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ADSORPTION OF PHENOL AND BENZOIC ACID
FROM WATER SOLUTIONS BY MODIFIED ADSORBENTS

Adsorption of phenol and benzoic acid from water and n-heptane solutions by macroporous
silicas with chemically modified surface has been investigated. Grafting of branched functional
groups into silica surface allows to increase the values of Henry’s constants of these aromatic com-
pounds at the adsorption equilibrium in n-heptane solutions. For some modified silicas they grow
by two orders. The nature of interaction between the molecules of aromatic compounds and the
modified surface of silica has been also considered, as well as the possibility of application of the
adsorbent to wastewater treatment.

1. INTRODUCTION

The adsorption plays an important role in the advanced wastewater treatment because
of its numerous advantages and in particular for its high treatment efficiency and economy
resulting from the adsorbent regeneration and reuse and possibility of automation of the
adsorption process [2]. Many types of activated carbons are most widely used in the advanc-
ed wastewater treatment despite relatively high cost, because some cheaper adsorbents
(silica gels, clays and some other oxides) are highly hydrophilic and difficult to apply in
practice. Therefore it is important to estimate the possibility of application for those pur-
poses of silica gels with the modified surface.

2. EXPERIMENTAL

2.1. MATERIALS
The macroporous silica — silochrom Si-80 — with the unit surface area of 80 m?g—*
and the average pore diameter of 60 nm was selected as the original sample, and trimethyl-

chlorsilane, tetraethoxysilane, y-phenoxypropyltriethoxysilane, y-aminopropyltriethoxy-
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silane, and aminohexyl-N—aminopropyltriethoxysilane were used to modify the silica

active surface. Phenol and benzoic acid dissolved in the fresh twice distilated water or
in n-heptane stored with zeolite NaA were selected as sorbates.

2.2, METHODS

introduced into the glass vessel containing 100 ml of dry toluene solution of organosilane

carried out with the help of differential refractometer ITR-2, after adsorption equilibrium
had been attained.

The values of Gibbs adsorption, based on the excess of the sorbate in the solution at
equilibrium and on its concentration in bulk solution, were calculated from the following
formula:

I'= n(co—c)s~m1, (1

where:
n is the amount of solution, moles,
¢o and c are initial and equilibrium concentrations of an adsorbate (aromatic compound),

mg/g,
s is an unit surface area of the adsorbent, m?/g,

m is the amount of adsorbent, g.

3. RESULTS AND DISCUSSION

The adsorption isotherms of phenol and benzoic acid from n-heptane solution are
shown in figs. 1 and 2. All the adsorbents studied are characterized by positive adsorption

n-heptane due to the energy growth resulting from the specific interaction between the mo-
lecules of aromatic compounds and the amino groups of the modified silica surface. Such
a modification of silica surface or that of the other silanes studied leads to the adsorption
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The values of Gibbs® adsorption at two adsorbate equilibrium concentrations and
those of Henry’s constant K at equilibrium concentrations C below mg-g~* for the adsorp-
tion of phenol and benzoic acid on the original and modified silica samples are given in
tab. 1. The K constant was calculated as being equal to

K=1IJc atc below 1 mg/g. )

24 C,mglg

Fig. 1. The adsorption isotherms of phenol from n-heptane solutions by modified silica adsorbents: 1-Si-PP
2-Si-AH, 3-Si-80, 4-Si-TE, 5-Si-PP, and 6-Si-TM

Rys. 1. Izotermy adsorpcji fenolu z roztworow n-heptanu przez zmodyfikowane adsorbenty krzemionkowe:
1-Si-PP, 2-Si-AH, 3-Si-80, 4-Si-TE, 5-Si-PP i 6-Si-TM
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6 L

o —®

1/_14———""/

C.mglg

: e 5 B

Fig. 2. The adsorption isotherms of benzoic acid from n-heptane solutions by modified silica adsorbents

Rys. 2. Izotermy adsorpcji kwasu benzoesowego z roztworow n-heptanu przez zmodyfikowane adsorbenty
krzemionkowe
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Table 1
The values of I" and K for adsorption of phenol and benzoic acid
Wartosci I''i K dia adsorpcji fenolu i kwasu benzoesowego
- Phenol  pemocsia
adhorbon sampie —_ Timolmt X 1, o x

Si-80 2.35 715 0.22
Si-TM 0.4 14 0.029
Si-PP 0.65 1.6 0.049
Si-TE 0.98 3.3 0.074
Si-AH 4.35 7.6 0.81
Si-AP 5.5 7.9 14.7

c=2mg/lg c¢=10mg/g sm3-m-2 ¢c=2mg/lg c¢=10mg/g sm3-m-2
R v/ - -

1.75 2.75 0.404
0.2 0.45 0.018

—045 —0.5 -
0.5 11 0.054
5.6 6.1 3.59

Note: Si-80 is the originalsilica sample, and thz remaining onss are ths mHdifisd samples using: trimsthylchlorsilane (T™M),
¥-phenoxypropyltriethoxysilane (PP), tetraethoxysilane (TE), aminohexyl-N-aminopropyltriethoxysilane (AH), and y-aminopro-

pyltriethoxysilane (AP).

