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Abstract
Correlations between raw water characteristics and pH after enhanced coagulation to maximize dissolved organic matter (DOM)
removal using four typical coagulants (FeCl3, Al2(SO4)3, polyaluminum chloride (PACl) and high performance polyaluminum chloride
(HPAC)) without pH control were investigated. These correlations were analyzed on the basis of the raw water quality and the chemical
and physical fractionations of DOM of thirteen Chinese source waters over three seasons. It was found that the final pH after enhanced
coagulation for each of the four coagulants was influenced by the content of removable DOM (i.e. hydrophobic and higher apparent
molecular weight (AMW) DOM), the alkalinity and the initial pH of raw water. A set of feed-forward semi-empirical models relating
the final pH after enhanced coagulation for each of the four coagulants with the raw water characteristics were developed and optimized
based on correlation analysis. The established models were preliminarily validated for prediction purposes, and it was found that the
deviation between the predicted data and actual data was low. This result demonstrated the potential for the application of these models
in practical operation of drinking water treatment plants.
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Introduction

Natural dissolved organic matter (DOM) present in source
waters for drinking water supplies is a complex matrix of
heterogeneous organic material. It can be sourced from
decaying terrestrial vegetation and aquatic organisms. The
presence of DOM in drinking water supplies may cause
significant problems, such as, reacting with chlorine disin-
fectant to reduce its concentration, reacting with chlorine
to form disinfection byproducts such as THMs, HAA and
other organohalogens, supporting bacterial re-growth in
the distribution system and contributing to color, taste
and odor in drinking water. Therefore, maximizing the
removal of DOM in water has become a significant issue
for the drinking water industry. Enhanced coagulation
is the application of higher coagulant doses to achieve
regulatory criteria for set removals of total organic carbon
(TOC) based on raw water quality or to minimize residual
DOM after coagulation in drinking water supplies. The US
Environmental Protection Agency, under the Safe Drinking
Water Act and the Disinfectants/Disinfection Byproducts
Rule (D/DBPR), has enhanced coagulation as a best avail-
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able technology for DOM removal (Chow et al., 2008;
Edwards, 1997; Kastl et al., 2004; van Leeuwen et al.,
2003).

Removal of DOM by enhanced coagulation is greatly
influenced by the chemical and physical characteristics of
DOM in raw water. Resin adsorption (RA) is an effective
method for chemical fractionation and has been widely
employed for the characterization of DOM based on its
chemical properties in past years (Kitis et al., 2002; Leen-
heer, 1981; Leenheer and Croue, 2003; Martin-Mousset,
1997; Wei et al., 2008). XAD-8 (or DAX-8) and XAD-4
resins have been used to determine the humic/nonhumic
distributions of DOM. In recent years, high performance
size exclusion chromatography (HPSEC) with DOC and or
UV-Visible detection has become a popular technique for
characterization of DOM based on its physical properties
(molecular weight distribution) and for evaluation of water
treatment processes (Allpike et al., 2005; Bolto et al., 2001;
Chin et al., 1994; Chow et al., 1999; Gjessing et al., 1998;
Her et al., 2008; van Leeuwen et al., 2002; Vuorio et al.,
1998). However, the apparent molecular weight (AMW)
distribution profile of DOM with overlapped peaks can
only provide qualitative information by comparing the
profiles of different raw waters or waters before and after
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certain treatment processes. To obtain more quantitative
information, Chow et al. (2008) developed a peak fitting
technique to resolve the overlapped peaks into several
individual peaks which representing the removable or non-
removable DOM. These DOM characterization techniques
provided the most useful information for the drinking
water treatment.

Quantitative descriptions of the removals of DOM and
its constituents by enhanced coagulation are of significant
importance in the coagulation research field. Recently,
considerable number of publications aimed at develop-
ing models of DOM removal by enhanced coagulation
(Edwards, 1997; Urfer et al., 1999; Baxter et al., 1999;
Stanley et al., 2000; van Leeuwen et al., 2003, 2005; Kastl
et al., 2004; Chow et al., 2008). Several empirical and
semi-empirical models have been developed based on the
regression analysis and artificial neural network (ANN),
while some others were based on consideration of the
character and quantity of DOM, such as those utilizing
Langmuir adsorption isotherm theory. However, only few
models (van Leeuwen et al., 2003, 2005) described the
relationship between the raw water characteristics, dosing
to achieve enhanced coagulation, and the final pH reached
after enhanced coagulation.

