen
Przyktad 1 | 1238 16,4 | 50 0,01 <0,2
Przyktad 2 | 1666 17,0 | 48 0,01 <0,2
Przyktad 3 | 1744 15,8 | 39 0,02 <0,2
Przyktad 4 | 2546 14,7 | 55 0,01 <0,2
Przyklad 5 | 1212 10,7 | 60 0,03 <0,2
Przyklad 6 | 1576 40 |46 0,03 <02
Przyktad 7 2307 8,12 | 35 0,02 <0,2
Przyklad 8 | 2101 4,7 |38 0,02 <0,2

Zastrzezenia patentowe

1. Sposéb otrzymywania nisko- i/lub S$rednioczgsteczkowych polimerowych zwigzkéw po-
wierzchniowo-czynnych o okreslonej réwnowadze hydrofilowo-lipofilowej (indeks HLB), oparty
na wykorzystaniu proceséw estryfikacji i/lub transestryfikacji estréw organicznych i/lub kwa-
s6w organicznych z alkoholami organicznymi, znamienny tym, ze co najmniej jeden ester
organiczny AE1 i/lub kwas organiczny A1 miesza si¢ w roztworze o temperaturze nie nizszej
niz 60°C zawierajgcym alkohole organiczne AL1, ktdre w swojej strukturze zawierajg nie wie-
cej niz szeS¢ grup hydroksylowych, przy czym estréw organicznych AE1 jest nie wiecej niz
90% wagowych i alkoholi organicznych AL1 zawierajgcych co najmniej 2 grupy hydroksylowe
jest nie wiecej niz 90% wagowych, nastepnie podwyzsza sie temperature mieszaniny reakcyj-
nej do nie mniej niz 100°C i w sposob ciggty kontaktuje sie ze ztozem katalizatora heteroge-
nicznego typu zywicy jonowymiennej, gdzie zachodzi proces estryfikacji i/lub transestryfikacji
i w sposoOb ciggty usuwa sie wode powstajacg w reakcji, az do momentu gdy jej stezenie
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w roztworze bedzie nie wyzsze niz 0,05% wagowych, po czym do mieszaniny reakcyjnej do-
daje sie organiczny zwigzek cyny i/lub organiczny zwigzek tytanu i/lub organiczny zwigzek
cynku jako katalizator reakc;ji estryfikacji i/lub transestryfikacji oraz podwyzsza sie temperature
mieszaniny reakcyjnej do nie mniej niz 150°C i w sposdb ciagty usuwa sie powstajacg w reakg;ji
wode i/lub alkohol AE1 w iloSci nie wiekszej niz 90% molowych wprowadzonego alkoholu AE1
w strukturze estréw organicznych AE1, po czym do mieszaniny reakcyjnej o temperaturze nie
wyzszej niz 210°C wprowadza sie ester organiczny BE1 i/lub kwas organiczny B1 i/lub alkohol
organiczny BL1 i usuwa sie w sposéb ciagty alkohol BE1 w ilosci nie wigkszej niz 90% molo-
wych wprowadzonego alkoholu BE1 w strukturze estréw organicznych BE1 i/lub usuwa si¢
wode reakcyjng do momentu osiggniecia liczby kwasowej mieszaniny reakcyjnej nie wyzsze;j
niz 0,5 mg KOH/g, po czym chtodzi sie mieszanine reakcyjng i w temperaturze nie wyzszej niz
150°C do uktadu wprowadza sie wode demineralizowang w iloSci nie wiekszej niz 0,5% ma-
sowych cafej mieszaniny reakcyjnej, po czym otrzymang mieszaning nisko- i Srednioczastecz-
kowych zwigzkéw powierzchniowoczynnych chtodzi sie do temperatury nie nizszej niz 60°C
i kontaktuje sie z mieszaning adsorbentéw sktadajgcg sie z wegla aktywnego i/lub bentonitu
i/lub ziemi okrzemkowej i/lub kationowe] zywicy jonowymiennej i/lub anionowej zywicy jono-
wymiennej, po czym zawiesine poddaje sie procesowi filtraciji.

Spos6b wedtug zastrz. 1, znamienny tym, ze jako katalizator heterogeniczny stosuje sie ma-
kroporowatg silng kationowg zywice jonowymienng zawierajgcg grupy sulfonowe osadzone
na matrycy polimerowej, o minimalnej koncentracji grup sulfonowych w zakresie 0,5 eg/dm3-
—2,0 eg/dm3, korzystnie 0,8 eg/dm3-1,0 eg/dm3, i o przecietnej Srednicy poréw w zakresie
160,0 A-300,0 A, korzystnie 190,0 A-240 A.

Sposo6b wedtug zastrz. 1, znamienny tym, ze jako homogeniczny katalizator reakcji estryfi-
kacji i/lub transestryfikacji stosuje sie organiczny zwigzek czterowartoSciowej cyny (Sn*+) za-
wierajacy co najmniej jedng grupe alkosylowg (R1-O-), gdzie R1 jest podstawnikiem alkilowym
zawierajgcym od 4 do 8 atomoéw wegla, korzystnie 8 atoméw wegla.

Sposo6b wedtug zastrz. 1, znamienny tym, ze jako homogeniczny katalizator reakcji estryfi-
kacji i/lub transestryfikacji stosuje sie organiczny zwigzek tytanu zawierajgcy nie wiecej niz
cztery grupy alkoksylowe (Ri-O-), gdzie R1 jest podstawnikiem alkilowym zawierajgcym od
3 do 4 atoméw wegla, korzystnie 4 atomy wegla.

Sposéb wedtug zastrz. 1, znamienny tym, ze jako homogeniczny katalizator reakcji estryfi-
kacji i/lub transestryfikacji stosuje sie organiczny zwigzek dwuwarto$ciowego cynku (Zn?*) za-
wierajace co najmniej jedng grupg karboksylowg (-OOR;), gdzie R1 jest podstawnikiem alkilo-
wym zawierajgcym od 2 do 12 atoméw wegla.

Sposéb wedtug zastrz. 1, znamienny tym, ze jako estry organiczne AE1 stosuje sie estry
kwaso6w alifatycznych i/lub aromatycznych i/lub monohydroksyalifatycznych zawierajgcych nie
wiecej niz trzy grupy karboksylowe (-CO-O-H) z alkoholami zawierajgcymi tylko jedng grupe
hydroksylowa typu (R1-OH), gdzie R1 jest podstawnikiem alkilowym zawierajgcym od 4 do 20
atomow wegla.

Sposo6b wediug zastrz. 1, znamienny tym, ze jako kwasy organiczne A1 stosuje sie kwasy
alifatyczne i/lub aromatyczne i/lub monohydroksyalifatyczne zawierajgce nie wiecej niz trzy
grupy karboksylowe (-CO-O-H).

Spos6b wedtug zastrz. 1, znamienny tym, ze jako alkohole organiczne AL1 stosuje sie
zwigzkKi organiczne zawierajgce nie wiecej niz sze$¢ grup hydroksylowych.

Spos6b wedtug zastrz. 8, znamienny tym, ze jako alkohole organiczne AL1 stosuje sie polie-
tery, ktére zawierajg co najmniej jedno wigzanie eterowe (-C-O-C-) i/lub co najmniej dwie
grupy hydroksylowe (-OH) i ich $rednia masa czgsteczkowa (Mw) jest nie wyzsza niz 3000
g/mol.

