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ABSTRACT

The aim of the present study was to compare the effectiveness of coagulation process carried out
using non-prehydrolysed coagulants (iron (III) sulphate (VI) and aluminium sulphate (VI)) and pre-
hydrolysed polyaluminium chlorides differing in basicity in the removal of natural organic matter
(NOM) from groundwater. Volume coagulation was carried out in groundwater samples after aer-
ation at natural pH or at pH adjusted to 6.0-8.5. The Al species (Al -monomeric, Al -polymerized,
Al ~colloidal) distribution in the aluminium coagulants were analyzed by the Ferron complexation
timed spectrophotometry. The fraction distributions of NOM and residual aluminium after coagula-
tion were analyzed as changes of coagulant dose and pH. The efficiency of polyaluminium chlorides
in the removal of NOM was found to increase with the polymerization of the products of aluminium
prehydrolysis. Prehydrolysed coagulants were of greater utility than non-prehydrolysed coagulants
in removing not only non-dissolved, but also dissolved fractions of NOM, and they were efficient
over a wider range of pH. When the proportion of dissolved organic carbon in the total organic car-
bon load increased, the efficiency of total organic carbon removal decreased regardless of the type
of coagulant tested. The worst results in the removal of NOM were produced by the iron coagulant.

Keywords: Groundwater; Natural organic matter; Coagulation; Non-prehydrolysed coagulants;
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1. Introduction

Natural organic matter (NOM) is present in all natural
water sources in varying concentration. The concentration,
composition and chemistry of NOM are highly variable
and depend on the environmental conditions under which
it has been formed. Amongst main NOM constituents low
molecular weight components such as hydrophilic acids,
proteins, amino acids as well as macromolecular com-
pounds like humic substances (HS) are worth mentioning
[1,2]. Aquatic HS constitute 40-60% of dissolved organic
carbon and are the largest fraction of natural organic matter
in water [3]. HS are considered as the natural polyelectro-
lytic organic compounds of complex structure involving a
proportion of more or less condensed aromatic rings with
a large number of attached -OH and -COOH groups [4,5].

*Corresponding author.

The presence of HS causes many problems in the quality of
drinking water. Water quality problems associated with HS
are colour, taste and odor and the formation of disinfection
by-products like trihalomethanes (THM) and haloacetic
acids are the most common. The disinfection by-products
have become a focus of attention in water treatment, since
they have been reported to have adverse health effects. HS
can also form complexes with heavy metals and organic
micro pollutants and enhance bacterial regrowth in distri-
bution system [6-10].

NOM should be removed from water during treatment
to the level compliant with drinking water quality stan-
dards: TOC (total organic carbon) <5 mg C/L [11]. Various
processes are employed to achieve this goal, with coagu-
lation, actived carbon adsorption, oxidation, ion exchange
and membrane filtration as those in common use [12-15].
Despite the increasingly wide introduction of membrane
technologies for water treatment, coagulation is still a fun-
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damental a unit process used to remove NOM from raw
water. Most of the NOM can be removed by the coagulation
method, although, the hydrophilic, low molecular weight
fractions of NOM is apparently removed less efficiently
than the hydrophobic, high molecular weight compounds
[16-18].