In the previous work, raw waters from thirteen Chi-
nese drinking source waters collected over three seasons
had been characterized based on general water quality
parameters and chemical fractionation (RA method) in
conjunction with physical fractionation (HPSEC combined
with peak fitting technique). Furthermore, several models
that describe the DOM treatability by enhanced coagula-
tion and the dosage required for enhanced coagulation for
four coagulants had been developed. In this article, based
on the previous work, a set of feed-forward semi-empirical
models that relate the raw water characteristics with the
final pH after enhanced coagulation (EC pH, i.e. the pH in
the enhanced coagulation condition) for maximum DOM
removal without pH control for four coagulants were
developed and optimized.

1 Materials and methods

1.1 Coagulants

Four coagulants were selected, including ferric chlo-
ride (FeCl3·6H2O, analytical grade), aluminum sulfate
(Al2(SO4)3·18H2O, analytical grade), polyaluminum chlo-
ride (PACl, OH/Al = 2.4, prepared in the laboratory)
and high performance polyaluminum chloride (HPAC,
an innovative composite coagulant, produced by a local
factory using the technique developed in this laboratory).

1.2 Water samples

Twenty nine water samples were obtained from thir-
teen typical locations throughout eastern China, including
Harbin Songhua River, Harbin Mopanshan Reservoir,
Beijing South to North Transport Project Water Aque-

duct, Tianjin Luan River, Dongying Yellow River, Yantai
Menlou Reservoir, Zhengzhou Yellow River, Nantong
Changjiang River, Shanghai Huangpujiang River, Xi-
aoshan Qiantangjiang River, Yuyao Siminghu Reservoir,
Guangzhou Xihangdao River and Guangzhou Beijiang
River from north to south. These waters are all source
waters for local drinking water treatment plants and rep-
resent the variation in water quality in China. The general
water quality parameters of raw water samples have been
characterized in the previous work (Xie, 2011).

1.3 Jar tests

Jar tests were performed using 500 mL raw water samples
and a programmable jar testing apparatus with the follow-
ing standard procedure: 30 sec of rapid stirring at 250 r/min
followed by coagulant addition, 2 min of rapid stirring at
250 r/min, 15 min of slow mixing at 40 r/min and 30 min
of settling. After settling was completed, water samples
were collected at 1 cm below water surface, and were
measured for turbidity and pH. Samples were then filtered
through 0.45 µm cellulose acetate membranes for DOC,
UV254 and residual metal analyses, chemical fractionation
and physical fractionation.

To simulate the practical operation conditions at water
treatment plants in China, the coagulation processes were
performed without pH control, and the jar tests in autumn
and spring were performed at the water temperature around
25°C, whereas those in winter were performed at the water
temperature around 8°C. The enhanced coagulation jar
tests were conducted without pH control for all 29 raw
waters using the four coagulants. Dose response curves for
DOC, UV254, pH and turbidity were obtained.

1.4 Analytical methods

Turbidity was measured using a turbidity meter (2100P,
Hach, USA). DOC was determined using a total organic
carbon analyzer (TOC-VCPH, Shimadzu, Japan). UV254
was determined using a UV/Vis spectrophotometer (UV-
Vis 8500, Tianmei, China) with a 1 cm quartz cell.
The specific UV absorbance (SUVA) was calculated by
(UV254/DOC) × 100. pH was measured using a pH
meter (MP220, Mettler-Toledo, Switzerland). Alkalinity
was measured using an automatic titration pH meter (716
DMS Titrino, Metrohm, Switzerland). The residual met-
al content was determined using an inductively coupled
plasma optical emission spectrometer (OPTIMA 2000,
PerkinElmer, USA).