Spos6b wedtug zastrz. 1, znamienny tym, ze jako estry organiczne BE1 stosuje sie estry
kwaséw alifatycznych i/lub aromatycznych zawierajgcych nie wiecej niz trzy grupy karboksy-
lowe z alkoholami zawierajgcymi tylko jedng grupe hydroksylowg typu R-OH, gdzie R jest
podstawnikiem alkilowym zawierajgcymi od 2 do 20 atoméw wegla.

Sposob wediug zastrz. 1, znamienny tym, ze jako kwasy organiczne B1 stosuje sie kwasy
alifatyczne i/lub aromatyczne zawierajgce nie wiecej niz trzy grupy karboksylowe.

Spos6b wedtug zastrz. 1, znamienny tym, ze jako alkohole organiczne BL1 stosuje sie
zwigzki organiczne zawierajgce co najmniej jedng grupe hydroksylows.
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Sposo6b wedtug zastrz. 12, znamienny tym, ze jako alkohole organiczne BL1 stosuje sie po-
lietery, ktére zawierajg co najmniej jedno wigzanie eterowe (-C-O-C-) i co najmniej dwie grupy
hydroksylowe (-OH) i ich $rednia masa czasteczkowa (Mw) jest nie wyzsza niz 3000 g/mol.
Spos6b wediug zastrz. 12, znamienny tym, ze jako alkohole organiczne B1 stosuije sie niskocza-
steczkowe estry polimerowe, ktore zawierajg co najmniej dwa wigzania estrowe (-CO-O-C) i co
najmniej jedng grupe hydroksylowg (-OH) i ich $rednia masa czgsteczkowa (Mv) jest nie wyzsza
niz 3000 g/mol.

Spos6b wedtug zastrz. 1, znamienny tym, ze alkohole organiczne AL1 miesza si¢ z estrami or-
ganicznymi AE1 w proporcji molowej grup hydroksylowych (-OH) do grup estrowych (-CO-O-C-)
od 1:1 do 5:1, korzystnie od 2:1 do 4:1 i/lub z kwasami organicznymi a w proporcji molowej grup
karboksylowych (-CO-OH) do grup hydroksylowych (-OH) od 1:2 do 1:6, korzystnie od 1:3 do 1:5.
Sposéb wedtug zastrz. 1, znamienny tym, ze estry organiczne BE1 dodaje sie do mieszaniny
reakcyjnej w ilosci nie wiekszej niz 2,5 mola na 1 mol estréw organicznych AE1.

Sposo6b wedtug zastrz. 1, znamienny tym, ze do mieszaniny reakcyjnej dodaje sie co najmniej
jeden kwas organiczny B1 i/lub alkohol organiczny BL1 w iloSci nie wiekszej niz 2,0 mole na
1 mol estréw organicznych AE1 w temperaturze nie wyzszej niz 210°C, korzystnie od 160°C
do 190°C.

Sposéb wedtug zastrz. 1, znamienny tym, ze wode i/lub alkohol AE1 i/lub alkohol BE1 po-
wstajacy w reakcji usuwa sie ze strefy reakcji w sposob ciggly metodg destylacji pod obnizo-
nym ci$nieniem wspomagang barbotazem azotu.

Spos6b wedtug zastrz. 1, znamienny tym, ze wode demineralizowang dodaje sie do miesza-
niny reakcyjnej nie wiecej niz 0,50% m/m w temperaturze nie wyzszej niz 210°C, korzystnie
od 120°C do 180°C.

Spos6b wedtug zastrz. 1, znamienny tym, ze stosuje sie mieszanine adsorbentéw w iloSci
nie wiekszej niz 2,0% m/m w stosunku do mieszaniny nisko-, i/lub $rednio czasteczkowych
polimerowych zwigzkéw powierzchniowo-czynnych, korzystnie od 0,4% m/m do 1,0% m/m.
Sposob wediug zastrz. 1 albo 20, znamienny tym, ze stosuje sie adsorbent zawierajgcy co
najmniej 30% m/m anionowej zywicy jonowymiennej i/lub 5,0% m/m kationowej zywicy jono-
wymiennej i co najmniej 5,0% m/m wegla aktywnego i/lub bentonitu i co najmniej 20,0% m/m
ziemi okrzemkowej.
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TERESA RDESINSKA-CWIK, Kedzierzyn-Kozle, PL
DANIEL STRZYZ, Naczystawka, PL
EUGENIUSZ SUTOR, Kedzierzyn-Kozle, PL
BOGUSLAW TKACZ, Kedzierzyn-Kozle, PL
ANNA ZOWADE, Kedzierzyn-Kozle, PL

(74) Petnomocnik:
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Opis wynalazku

Przedmiotem wynalazku jest sposdb otrzymywania niskoczgsteczkowych poliestréw stosowa-
nych przede wszystkim jako plastyfikatory.

Plastyfikatory polimerowe to najbardziej wszechstronne i wydajne, bardzo fatwe w obrébce, do-
stosowane do indywidualnych wymagan zmigkczacze tworzyw, odporne na ekstrakcje réznymi mediami
w poréwnaniu do ich monomerycznych odpowiednikéw. Plastyfikatory polimerowe sg powszechnie wy-
korzystywane do uplastycznienia polimerdw takich jak polichlorek winylu, tworzywa poliuretanowe czy
guma. Doskonata odpornos¢ na olej i ekstrakcje rozpuszczalnikiem oraz wysoka trwato$¢ pozwala wy-
korzystywac polimeryczne plastyfikatory do zastosowan we wnetrzach samochodowych oraz w gospo-
darstwie domowym, zwlaszcza do wykanczania wnetrz na przyktad w panelach oraz w elementach
uszczelniajgcych urzgdzenia gospodarstwa domowego. Plastyfikatory polimerowe wykorzystywane
sg réwniez do produktéw majgcych zastosowanie do pakowania zywnosci; do tasm samoprzylepnych
i izolacyjnych; rekawic roboczych, obuwia i odziezy ochronnej; wezy i przewoddw przemystowych;
uszczelnienia, do uszczelek i blokad; do sprzetu medycznego i chirurgicznego i w wielu innych dziedzi-
nach przemystu.

Synteze niskoczgsteczkowych poliestrow wediug opisu US 5281647 literaturowych mozna pro-
wadzi¢ w katalizowanej reakcji kondensacji kwasu dikarboksylowego na przyktad adypinowego i glikolu
przy nadmiarze molowym kwasu. Surowy poliester dikarboksylowy poddaje si¢ dziataniu alkoholu mo-
nohydroksylowego na przykiad 2-etyloheksanolu w celu blokowania grup koncowych i regulacji wielko-
8ci czgsteczki poliestru. Katalizatorami reakcji sg kwasy mineralne, takie jak kwas siarkowy, kwas solny,
kwas p-toluenosulfonowy (EP 0924187) oraz zwigzki metaloorganiczne, takie jak tlenek dibutylo-
cyny (WO 2008037400), octan manganu, tlenek molibdenu, zwigzki kobaltu i wolframu (US3398124)
tytaniany i cyrkoniany. Najczesciej stosowanym katalizatorem reakcji sg organiczne zwigzki tytanu
na przykiad, tytanian izopropylu, tytanianu tetra-n-butylu (WO 2001087481) oraz alkoholany ty-
tanu (US 5866710). Czesto jako katalizator wykorzystuje sie kompozycje réznych zwigzkéw, przykia-
dowo rozpuszczone w rozpuszczalniku organicznym zwigzki tytanu, krzemu i cyny (US 2014349842).

