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a b s t r a c t

Conventional coagulation is not an effective treatment option to remove natural organic

matter (NOM) in water with high alkalinity/pH. For this type of water, enhanced

coagulation is currently proposed as one of the available treatment options and is

implemented by acidifying the raw water and applying increased doses of hydrolyzing

coagulants. Both of these methods have some disadvantages such as increasing the

corrosive tendency of water and increasing cost of treatment. In this paper, an improved

version of enhanced coagulation through coagulant optimization to treat this kind of water

is demonstrated. A novel coagulant, a composite polyaluminum chloride (HPAC), was

developed with both the advantages of polyaluminum chloride (PACl) and the additive

coagulant aids: PACl contains significant amounts of highly charged and stable polynuclear

aluminum hydrolysis products, which is less affected by the pH of the raw water than

traditional coagulants (alum and ferric salts); the additives can enhance both the charge

neutralization and bridging abilities of PACl. HPAC exhibited 30% more efficiency than alum

and ferric salts in dissolved organic carbon (DOC) removal and was very effective in

turbidity removal. This result was confirmed by pilot-scale testing, where particles and

organic matter were removed synergistically with HPAC as coagulant by sequential water

treatment steps including pre-ozonation, coagulation, flotation and sand filtration.

& 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Natural organic matter (NOM) can cause taste, odor and color

problems in potable water, and bacterial regrowth in dis-

tribution systems. More importantly, NOM is a precursor for

disinfection by-products, such as trihalomethanes (THMs)

and haloaetic acids (HAAs), which are found to be carcino-
r Ltd. All rights reserved.

; fax: +86 10 62923541.
(M. Yan), Sunwds@yahoo
gens (USEPA, 1998). Recently, the US Environmental Protec-

tion Agency (USEPA) has established more stringent

maximum contaminant levels of 80 and 60mg/L for THMs

and HAAs, respectively, for finished drinking water. Effective

removal of NOM is one of the major challenges for the

modern drinking water treatment industry. Enhanced coagu-

lation has been proposed as the best available technology for
.com (D. Wang).
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Table 1 – Speciation of coagulant–PACls, monomeric
species (Ala), medium polymer species (Alb) and species
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NOM removal, and the regulation for percentage removal of

NOM expressed in total organic carbon (TOC) was set up

based on raw water quality. Application of the regulation

(in the US) involves two steps: Step 1 defines the required

removal percentage of TOC according to the raw water TOC

and alkalinity levels. Step 2 provides an alternative perfor-

mance criterion, when it is technically not feasible for

treatment plants to meet Step 1 TOC removal requirements.

The alternative TOC removal target is determined by jar

testing to achieve a required TOC removal (more than

0.3 mg/L TOC removal per increasing 10 mg/L coagulant) with

the combination of depressing the coagulation/flocculation

pH to a lower value (USEPA, 1998).

For the non-prehydrolyzed coagulants, alum and ferric

salts, maximum NOM removal occurs under slightly acidic

conditions (pHo6.0). However, for high-alkalinity waters, the

high-pH conditions provide excess OH� for metal hydrolyza-

tion and consequent formation of hydroxide precipitate,

which is not as efficient as polymeric metal cations for

organic matter (OM) removal. Enhanced coagulation for high-

alkalinity water is generally performed in two ways: acidify-

ing the raw water or applying increased dosage of coagulants

(Crozes et al., 1995; USEPA, 1998). Both of these methods have

some disadvantages such as increasing the corrosive ten-

dency of the water and treatment costs (Carlson et al., 2000).