The problem of how to increase the efficiency of coag-
ulation for the removal of natural organic matter is still
raising interest. According to Libecki and Dziejowski [19]
aluminium salts remove natural organic matter from water
better than iron salts because Fe* ions or the hydroly-
sis products of iron (III) salts interact more strongly with
organic substances, compared to Al**ions. Matilainen et al.
[16] and Cheng and Ghi [20] are of the opinion that iron
(III) salts have been noted to be better in removing NOM
than aluminium salts in many investigations. Especially the
removal of middle size NOM fractions is noted to be more
efficient. According to Ghernaout et al. [21] coagulation of
dissolved organic matter is best at pH values around pH 5
for AI(III) and around pH 4 for Fe(III). Cheng et al. [22] and
Libecki and Dziejowski [19] states that coagulation of nat-
ural organic matter is best at pH values of about 5-6 with
aluminium sulphate (VI) and pH of 4.5-5.5 with iron (III)
sulphate (VI). Although the mechanisms for organic matter
removal by metal coagulants are not yet fully understood,
two mechanism are likely to occur. According to Pernitsky
and Edzwald [8] the first mechanism is adsorption of pos-
itively charged coagulant species to sites on the negatively
charged natural organic matter to obtain charge neutraliza-
tion and the formation of insoluble complexes. The second
mechanism is adsorptions of natural organic matter to, or
enmeshment in, the metal hydroxide precipitates (adsorp-
tion/sweep coagulation). The first mechanism is generally
more dominant at lower coagulant dosage and pH condi-
tions, and for coagulation by prepolymerized coagulants.
For the second mechanism, which predominates at higher
coagulant dosage and pH, it is important to notice that
hydroxides cannot precipitate until most of the natural
organic matter have been complexed.

In recent years, the prehydrolysed aluminium coag-
ulants, e.g. polyaluminium chloride and polyaluminium
sulphate have been developed and researched. In water
treatment plants in order to improve the efficiency of coag-
ulation process, the use of prehydrolysed coagulants in
place of aluminium sulphate (VI) is common practice. Pre-
hydrolysed reagents based on polymerized forms of alu-
minium generally are more effective in removing natural
organic matter compared to non-prehydrolysed coagulants
e.g. aluminium sulphate (VI) [23-31]. Polyaluminum chlo-
rides represented by the general formula Al (OH) CI,  are
primarily used. The alkalinity of polyaluminium chloride
is determined by the quotient of the number of moles OH~
to AI** in a coagulant, referred to as the alkalinity ratio (r),
which is approached as a coagulant polymerization degree
measure. “Al,” polymer (Al ,O,(OH),, ") is the most sta-
ble and efficient in colloid destabilization of all aluminium
polymers and its amount increases along with the alkalinity
ratio (r) increase to 2.1. The degree of polymerization can be
determined by means of ferron-timed spectroscopy method.
The different species can be classified into three categories:
the mononuclear (Al ), medium polynuclear (Al ) and pre-
cipitated/colloidal (Al) species, in which the Al species

are considered to be the most efficient species for DOC (dis-
solved organic carbon) removal [16]. These coagulant spe-
cies (Al,) are considered to be the most efficient Al-species
due to their larger size and higher positive charges. A large
number of investigations and practical applications show
that the (Al,,0,(OH),,”*) (simplified as Al ,) is the most effi-
cient species for organic matter removal because of its high
stability and positive electric charge [32—40]. The prehydro-
lysed coagulants cause smaller consumption of the natural
water alkalinity and lower its pH reaction to a smaller extent
than coagulants that are non-prehydrolysed. Increased effi-
cacy of reagent containing prehydrolysis products implies
the possibility of reduction of the required dose [41,42]. The
polymeric structure of the hydrolysis products causes that
polyaluminium chlorides show agglomerating properties,
thus improving flocculation conditions. The effectiveness
of coagulation to remove NOM depends on several factors,
including coagulant type and dose, mixing conditions, pH,
temperature, particle and NOM properties. In spite of the
development of new separation techniques for water treat-
ment, the coagulation process will continue to be the most
important water-treatment process for removal of NOM.

The goal of the present study was to compare the effec-
tiveness of coagulation process carried out using classical
hydrolyzing coagulants (iron (III) sulphate (VI) and alumin-
ium sulphate (VI)) and prehydrolysed coagulants differing
in basicity in the removal of NOM from groundwater. In
this study the effect of Al species (Ala-monomeric, Alb-po-
lymerized, Alc-colloidal) distribution in the aluminium
coagulants on the coagulation performance of NOM was
also evaluated. The fraction distributions of NOM (TOC,
DOC, colloidal organic carbon, UV absorbance at 254 nm)
and residual aluminium after coagulation were analyzed as
changes of coagulant dose and pH.