Zwigzki polimerowe, ktére sg odpowiednie do zastosowania jako plastyfikatory tworzyw sztucz-
nych mogg by¢ przygotowane w jedno lub wielostopniowej reakcji estryfikacji i polikondensacji wedtug
wynalazku (EP 0924187, WO 2003046044, WO 201304824). W kondensacji jednoetapowej kwas di-
karboksylowy, glikol i alkohol oraz katalizator dozowane sg do reaktora zawierajgcego rozpuszczalnik.
Mieszanine ogrzewa sie pod chtodnica zwrotng odbierajac powstajacg wode. Nastepnie rozpuszczalnik
usuwa sie przez destylacje, a otrzymany roztwdr zobojetnia sie saczy i suszy. Pierwszy etap reakcji
dwustopniowej stanowi reakcja glikolu z kwasem dikarboksylowym w obecnosci kwasu p-toluenosulfo-
nowego jako katalizatora reakgcji estryfikacji. W drugim etapie, produkt z pierwszego etapu wprowadza
sie do rozpuszczalnika organicznego i dodaje alkoholu. Nastepnie roztwdr ogrzewa sie do temperatury
wrzenia rozpuszczalnika i prowadzi sie dalej kondensacje. Mieszaning ogrzewa sie pod chiodnicg
zwrotng odbierajgc powstajacg wode. Rozpuszczalnik usuwa sie przez destylacje, a otrzymany produkt
zobojetnia sie sgczy i suszy.

W celu uzyskania wysokiej konwersji i unikniecia nadmiernej utraty reagentéw do prowadzenia
reakcji poliestryfikacji stosuje sie reaktory z kolumng destylacyjng potgczong bezposrednio do reaktora
(CN104744680). W patencie US 20110034644 przedstawiono schemat aparatury do prowadzenia re-
akeji polikondensacji z wykorzystaniem reaktora rurowego, ktéry wediug autorow zapewnia lepszg wy-
miane ciepta i masy. Zastosowanie reaktora rurowego pozwala wydajnie prowadzi¢ reakcje estryfikacji
i polikondensaciji dla proceséw wymagajgcych zaréwno kroétkich, jak i diuzszych czaséw reagowania.
Z konstrukcja ukiadu reakcyjnego zwigzany jest sposodb usuwania wody z mieszaniny reakcyjnej. Woda
powstajgca w procesie otrzymywania poliestrow wplywa na rownowage reakcji. Na ogét woda poreak-
cyjna jest usuwana metodg destylacji w postaci azeotropu z alkoholem. Pary azeotropu skraplane
sg w skraplaczu. Usuwanie wody jest bardzo wazne w przypadku stosowania w procesie katalizatorow
metaloorganicznych, ktére sg wrazliwe na dziatanie wody i konwertowane sg do zwigzkow powoduja-
cych zamglenie produktu (US 5866710).

W procesie wytwarzania polimerycznego plastyfikatora, kwas dikarboksylowy moze by¢ poddany
reakcji z diolami w przedziale temperatur od okoto 180°C do 250°C, przez okres od okoto 8 do 16 godzin
(US 5281647). Reakcje mozna monitorowac przez oznaczenie liczby kwasowej.
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Sposodb wydzielania i oczyszczania poliestrow polega na rozkiadzie katalizatora estryfikacji z od-
dzieleniem produktdw jego rozktadu oraz na oddestylowaniu alkoholu uzytego do syntezy w nadmiarze
w stosunku do ilosci stechiometrycznej (EP 0924187).

Problem techniczny stanowi uzyskanie bezbarwnego, obojetnego niskoczasteczkowego poliestru
wolnego od $ladéw katalizatora powodujgcego pogorszenie jakosci produktu.

Celem wynalazku byto opracowanie sposobu otrzymywania niskoczgsteczkowych poliestrow za-
pewniajgcego efektywnosc procesu poliestryfikacji i skuteczne oczyszczania surowego estru.

Stwierdzono, Zze w reakcji poliestryfikacji prowadzonej z zastosowaniem metaloorganicznych
zwigzkow cyny bedgcych mieszaning zwigzkdw cyny dwu i czterowarto$ciowej zawierajgcych przynajm-
niej jedna grupe estrowa i/lub tytanu mozliwe jest takie dobranie parametréw procesu, zeby uzyskaé
wysokg wydajnosé reakcji i tatwiejsze sterowanie wielkoscig czgsteczki polimeru.

Istota sposobu otrzymywania niskoczgsteczkowych poliestrow w reakcji estryfikacji kwaséw di-
karboksylowych alkoholami polega na tym, ze co najmniej jeden kwas alifatyczny i/lub aromatyczny,
i/lub hydroksyalifatyczny rozpuszcza sie w roztworze o temperaturze nie nizszej niz 100°C, zawieraja-
cym alkohole mono i dihydroksylowe, przy czym alkoholi dihydroksylowych jest nie wigcej niz 80% wa-
gowych, nastepnie z otrzymanego roztworu usuwa sie wode tak, aby jej stezenie w roztworze byto nie
wyzsze niz 0,1% wagowych, do odwodnionego roztworu dodaje sie organiczne zwigzki cyny i/lub tytanu
jako katalizatora estryfikacji, a temperature mieszaniny reakcyjnej podwyzsza sig do nie mniej niz 160°C
i w sposob ciggly usuwa sie wode powstajaca w reakcji, az do momentu zaprzestania si¢ wydzielania
wody, po czym do mieszaniny reakcyjnej o temperaturze nie nizszej 180°C wprowadza si¢ kwasy alifa-
tyczne i/lub aromatyczne, ilub hydroksyalifatyczne, i/lub poliestry o $rednim cigezarze czgsteczko-
wym (Mw) nie wyzszym niz 1500 g/mol i ponownie usuwa si¢ wode do momentu osiggniecia liczby kwa-
sowej nie nizszej niz 10,0 mg KOH/g, korzystnie 10 do 50 mg KOH/g, nastepnie dodaje sie w nadmiarze
alkohol monohydroksylowy (R2-OH), w ktérym Rz jest podstawnikiem alkilowym od 8 do 10 atomach
wegla i prowadzi sie estryfikacje usuwajgc wode reakcyjng do uzyskania liczby kwasowej nie wyzszej
niz 0,2 mg KOH/g po czym z mieszaniny poreakcyjnej oddestylowuje sie nadmiar alkoholu monohy-
droksylowego R2-OH a otrzymang mieszaning poliestrow chiodzi si¢ do temperatury 80-140°C, kontak-
tuje sie z adsorbentem skiadajgcym sie z ziemi okrzemkowej i zasadowej zywicy jonowymiennej zawie-
rajgcej lll-rzedowe grupy aminowe, po czym zawiesine poddaje sig filtracji.

Korzystnie kwas alifatyczny i/lub aromatyczny, iflub hydroksyalifatyczny rozpuszcza sige w roztwo-
rze alkoholi mono i dihydroksylowych w proporcji molowej grup karboksylowych (-COOH) do grup hy-
droksylowych od 1:3,0 do 1:5,5, korzystnie od 1:3,0 do 1:4,0.