Some source waters are seriously polluted by synthetic

organic contaminants (SOCs) from industrial discharge (Yan

et al., 2006). Some of these SOCs are low molecular weight

and hydrophilic compounds with low specific UV absorbance

(SUVA) values, which shared the character of difficult to

remove by conventional treatment process, especially by

coagulation (Edzwald, 1993). For water with SOC present,

the removal efficiency of OM by coagulation is low even at

high dosage and optimal pH region with traditional metal

coagulants (Yan et al., 2006). Therefore, exploring new options

to treat organic polluted source water with high alkalinity is

important. This paper reports an optimization study of

coagulants and the application of a composite coagulant to

improve the efficiency of NOM removal.
of sol or gel (Alc)

Basicity Ala (%) Alb (%) Alc (%)

AlCl3 0 91.9 8.1 0

PAClI
* 1.6 40.0 38.5 21.5

PACl25** 2.5 5.4 77.8 16.8

*I means industrial PACl product; **25 means PACl produced by a

base titration method with the target OH/Al molar ratio.

Table 2 – The charge density and molecular weight of
polyelectrolytes

Name Charge density (%) Molecular weight

PDADMAC 100 Low

PAM-C1596 40 High

PAM-C1592 10 Very high
2. Materials and methods

2.1. Materials

The two coagulants, aluminum chloride (AlCl3) and ferric

chloride (FeCl3), used in bench-scale tests were of reagent

grade (Chemical Regent Co., Tianjin, China). FeCl3 (with Fe2O3

content of 40%) used in pilot trials was made by a local

company (Tianjin Tianshui Water Cleaning Agent Co., China).

Commercial polyaluminum chloride (PAClI) and a novel

composite polyaluminum chloride (HPAC) (both with 10%

Al2O3 content) were produced by a local company (Beijing

Wanshui Water Cleaning Agent Co., China) using the techni-

que developed in our laboratory. HPAC was prepared from

PAClI and other organic and inorganic additives such as active

silicates and polydiallyldimethyl ammonium chloride (PDAD-

MAC). The coagulant, PACl25 (with OH/Al molar ratio of 2.5),

was prepared by a base titration method applied at room

temperature (Wang and Tang, 2001). The Al species distribu-
tions in the PACls and AlCl3 samples were analyzed by

the Ferron Assay (Wang et al., 2004). The Ferron reagent

(8-hydroxy-7-iodo-5-quinoline sulfonic acid) was supplied by

Sigma, UK. The chemical species of hydrolyzed Al(III) can be

classified, based on different reaction rates, into three types:

monomeric species (Ala) (instantaneous reaction), medium

polymer species (Alb) (reaction is less than 120 min) and

species of sol or gel (Alc) (no reaction). The species distribu-

tions of coagulant are shown in Table 1.

Another composite coagulant, polyaluminum-silicate-

chloride (PASiC) was prepared as follows: slowly adding

10.75 mL concentrated silica solution (typically 3 M SiO2,

commercial grade, Chemical Regent Co., Beijing, China) to

10 mL 2 M hydrochloric acid under stirred condition to obtain

polysilicate (PSi) solution. The pH of the PSi solution was

between 2.0 and 2.5 at a SiO2 concentration of 1.5 M. In the

following step, PAClI was mixed with fresh PSi solutions with

Al/Si ratios X5, to obtain PASiC coagulants (Gao et al., 2002b).

Two kinds of cationic polymers polyacrylamide (PAM) and

PDADMAC were selected as coagulant aids, and their mole-

cular weights and charge densities are given in Table 2. Both

C1592 and C1596 (Cytec Industries, Inc., USA) are high

molecular weight cationic PAM polymers with different

charge densities. The charge density of C1592 is relatively

high compared with C1596. The PDADMAC (Taicang Floc

Company, China) selected was characterized as cationic

polymer with lower molecular weight and with much higher

charge density as compared with the two PAM polymers. All

cationic polymers used were prepared at a concentration of

0.1% (weight/weight).

Raw water was collected from the Luan River and the

Yellow River, located in the North-China region. These are the

source waters supplying the Tianjin water treatment plants.