2. Materials and methods
2.1. Water samples used to coagulation

Water used in coagulation process was groundwater
from Quaternary formations characterized by a increased
amount of natural organic matter (TOC from 5.70 to 7.00 mg
C/L, DOC from 4.00 to 4.60 mg C/L, colloidal organic carbon
(COCQC) from 1.70 to 2.40 mg C/L, UV absorbance at 254 nm
from 0.198 to 0.295 cm™) and also a high concentration of
total iron - amounting to 7.20 mg Fe /L, more intensive colour
- up to 33 mg Pt/L, turbidity up to 30 NTU and manganese
(up to 0.39 mg Mn/L). Iron (II) from 5.00 to 6.00 and iron (III)
from 1.00 to 2.00 mg Fe/L compounds were present in the
water. These characteristics of the water were the cause of the
unfavorable extent of the removal of iron compounds from it
in the conventional system of underground water treatment.
The turbidity and intensity of apparent and real colour of
water proved the occurrence of iron in the form of colloidal
and dissolved bonds with NOM, for the removal of which
the coagulation process was used.

2.2. Experimental procedure of coagulation

In the research the effectiveness of volumetric coagula-
tion in groundwater treatment was determined. In order to
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oxidise the Fe(II) to Fe(Ill) before the coagulation process
samples of groundwater was aerated with compressed air
for 15 min until a concentration of about 10 mg O,/L i.e.
ca.100% saturation of water with oxygen has been obtained.
The aeration of the water caused an increase in turbidity,
colour and pH of the water by one unit within the range of
7.0-8.0. Jar tests were carried out by using a 1 L six-place
paddle stirrer (Flocculator Kemira 2000, Sweden). Coag-
ulation was carried out in water samples with aeration of
1 L through 1 min. fast mixing at a speed of 250 rpm and
25 min. flocculation with an intensity of mixing of 30 rpm.
The coagulants used were classical hydrolyzing coagulants:
iron (III) sulphate (VI) - PIX112 and aluminium sulphate
(VI) (SAL) as well as prehydrolysed polyaluminium chlo-
rides with the trade names PAX XL19H and Flokor 1A that
had different alkalinity and aluminium content (Table 1).
The experiments involved a natural pH or a pH adjusted
to 6.0-8.5, using aqueous solutions of HCI, H,SO, or NaOH.
The doses of coagulants were expressed in mg Fe/L or mg
Al/Land varied from 1 to 5 mg Al(Fe)/L. After coagulation
the samples were subject to sedimentation process for 1 h.

2.3. Analytical methods

The physical-chemical composition of both the raw
groundwater as well as treated water was determined
according to the International Standard methods. The
NOM concentration was monitored by measuring the TOC,
DOC, colloidal organic carbon (COC) and UV absorbance
at 254 nm. The TOC, DOC and COC were measured using
the thermal method and a Shimadzu TOC analyzer. DOC
was analyzed by the TOC analyzer after filtration through
0.45 ym pore diameter membranes. Water samples sub-
jected to filtration on 1.2 um pore diameter membranes were
used to establish the sum of COC and DOC and thereafter
to calculate COC. In the data analysis, the quotient of DOC
to TOC concentrations was defined as the coefficient B. UV
absorbance at 254 nm (UV,,,) was measured by a UV-VIS
spectrophotometer Agilent Cary 60 using a quartz cell with
1 cm path length after filtration through 0.45 pm membrane.
The colour (according to Pt scale), total iron, iron (II) concen-
trations were determined with the Dr 3900 (HACH Lange)
spectrophotometer. Iron (II) was measured using the 1,10
phenanthroline method. Total iron was measured using the
same method. As a reducing agent of ferric ions to the fer-
rous ions, hydroxylamine hydrochloride was used. Alumi-

Table 1
Selected properties of the coagulants tested [43,44]