Korzystnie metaloorganiczne zwigzki cyny stosuje sie w postaci roztworu zawieraja-
cego zwiazki cyny dwu i czterowartosciowej (Sn+2, Sn+4) wymieszane w stosunku molowym zwigzkéw
cyny (Sn+4) do (Sn+?) od 2:1 do 10:1, korzystnie 3:1 do 4:1, przy czym stosuje sie zwigzki cyny (Sn+4)
zawierajgce co najmniej jedng grupe estrowg (COOR1), gdzie Ri jest podstawnikiem alkilowym
0od 4 do 12 atomach wegla.

Korzystnie stosuje sie zwigzki cyny czterowartosciowej (Sn+4), w ktdrych stosunek grup estrowych
(-COOR:1) do grup alkilowych (Rs) jest rowny 1, przy czym R3 jest podstawnikiem alkilowym od 4 do 12
atomach wegla.

Korzystnie jako katalizator stosuje sie organiczny zwigzek tytanu zawierajgcy nie mniej niz dwie
grupy alkoksylowe (-OR) gdzie R jest podstawnikiem alkilowym od 3 do 12 atomach wegla.

Korzystnie stosuje sie adsorbent, zawierajgcy co najmniej 30% wagowych zasadowej zywicy jo-
nowymiennej i nie mniej niz 8%, korzystnie 10-12% wagowych wody.

Korzystnie stosuje sie takg ilos¢ adsorbentu, aby stosunek masy adsorbentu do masy mieszaniny
poliestréw nie byt mniejszy niz 0,02, korzystnie 0,025 do 0,035.

Korzystnie stosuje sie adsorbent zawierajgcy ziemie okrzemkowa o zawartosci krzemianu ma-
gnezu nie mniej niz 60% wagowych i porowato$cig mierzong wielkoscig porow w zakresie od 0,04—-0,05,
korzystnie 0,042—0,048.

Korzystnie kwasy alifatyczne i/lub aromatyczne, i/lub hydroksyalifatyczne, i/tub poliestry o $red-
nim ciezarze czgsteczkowym (Mw) nie wyzszym niz 1500 g/mol dodaje sie do mieszaniny reakcyjnej
w ilosci nie wigkszej niz 1,5 mola na 1 mol kwasu alifatycznego i/lub aromatycznego i/lub hydroksy-
alifatycznego.

Korzystnie wode powstajgca w reakcji usuwa sie w sposoéb ciggly metodg destylacji pod obnizo-
nym cisnieniem.

Korzystnie zawiesine poddaje sie filtracji pod zwigkszonym ci$nieniem.
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Kwasy alifatyczne, takie jak bursztynowy, adypinowy, sebacynowy, maleinowy, fumaronowy
i inne, aromatyczne takie jak kwas ftalowy, kwas tereftalowy i inne, i/lub hydroksyalifatyczne, takie jak
jabtkowy, glukarowy i inne, rozpuszcza sie w temperaturze powyzej 100°C w roztworze zawierajgcym
alkohole mono i dihydroksylowe, przy czym alkoholu dihydroksylowego stosuje sie nie wiecej niz 80%.
Proporcja molowa grup karboksylowych (-COOH) do grup hydroksylowych moze sie waha¢ od 1:3,0
do 1:5,5, korzystnie 1:3,0 do 1:4,0. Mieszanine odwadnia si¢ metoda destylacji tak, aby stezenie wody
w roztworze reagentéw bylo nie wyzsze niz 0,1% wagowych. Odwodnienie ukiadu reakcyjnego jest
niezbedne do utrzymania w petni aktywnosci katalizatorow metaloorganicznych. Do odwodnionego roz-
tworu dodaje sie katalizator syntezy bedacy organicznym zwiazkiem cyny dwu i czterowartoscio-
wej (Sn*2, Sn*#), ktére miesza sie w stosunku molowym zwigzkéw cyny (Sn+4) do (Sn+2) od 2:1
do 10:1, korzystnie 3:1 do 4:1, przy czym zwigzek cyny (Sn+*) zawiera co najmniej jedng grupe es-
trowg (COOR1), gdzie R+ jest podstawnikiem alkilowym od 4 do 12 atomach wegla a w zwigzku cyny
czterowarto$ciowej (Sn+*) stosunek grup estrowych (-COOR;) do grup alkilowych (Rs) jest réwny 1,
przy czym Rs jest podstawnikiem alkilowym od 4 do 12 atomach wegla i/lub organiczny zwigzek tytanu
zawierajgcy nie mniej niz 2 grupy alkoksylowe (-OR) gdzie R jest podstawnikiem alkilowym od 3 do 12
atomach wegla.

Z mieszaniny reakcyjnej w sposob ciggly metodg destylacji pod obnizonym cisnieniem usuwa sie
wode wytworzong w reakcji estryfikacji. Po zakonczeniu reakcji estryfikacji i zaprzestaniu wydzielania
sie wody, mieszanine reakcyjng podgrzewa sie do temperatury 180°C i dodaje sie kwas alifatyczny
(bursztynowy, adypinowy, sebacynowy, maleinowy, fumaronowy i inne), i/lub aromatyczny (kwas fta-
lowy, kwas tereftalowy i inne), i/lub hydroksyalifatyczne (jabtkowy, glukarowy i inne) i/lub poliestry
0 srednim ciezarze czgsteczkowym (Mw) nie wyzszym niz 1500 g/mol i ponownie usuwa sie wode
pod obnizonym ci$nieniem do momentu osiagniecia liczby kwasowej 10,0-50,0 mg KOH/g, korzyst-
nie 10 mg KOH/g. Nastepnie dodaje sie w nadmiarze alkohol monohydroksylowy (Re-OH), gdzie Rz jest
podstawnikiem alkilowym od 8 do 10 atomach wegla) i prowadzi si¢ estryfikacje usuwajgc wode reak-
cyjna do uzyskania liczby kwasowej nie wyzszej niz 0,2 mg KOH/g. Kwasy alifatyczne i/lub aroma-
tyczne i/lub hydroksyalifatyczne, i/lub poliestry o $rednim ciezarze czgsteczkowym (Mw) nie wyzszym
niz 1500 g/mol dodaje sie do mieszaniny reakcyjnej w ilosci nie wigekszej niz 1,5 mola na 1 mol kwasu
alifatycznego i/lub aromatycznego, i/lub hydroksyalifatycznego.

Po uzyskaniu odpowiedniej liczby kwasowej z mieszaniny poreakcyjnej oddestylowuje sie nad-
miar alkoholu monohydroksylowego (Re-OH), a otrzymang w ten sposéb mieszanine poliestrow chiodzi
sie do temperatury 80—140°C i nastepnie kontaktuje sie z adsorbentem sktadajacym sie z ziemi okrzem-
kowej i zasadowej zywicy jonowymiennej zawierajgcej lll-rzedowe grupy aminowe. Pierwszy skladnik
adsobenta — ziemia okrzemkowa charakteryzuje sie zawartoscia krzemianu magnezu nie mniejszg
niz 60% wagowych i porowatoscig mierzong wielkoscig poréw w zakresie od 0,04-0,05, korzyst-
nie 0,042-0,048. Drugi skiadnik stanowi zasadowa zywica jonowymienna w ilosci 30% zawierajgca nie
mniej niz 8% wagowych wody, korzystnie 10-12% wagowych przy czym stosunek masy adsorbentu
do masy mieszaniny poliestréw jest nie mniejszy niz 0,02, korzystnie 0,025 do 0,035.