The general water quality of the two raw waters is presented

in Table 3.
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Table 3 – The average (NX450) quality of the raw waters
used in this study

Turbidity

(NTU)

pH Alkalinity

(mg/L as

CaCO3)

CODMn

(mg/L)

Luan River 20.0 8.30 121.1 4.78

Yellow

River

8.4 8.32 156.9 4.80
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2.2. Laboratory jar tests

Jar tests were performed with 1 L of raw water in 1.4-L2

beakers with a sampling port located 3 cm below the water

surface. A programmable jar testing apparatus was used with

the following procedures: addition of coagulant followed by

30 s rapid mixing at 300 rpm (G ¼ 172.1 s�1), 2 min rapid

mixing at 250 rpm (G ¼ 134.4 s�1), 10 min flocculation at

40 rpm (G ¼ 11.3 s�1) and 20 min settling. Treated water

samples were taken after settling for later analyses. Coagu-

lant dosage was measured by a calibrated pipette.
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2.3. Pilot-scale tests

Treated water samples were collected from a pilot-plant

facility of a typical Northern-China water treatment plant,

with source water supplied from the Yellow River and the

Luan River. The pilot plant has two parallel trains; train one

has pre-ozonation, coagulation, dissolved air flotation (DAF)

or sedimentation, sand filtration, mid-ozonation, granular

activated carbon (GAC) and disinfection. Train two has pre-

ozonation, coagulation, DAF, sand filtration, mid-ozonation,

GAC and disinfection. The pilot plant was operated with one

train using HPAC and the other with FeCl3 as coagulant.

During the experiment, the flow rate of each system was

controlled at 5 m3/h. The coagulation process was carried out

using the following conditions, rapid mixing (t ¼ 1 min,

G ¼ 756 s�1) and two-stage flocculation (in each stage,

t ¼ 9 min, G ¼ 91.5 s�1). The surface loading rate of flotation

separation pond was 11 m3/m2/h, the recycle ratio was 10%

and the saturator pressure was 0.4 MPa, residence time was

126 s. The sedimentation pond is equipped with a 601 inclined

pipe and it is 1 m in length. The depth of the sand filtration

bed was 2.7 m, the filtration rate was 7.86 m/h, and sand with

400 nm average diameter was used as filter media. The details

of the pilot plant have been reported earlier in the literature

(Yan, 2006).
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Fig. 1 – Effect of pH on the coagulation efficiency of AlCl3 and

FeCl3 for (a) DOC removal and (b) turbidity removal.
2.4. Analytical methods

TOC was analyzed using a Phoenix 8000 system (Tekmar-

Dohrman Co., USA). Dissolved organic carbon (DOC) was

analyzed after filtration through a 0.45mm membrane. UV254

was measured by a spectrophotometer (UV–vis 8500, China)

after filtration through a 0.45mm membrane. SUVA is

calculated as UV254 divided by the mg/L DOC concentration.

Turbidity was measured using a 2100N Turbidimeter (Hach,
USA). Metal elements were analyzed by inductively coupled

plasma-atomic emission spectrometry. Total aluminum (Al)

and iron (Fe) and dissolved Al and Fe concentrations were

measured before and after sample filtration through 0.45mm

membrane, respectively. Prior to total Al and Fe analyses,

samples were digested by nitric acid. Colloidal Al and Fe were

defined as the difference between total and dissolved Al or Fe

concentrations (APHA, 1995). The alkalinity and chemical

oxygen demand (CODMn) were measured by standard meth-

ods (APHA, 1995). pH was measured using a pHS-3C pH

meter (Shanghai, China) calibrated daily using pH buffer

solutions. Zeta potential was measured using a Particle Micro-

Electrophoresis Apparatus (Rank Brothers, Apparatus Mark II,

UK). Floc formation (size) during the coagulation/flocculation

period was measured using a Galai CIS-1 computerized

inspection system (Galai Production Ltd., Darmstadt, Germany),

and the procedures reported in Gao et al. (2002a) were used.
3. Results and discussion

3.1. The effect of pH on coagulation with traditional
coagulants

Fig. 1 shows the optimum NOM/DOC removal conditions for

the Yellow River water using traditional coagulants, FeCl3 and

AlCl3, which occurred under acidic conditions (FeCl3 between

4.0 and 5.5 and AlCl3 between 5.5 and 6.0). The optimum pH

range for turbidity removal was at a slightly higher range,

5.6–8.2 for FeCl3 and 6.5–8.2 for AlCl3, as compared with the

DOC removal situation. A wider applicable pH range for FeCl3
was observed when compared with the pH range of AlCl3.