Indicator Type of coagulant

Flokor 1A PAX XL19H SAL PIX 112
Alkalinity ratio, 2.40 2.55 0 -
[OH]/[AT*]
Alkalinity, % 80.0 85.0 - -
AP, % 11.0 12.5 4.3 -
Fe,, % - - <0.007 12
Cl, % 6.5 8.5 <01 <01
SO,*,% - - 225 30.0
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num and manganese concentrations were determined with
the atomic emission spectroscopy (ISP-OES, 5300DV, Per-
kin Elmer Company, US). Total aluminium and dissolved
aluminium concentrations were measured before and after
sample filtration through a 0.45 pm membrane, respectively.
The temperature and pH of the raw water and the purified
water was determined with an WIW Multi Line P4 with
an combination pH electrode with temperature corrections.
The dissolved oxygen of the raw water and the purified
water was determined with an WTW Multi 3410 SET 4 with
an optical oxygen sensor FDOR 925 (Germany). Turbidity
was measured using the Hach 2100N Turbidimeter. The
alkalinity was determined with a titrimetric method against
methyl orange using 0.1 M aqueous solutions of HCI1. The Al
species distribution in the PACls ( Flokor 1A, PAXXL19H)
and aluminium sulphate (VI) samples were analyzed by
the Ferron complexation timed spectrophotometry [35,42].
AI(III) reacts with Ferron reagent to form Al-Ferron com-
plex at pH =5, A = 370 nm. Agilent Cary 60 spectrophotom-
eter was used to measure the Al-Ferron kinetics. Based on
the kinetic difference of reactions between Ferron reagent
(8-hydroxy-7-iodo-5-quinoline sulfonic acid) with different
hydrolyzed species, hydrolyzed Al species can be divided
into three types: monomeric Al species (Al ) (instantaneous
reaction: 0-1 min), medium polymerized Al species (Al,)
(reaction within 120 min) and species of colloidal (Al ) (no
reaction in 120 min). The results are shown in Table 2.

3. Results and discussion

During the studies, the course and effectiveness of volu-
metric coagulation after aeration in groundwater was deter-
mined.

3.1. The effect of the type and dose of a coagulant on the
efficiency of removing NOM

The scope of the analytical research carried out made it
possible to assess the effect of the type and dose of a coag-
ulant, pH of the treated water and a degree of polymeriza-
tion of the tested aluminium coagulants on the efficiency of
removing natural organic matter from groundwater in the
coagulation process.

Regardless of the physical-chemical composition of the
water being purified, the effectiveness of removing NOM
(TOC, DOC, COC, UV,,,)) and reducing colour increased as
the doses of the coagulants tested increased (Figs. 1 and 2).

The effects of the research presented in Fig. 1 and Fig. 2
also prove that the efficiency of the tested aluminium coag-
ulants in removing NOM (TOC, DOC, COC, UV,,,) as well

254

Table 2
The degree of polymerization of the aluminium coagulants
tested according the conventional ferronometry

Al species Flokor 1A PAX XL19H SAL
Monomeric Al species (Al), % 3 38 91
Polymerized Al species (Al,), % 54 35 9

Colloidal Al species (Al),% 43 27 0
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Fig. 1. The effect of the type and dose of a coagulant on the efficiency of removing TOC (a) DOC (b) COC (c) and colour (d).
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Fig. 2. The effect of the type and dose of a coagulant on the re-
sidual UV absorbance at 254 nm in treated water.

as in decreasing the colour intensity increased along with
an increase of polymer aluminium forms in the tested coag-
ulants (Table 2). The least efficient coagulant was the iron
coagulant PIX-112 and, from among the tested aluminium
coagulants, the worst effects were produced by classical
hydrolyzing coagulant aluminium sulphate (VI) character-
ised by the smallest contents of polymer aluminium forms
(Al = 9%). The lowest effectiveness of the iron coagulant
PIX-112 at removing NOM and reducing colour was caused
by the occurrence of coloured combinations of natural
organic matter present in the water being purified with
Fe(IIl) introduced into the water with this coagulant. The
concentration of iron residual in water after coagulation
exceeded the value of 0.2 mg Fe/L, yet it was about twice
smaller in samples of water treated with aluminium coagu-
lants (0.60-0.27 mg Fe/L - SAL; 0.40-0.22 mg Fe/L - Flokor
1A and PAXXL19H) than with iron coagulant PIX-112
(1.20-0.60 mg Fe/L). According to Libecki and Dziejowski
[19] iron and aluminum coagulants react differently with
organic matter in water. Riedel and Biester [40] and Albrek-
tiene et al. [6] demonstrated that the ability to bind organic
ligands in surface water increases as follows: Ca?* < Al**<

