Environment Protection Engineering

Vol. 19 1993 No. 1-4

TADEUSZ KOWALSKI*

WATER TREATMENT
BY FERROUS SULFATE COAGULATION
AND DOLOMITE BED FILTRATION

There is described the usefulness of dolomite filter beds when the coagulation process involves iron salts as
coagulants. The surface water tested carried either low or high concentrations of organic pollutants. The key
findings of the study are as follows: In surface waters, in general, iron compounds form complexes with humic
substances. In surface water with high concentration of organic pollutants, iron compounds form complexes
with organic compounds as well. The complexes are stabilized either by magnesium (in surface water with low
organic pollution) or by calcium (in polluted surface water). The coagulation process (with preoxidized ferrous
sulfate as coagulant) was influenced by the colloid system formed by iron compounds with organic substances.
When the concentration of iron compounds was low, there might have occurred complexation with humic
substances as the coordinating factor. At increased concentration of iron compounds, the coordinating factor
for complexation was probably iron hydroxide. The coagulation process involved reactions of the coagulant
and its hydrolysis products with complexes, thus inducing magnesium replacement by calcium (in polluted
surface water) or calcium replacement by magnesium (in water with low pollution). In transient state, i.e., when
iron concentration was high enough to make the system oscillate on the boundary between a hu-
mic-substance-coordinated complex and an iron-compound-coordinated complex) there was no calcium or
magnesium replacement; the efficiency of organic matter removal was low, whereas that of iron compounds
was high. Filtration on partly decarbonized dolomite bed provided co-removal of humic substances and other
organics as a result of destabilization, via reaction of the polluting species with the components of the filter bed
— calcium or magnesium.

1. INTRODUCTION

Use of dolomite (partly decarbonized dolomite — PDD) is one of the procedures
in groundwater treatment. The application of dolomites or PDD to surface water
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treatment seems to be caused by their high chemical activity, providing magnesium
enrichment of the treated water. Dolomites have been shown in some studies to act
as effective filtering media, and they have also been reported applicable to the
treatment of acidic and soft mountain streams with carbon dioxide addition as
a prior step [1], [2]. The advantages of using dolomite or PDD beds can be
itemized as follows: (a) neutralization and stabilization of the buffering properties
of water, (b) magnesium and calcium enrichment, (c) removal of organic com-
pounds, and (d) complexation of organics (predominantly humic substances) with
the components of the filter bed [3].

Some complicated treatment trains and high dosage of chemicals decreasing
dramatically the cost-effectiveness of the treatment are required to make polluted
surface waters fit for drinking purposes. Attempts to overcome this drawback
succeeded due to simplification of the treatment train and application of waste salts
(e.g., ferrous sulfate) as coagulants. Alum coagulation requires a rigorous techno-
logical regime in order to prevent alum from escaping into the effluent. Admissible
concentrations of effluent alum are very low, amounting to 0.3 g-m™2 and 0.2
g-m~? in Poland and European Community countries, respectively (the concen-
tration recommended by the European Community being 0.05 g-m ™) [4]. Taking
account of the above, a treatment train consisting of coagulation of treated water
with pre-oxidized ferrous sulfate and its further filtration through a PDD bed has
advantage over the aforementioned ones.

An inherent drawback of coagulation with iron salts as flocculants is the
potentiality for complexation of Fe(IlI) and Fe(Il) cations with the humic
substances identified in surface waters. This manifests itself as a substantial
increase of colour and iron salt concentration, in spite of its passage through a sand
filter [5], [6]. The proneness of Fe(II) to form complexes with humic substances is
twice, or even four times as high as that of Fe(III) [7]. The sorbing capacity of
humic substances with respect to ferric oxides and hydroxides depends on the
quality of raw water. In the absence of calcium and magnesium, the sorption of
those species proceeds according to the Langmuir isotherms. When calcium and
magnesium are present, the sorbing capacity of humic substances increases [8].