This is because the pH for FeCl3 hydroxylation and polymer-

ization is lower than that for AlCl3.

As shown in Fig. 2, DOC and turbidity removal correlated

well with the hydrolyzing behavior of the coagulants with the

minimum solubility of FeCl3 and AlCl3 at pH 5.8 and pH 6.3,
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Fig. 2 – Effect of pH on distribution of residual coagulant:

(a) residual Al and (b) residual Fe.
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Fig. 3 – The comparison of PACls with various basicity for

(a) DOC removal and (b) turbidity removal.
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respectively. Turbidity removal is most efficient at pH slightly

higher than that for their minimum solubility pH for both

FeCl3 and AlCl3. However, DOC removal was most efficient at

a pH slightly lower than the pH of their minimum solubility.

At a pH higher than the minimum solubility pH, the

hydrolysis products of FeCl3 and AlCl3 are high molecular

weight polymers or sols, which efficiently remove particles

through bridging or sweep flocculation. While at a pH slightly

lower than the minimum solubility pH of the coagulant, the

hydrolysis products of FeCl3 and AlCl3 are mainly medium

polymers or monomers, which have a high ability to remove

DOC by complexation, adsorption, charge neutralization or

co-precipitation. It was observed that the flocs formed at the

pH range would not settle as efficient as those formed at the

basic pH range. For FeCl3 and AlCl3, their metal hydrolysis

products complexed with dissolved NOM to a colloidal state

at pH about 5.0 and 5.8, respectively, and the concentrations

of colloidal Al and Fe were high (Fig. 2). Although these

colloidal products are rather difficult to be removed by

sedimentation alone, it is possible to be removed by 0.45mm

filtration.

For both FeCl3 and AlCl3 (Fig. 2), the medium polymeric or

monomeric species are the most efficient species for DOC

removal, and these kinds of hydrolysis products are produced

in an acidic pH condition (Yan et al., 2007a). For water with

high alkalinity, the presence of OH� meets the demand of
metal hydrolyzation to form sols and precipitates, which is

not a favorable condition for effective removal of DOC.

3.2. Enhanced coagulation of high-alkalinity water with
PACl

Inorganic polymer flocculants (IPFs) have been developed

rapidly and it is widely applied, especially in China, Japan,

Russia and western Europe (Wang et al., 2004). PACl, one form

of IPF, contains high level of charged polymeric Al hydrolysis

products. The preformed Al polymers are highly stable, with

great stability even after it was dosed into the water (Wang

et al., 2004; Yan et al., 2007a). The species distribution of PACl

is governed by the degree of pre-hydrolysis, the hydroxide-

to-Al ratio, which is often referred to the basicity (B) of PACl.

The efficiency of PACls in the treatment of high-alkalinity

water was investigated with three PACls with various B

values. Results for the Luan River water are shown in Fig. 3.

Considering the speciation of the PACls (Table 1), it is

indicative that the medium polymer species (Alb) content in
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Fig. 4 – Effect of cationic polymers/coagulant aids on PACl at

dose of 0.06 mM for (a) UV254 removal and (b) turbidity

removal.
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PACls is correlated with DOC removal. PACl25 is the most

efficient coagulant for DOC removal, followed by PAClI and

AlCl3. The reason that PACl25 exhibited the best DOC removal

could be due to the high neutralization ability of Alb species

(Yan et al., 2007a).

At low dose (0.02 mM), DOC removal performance was in

the order of PACl25 4 PAClI4 AlCl3. When coagulant dose

increased from 0.02 to 0.33 mM, DOC removal using AlCl3 was

improved and finally AlCl3 became the most efficient

coagulant in DOC removal. It needs to be noted that the

solution pH dropped into the acidic range after the addition of

AlCl3, while only slight pH changes were observed for the high

B value PACls (Yan et al., 2007a). The improved DOC

removal by AlCl3 can be attributed to the drop in pH and

the formation of Alb in-situ. However, AlCl3 coagulant is not

an ideal choice for high-alkalinity waters because of high-

dosage requirement.