As it can be seen from fig. 1 and tab. 1, because of modification of the silica surface
by monochlor- and ethoxysilanes towards hydrophobic, the adsorption and K constant
values at the adsorption equilibrium in the system aromatic compound-n-heptane-silica

are significantly diminished. The coating of silica

surface by amino groups significantly

increases those values at low and moderate concentrations.

The adsorption isotherms of phenol and benzoic acid from water solution on modified
silica samples are represented in figs. 3 and 4. The silica modified with trimethylchlor-
and tetraethoxysilanes were not investigated, because its samples could not be wet with

" pmol/m?

Fig. 3. The adsorption isotherms of phenol from wa-
ter solutions by modified silica adsorbents

Rys. 3. Izotermy adsorpcji fenolu z roztworéw wod-
nych przez zmodyfikowane adsorbenty krzemion-
kowe

Fig. 4. The adsorption isotherms of
benzoic acid from water solutions on mo-
dified adsorbents

Rys. 4. Izotermy adsorpcji kwasu ben-
zoesowego z roztworéw wodnych przez
zmodyfikowane adsorbenty krzemionkowe
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water. The adsorption of phenol from water solution on the silica samples modified by
aminosilanes is negative due to the strong interaction between water molecules with amino
and ethoxy groups of the modified silica surface. The negative adsorption of benzoic acid
from water solution on hydroxylated silica results from stronger interaction of water mole-
cules with hydroxyl groups of silica surface. Grafting of amino groups into silica surface
causes the positive adsorption of benzoic acid as a result of the specific molecular interaction
between the acidic and basic groups. Thus, the modification of silica surface changes the
properties of adsorbents and increases significantly the selectivity of adsorption in waste-
water treatment.

The values of Gibbs adsorption at two equilibrium concentrations of sorbate in water
and those of Henry’s constant for phenol and benzoic acid are given in tab. 2. The results
show to what extent the adsorbent properties are changed because of its surface modifi-
cation.

Table 2

Values of Gibbs adsorption of phenol and benzoic acid and Henry’s constant for modified silica adsorbents

Wartosci adsorpcji Gibbsa dla fenolu i kwasu benzoesowego oraz stata Henry’ego dla zmodyfikowanych
adsorbentéw krzemionkowych :

Phenol Benzoic acid
Sample I, pmol-m—2 K I, pmol-m—2 K
symbol
c=2mgg-' c=5mgg-! cm*m* =05 mg-g-!c=2mg-g~! cm? m-?
Si-80 0.1 0.15 0.01 —0.06 —0.1 —
Si-PP 0.75 0.85 0.045 — — —
Si-AP —1.6 —1.95 — 0.1 0.28 0.024

Note: Sample symbols as those described in tab. 1.

Comparing the values of Henry’s constant and the adsorption isotherms of phenol and
benzoic acid from water and n-heptane solutions, the effect of solvent type on the interaction
of molecules of aromatic compounds with modified silica surface may be estimated. Pola-

ity of solvent is an important factor in the adsorption on polar adsorbents.

It is known that microporous activated carbons are able to uptake the organic com-
pounds from water solutions due to the strong system of pores. However, the adsorption
process proceeds at a very low rate because of a slow diffusion of the adsorbate molecules
in the micropores, the sizes of which are close to the molecule hydrodynamic radius [1].
Penetration of molecules of aromatic compounds into the macropores of silica sample
Si-80 proceeds extremely rapidly.

Figure 5 gives kinetic curves of adsorption of phenol and benzoic acid from water and
n-heptane solutions by silica and activated carbons at the same dispersion degree of the
adsorbents.

2 — EPE 1/83
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Fig. 5. Adsorption Kkinetics
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a) of phenol (7 and 2) and benzoic acid (3) from n-heptane solution on silicas, b) of phenol from water solution on silicas (3 and 5)

Rys. 5. Kinetyka adsorpcji

and BAC (7), KAC (8)

a) fenolu (7 i 2) i kwasu benzoesowego (3) z roztworu n-heptanu na krzemionce, b) fenolu z roztworu wodnego na krzemionce

(3 i 5) oraz na BAC (7) i KAC (8)

Parameters of phenol adsorption kinetics

Table 3

Parametry kinetyki adsorpcji fenolu

7, min
Adsorbent
n-heptane water
Si-80 0.4 0.05
Si-PP 0.1 0.05
BAC — 12
KAC — 28

Note: BAC and KAC represent the activated carbon samples.