1.5 Chemical fractionation of DOM

Chemical fractionation of DOM was performed by resin
adsorption method described by Wei et al. (2008). The
DOM was fractionated into five chemical fractions:
hydrophobic base (HoB), hydrophobic neutral (HoN), hy-
drophobic acid (HoA), weakly hydrophobic acid (WHoA)
and hydrophilic matter (HiM). HoB, HoN, HoA and
WHoA could be combined into hydrophobic matter
(HoM). HoB, HoN and HoA could be combined into
strong hydrophobic matter (SHoM).
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1.6 Physical fractionation of DOM

Physical fractionation of DOM was performed by HPSEC
and a peak fitting technique described in the previous work
(Xie, 2011; Chow et al., 2008). The DOM was fractionated
into five physical fractions: Peak 1, Peak 2, Peak 3, Peak 4
and Peak 5. The AMW of the five fractions distributed 250
Da (Peak 1), 450 Da (Peak 2), 1000 Da (Peak 3), 1700 Da
(Peak 4) and 2400 Da (Peak 5). For comparative purposes,
Peak 4 and Peak 5 could be combined into Peak 4,5. Peak
3, Peak 4 and Peak 5 could be combined into Peak 3,4,5.

2 Results and discussion

2.1 Correlation between the EC pH and general water
quality parameters

For the purpose of developing models that relate the EC
pH (i.e. the pH at the enhanced coagulation point) with the
raw water characteristics, the enhanced coagulation point
for near maximum DOM removal should be consistently
determined based on a common procedure. In this study,
from the curves of DOC reductions with coagulant dosing,
the enhanced coagulation points for the four coagulants
for 29 raw water samples were determined when DOC
reduction was less than 0.1 mg/L with dosage increased
by 0.1 mmol/L (as Al3+ or Fe3+), i.e., where a gradient
(DOC/dosage) of 0.0062, 0.0058, 0.0196 and 0.0196 for
FeCl3, Al2(SO4)3, PACl (as Al2O3) and HPAC (as Al2O3)
was obtained, respectively. At these points derived from
the above selected gradients, it was considered that further
dosing coagulant would provide only minor DOC removal.
At these enhanced coagulation points the residual turbidi-
ties were all below 1.5 NTU, and the residual Al3+ and
Fe3+ were all below 0.2 mg/L and 0.3 mg/L, respectively.

To develop models that relate the EC pH to raw wa-
ter characteristics, it is essential to assess the individual
relationships between them, and to determine which pa-
rameters of raw water most influence the EC pH. Then
models can be established to describe this relationship
between EC pH and the identified parameters.

The co-efficient of determination values (R2) of linear
fits between the EC pH for the four coagulants and
the general raw water quality parameters, DOC, UV254,
SUVA, alkalinity, pH and turbidity are shown in Fig. 1.
For FeCl3 and Al2(SO4)3, the EC pH showed moderate
negative R2 values with the DOC and UV254 and moderate
positive R2 value with the alkalinity of raw water. For
PACl, the EC pH showed high positive R2 values with the
alkalinity and initial pH of raw water. For HPAC, the EC
pH showed moderate positive R2 values with the alkalinity
and initial pH and moderate negative R2 values with the
DOC and UV254 of raw water. It indicated that the EC pH
for the four coagulants was influenced by the combination
of some or all of the parameters investigated, i.e. DOM
content, alkalinity and pH of raw water.

Generally, the pH of raw water decreases after dosing
due to the hydrolysis of the coagulant. The alkalinity
of raw water is an important influencing factor in the
enhanced coagulation process without pH control, as DOC
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Fig. 1 Co-efficient of determination values (R2) between the final pH
after enhanced coagulation for the four coagulants and the general raw
water quality parameters.

removal efficiency is pH dependant (Yan et al., 2008).
The impact of the raw water alkalinity on the EC pH is
a function of the level of that alkalinity for each of the
four coagulants and the dose required to remove DOM and
turbidity that then drives the pH to where coagulation is
optimum for those purposes. In a general sense, specific
levels of alkalinity are required to buffer the hydrogen ions
produced through hydrolysis and which allows production
of metal hydroxide complexes required for desired absorp-
tion and charge neutralization processes for coagulation
efficiency. The impact of raw water alkalinity on the EC
pH for four coagulants is positive, due to that the higher the
raw water alkalinity is, the more OH− is provided to meet
the consumption during the coagulant hydrolysis process,
the slower the pH decreases, and the higher the EC pH is.