At low PACl dosage, the mechanism of turbidity removal is

mainly through charge neutralization. The higher the content

of Alb the greater the efficiency of turbidity removal. When

doses are increased, particles may re-stabilize due to the

formation of positively charged small flocs, and particularly

when high-content Alb PACls are used (Yan et al., 2007a).

The results show that the pre-hydrolysis of AlCl3 could

enhance the removal of DOC and turbidity for water with high

alkalinity, at relatively low dosage. Also, it was found that the

use of PACl could overcome the weakness of metal coagulant

hydrolysis in high-alkalinity waters.

3.3. Effect of coagulant aids on enhanced coagulation with
PACl

Coagulant aids, such as organic polymers and activated silica,

are commonly used to improve the performance of primary

coagulant for turbidity and NOM removal. They can also be

used with primary coagulants to prepare composite coagu-

lants.

3.3.1. Effects of polyelectrolytes on PACl
Cationic polymers are often used as coagulant aids to

optimize coagulation and reduce the consumption of primary

coagulant (Bolto et al., 1999; Edzwald and Tobiason, 1999;

Chang et al., 2005). Two kinds of cationic polymers, PAM and

PDADMAC, were selected to study the effects of cationic

polymers on PAClI at a single dose of 0.06 mM for the

treatment of the Yellow River water.

As shown in Fig. 4, the addition of high molecular weight

PAM (C1592, C1596) can enhance the efficiency of turbidity

removal. However, low molecular weight PDADMAC has very

little effect on turbidity removal. The effectiveness of these

three organic polymers on turbidity removal enhancement is

in the order of C15924C15964PDADMAC. It therefore sug-

gests that molecular weight is more important for particle

removal than charge density.

The effects of coagulant aids on NOM removal are not the

same as turbidity removal. Among the three coagulant aids

studied, PDADMAC is the most effective coagulant for NOM

removal due to its highest positive charge density. Both C1592

and C1596 are high molecular weights coagulant aids and

were found to be less effective in NOM removal.
For turbidity removal, polymer bridging plays an important

role, which is facilitated by high molecular weight polymers

with relatively low charge density. For NOM removal, charge

neutralization plays a dominant role. Generally, aqueous NOM

is negatively charged and the coagulant demand for neutraliz-

ing the negative charge is much higher than that for

neutralizing the charge of mineral particles. Therefore, PDAD-

MAC with the highest positive charge was found to be the most

efficient coagulant aid in terms of NOM removal (Chang et al.,

2005; Yu et al., 2007). Due to the different mechanisms in

mineral particles and OMr removal, it is difficult to simulta-

neously achieve optimal removal for both particles and NOM.

3.3.2. Effects of activated silica on optimized coagulation
PACl and activated silica, a form of PSi, can be used to

prepare PASiC coagulant. PASiC may be prepared by pre-

polymerization of Al and silicate individually or by mixing Al

salt and silicate prior to hydrolyzing and polymerizing

together (Gao et al., 2002a, b).

The coagulation performance of PASiCs with various Al/Si

ratios has been evaluated in comparison with PACl by many
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Fig. 5 – Comparison of coagulation performance with PASiCs and PACl.
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researchers (Song, 1999; Gao et al., 2003; Shi, 2004; Liu, 2006).

Results from using this coagulant on the Yellow River water

are shown in Fig. 5.

It can be seen that PASiC coagulants are more effective than

PACl coagulants in turbidity removal especially at lower doses

when the ratio of Al/Si in PASiC is not too low (Song, 1999; Gao

et al., 2003). The PASiC coagulants are less effective than PACl

coagulants in UV254 removal. It is indicated that incorporating

low concentrations of PSi into polyaluminum salts can have

both advantages and disadvantages on the coagulation perfor-

mance of PACl (Arnold-Smith and Christie, 1992; Gao et al.,

2002a, b). It has been found that PASiC coagulants have higher

molecular weight than PACl coagulant, thus the bridge-forma-

tion capability of PASiC should be better than that of PACl.