From fig. 5 it can be seen, that the adsorption of aromatics by silica of different chemical
characteristics of surface proceeds rapidly. However, penetration of phenol molecules
into microporous carbons is a slow process.

The values of time corresponding to one half of equilibrium concentration 7 are given
in tab. 3. They indicate the rapid diffusion of phenol molecules in macropores of silica Si-80
and the slow diffusion of these molecules from n-heptane solution. This may be due to the
fact that the enters into the pores are blocked by the adsorbed clusters of phenol molecules.
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ADSORPCJA FENOLU I KWASU BENZOESOWEGO Z ROZTWOROW WODNYCH
PRZY UZYCIU ZMODYFIKOWANYCH ADSORBENTOW

Badano adsorpcje fenolu i kwasu benzoesowego z roztworéw wodnych n-heptanu przez makroporo-
wate krzemionki o chemicznie zmodyfikowanej powierzchni. Zaszczepienie rozgalezionych grup funkcyj-
nych w powierzchni krzemionki pozwala zwigkszy¢ wartoéci stalych Henry’ego tych zwiazk6w aromatycz-
nych w roztworach n-heptanu w stanie rownowagi adsorpcyjnej. Wartoéci te dla pewnych zmodyfikowa-
nych krzemionek wzrastaja w dwa rzedy wielkosci. Wzigto rowniez pod uwagg charakter interakcji miedzy
czasteczkami zwiazkow aromatycznych a zmodyfikowana powierzchnia krzemionek oraz mozliwos¢
zastosowania tego adsorbentu do oczyszczania $ciekow.

ADSORPTION VON PHENOL UND BENZOESAURE AUS WASSRIGEN LOSUNGEN
UNTER ANWENDUNG VON MODIFIZIERTEN ADSORPTIONSMITTELN

Untersucht wurde die Adsorption von Phenol und Benzoesidure aus wissrigen n-Heptanlosungen durch
makroporoses Siliziumdioxyd dessen Oberfliche chemisch modifiziert wurde. Durch Bearbeitung der
Oberfliche der Kieselerde mit verzweigten Funktionsgruppen, ermoglicht man eine Erhchung der Henry-
-Konstanten dieser aromatischen Substanzen in n-Heptanlosungen im Adsorptions-Gleichgewicht. Fiir
bestimmte, modifizierte Kieselgurerden, wachsen diese Werte um zwei Zehnerpotenzen an. Betrachtet wur-
de auch die Art der Interaktion zwischen den aromatischen Substanzen, der modifizierten Kieselgur-
fliche, sowie die Mdoglichkeit der Anwendung dieses Adsorbens zur Abwasserreinigung,

AJICOPBLUSI ®EHOJIA M1 BEH30MHOM KUCJIOTBI U3 BOJHBLIX PACTBOPOB
TIPU MCIIOJIL30BAHUU MOINPUITNPOBAHHBIX AICOPBEHTOB

UcnsiThIBaach aacopbuus ¢enona u OSH30MHON KHMCIOTHI U3 BOOHBIX PAacCTBOPOB HOPMAIbHOTO
renTana 4epe3 MaKpOHOPHCTbIE KPEeMHEe3EMbI ¢ XHMHYECKH MOIM(BUIUPOBAHHON NOBEpXHOCTHIO. ITpH-
BHBKA Pa3BETBISHHBIX (YHKIHOHAJIBHLIX POl B MOBEPXHOCTH KpeMHE3EMa IO3BOJISET YBEIMYUTH 3HA-
YyeHusl MOCTOSIHHBIX I'€HpH 3THX apoMaTHYECKHX COEIUHEHUH B PacTBOpaxX HOPMAJIBLHOIO TenTaHa B CO-
CTOSIHAM anCOPOIMOHHOTO PABHOBECHS. OTH 3HAYCHMS ISl HEKOTOPHIX MOAM(UUMPOBAHHBIX KpEeMHeE-
38MOB BO3pACTAlOT B JBa IOPSAKA BEIHYMHBI. YUYHTHIBAJICA TaKkKe XapakTep B3aMMOJEHCTBUS MEXIy
MOJIEKyTaMA apOMATHYECKHX COCOUHEHHI M MOAU(DHLIPOBAHHON MOBEPXHOCTHIO KPEMHE3EMOB, a TAKXKe
BO3MOMKHOCTb IIPUMEHEHHUSI 3TOTO aACOPOEHTa /ISl OYACTKM CTOYHBIX BOJL.