The traditional coagulants FeCl3 and Al2(SO4)3 are
strongly hydrolyzed after dosing, and the decrease in pH is
significant (Yan et al., 2008). Lower pH is needed to obtain
the maximum DOM removal by enhanced coagulation,
so the EC pH for FeCl3 and Al2(SO4)3 is less dependent
on the initial pH of raw water but is very dependent
on the alkalinity or buffering capacity of the raw water.
This EC pH may be needed to be re-adjusted back to
7 by addition of lime or caustic in the treated water
before supply to customers. Whereas, the pre-hydrolyzed
coagulants PACl and HPAC are quite stable and are less
hydrolyzed after dosing, and the decrease in pH is low for
HPAC and is slight for PACl (Yan et al., 2008). Higher
pH is needed to obtain the maximum DOM removal by
enhanced coagulation, so the EC pH for PACl and HPAC is
more dependent on the initial pH of raw water. The impact
of initial pH of raw water on the EC pH for PACl and
HPAC is positive, due to that the higher the initial pH is,
the higher the final pH is.

The impact of DOM content of raw water on the EC pH
for FeCl3, Al2(SO4)3 and HPAC is negative, due to that the
higher the DOM content of raw water is, the more dosage
is needed for enhanced coagulation to be achieved, and the
lower the EC pH is depressed to. The impact of the DOM
content of raw water on the EC pH for PACl is slight, due
to that the decrease in pH is slight after dosing, and the
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increase in dosage needed for enhanced coagulation also
impacts the pH slightly.

2.2 Development of models based on correlation studies

To represent the combined influence of alkalinity and
DOM content of raw water on the EC pH for FeCl3
and Al2(SO4)3, the ratio of alkalinity to DOC (Alkalini-
ty/DOC) of raw water was employed as an independent
variable for FeCl3 and Al2(SO4)3. Similarly to represent
the combined impact of alkalinity and pH of raw water
on the EC pH for PACl, the product of alkalinity and
pH (Alkalinity×pH) of raw water was employed as an
independent variable for PAC. Further, to represent the
combined impact of alkalinity, pH and DOM content of
raw water on the EC pH for HPAC, the ratio of the product
of alkalinity and pH to DOC (Alkalinity×pH/DOC) of raw
water was employed as an independent variable for HPAC.

The EC pH values of 29 raw water samples for FeCl3,
Al2(SO4)3, PACl and HPAC were plotted against the values
of Alkalinity/DOC, Alkalinity/DOC, Alkalinity×pH and
Alkalinity×pH/DOC (Fig. 2), respectively. It can be seen
that the EC pH for all the four coagulants are correlated
with their corresponding independent variables of raw
water. The following mathematical function was adopted
as the basic model to fit the data and represent the

mathematical relationship:

y = A + B × ln (x) (1)

where, y is the dependent variable, x is the independent
variable, and A and B are constants.

Four models that relate the EC pH for the four co-
agulants (pHFeCl3 , pHAl2(SO4)3

, pHPACl and pHHPAC) with
their corresponding independent variables derived from
raw water parameters were determined as follows:

pHFeCl3 = Aaa + Baa × ln
(

Alkalinity
DOC

)
(2)

pHAl2(SO4)3
= Aab + Bab × ln

(
Alkalinity

DOC

)
(3)

pHPACl = Aac + Bac × ln
(
Alkalinity × pH

)
(4)

pHHPAC = Aad + Bad × ln
(

Alkalinity × pH
DOC

)
(5)

where, Aaa, Baa, Aab, Bab, Aac, Bac, Aad and Bad are
constants. High co-efficient of determination values (R2

= 0.832, 0.771, 0.857 and 0.822) were obtained for the
four mathematical models fitted Eqs. (2), (3), (4) and (5),
respectively, showing that these explained most of the data.