As shown by a previous study [9], active filter beds built of PDD are quite
effective when applied to the treatment of slightly polluted surface wters.

2. EXPERIMENTAL METHODS

The study was conducted on three types of water samples: (1) samples from
a polluted river (Odra River), (2) samples being a mixture of Otawa River water (a
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tributary of the Odra) and infiltration water, for the needs of the Na Grobli
Waterworks, Wroclaw, Poland (proportion 1:3; referred to as mixed-water sam-
ples), and (3) samples of infiltration water only (infiltration-water samples). The
treatment train consisted of ferrous sulfate coagulation and filtration (water of
types (1) and (2)).

The coagulant was preoxidized with an equivalent quantity of chlorine and was
added to the solution at the following doses: 50, 60 and 100 g of FeSO, - 7TH,0O /m>.
As soon as flocs had formed (after 30-minute sedimentation) the water was
decanted for a passage through the filter bed. The Odra River samples were
filtrated through a PDD bed (CaCO,-MgO) or a mixed-dolomite bed (dolomite,
55 cm, and PDD, 50 cm, marketed under the brand name Decarbonate; grain size,
2—4 mm; referred to as dolomite-decarbonate bed). The bed depth for the Odra
River water filtration amounted to 60 cm and 110 cm at a grain size distribution of
0.5-7.0 mm and at three filtration rates: 5, 10 and 15 m-h~!. For comparison, the
effluent after having undergone coagulation was also passed through a sand filter
(bed depth, 74 cm; dyo = 1.2 mm; dgo = 1.8 mm). The mixed-water samples and
infiltration water samples (both without coagulation) were filtrated through the
dolomite-decarbonate bed under the same experimental conditions.

The parameters of raw-water quality are given in the table.

Table
Quality of raw water
. Odra River water Mixed water* Infiltration water
Parameter Unit . . .
max. av. min.  max. av. min. max. min.
pH - 790 - 6.2 82 - 7.15 7.5 71
Colour g Pt-m™* 70 45 30 60 35 20.0 90 10
Alkalinity gCaCO;'m™3 120 93 55 155 136 120 150 120
Hardness deg** 15.8 14.8 128 194 154 125 269 11.8
Calcium gCa-m™3 815 71.5 628 115 877 664 155 65.7

Magnesium gMg-m™* 21.8 19.6 17.6 20.6 13.8 8.8 219 11.6
Total iron gFe'm™3 1415 0.63 04 34 1.47 0.78 7.4 15

BOD, g0,-m-> 167 101 50 42 30 13 - =
cop, g0, m™® 95 84 74 52 39 31 10 25
i gm™> 710 44 24 55 324 14 - =
substances

TOC gCm™® 73 57 23 754 53 367 67 30

*1 portion of Otawa River water + 3 portions of infiltration water.
**According to German determination (0.96 deg according to American determination).
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3. RESULTS AND DISCUSSION

3.1. TREATMENT EFFICIENCY OF THE COAGULATION-FILTRATION TRAIN

The experiments involved two types of surface water samples — those collected
from the Odra River (with a wide spectrum of organic pollutants and an increased
salinity level) and those containing a mixture of river water and infiltration water
(with much lower organic pollution).