Fe*. According to Albrektiene et al. [6] humic acid-Fe che-
late complexes are formed when two or more coordination
positions about the iron species are occupied by donor
groups of humic acid (HA) ligand to form an internal ring
structure. The compexing ability of HA results largely from
their content of oxygen -containing functional groups, such
as the COOH, phenolic OH and C=O. Iron species directly
produce insoluble complexes with HA oxygen-containing
functional groups which can be removed by sedimenta-
tion. The relations presented in Fig. 1b and Fig. 2 show that,
polyaluminium chlorides are more efficient in removing
DOC than aluminium sulphate (VI) and they also decrease
UV absorbance at 254 nm. The relations illustrated in Fig. 2
also lead to the conclusion, that polyaluminium chlorides
remove natural organic matter characterised by high con-
tents of aromatic rings, such as humic substances, more
effectively than hydrolyzing coagulants. From among the
analysed polyaluminium chloride, the highest efficiency in
removing DOC, COC, lowering UV absorbance at 254 nm
and decreasing colour intensity was shown by Flokor 1A
characterised by much higher contents of polymer alumin-
ium forms (Al = 54%) than PAXXL19H (Al = 39%). Many
studies [8,31,32,42] have confirmed that the content of pre-
formed Al in polyaluminium chlorides is correlated well
to the tridecamer (Al ,0,(OH),,”), often denoted as Al ,. In
addition, preformed Al, species possess high stability when
dosed into water and it is the species formed when tradi-
tional aluminium salts were added into water under certain
conditions. The differences between the efficiency of poly-
aluminium chlorides in removing DOC and in lowering UV
absorbance at 254 were, generally, higher for smaller doses
(Fig. 1b and Fig.2). Increasing a dose of sulphate (VI) iron
(III) increased the efficiency of removing DOC (the most
difficult fraction to remove) only to a small extent (Fig. 1b).
With dosage gradually increased to 5 mg Al/L, alumin-
ium sulphate (VI) becomes more efficient in DOC removal.
Note that the solution pH drops with aluminium sulphate
(VI) dosage increases (pH in water after coagulation: 7.75-
7.20.), while only slight pH changes were observed for the
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polyaluminium chlorides (pH in water after coagulation:
8.00-7.70 Flokor 1A; 8.00-7.75 PAXXL19H). When consid-
ering the distribution of Al species (Table 2), the Al con-
tent in polyaluminium chlorides is correlated well with the
removal of DOC due to its high charge neutralization abil-
ity. In the low dosage situation, more Al, species is present
in the solution to neutralize the negatively charged organic
matter to enhance to removal. In the aluminium sulphate
(VI) case, higher DOC removal under high dosage condi-
tions could result from the in situ formation of Al under
low pH conditions. Although the removal behaviour of the
in situ formed Al has not been well identified, it is believed
that its charge neutralization ability could also be relatively
high [42]. Of the organic carbon fractions examined, COC
was removed with the highest efficiency (Fig. 1), according
to expectations. In terms of the efficiency of removing NOM
(TOC, DOC, COC, UV, ) and lowering the colour intensity,
the efficiency of the tested coagulants decreased according
to the below presented series:

FLOKOR 1A (Al,=54%) > PAXXL19H (Al,=35%)>SAL
(Al =9%) > PIX 112 (Al =0) that illustrates the decreasing
contents of polymer aluminium forms (Al ,%) in the tested
coagulants.