Przyktady

Synteze niskoczgsteczkowych poliestréw prowadzi sie w ukiadzie reakcyjnym skiadajgcym sig z:

e reaktora mieszalnikowego o objetosci 2 dm3 wyposazonego w mieszadio mecha-

niczne oraz zewnetrzne ogrzewanie elektryczne z plynng regulacjg temperatury w zakre-
sie 20-250°C,

e kolumny odwadniajgcej wyposazonej w elektryczny ukiad grzewczy umieszczony w jej
dolnej czesci, pozwalajgcy na uzyskanie optymalnego rozktadu temperatury i skuteczne
odwodnienie alkoholi zawracanych bezposrednio do strefy syntezy poliestrow,
dozownika materiatéw sypkich,
dozownika ciektych reagentow,
skraplacza oparow,
separatora,
rozdzielaczy,

e pompy prézniowej.

W dozowniku ciektych reagentéw umieszcza sie alkohol dihydroksylowy, ktory w calosci dozuje
sie do reaktora mieszalnikowego. Nastepnie do dozownika cieklych reagentéw wprowadza sie alkohol
monohydroksylowy, ktory rowniez w catosci dozuje sie do reaktora mieszalnikowego, uruchamia sie
mieszadio oraz ogrzewanie ptaszczowe reaktora. Podczas ogrzewania reaktora uruchamia sie pompe
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prozniowg i w ukiadzie reakcyjnym wytwarza sie podcisnienie. W momencie osiagniecia w reaktorze
zadanej temperatury (110-120°C) rozpoczyna sie dozowanie kwasu alifatycznego i/lub aromatycznego
ilub hydroksyalifatycznego. Kwas dozuje sie z dozownika materiatéw sypkich z takg szybkoscig, aby
krysztaly rozpuszczaly sie w roztworze alkoholi i zeby nie wystepowalo zbrylanie sie krysztaiow.
Po wdozowaniu catosci kwasu i jego rozpuszczeniu rozpoczyna sie destylacje pod obnizonym cisnie-
niem, majgca na celu usuniecie wody wprowadzonej do ukladu reakcyjnego z reagentami.

Opary wody i alkoholi, opuszczajace reaktor kieruje sie do kolumny odwadniajgcej, w ktérej na-
stepuje oddzielenie azeotropu woda — alkohol monohydroksylowy. Pary azeotropu skrapla sie w skra-
placzu i separatorze, po czym kieruje si¢ je do rozdzielacza. Odwodnione alkohole, mono i dihydroksy-
lowe kieruje sie przelewem z kolumny odwadniajgcej do reaktora.

W czasie odwadniania mieszaniny reakcyjnej kontroluje sie zawartos¢ wody w reaktorze.

Po osiggnieciu wymaganego stezenia wody, na poziomie <0,10% wagowych, rozpoczyna si¢
dozowania katalizatora syntezy. Zawiesine katalizatora dozuje sie do reaktora estryfikacji przez dozow-
nik ciektych reagentow. W reaktorze, utrzymuje sie zadang temperature 145-150°C, obroty mieszadta
w zakresie 150—180 obrotéw/minute i cisnienie na statym poziomie 50—60 kPa. Po wdozowaniu katali-
zatora temperature mieszaniny reakcyjnej podwyzsza sig do 170-180°C i prowadzi sie estryfikacje usu-
wajac ze strefy reakcji wode powstajgca w syntezie. Skroplong wode gromadzi sie w rozdzielaczu.

W czasie syntezy kontroluje sie ilos¢ wydzielanej wody z estryfikacji kwasu | i liczbe kwa-
sowag mieszaniny reakcyjnej w reaktorze. Po zakoiczeniu wydzielania sie¢ wody okreslanego jako utrzy-
mywanie si¢ stalego poziomu wody w rozdzielaczu, oznacza sig¢ liczbe kwasowg roztworu reakcyj-
nego (<1,00 mg KOH/g). Temperature roztworu w reaktorze podwyzsza sig (do 191-195°C), a ci$nienie
obniza sie (do 25 kPa). Nastepnie z dozownika materiatéw sypkich wprowadza sie kwas alifatyczny i/lub
aromatyczny, i/lub hydroksyalifatyczny i/lub poliestry o $rednim cigezarze czgsteczkowym (Mw) nie wyz-
szym niz 1500 g/mol. W drugim etapie syntezy kontroluje sie przebieg procesu oznaczajgc w statych
odstepach czasu, co 30 minut liczbe kwasowa mieszaniny reakcyjnej. Poliestryfikacje przerywa sie
przez dodanie z dozownika materiatéw ciektych alkohol monohydroksylowy.

Wybdér momentu wprowadzenia alkoholu monohydroksylowego i przerwania wzrostu tancucha
poliestrowego zalezy od liczby kwasowej mieszaniny reakcyjnej. Zalezno$¢ ciezaru czgsteczko-
wego (M) od liczby kwasowej (L) mieszaniny reakcyjnej w drugim etapie syntezy przedstawia rysunek.

W zaleznosci od dokonanego wyboru momentu dodania alkoholu monohydroksylowego otrzy-
muje sie niskoczgsteczkowe poliestry o ciezarze czgsteczkowym w przedziale 500-3000 g/mol.

Po wdozowaniu alkoholu monohydroksylowego cisnienie obniza sie do 10 kPa i kontynuuje sie
estryfikacje do uzyskania koncowej liczby kwasowej (<0,10 mg KOH/g). Synteze niskoczasteczkowych
poliestrow alifatycznych konczy sie przez oddestylowanie nadmiarowego alkoholu monohydroksylo-
wego dodanego w celu przerwania poliestryfikacji. Alkohol monohydroksylowy oddestylowuje sie z za-
stosowaniem wyparki prozniowej. Po zakonczeniu destylacji mieszaning poliestréw chiodzi sie do tem-
peratury 85°C, a nastepnie dodaje sie adsorbent sktadajgcy sie z ziemi okrzemkowej o zawartosci 84%
krzemianu magnezu i o porowatosci 0,045, oraz z zasadowej zywicy jonowymiennej Amberlyst A-21
i z wody). Rafinacje poliestréw prowadzi sig przez 2 godziny w temperaturze 85-90°C, utrzymujac state
mieszanie zawiesiny adsorbenta w cieczy. Po rafinacji poliestrow produkt filtruje sie. Filtracje prowadzi
sie w temperaturze 90°C pod ci$nieniem azotu 0,35 MPa przy uzyciu filtra ciSnieniowego.

Przyktad 1

Do reaktora wprowadza sie 247 g glikolu etylenowego, 230 g 2-etyloheksanolu (izooktanolu),
uruchamia sie mieszadto oraz ogrzewanie ptaszczowe reaktora, uruchamia sie¢ pompe prozniowa i wy-
twarza sie podcisnienie 50 kPa. W momencie osiggniecia w reaktorze temperatury 120°C rozpoczyna
sie dozowanie 379,6 g kwasu adypinowego. Po wdozowaniu catodci kwasu adypinowego i jego roz-
puszczeniu rozpoczyna sie destylacje pod cisnieniem 50 kPa. Opary wody i alkoholi, 2-etyloheksanolu
i glikolu etylenowego, opuszczajgce reaktor kieruje sie do kolumny odwadniajgcej. Pary azeotropu skra-
pla sie w skraplaczu i separatorze po czym kieruje sie je do rozdzielacza. Odwodnione alkohole,
2-etyloheksanol i glikol etylenowy, kieruje sie przelewem z kolumny odwadniajgcej do reaktora.