Consequently, flocs formed by PASiC developed more quickly

and are larger than that formed by PACl. PSi, a negatively

charged inorganic polymer, can decrease the positive charge of

PACl when they were combined together. As the PSi portion of

the coagulant increases, it gives more negative streaming

current and zeta potential. The introduction of PSi into PACl

could enhance the aggregating efficiency of PACl, but the

charge neutralization ability of PACl might be weakened.

3.4. Novel highly efficient composite coagulant (HPAC)

In view of the advantages and disadvantages of organic

cationic polymers and activated silica, a new composite
coagulant HPAC based on the modification of PACl with

focusing on the efficient species of Al13, etc., and in

combination of large composite polymer coagulation aids

such as active silicates and PDADMAC was developed. These

additives are able to enhance both the charge neutralization

and bridging properties of PACl (Yan, 2006).

Coagulation using HPAC for northern China waters was

compared with three commonly used coagulants FeCl3, AlCl3
and PACl, in different seasons. The results for autumn Luan

River water are shown here as an example in Fig. 6.

Fig. 6 shows that HPAC is the most efficient coagulant for

both NOM and turbidity removal at low dosages. At a dosage

of 0.04 mM, 20% DOC removal can be achieved, which is

higher than that by AlCl3, FeCl3 and PACl. The percentage of

TOC removal can reach the USEPA-enhanced coagulation

requirements for the water with similar alkalinity and TOC

levels (25%). As the dosages increase, their differences

become less. At high dosage, the adsorption–precipitation

mechanism becomes dominant, and FeCl3 and AlCl3 efficien-

cies are greater than that of HPAC (Yan et al., 2006).

The results indicate that HPAC is more capable of removing

DOC with high UV254 (high SUVA) at low coagulant dosage

than other coagulants, and higher DOC removal by HPAC is

mainly attributed to the additives besides PACl. The additives

not only improve the charge neutralization and bridging

properties of PACl but also adsorb some portions of NOM or

complex with NOM to form co-precipitate. HPAC has been
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Fig. 6 – Comparison of HPAC and traditional coagulants for

(a) DOC removal, (b) UV254 removal and (c) turbidity removal.
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found to be more efficient in removing hydrophobic basic and

neutral NOM, as well as high molecular weight NOM than

FeCl3 (Yan et al., 2006).

Fig. 6 shows that HPAC is also more efficient in turbidity

removal than AlCl3 and PACl, and is as efficient as FeCl3. It is
found that the flocs formed by HPAC have relatively larger

dimension and lower fractal dimensions than those formed

by AlCl3 and PACl, and are much closer to those of FeCl3 (data

not presented).

3.5. Coagulation optimization: an integrated process

As one of the most important steps in an integrated water

treatment process, coagulation optimization should be con-

ducted in considering its effect on other treatment steps.

3.5.1. Effect of HPAC on solid/liquid separation
Several researchers (Edzwald, 1983; O’Melia et al., 1987;

Malley, 1988) found that removal of NOM following coagula-

tion and flocculation was independent of the type of solid/

liquid separation process (flotation vs. sedimentation) with

coagulants. However, the solid/liquid separation process is an

important factor that affects the efficiency of HPAC for NOM

removal.

When using HPAC as coagulant, TOC removal efficiency via

flotation was found to be about 5% higher than that by

sedimentation. The TOC removal ratio of flotation–filtration

increases up to about 9% higher than that of sedimentation–

filtration. Flotation can remove hydrophobic DOC more

efficiently because air bubbles have good affinity for hydro-

phobic DOC. Hydrophobic basic and neutral DOC can be

almost completely removed by the flotation process, and the

residual DOC concentration with molecular weight 410 k

DOC is less than that by sedimentation (Yan et al., 2006).