The comparison of the doses of iron coagulant-PIX112,
aluminium sulphate (VI) and polyaluminium chlorides
used for treating the same groundwater ensuring a com-
parable efficiency of removing TOC (25%), DOC (19%),
COC (72%), UV, (17%) and colour (64%) presented in
Table 3, indisputably indicates the greatest efficiency of the
pre-hydrolyzed coagulant Flokor 1A possessing the highest
amount of polymerized Al species (Al,) - Table 2.

The studies conducted by Nowacka et al. [28] proved
that the optimal doses of prehydrolysed coagulants were
much lower than in the case of aluminium sulphate (VI)
and of iron (III) sulphate (VI). As a result of the coagula-
tion process with all types of the tested coagulants, water
alkalinity was used up and the concentration of hydrogen
ions increased. Polyaluminium chlorides caused much
lower water acidification and lowering of alkalinity than
aluminium sulphate (VI) and iron (III) sulphate (VI) for all
the range of the doses of the tested coagulants (D_=1+5 mg
Al(Fe)/L), which is important in terms of water chemical
stability. Differences in lowering water total alkalinity and
water pH in relation to the type and dose of the coagulant
used are shown in Figs. 3a and 3b. The dependencies pre-
sented in Figs. 3a and b show that an increase in the alkalin-
ity ratio of the prehydrolysed coagulants decreased water
acidification and consumption of its total alkalinity.

Table 3

The required doses of coagulants (D,) ensuring comparable
efficiency of removing TOC and components of groundwater
causing colour

Type of coagulant D, , mg Al(Fe)/L:

TOC DOC Uv,, Colour
PIX112 D.>5 D, >5 D_>5 D>5
SAL b>5 D>5 D/, >5 D_>5
PAXXL19H 3 3 3 4
FLOKOR 1A 2 2 2 3

The studies conducted by Pernitsky and Edzwald
[34] proved also that the prehydrolysed coagulants cause
smaller consumption of the natural water alkalinity and
lower its pH reaction to a smaller extent than coagulants
that are non- prehydrolysed. The effects of the research pre-
sented in Fig. 4 also prove that the efficiency of TOC removal
was affected not only by coagulant type, but also by the per-
centage of DOC in the total organic matter in the water to
be treated. When the value of coefficient B increased, the
efficiency of TOC removal decreased although the doses the
investigated coagulants remained unchanged (Fig.4).

During the research the concentration of aluminium
residual in the water after coagulation with aluminium
coagulants: aluminium sulphate (VI) and polyaluminium
chlorides was also determined. It was found that also in
this aspect polyaluminium chlorides had been more effec-
tive. The obtained results are confirmed by the literary data
Sillanpéa et al. [31] substitution of aluminium sulphate (VI)
by polyaluminium chlorides reduced the concentration of
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Fig. 3. The effect of the type and dose of coagulant on decreas-
ing total alkalinity (a) and pH (b) of the treated water.
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aluminium residual in water after coagulation. As shown
in Fig. 5 the residual aluminium and the residual dissolved
aluminium changes also with various aluminium coagu-
lants. The higher the content of Al , the higher the residual
dissolved aluminium. The residual aluminium as high as
more than 0.1 mg/L is obviously greater than the theoret-
ical value calculated based on the solubility of AI(OH),. It
implies that Al might be able to form soluble complexes
with some organic matters, while the floc of Al, and Al
could be larger than the spore size of the 0.45 pm mem-
brane and filtered off by the membrane. According Wang
and Tang [42] for Al, the most reactive species out of the
three, it is less efficient and can result in high residual alu-
minium in the finished water due to the complexation with
organic matter.