0 20 40 60 80 100
3

4

5

6

7

8

9

R
2
 = 0.832

Chi
2
 = 0.089 

p
H

Alkalinity/DOC

 FeCl3

0 20 40 60 80 100
3

4

5

6

7

8

9

R
2
 = 0.771

Chi
2
 = 0.076

p
H

Alkalinity/DOC

 Al2(SO4)3

0 500 1000 1500
3

4

5

6

7

8

9

R
2
 = 0.857

Chi
2
 = 0.018

p
H

Alkalinity × pH (mg/L)

 PACl

0 200 400 600 800
3

4

5

6

7

8

9

R
2
 = 0.822

Chi
2
 = 0.029

p
H

Alkalinity × pH/DOC

 HPAC
 

Fig. 2 Relationships between the final pH after enhanced coagulation for the four coagulants and the independent variables in models (2), (3), (4) and
(5).
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2.3 Optimization of models based on DOM fractiona-
tion characteristics

DOM is a complex matrix predominantly of a wide range
of naturally occurring organic compounds. Generally, hy-
drophobic and higher molecular weight fractions of DOM
are more favourably removed by coagulation than other
fractions, i.e., hydrophilic and lower molecular weight
DOM (Chow et al., 2008; van Leeuwen et al., 2005).
Representing the total DOM, the parameter DOC could not
reveal the difference in coagulation characteristics between
the different chemical fractions or physical fractions in
DOM (Chow et al., 2005). Therefore the relationships be-
tween the EC pH and every chemical and physical fraction
of raw water DOM were investigated. It was supposed that,
the relationships between the EC pH for FeCl3, Al2(SO4)3
and HPAC and the raw water characteristics as described
in models (2), (3) and (5) could be optimized. This could
be done by identifying the most correlative DOM fractions
and replacing the parameter “DOC” in above models by
the contents of these DOM fractions.

2.3.1 Chemical fractions of DOM
In the previous work, the DOMs in the 29 raw water
samples have been characterized using chemical fraction-
ation (Xie, 2011). The parameter “DOC” in independent
variables of models (2), (3) and (5) was replaced by the
content of every chemical fraction of raw water DOM,
i.e. HoB, HoN, HoA, WHoA, HiM, SHoM and HoM. The
relationships between the EC pH for FeCl3, Al2(SO4)3 and
HPAC and the new independent variables were analyzed
statistically.

It was found that the ratio of alkalinity to SHoM content
(R2 = 0.918), the ratio of alkalinity to SHoM content (R2

= 0.849) and the ratio of the product of alkalinity and
pH to SHoM content (R2 = 0.842) of raw water showed
highest R2 values with the EC pH for FeCl3, Al2(SO4)3
and HPAC, respectively. Therefore, the “SHoM content
(DOC×SHoM%)” was selected to replace the “DOC” in
models (2), (3) and (5). Three new models with the SHoM
variables were obtained as follows:

pHFeCl3 = Aba + Bba × ln
(

Alkalinity
DOC × SHoM%

)
(6)

pHAl2(SO4)3
= Abb + Bbb × ln

(
Alkalinity

DOC × SHoM%

)
(7)

pHHPAC = Abd + Bbd × ln
(

Alkalinity × pH
DOC × SHoM%

)
(8)

where, Aba, Bba, Abb, Bbb, Abd and Bbd are constants.
Compared to the R2 values of the model relationships

between the EC pH and DOC of raw water in models (2),
(3) and (5), the R2 values between the EC pH and the
hydrophobic DOM content of raw water in models (6),
(7) and (8) were higher. It indicated that the EC pH for
FeCl3, Al2(SO4)3 and HPAC was actually influenced by
the content of hydrophobic DOM in raw water.

2.3.2 Physical fractions of DOM
In the previous work, the DOMs in the 29 raw water
samples were also characterized using physical fraction-
ation (Xie, 2011). The parameter “DOC” in independent
variables of models (2), (3) and (5) was replaced by the
content of every physical fraction of raw water DOM,
including Peak 1, Peak 2, Peak 3, Peak 4, Peak 5, Peak
4,5 and Peak 3,4,5. The relationships between the EC pH
for FeCl3, Al2(SO4)3 and HPAC and the new independent
variables was analyzed.