Coagulation with preoxidized ferrous sulfate brought about a removal of the
majority of organic pollutants. Thus, the efficiency of BODs removal ranged from
46 to 70% and from 64 to 85%; COD, removal varied from 44 to 63% and from 23
to 60%, and the efficiency of TOC removal fell in the range of 19 to 46% and
amounted to about 36% for the Odra River samples and mixed-water samples,
respectively. Filtration through the PDD bed following coagulation accounted for
a partial removal of organic species. At the filtration rate of 10 m/h and the bed
depth of 110 cm, magnesium concentration increased by 15-60% for the Odra
River samples; for mixed-water filtration through the dolomite-decarbonate bed
there was even 133% increase. The rise in hardness amounted to 8—21% (the Odra
River samples) and 6% (mixed-water samples), and pH approached 8.0. Organic
matter removal in the effluent from the PDD bed was as follows: COD,, up to 27%
(the Odra River samples) and 23.3% (mixed-water samples); BOD s, up to 45% (the
Odra River samples) and up to 100% (mixed-water samples); TOC, up to 6% (the
Odra River samples) and up to 40% (mixed-water samples). Colour (after having
undergone filtration) varied from 5 to 15 g Pt/m*® and from 5 to 10 g Pt/m3,
whereas total iron content ranged from 0.04 to 0.5 g Fe/m?® and from 0.04 to 0.2
g Fe/m3 for the Odra River samples and mixed-water samples, respectively.

Coagulation followed by filtration through a sand bed yielded removal
efficiencies similar to those for the PDD or for the dolomite-decarbonate bed.

3.2. DISCUSSION

Two major factors affected the removal efficiency of the coagulation—filtration
train: (1) proneness of iron compounds to form complexes with humic substances
and other pollutants, and (2) chemical properties of the colloids. The treatment
effects following coagulation depended strongly on the iron concentration in raw
water (and this was associated with the form of the colloidal system). As shown by
figure 1, at low initial concentrations of iron its content in the effluent (both from
sand filter and PDD bed) decreased with increasing concentration in raw water.
Such removal pattern is likely to be associated with the occurrence of colloidal
systems which have formed on the basis of humic substance—iron compounds, with
humic substances as coordinating factors. At higher initial concentrations of iron,
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its content in the filter effluent increased with increasing concentration in raw water.
And this is likely to be due to the occurrence of complexes which formed on the iron
compound—humic substances basis, with iron compounds as the coordinating agent.
The efficiency of coagulation was found to be affected by the susceptibility of the
polluting species to destabilization, which was high for humic substance—iron
compound complexes. The result was the high removal of iron compounds and
humic substances for iron cncentrations at the minimum point (figure 1), but at the
cost of the removal efficiency of other organic pollutants, as shown in figure 2.
Humic substances forming colloidal systems in surface waters contain a certain
amount of carboxylic groups which dissociate at pH<7 as proton donors due to
cation exchange. Thus, calcium and magnesium cations were fixed in the absorbing
layer of the colloid, whereas monovalent cations, e.g., H" or Na™, were fixed in the
diffusion layer [10]. In the absence of calcium and magnesium cations, iron
compounds were bound according to the mechanism of ligand exchange — Fe(OH);
and Fe(OH)?* are proton donors with respect to humic substances [11]. The presence
of calcium and magnesium cations, which are proton donors with respect to humic
substances, increased the sorbing capacity of the latter [8]. And this supported
formation of protective colloidal systems, e.g., in combination with iron compounds.
The electric charge of colloid particles in humic substances (which had been reduced
due to the presence of calcium and magnesium) required binding of larger quantities of
colloid particles with iron compounds for the neutralization of the potential.
The chemical properties of the colloidal systems varied noticeably with each
change of the organic pollution load. In water with low organic pollution, humic
substance—iron compound complexes (stabilized by magnesium cations) were
dominant, as shown by the analysis of water samples collected in two tributaries of
the Odra River (ie., Otawa or Widawa). In polluted water, the complexation
occurred on the basis of organic pollutants, iron compounds or, in come cases,
calcium carbonate. The complexes were stabilized by calcium cations, as shown by
the results from the analysis of the Odra River samples and of one of the Odra
River’s tributaries (Sleza). The components of the complexes were in equilibrium.
This is indicated by the plots of the iron concentrations versus colour, and humic
substance content versus Ca/Mg ratio curves (figure 3). Thus, as the molar ratio of
calcium to magnesium increased, iron concentration and colour decreased in the
Ofawa (tributary to the Odra River) and increased in the Odra River (figure 4).
The chemical properties of the complexes identified in the water had a noticeable
contribution to the coagulation process. Destabilization of the polluting species
resulted from the reaction of the coagulant (preoxidized ferrous sulfate) and its
hydrolysis products, ie., Fe(OH); or Fe(OH)?"*, with humic substances or iron
compounds, replacing calcium by magnesium and magnesium by calcium in
magnesium-stabilized systems and calcium-stabilized systems, respectively. Equilib-
rium was established when calcium or magnesium in the double layer had reached
a certain concentration corresponding to the electric charge of the system,
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indicated by the decrease in calcium and magnesium replacement and by the
removal efficiencies of organic pollutants (figures 2, 5, 6 and 7). In water with
magnesium-stabilized complexes (e.g., in mixed-water samples), the efficiency of
organic matter removal decreased, and that of iron compound removal increased
with increasing concentration of humic substances. And this is an indication that
humic acid—iron compound complexation occurred.
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Fig. 6. Effect of Ca/Mg molar ratio
on magnesium increment during
coagulation of the Odra River water