3.2. The effect of pH correction on efficiency of removing NOM
in the coagulation process

The value of pH of treated water affects greatly the
course and the efficiency of coagulation process in remov-
ing NOM, because it decides about a form, thereby, about
the stability of organic components removed as well as
about the type and charge of the products of coagulant
hydrolysis [25-27,39]. Therefore, the next tests were per-
formed in order to determine the effect of water alkalization
or water acidification on the efficiency of removing NOM
from groundwater in the process of coagulation with alu-
minium coagulants. The tests on the effects of pH correction
on the efficiency of removing natural organic matter, did
not comprise investigating iron coagulant due to its low-
est effectiveness in removing the above mentioned NOM
shown in the previous tests. The test results obtained show,
that the efficiency of removing natural organic matter from
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Fig. 5. The effect of the type and dose of coagulant on the residu-
al aluminium content and on the residual dissolved aluminium
content in the treated water.

groundwater was also affected, apart from the type of the
aluminium coagulant, by pH value of the treated water.
Water acidification before the coagulation process
increased the efficiency of removing natural organic mat-
ter (TOC, DOC and COC) and in lowering colour intensity
(Figs. 6a, b and c). Beneficial effect of water acidification (up
to pH = 6) in case of removing organic matter and colour
compounds was found for all tested coagulants and it was
the highest when using the non-prehydrolysed coagulant
aluminium sulphate (VI) possessing the highest contents of
monomer aluminium forms (Al = 91%) ( Figs. 6a, b and c,
Table 2). At pH 6.0 aluminium sulphate (VI) becomes the
most efficient coagulant for DOC removal. Increasing H*
ion concentration in treated water provides conditions for
forming cationic products of the hydrolysis of the non-pre-
hydrolysed coagulant e.g. aluminium sulphate (VI). In acid
environment, apart from providing favourable conditions
for formation of polymer products of aluminium sulphate
(VI) hydrolysis, there are conditions of decreased dissoci-
ation of NOM, which improved the efficiency of lowering
organic matter and colour compounds [31-33]. Wang and
Tang [42] have observed that the lower the alkalinity ratio of
prehydrolysed coagulants, the more the Al, formed in situ
at acid pH range. DOC was removed most efficiently at pH
6, at which the content of Al, reached the maximum. The
opposite dependence, in case of removing natural organic
matter (TOC, DOC and COC) and lowering colour intensity,
was brought about by water alkalization. Water alkalization
to pH = 8.5 led to a decrease in TOC removal efficiency in
case of all tested coagulants as well as to the absence of
DOC removal by aluminium sulphate (VI). The negative
effect of alkalization from pH = 8.0 to pH = 8.5 on removal
of organic matter and colour compounds was the smallest
for Flokor 1A coagulant (Fig. 6, Table 4) possessing the high-
est contents of polymer aluminium forms (Al, =54%) - Table
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Fig. 6. The effect of pH correction and coagulant type (D,= 3 mg Al/L) on the efficiency of removing TOC, DOC (a) COC (b) and

colour (c).

2. This confirms reports in the literature, that prehydrolysed
coagulants are less sensitive to changes in pH value because
products of initial hydrolysis (occurring during coagulant
formation) are more stable in water [25-28,34]. According
Wang and Tang [42] the DOC removal efficiency is the low-
est at pH 8.5 for all prehydrolysed coagulants, where most
of Al transforms into Al_.

The adjustment of pH to alkaline levels before coag-
ulation reduced the efficiency of NOM removal. This is
possibly due to the following mechanism: the rise in pH is
concomitant with the increase in the dissociation of organic
matter on one hand; on the other hand, there is a decrease
in quantity of positively charged polymeric products of
aluminium hydrolysis, which form in the course of coag-
ulation [25,38,39]. The analysis of the results of tests also
shows, that the pH correction, and especially alkalization,
influences concentration of residual aluminium in water
after coagulation (Fig. 7) which is very important due to the
fact, that increased aluminium concentration may pose a
potential risk to human health, causing brain lesions charac-
teristic for the Alzheimer’s disease. The suggested negative
effect of the aluminium presence in water on human health
as well as its allowable concentration in water intended for
human consumption of < 0.2 mg Al/L in Poland as well as
the recommendations of WHO and EU impose and obliga-
tion to guarantee the minimum aluminium content in water
intended for human consumption [36]. The highest concen-
tration of residual aluminium was found in samples treated
with aluminium sulphate (VI) for the whole pH range (pH
= 6-8.5). Wang and Tang [42] attributed the higher residual
aluminium concentrations in water to the high content of
monomeric the aluminium species (Al in the non-prehy-
drolysed coagulants. In case of prehydrolysed coagulants
within the range of pH from 6 to 8, the concentration of
residual aluminium was < 0.2 mg Al/L, whereas at pH =
8.5 the allowable concentration of residual aluminium (0.2
mg Al/L) was obtained only after coagulation with Flokor
1A coagulant. Generally, in case of all the tested coagulants,