It was found that the ratio of alkalinity to Peak 4,5
content (R2 = 0.930), the ratio of alkalinity to Peak 4,5
content (R2 = 0.889) and the ratio of the product of
alkalinity and pH to Peak 4,5 content (R2 = 0.867) of raw
water showed highest R2 values with the EC pH for FeCl3,
Al2(SO4)3 and HPAC, respectively. The Peak 4,5 content
(DOC×Peak 4,5%) was subsequently selected to replace
the “DOC” in models (2), (3) and (5). The further three
new models were derived as follows:

pHFeCl3 = Aca + Bca × ln
(

Alkalinity
DOC × Peak4, 5%

)
(9)

pHAl2(SO4)3
= Acb + Bcb × ln

(
Alkalinity

DOC × Peak4, 5%

)
(10)

pHHPAC = Acd + Bcd × ln
(

Alkalinity × pH
DOC × Peak4, 5%

)
(11)

where, Aca, Bca, Acb, Bcb, Acd and Bcd are constants.
Compared with the R2 values of models (2), (3) and

(5) between the EC pH and DOC of raw water, the R2

values of models (9), (10) and (11) between the EC pH
and the higher AMW DOM content of raw water was also
higher. It indicated that the EC pH was also impacted by
the content of higher AMW DOM in raw water.

2.3.3 Removable DOM
From the above results, it is evident that the EC pH is
influenced by the content of hydrophobic DOM or higher
AMW DOM in raw water, which actually were both the re-
movable DOM by enhanced coagulation. It was supposed
that, the models (2), (3) and (5) could be further optimized
by replacing the parameter “DOC” by the content of all
removable DOM by enhanced coagulation.

Before the replacement, the content of removable DOM
by enhanced coagulation of FeCl3, Al2(SO4)3 and HPAC
should be determined. Generally, the hydrophobic and
higher AMW DOM fractions are recognized as being more
readily removable by enhanced coagulation (Chow et al.,
2008; van Leeuwen et al., 2005). In the previous work,
the relationships between the DOM removal efficiency by
enhanced coagulation using the three coagulants and the
percentages of hydrophobic fractions (HoB, HoN, HoA,
SHoM and HoM) and higher AMW DOM fractions (Peak
3, Peak 4, Peak 5, Peak 4,5 and Peak 3,4,5) have been
analyzed using the data of 29 raw water samples (Xie,
2011). A high degree of linear correlation was found
between them. The percentage of SHoM (SHoM%, R2:
0.849–0.908) and the percentage of Peak 4,5 (Peak 4,5%,
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R2: 0.798–0.873) showed highest R2 values with the DOM
removal efficiency by enhanced coagulation for the three
coagulants. Based on the above, the models of DOM
removal efficiency by enhanced coagulation for the three
coagulants could be readily established. The following
linear function was adopted as the basic model to represent
the mathematical relationship:

y = A′ + B′ × x (12)

where, y is the dependent variable, x is the independent
variable, and A

′
and B

′
are constants.

The SHoM% and the Peak 4,5% were selected as the
independent variables respectively based on the chemical
fractionation and the physical fractionation. The models of
DOM removal efficiency by enhanced coagulation for the
three coagulants (Rcoagulant) were determined as follows:

RFeCl3 = Aa1 + Ba1 × SHoM% (13)
RFeCl3 = Aa2 + Ba2 × Peak4, 5% (14)
RAl2(SO4)3 = Ab1 + Bb1 × SHoM% (15)
RAl2(SO4)3 = Ab2 + Bb2 × Peak4, 5% (16)
RHPAC = Ad1 + Bd1 × SHoM% (17)
RHPAC = Ad2 + Bd2 × Peak4, 5% (18)

where, Aa1, Aa2, Ba1, Ba2, Ab1, Ab2, Bb1, Bb2, Ad1, Ad2, Bd1
and Bd2 are all constants.