The opposite was observed in water with calcium-stabilized complexes (e.g., in
the Odra River samples): with the increasing humic acid concentration, the removal
of organic pollutants increased, whereas that of iron compounds decreased. And this
mechanism suggests the potentiality for the occurrence of humic substance—iron
compound—organic matter complexation.

Filtration through a PDD bed following the coagulation process accounted for
the destabilization of persisting colloids, with preference of humic substance—iron
compound complexes. That is why iron concentration in the effluent after treatment
train consisting in coagulation with preoxidized ferrous sulfate and filtration through
a PDD bed was much lower than when the filtration process involved a sand bed.
Thus, iron content varied from 0.04 to 0.5 g Fe/m® and from 0.1 to 2.8 g Fe/m? for
the PDD filter bed and sand filter bed, respectively; colour intensity ranging from
5to 15 g Pt/m® and from 10 to 60 g Pt/m? for the mixed-water samples and the Odra
River samples, respectively.
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3.3. EFFICIENCY OF FILTRATION ON DOLOMITE-DECARBONATE BED

Filtration of raw mixed-water (three portions of infiltration water and one
portion of the Olawa River water) or infiltration water (alone) through the
dolomite-decarbonate bed provided removal of organic substances and iron com-
pounds. The efficiency of COD, and colour removal varied from 11 to 78% and from
40 to 89%, respectively. The concentration of iron in the filter-bed effluent amounted
to 0.2 g Fe/m?, whereas these of COD,, and colour ranged from 2.0 to 4.1 g 0,/m?
and from 10 to 25 g Pt/m?3, respectively, for both types of water.

Destabilization of the colloidal systems in surface-water streams played an
important part in the filtration process. Like in ferrous-sulfate coagulation, the
efficiency of destabilization depended on a number of factors which were identical in
both processes, and iron concentration in the filter-bed effluent was strongly affected
by its concentration in raw water, varying from one type of complexation to another
(figure 8). The filter bed provided co-removal of organic substances along with humic
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acid—iron compound complexes. The contribution of iron compounds to organic
matter removal is shown in figure 9. The organic pollutants in the water reacted with
the components of the bed to become destabilized via this route. When the Ca-to-Mg
ratio fell below 4.4 (figure 10), calcium addition to the complexes was found to occur.
The complexes identified in the infiltration water sample were stabilized by Ca??,
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Fig. 9. Effect of initial iron concentration on the removal of organic substances
by filtration through the PDD bed (mixed-water samples)




Water treatment by chemical methods 41

[

10
E
3 L
5 08r increase of
. CG2+ ° Mg 2+ a
9] 06+ decrease of
0 o ¥ 2+ 2+
03 Ca® e Mg" =
R
(T increase and
o -
o ?f» 04 decrease of
cC 2+
2= Ca® | )