Po osiggnieciu wymaganego stezenia wody 0,05% wagowych rozpoczyna si¢ dozowanie katali-
zatora syntezy, ktory sporzadza sie przez wymieszanie 10 g glikolu etylenowego z 0,4 g tlenku butylo-
butyrocyny o wzorze:

C4H9_ﬁﬂ—0%_C3H7
o) 0O



6 PL 230 251 B1

i 0,1 g octanu cyny o wzorze
CH;;ﬁO—Sn—O%C}ﬁ
0 0

Zawiesing katalizatora dozuje sie do reaktora estryfikacji. W reaktorze utrzymuje sie tempera-
ture 145°C, obroty mieszadia w zakresie 170 obrotéw/minute i ciSnienie na statym poziomie 50 kPa.
Po wdozowaniu katalizatora temperature mieszaniny reakcyjnej podwyzsza sie do 175-176°C, z do-
zownika materiatéw sypkich wprowadza sie 306,8 g kwasu bursztynowego i prowadzi sie estryfika-
cje usuwajac ze strefy reakcji wode powstajgcg w syntezie. Skroplong wode gromadzi sie w rozdzie-
laczu. Po zakonczeniu wydzielania sie wody oznacza sie liczbe kwasowg roztworu reakcyjnego
(0,95 mg KOH/g). Temperature roztworu w reaktorze podwyzsza sie do 192-193°C, a ci$nienie ob-
niza sie do 25 kPa. Poliestryfikacje przerywa sie przez dodanie z dozownika materialéw cie-
kiych 350 g 2-etyloheksanolu, w momencie osiggnigcia przez mieszanine reakcyjng liczby kwaso-
wej 10 mg KOH/g.

Po wdozowaniu 2-etyloheksanolu do strefy syntezy ci$nienie obniza sie do 10 kPa i kontynuuje
sie estryfikacje uzyskujac koncows liczbe kwasowg 0,07 mg KOH/g. Synteze niskoczgsteczkowych po-
liestrow alifatycznych konczy sie przez oddestylowanie nadmiarowego 2-etyloheksanolu w temperatu-
rze 195°C pod ci$nieniem 5 kPa z zastosowaniem wyparki prézniowej. Mieszanine poliestrow chiodzi
sie do temperatury 85°C, a nastepnie dodaje sie 12 g adsorbentu sktadajacego sie z 6,1 g ziemi okrzem-
kowej o zawartosci 84% krzemianu magnezu i o porowatosci 0,045, oraz z 4,8 g zasadowej zywicy
jonowymiennej Amberlyst A-21i z 1,1 g wody. Rafinacje poliestrow prowadzi si¢ przez 2 godziny w tem-
peraturze 85-90°C, utrzymujac state mieszanie zawiesiny adsorbenta w cieczy. Po rafinacji poliestrow
produkt filtruje si¢ w temperaturze 90°C pod cisnieniem azotu 0,35 MPa przy uzyciu filtra ci$nieniowego.

Otrzymuije sie klarowny produkt o charakterystyce zamieszczonej w tabeli.

Przyktad 2

Synteze niskoczgsteczkowego poliestru prowadzi sie tak, jak w przykiadzie 1, z tg roznicg ze
zamiast glikolu etylenowego stosuje sie 358,6 g butan-1,4-diolu, a jako katalizator syntezy stosuje sie
mieszaning zwigzkow tytanu (Ti) i cyny (Sn) rozpuszczonych w 10 g butan-1,4-diolu zawierajg-
cych 0,4 g tytanianu tetra-n-butylu o wzorze:

(I)C4H9
C4HgO— 'll'i—OC4H9
OC4Hg
i 0,1 g octanu cyny (ll) o wzorze:
CH;ICgO—*Sn—OﬁC%
O 0O

Proces poliestryfikacji przerywa sie w momencie osiggnigcia przez mieszaning reakcyjng liczby
kwasowej 15 mg KOH/g.

Otrzymuje sie klarowny produkt o charakterystyce zamieszczonej w tabeli.

Przyktad 3

Synteze niskoczgsteczkowego poliestru prowadzi si¢ tak jak w przykiadzie 1 z tg roznica, ze za-
miast 2-etyloheksanolu uzywa sie 280,0 g izodekanolu. Proces poliestryfikacji przerywa sie w momencie
osiggniecia przez mieszanine reakcyjna liczby kwasowej 15 mg KOH/g dodajac zamiast 2-etyloheksa-
nolu 425,0 g izodekanolu.

Przyktad 4

Synteze niskoczgsteczkowego poliestru prowadzi sie tak, jak w przyktadzie 1, z tg roznica, ze za-
miast kwasu bursztynowego stosuje sie 320,0 g niskoczgsteczkowego poliesteru politereftalanu glikolu
etylenowego o srednim cigzarze czgsteczkowym Mw 1000 g/mol, a proces poliestryfikacji przerywa sie
W momencie osiggniecia przez mieszanine reakcyjng liczby kwasowej 25 mg KOH/g.
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Przyktad 5

Do reaktora wprowadza sie 247 g glikolu etylenowego, 230 g 2-etyloheksanolu (izooktanolu),
uruchamia sie mieszadto oraz ogrzewanie ptaszczowe reaktora, uruchamia sie¢ pompe prozniowg i wy-
twarza sig podcisnienie 60 kPa. W momencie osiggniecia w reaktorze temperatury 110°C rozpoczyna
sie dozowanie 348,7 g kwasu jabtkowego. Po wdozowaniu catosci kwasu jabtkowego i jego rozpusz-
czeniu rozpoczyna sie destylacje pod cisnieniem 60 kPa. Opary wody i alkoholi, 2-etyloheksanolu i gli-
kolu etylenowego, opuszczajace reaktor kieruje sie do kolumny odwadniajgcej. Pary azeotropu skrapla
sie w skraplaczu i separatorze, po czym kieruje sie je do rozdzielacza. Odwodnione alkohole, 2-etylo-
heksanol i glikol etylenowy, kieruje sie przelewem z kolumny odwadniajacej do reaktora.

Po osiggnieciu wymaganegdo stezenia wody 0,05% wagowych rozpoczyna sie dozowanie kata-
lizatora syntezy. Katalizator sporzadza sie przez wymieszanie 10 g glikolu etylenowego z 0,4 g tyta-
nianu tetra-n-butylu. Zawiesine katalizatora dozuje sie do reaktora estryfikacji. W reaktorze utrzymuje
sie temperature 150°C, obroty mieszadia w zakresie 160 obrotdw/minute i ciSnienie na statym pozio-
mie 60 kPa.