Table 4
Effect of water alkalization from pH = 8.0 to pH = 8.5 on
coagulation efficacy (D, =3 mg Al/L)

Type of coagulant Reduce the removal efficiency (An, %)
TOC DOC Colour
SAL 7 6 12
PAX XL19H 3 4 6
FLOKOR 1A 1 3 3
0.80 A
- -- Residual Dissolved Aluminium
—8—FLOKOR 1A: Ala=3%
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Fig. 7. The effect of pH correction and coagulant type (D =3 mg
Al/L) on the residual aluminium content and on the residual
dissolved aluminium content in the treated water.

the lowest concentration of residual aluminium was found
in water samples with pH =7, and the highest at pH = 8.5.
The increase in the concentration of aluminium left
within the range of pH from 8 to 8.5 was caused by forma-
tion of AI(OH), [8,25-27]. The negative effect of alkaliza-
tion from pH = 8 to pH = 8.5 on removal of natural organic
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matter or the contents of residual aluminium in the treated
water was, however, smaller in case of using polyalumin-
ium chlorides than aluminium sulphate (VI) (Fig. 7). Con-
trol of solution pH is key to minimizing the aluminium
concentration. According Sillanpaa et al. [31] and Pernitsky
and Edzwald [34] the use aluminium coagulants at around
pH 6.5-7.0 is one approach for minimizing residual alumin-
ium concentrations.

4. Conclusions

The studies performed on the effectiveness of non-pre-

hydrolysed coagulants (iron (III) sulphate (VI) and alu-
minium sulphate (VI)) and prehydrolysed aluminium
coagulants PAXXL19H and Flokor 1A in the removal of nat-
ural organic matter from groundwater led to the following
conclusions:

Prehydrlolysed coagulants were greater utility than
non-prehydrolysed in removing not only non-di-
solved, but also dissolved fractions of natural organic
matter, natural organic matter characterised by high
contents of aromatic rings and they were efficient over
a wider range of pH. When the proportion of dis-
solved organic carbon in the total organic carbon load
increased, the efficiency of total organic carbon remov-
al decreased in the course of the coagulation process.
The worst results in the removal of natural organic
matter in the coagulation process were produced by
the iron coagulant.

The removal efficiencies of natural organic matter cor-
relate well with the aluminium species distribution of
aluminium coagulants. Al, was the most efficient for
natural organic matter removal especially DOC. The
best results in removing natural organic matter were
produced by polyaluminium chloride Flokor 1A pos-
sessing higher contents of polymer aluminium forms
(Al, = 54%) than PAXXL19H (Al, = 35%).

Adjustment of pH to 6.0 increased the efficiency of total
organic carbon and dissolved organic carbon removal,
but the effect of this adjustment on removal efficiency
was more distinct in the presence aluminium sulphate
(VI) than in the presence of polyaluminium chlorides.
Water alkalization to pH = 8.5 had negative effect on the
removal of natural organic matter in the course of coag-
ulation. At pH 8.5 mainly non-disolved fractions were
removed, which was particularly evident after the use
of aluminum sulphate (VI).

The concentration of residual aluminium of the treat-
ed water decreased with an increase in polymeriza-
tion degree of aluminium coagulants. The amount
of Al in aluminium coagulants mainly determined
the dissolved residual aluminum concentration after
coagulation.
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