O +
8 € 0} Mg¥ (-=--]
£o
£5
0 6

Ca/ Mg

Fig. 10. Effect of Ca/Mg molar ratio on calcium and magnesium concentrations
in the effluent from the dolomite-decarbonate bed

and the filtrate showed increased concentration of magnesium. When the Ca-to-Mg
ratio exceeded 4.4, there was fixation of magnesium by the complexes, and the filter-bed
effluent contained increased calcium concentrations. Such a removal pattern is likely to
be associated with an excess concentration of calcium or magnesium in the double-layer
zone, which (similarly as during coagulation) corresponds with the electric charge of the
system limited by the following factors: the solubility product of CaCO,, the stability
constant of the complex, or the value of the Ca-to-Mg molar ratio in the water. The
concentration of calcium or magnesium increased due to their uptake from the solution.
Addition of calcium or magnesium cations made the Ca-to-Mg ratio approach the value
of 4.4, at which those cations are not subject to exchange. And such conditions seem to
enhance destabilization of the colloid systems identified in the water. This correponds
with the minimum iron concentration in figure 8, as it was in the case when mixed-water
samples were treated by filtration or coagulation. The decrease in the removal of organic
pollutants with the increasing concentration of humic substances indicates that the
infiltration water contained humic acid—iron compound complexes.

4. CONCLUSIONS

The coagulation—filtration train, involving ferrous sulfate (preoxidized with
chlorine) as coagulant and partly decarbonized dolomite as a filter medium, provided
high treatment efficiency. The system eliminated, or at least reduced, some undesi-
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rable phenomena accompanying iron-salt coagulation — secondary colouring of the
water and concominant increase of iron concentration. The treatment effects depended
on two major factors — the chemical properties and the proneness of both organic and
inorganic pollutants to formgcomplexes. Filtration on the dolomite-decarbonate bed
was found to be effective for water of comparatively low organic pollution. The
filtration process provided co-removal of colloids and organic pollutants. Both
treatment processes, coagulation and filtration through partly decarbonized dolomite
bed and the same type of filtration without coagulation, accounted for mag-
nesium-enrichment and for pH adjustment of the water. Magnesium-enrichment is
particularly desirable, as the low magnesium content in water is additionally reduced
during coagulation.

Another advantage of the treatment train is saving on equipment for lime
preparation and dosage which will no longer be needed.
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OCZYSZCZANIE WOD METODA KOAGULACII SOLAMI ZELAZOWYMI
I FILTRACJI PRZEZ ZLOZA DOLOMITOWE

Przedstawiono wyniki badan nad zastosowaniem czgsciowo zdekarbonizowanych dolomitéw jako zt6z
filtracyjnych wéd poddanych koagulacji siarczanem zelazawym, ktory zostat wstepnie utleniony chlorem.
Badania wykazaly, ze na proces koagulacji solami zelazowymi maja wplyw wiasciwosci fizyczno-chemiczne
uktaddw koloidalnych wystepujacych w wodach powierzchniowych (sa to najczgsciej kompleksy zelazowo-
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humusowe, stabilizowane wapniem w wodach zanieczyszczonych lub magnezem w wodach stosunkowo
czystych). W procesie koagulacji produkty hydrolizy soli zelazowych reaguja z kompleksami Zzelazo-
wo-humusowymi, destabilizujac je. W czasie tych reakcji nastgpuje wymiana wapnia na magnez w wodach
czystych i magnezu na wapn w wodach zanieczyszczonych. Podczas filtracji przez ztoze czeSciowo
zdekarbonizowanego dolomitu pozostate kompleksy reaguja z wapniem i magnezem, w wyniku czego
nastepuije ich destabilizacja. Reakcjom tym towarzyszy wyréwnanie ubytku wapnia i magnezu powstatego
w czasie koagulacji. Ponadto w wyniku reakcji ze sktadnikami zloza zostaje zwiazany agresywny
dwutlenek wegla, dzigki czemu mozna wyeliminowa¢ urzadzenia do neutralizacji wody. Zastosowanie
omawianego uktadu umozliwia dobre oczyszczenie wody i zmniejszenie natgzenia zjawisk zwigzanych
z tworzeniem si¢ w czasie koagulacji solami Zelazowymi barwnych komplekséw zelazowo-humusowych,
wywolujacych czesto wtorne zabarwienie wody i wzrost stezenia Zzelaza.