The contents of the removable DOM by enhanced
coagulation for the three coagulants could be quantified
by above models (14), (16) and (18) based on physical
fractionation. The removable DOM contents, i.e. “DOC
Rcoagulant”, of the three coagulants were selected to
replace the “DOC” in models (2), (3) and (5). Another
three new models of EC pH were obtained as follows:

pHFeCl3 = Ada + Bda × ln
(

Alkalinity
DOC × (Aa2 + Ba2 × Peak4, 5%)

)
(19)

pHAl2(SO4)3
= Adb + Bdb × ln

(
Alkalinity

DOC × (Ab2 + Bb2 × Peak4, 5%)

)
(20)

pHHPAC = Add + Bdd × ln
(

Alkalinity × pH
DOC × (Ad2 + Bd2 × Peak4, 5%)

)
(21)

where, Ada, Bda, Adb, Bdb, Add and Bdd are constants.
High R2 values (0.936, 0.905 and 0.869) were obtained

for the three coagulants FeCl3, Al2(SO4)3 and HPAC,
respectively (Fig. 3).

In the same way, the content of the removable DOM
by enhanced coagulation for the three coagulants could be
quantified by the above models (13), (15) and (17) based
on chemical fractionation. Another three models with high
R2 values using the chemical fraction “SHoM%” as an
input parameter could also be obtained.

The EC pH showed improved model fitting (higher R2

values) with all removable DOM content of raw water in
models (19), (20) and (21) than the hydrophobic fraction
content of raw water in models (6), (7) and (8) or the higher
AMW fraction content of raw water in models (9), (10) and
(11). This indicates that the EC pH was most influenced by
the content of entire removable DOM by enhanced coag-
ulation rather than the individual hydrophobic fractions or
high AMW fractions in raw water DOM.

2.4 Preliminary validation of the prediction accuracy
of the models

The Changsha Xiangjiang River (CX) source water beyond
the thirteen investigated source waters was employed to
preliminarily validate the above models of EC pH for
prediction purpose. The CX raw water was characterized
by the general water quality parameters and the chemical
and physical fractionation, and the jar tests of enhanced
coagulation using the four coagulants without pH control
were conducted. The models (19), (20), (4), and (21)
were selected to predict the EC pH for FeCl3, Al2(SO4)3,
PACl and HPAC, respectively. The predicted data were
compared with the actual data determined by the jar tests
and are shown in Table 1. The low deviation was found,
indicating that the predicted data matched well with the
actual data.

The results of preliminary validation of the developed
models indicate the potential for their application in prac-
tical operation of drinking water treatment plant to predict
the final pH after enhanced coagulation without pH control
for maximum DOM removal. However, further validation

Table 1 Comparison of the model predicted data with the actual data
for the Changsha Xiangjiang River source water

Final pH after enhanced coagulation
Actual Predicted

FeCl3 6.86 6.81
Al2(SO4)3 7.02 7.00
PACl 7.70 7.64
HPAC 7.62 7.67
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Fig. 3 Relationships between the final EC pH for three coagulants and the independent variables in models (19), (20), and (21).
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is still needed before practical application can be done,
including the validation by jar tests of more Chinese or
worldwide source waters beyond those investigated waters
in this article and the validation by pilot plant trials.

The application of the developed models could be based
on the practical analytical ability and instrument condition
at the drinking water treatment plant. More advanced
characterization technique is employed, more precise the
prediction capability will be. However in practice, the
prediction should be balanced by the need for precision and
the costs and time required by the advanced DOM charac-
terization techniques. Moreover in practice, the application
of the models should be following thorough validation and
calibration for specific waters and water treatment oper-
ations. This feed-forward prediction modeling approach
might be improved or made more robust through model
development to include feed-back parameters from the
treated water quality to provide reliable and accurate data
of final pH after enhanced coagulation.

3 Conclusions

A set of feed-forward semi-empirical models with R2

values was developed and optimized from which the final
pH after enhanced coagulation can be predicted. Opti-
mized models have input data of removable DOM based
on hydrophobicity and AMW. Models were developed
for four coagulants, FeCl3, Al2(SO4)3, PACl and HPAC
and applied to the enhanced coagulation for maximum
DOM removal without pH control. These models were
preliminarily validated using one kind of water collected
from Changsha Xiangjiang River, and prediction results
showed low deviation from the actual data. This finding
indicates the possibility for the application of these models
in practical operation at drinking water treatment plants.
However further validation is still required. In practice, the
prediction of final pH after enhanced coagulation using
the models should take into account the costs and time
of advanced DOM characterization techniques, the site
specific testing requirements and the potential of further
model development for improved prediction capacity.
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