The flocs formed by HPAC were smaller and less compact,

which were not favorable for sedimentation, and the residual

turbidities in the water following flotation and sedimentation

were about 0.8 and 3.0 NTU, respectively. Although flotation is

more efficient than sedimentation in turbidity removal, the

residual turbidities after filtration are almost the same.

However, the running period of sand filtration after sedimen-

tation is half of that following flotation.

3.5.2. Effect of pre-ozonation on coagulation with HPAC
It was reported earlier that pre-ozonation can affect coagula-

tion performance of FeCl3 (Yan et al., 2007b). Pre-ozonation

acted as coagulation aid at a dose of 1.0 mg/L O3 for turbidity

and UV254 removal, while at a dose of 2.0 mg/L O3, pre-

ozonation inhibited NOM removal (indicated as UV254 re-

moval). The influence of pre-ozonation on the performance of

HPAC for both turbidity and UV254 removal was not signifi-

cant. This is in clear contrast to FeCl3.

Unlike FeCl3, HPAC can remove DOC through diverse

mechanisms such as charge neutralization, adsorption and

bridge formation. Hence, the removal of DOC by HPAC is less

influenced by the pre-ozonation step. Even at high O3 dosage,

the positively charged polymeric Al species together with the

additives can efficiently neutralize and adsorb the ozonation

products (e.g. organic acids) presented in ozonated water (Yan

et al., 2007b).

3.5.3. Effect of HPAC on filtration
The effect of HPAC on filtration was studied by comparison

with a composite coagulant prepared using FeCl3, NaSiO3

(prepared before dosing in 1:1) and coagulant aid PDADMAC
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(0.15 mg/L) in the pilot plant. Fig. 7 shows that the HPAC is not

only more efficient in removal of NOM and turbidity than the

traditional coagulant, but it can also achieve longer running

period of sand filtration.
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Fig. 7 – Effect of HPAC and traditional coagulants on

filtration: (a) UV254 and CODMn removal, (b) turbidity

removal and (c) run time.
3.5.4. Residual Al of coagulation with coagulant HPAC
The use of HPAC increased the concentrations of total Al to a

much higher level in the water following flotation compared

with that in raw water, but the dissolved Al in it only

increased slightly, from 0.073 to 0.086 mg/L. Most Al was in

the form of flocs, which could be easily removed by

sedimentation, flotation and sand filtration, and the residual

dissolved Al can be lowered to 0.064 mg/L. The residual Al was

further decreased to 0.043 mg/L with the removal of NOM in

the subsequent mid-ozonation and GAC filtration process,

lower than the limitation of Al content in Standards for

Drinking Water Quality of China (GB 5749-2006), 0.2 mg/L (Yan

et al., 2007c).
4. Conclusion

In this paper, a study conducted on enhanced coagulation of

high-alkalinity and micro-polluted water was reported. The

main conclusions drawn are as follows:
(1)
 For the traditional coagulants, alum and ferric salts,

optimum pH condition for NOM removal is in the acidic

region (pHo6.0). Using pre-hydrolyzed polyaluminum

coagulants, efficient NOM removal can be achieved for

raw water with high alkalinity at a higher pH. Preformed

medium polymers (Alb) are accountable for the effective-

ness of polyaluminum coagulants in terms of NOM

removal.
(2)
 Organic cationic polymers and activated silica are efficient

coagulation aids to improve the coagulation performance

of PACl. Organic cationic polymers can enhance the

neutralization ability of PACl, and activated silica can

enhance the bridging ability of PACl.
(3)
 A new composite coagulant (HPAC) was developed espe-

cially for high alkalinity and micro-polluted water, and is

highly efficient in NOM and turbidity removal. Particles

and NOM were removed synergistically with HPAC as

coagulant by sequential treatment of different processes

including pre-ozonation, coagulation, flotation and sand

filtration. The residual Al is relatively low.
(4)
 Coagulant optimization such as HPAC application can be

considered as an alternative option to acidifying the raw

water and applying increased doses of hydrolyzing

coagulants to enhance NOM removal from high-alkalinity

and micro-polluted waters.
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