OUMCTKA BOJI METOJIOM KOATVJISALIMU XXEJE3HBIMU COJIAMUA
U OWIBTPALIMU YEPE3 JOJIOMUTOBBIE CJIOU

IIpencTaBiensl pe3yIbTAThHl HCCIENOBAHMI JACTHYHO NeKapOOHM3HPOBAHHbIX IOJIOMHATOB KaK CI0EB
(HIIBTPANHOHKEKIX BO/I, IIO/ABEPXEHHBIX KOATY/IIIAHA CyIb(haTOM XKene3a, KOTOPHIA GbUI IpeaBapHTEIbHO
OKHCJIeH XjopoM. MccienoBaHES OOHAPYXHIHA, YTO HA MPOLECC KOATYJSIUAH XEJIe3HBIMH COJISIMH
BIMSIOT (PH3MKO-XHMHYECKHE CBOMCTBA KOJNOHIHBEIX CHCTEM, BBICTYNAIOINAX B IIOBEPXHOCTHEIX BOJXAX
(3T0 Hame BCero ryMyCHO-(eppaJHTHBIE KOMIUIEKCH, CTaGHIM3MPOBAHHbIC KaJbIHEM B BOAAX, 3a-
[PA3HEHHBIX MATHHEM MM B BOJAX OTHOCHTEJIHHO WYHCTHIX). B mpouecce KOAryJSIEH IPOXYKTHI
[HPOJIHA3a XKeJE3HBIX COJel PEATHPYIOT C ryMyCHO-(epPaTATHEIMA KOMILUIEKCAMHE, NECTAOHIH3APYS HX.
Bo BpeMsl 3THX peaKimii HACTYINAeT 3aMeHa KaJbIMs MArHAEM B YACTHIX BOAAX H MArHHs KaJbIAEM
— B 3arps3EeHHRIX BOjax. Bo 6pems (QHIbTpanE\ 4epe3 CJIOH YaCTHYHO JEKapOOHH3HPOBAHHOIO
IOJIOMHATA OCTAJILHBIE KOMIUIEKCHI PEATHPYIOT C KaJbIUEM H MarHHEM, B PE3YJIbTATE 9ero HACTYymaeT X
nectabEIm3ands. DTHM PeaKI|saM COYTCTBYET BRIPABHEHHE MOTEPEH KAJIbIHS A MarHHAs, BO3HAKAOIIHAX
BO BpeMs Koaryjsmud. Kpome 3TOro, B pe3yJbTaTe PEaKIMH C KOMIIOHEHTAMH CNIOSI arpecCHBHAS
IBYOKHCH CEphl COENUHSETCS, Giarofapst 4eMy MOXHO HCKIIOYHTH YCTPOHCTBA UL HEHTPATH3alHH
Bonsl. IIpaMenerre 06CYXAaeMOil CACTEMBI JAET BO3MOXHOCTb XOPOLUEH OYHCTKH BOMIBI H IOHAXCHHS
HAIIPSDKEHHS SIBJICHHAI, CBS3aHHBIX C OOPa30BAHAEM BO BPEMsl KOAT yJISIIMH XKEJIE3HBIMA COJISIMH [[BETHBIX
ryMYCHO-(bepPATHTHEIX KOMIUIEKCOB, BRI3BIBAIOIIAX YACTO BTOPHYHOE OKPAIUECHHE BOJBI M IOBHIICHHAE
KOHIEHTPAIEA XKeJe3a.