Po wdozowaniu katalizatora temperature mieszaniny reakcyjnej podwyzsza sie do 178-179°C,
z dozownika materiatow sypkich wprowadza sie 431,6 g kwasu tereftalowego i prowadzi si¢ prowadzi
sie estryfikacje usuwajgc ze strefy reakcji wode powstajgcg w syntezie. Skroplong wode gromadzi sie
w rozdzielaczu. Po zakonczeniu wydzielania si¢ wody oznacza si¢ liczbe kwasowg roztworu reakcyj-
nego 0,60 mg KOH/g. Temperature roztworu w reaktorze podwyzsza sie do 193-194°C, a ci$nienie
obniza sie do 25 kPa.

Proces poliestryfikacji przerywa sie w momencie osiggniecia przez mieszaning reakcyjng liczby
kwasowej 10 mg KOH/g, przez dodanie z dozownika materiatéw ciektych 350 g 2-etyloheksanolu.
Po wdozowaniu 2-etyloheksanolu do strefy syntezy cis$nienie obniza sie do 10 kPa i kontynuuje sie
estryfikacje uzyskujgc koricowg liczbe kwasowg 0,05 mg KOH/g. Synteze niskoczgsteczkowych po-
liestrow alifatycznych konczy sie przez oddestylowanie nadmiarowego 2-etyloheksanolu w tempera-
turze 195°C pod ci$nieniem 5 kPa z zastosowaniem wyparki prézniowej. Mieszanine poliestréow chio-
dzi sie do temperatury 85°C, a nastepnie dodaje sie 12 g adsorbentu skifadajgcego sie z 6,1 g ziemi
okrzemkowej 0 zawartosci 84% krzemianu magnezu i o porowatosci 0,045, oraz z 4,8 g zasadowej
zywicy jonowymiennej Amberlyst A-21 iz 1,1 g wody. Rafinacje poliestrow prowadzi sie przez 2 go-
dziny w temperaturze 85-90°C, utrzymujac state mieszanie zawiesiny adsorbenta w cieczy. Po rafi-
nacji poliestrow produkt filtruje sie w temperaturze 90°C pod ci$nieniem azotu 0,35 MPa przy uzyciu
filtra ci$nieniowego.

Otrzymuje sie klarowny produkt o charakterystyce zamieszczonej w tabeli.

Przyktad 6

Proces prowadzi si¢ jak w przykiadzie 1 z tg réznicg, ze zamiast kwasu bursztynowego uzywa
sie 431,6 g kwasu tereftalowego, a jako katalizator syntezy stosuje sie zwigzek tytanu (Ti) rozpuszczony
w 10 g glikolu etylenowego zawierajgcych 0,4 g tytanianu tetra-n-butylu. Proces poliestryfikacji przerywa
sie w momencie osiggniecia przez mieszaning reakcyjng liczby kwasowej 20 mg KOH/g, przez dodanie
z dozownika materiatéw ciektych 350 g 2-etyloheksanolu. Otrzymuje sie klarowny produkt o charakte-
rystyce zamieszczonej w tabeli.

Przyktad 7

Do reaktora wprowadza sige 247 g glikolu etylenowego, 230 g 2-etyloheksanolu (izooktanolu),
uruchamia sie mieszadto oraz ogrzewanie ptaszczowe reaktora, uruchamia sie¢ pompe prézniowa i wy-
twarza sie podcisnienie 50 kPa. W momencie osiggniecia w reaktorze temperatury 130°C rozpoczyna
sie dozowanie 431,6 g kwasu ftalowego.

Po wdozowaniu catosci kwasu ftalowego i jego rozpuszczeniu rozpoczyna sie destylacje pod ob-
nizonym ci$nieniem (50 kPa). Opary wody i alkoholi, 2-etyloheksanolu i glikolu etylenowego, opuszcza-
jace reaktor kieruje sie do kolumny odwadniajgcej. Pary azeotropu skrapla sie w skraplaczu i separato-
rze po czym Kieruje sie je do rozdzielacza. Odwodnione alkohole, 2-etyloheksanol i glikol etylenowy,
kieruje sie przelewem z kolumny odwadniajacej do reaktora.

Po osiggnieciu wymaganego stezenia wody 0,06% wagowych, rozpoczyna sie dozowanie katali-
zatora syntezy, ktory sporzadza sie przez wymieszanie 10 g glikolu etylenowego z 0,4 g tlenku dibuty-
rylocyny o wzorze:

C4Hg—ﬁn—Oﬁ—C3H7
O 0
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i 0,1 g octanu cyny o wzorze
CH;%‘O—Sn—OﬁCH;
O

Zawiesine katalizatora dozuje sie do reaktora estryfikacji. W reaktorze utrzymuje sie tempera-
ture 150°C, obroty mieszadta w zakresie 170 obrotéw/minute i ciSnienie na statym poziomie 50 kPa.
Po wdozowaniu katalizatora temperature mieszaniny reakcyjnej podwyzsza sig¢ do 178-179°C i z do-
zownika materiatéw sypkich wprowadza sie 340,0 g niskoczgsteczkowego poliestru politereftalanu gli-
kolu etylenowego o $rednim cigzarze czasteczkowym Mn 1200 g/mol i prowadzi sie estryfikacje usuwa-
jac ze strefy reakcji wode powstajgcg w syntezie. Skroplong wode gromadzi sie w rozdzielaczu. Po za-
konczeniu wydzielania sie wody oznacza sie liczbe kwasowg roztworu reakcyjnego (0,80 mg KOH/g).
Temperature roztworu w reaktorze podwyzsza sie¢ do 192-193°C, a cisnienie obniza si¢ do 25 kPa.
Poliestryfikacje przerywa sie przez dodanie z dozownika materiatdéw cieklych 350 g 2-etyloheksanolu,
W momencie osiagniecia przez mieszaning reakcyjng liczby kwasowej 10 mg KOH/g.

Po wdozowaniu 2-etyloheksanolu do strefy syntezy cisnienie obniza sie do 10 kPa i kontynuuje
sie estryfikacje uzyskujac koncows liczbe kwasowg 0,03 mg KOH/g. Synteze niskoczgsteczkowych po-
liestrow alifatycznych konczy sie przez oddestylowanie nadmiarowego 2-etyloheksanolu w temperatu-
rze 195°C pod ci$nieniem 5 kPa z zastosowaniem wyparki prozniowej. Mieszanine poliestrow chiodzi
sie do temperatury 85°C, a nastepnie dodaje sie 14 g adsorbentu sktadajacego sie z 7,1 g ziemi okrzem-
kowej o zawartosci 84% krzemianu magnezu i o porowatosci 0,045, oraz z 5,6 g zasadowej zywicy
jonowymiennej Amberlyst A-21i z 1,3 g wody. Rafinacje poliestrow prowadzi si¢ przez 2 godziny w tem-
peraturze 85-90°C, utrzymujgc state mieszanie zawiesiny adsorbenta w cieczy. Po rafinacji poliestrow
produkt filtruje si¢ w temperaturze 90°C pod cisnieniem azotu 0,35 MPa przy uzyciu filtra ciSnieniowego.

Otrzymuje sie klarowny produkt o charakterystyce zamieszczonej w tabeli.

Przyktad 8

Synteze niskoczasteczkowego poliestru prowadzi sie tak jak w przykiadzie 6 z tg roznica, ze za-
miast glikolu etylenowego uzywa sie 262,0 g mieszaniny zlozonej z glikolu etylenowego (217,0 g) i butan-
1,4-diolu (45,0 g) i zamiast kwasu adypinowego uzywa sie 431,6 g kwasu ftalowego oraz zamiast 306,8 g
kwasu bursztynowego uzywa sie 283,2 g kwasu bursztynowego i 41,8 g niskoczgsteczkowego poliestru
politereftalanu glikolu etylenowego o $rednim ciezarze czgsteczkowym Mw 1200 g/mol.

Proces poliestryfikacji przerywa sie w momencie osiggniecia przez mieszaning reakcyjng liczby
kwasowej 30 mg KOH/g.

Otrzymuje sie klarowny produkt o charakterystyce zamieszczonej w tabeli.

Charakterystyka poliestréw otrzymanych w przykladach 1-8.

Sredni cigzar | Gesto$éw | Barwa wskali | Zawartos¢ | Liczba

czgsteczhowy | 20°C, platynowo ~ | wody, kwasowa,

(Mu). kobaltowej,

g/mol gfem? Hz % wagowych | mg KOH/g
Przyklad 1 | 2776 1,08 <100 <0,05 <10
Prayklad 2 | 2424 1,06 <100 <005 <10
Proyklad 3 | 2480 1,08 <110 <0,05 <10
Przyklad 4 | 1428 1,05 <110 <005 <10
Przyklad 5 | 2776 1,05 <100 <0,05 <10
Przyklad 6 | 1512 1,04 <100 <0,05 fe1 0
Prayktad 7 | 2792 1,07 <00 [<08 <10
Przykiad 8 | 1360 1,05 <110 <005 <10
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Zastrzezenia patentowe

. Sposob otrzymywania niskoczgsteczkowych poliestrow w reakcji estryfikacji kwaséw dikar-

boksylowych alkoholami, znamienny tym, Zze co najmniej jeden kwas alifatyczny i/lub aroma-
tyczny i/lub hydroksyalifatyczny rozpuszcza sie¢ w roztworze o temperaturze nie nizszej
niz 100°C zawierajacym alkohole mono i dihydroksylowe, przy czym alkoholi dihydroksylo-
wych jest nie wiecej niz 80% wagowych, nastepnie z otrzymanego roztworu usuwa si¢ wode
tak, aby jej stezenie w roztworze byto nie wyzsze niz 0,1% wagowych, do odwodnionego roz-
tworu dodaje si¢ organiczne zwigzki cyny i/lub tytanu jako katalizator estryfikacji, a tempera-
ture mieszaniny reakcyjnej podwyzsza sie do nie mniej niz 160°C i w sposob ciggly usuwa sie
wode powstajgcg w reakcji, az do momentu zaprzestania sie¢ wydzielania wody, po czym
do mieszaniny reakcyjnej o temperaturze nie nizszej 180°C wprowadza sie kwasy alifatyczne
i/lub aromatyczne, i/lub hydroksyalifatyczne, i/lub poliestry o Srednim cigzarze czgsteczko-
wym (Mw) nie wyzszym niz 1500 g/mol i ponownie usuwa si¢ wode do momentu osiggniecia
liczby kwasowej nie nizszej niz 10,0 mg KOH/g, korzystnie 10 do 50 mg KOH/g, nastepnie
dodaje sie¢ w nadmiarze alkohol monohydroksylowy (R2-OH), w ktorym Rz jest podstawnikiem
alkilowym od 8 do 10 atomach wegla i prowadzi sie¢ estryfikacje usuwajgc wode reakcyjng
do uzyskania liczby kwasowej nie wyzszej niz 0,2 mg KOH/g po czym z mieszaniny poreak-
cyjnej oddestylowuje sie nadmiar alkoholu monohydroksylowego R2-OH, a otrzymang miesza-
nine poliestréow chiodzi sie do temperatury 80-140°C, kontaktuje sie z adsorbentem skiadaja-
cym sie z ziemi okrzemkowej i zasadowej zywicy jonowymiennej, zawierajacej lll-rzedowe
grupy aminowe, po czym zawiesing poddaje sie filtracji.

Sposob wediug zastrz. 1, znamienny tym, ze kwas alifatyczny i/lub aromatyczny, i/lub hy-
droksyalifatyczny rozpuszcza sie w roztworze alkoholi mono i dihydroksylowych w proporcji
molowej grup karboksylowych (-COOH) do grup hydroksylowych od 1:3,0 do 1:5,5, korzystnie
od 1:3, do 1:4,0.

Sposéb wedlug zastrz. 1, znamienny tym, Ze metaloorganiczne zwigzki cyny stosuje sie
w postaci roztworu zawierajgcego zwigzki cyny dwu i czterowartosciowej (Sn+2, Sn+4) wymie-
szane w stosunku molowym zwigzkow cyny (Sn*#) do (Sn+2) od 2:1 do 10:1, korzystnie 3:1
do 4:1, przy czym stosuje sie zwigzki cyny (Sn**) zawierajace co najmniej jedng grupe estrowa
(COOR;1), gdzie R1 jest podstawnikiem alkilowym od 4 do 12 atomach wegla.

Sposéb wedlug zastrz. 1, znamienny tym, Ze stosuje sie zwigzki cyny czterowartoscio-
wej (Sn+4), w ktorych stosunek grup estrowych (-COOR:) do grup alkilowych (Rs) jest réwny 1,
przy czym Rs jest podstawnikiem alkilowym od 4 do 12 atomach wegla.

Sposob wedtug zastrz. 1, znamienny tym, ze jako katalizator stosuje sie organiczny zwigzek
tytanu zawierajgcy nie mniej niz dwie grupy alkoksylowe (-OR), gdzie R jest podstawnikiem
alkilowym od 3 do 12 atomach wegla.

Sposéb wedlug zastrz. 1, znamienny tym, ze stosuje sie adsorbent, zawierajgcy co naj-
mniej 30% wagowych zasadowej zywicy jonowymiennej i nie mniej niz 8%, korzystnie 10-12%
wagowych, wody.

Sposob wedlug zastrz. 1, znamienny tym, ze stosuje sie takg ilos¢ adsorbentu, aby stosu-
nek masy adsorbentu do masy mieszaniny poliestrow nie byt mniejszy niz 0,02, korzyst-
nie 0,025 do 0,035.

Sposodb wediug zastrz. 1, znamienny tym, ze stosuje sie adsorbent zawierajgcy ziemie
okrzemkowsg o zawarto$ci krzemianu magnezu nie mniej niz 60% wagowych i porowato$cig
mierzong wielkoscig porow w zakresie od 0,04-0,05, korzystnie 0,042-0,048.

Sposob wedlug zastrz. 1, znamienny tym, ze kwasy alifatyczne i/lub aromatyczne i/lub hy-
droksyalifatyczne, i/lub poliestry o $rednim ciezarze czasteczkowym (Mw) nie wyzszym
niz 1500 g/mol dodaje sie do mieszaniny reakcyjnej w ilosci nie wigkszej niz 1,5 mola na 1 mol
kwasu alifatycznego, i/lub aromatycznego, i/lub hydroksyalifatycznego.

Sposob wedlug zastrz. 1, znamienny tym, Ze wode powstajgcg w reakcji usuwa sige w sposéb
ciagly metoda destylacji pod obnizonym ci$nieniem.

Sposob wediug zastrz. 1, znamienny tym, ze zawiesine poddaje sig filtracji pod zwiekszonym
ci$nieniem.
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