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1. Introduction

Natural organic matter (NOM) in source water can cause odor,
taste, color, and bacterial regrowth problems during distribution
for drinking water supply. More importantly, NOM is the precur-
sor for health concerning disinfection by-products (DBPs), such as
trihalomethanes (THMs) and haloacetic acids (HAAs). The US Envi-
ronmental Protection Agency (USEPA) has proposed more stringent
maximum contaminant levels (MCLs) of 80 and 60 �g/L for THMs
and HAAs, respectively in finished drinking water [1,2]. Removal of
NOM in an effective way is one of the major challenges in mod-
ern drinking water industry. Enhanced softening, improving the
removal of DBPs precursor by precipitative softening, was recom-
mended by the USEPA as one of the best available technologies to
control the formation of DBPs [1].

Softening is employed in drinking water treatment primarily
for the removal of polyvalent metallic ions, principally calcium and
magnesium. Previous research indicates that only limited NOM
removal can be achieved during the conventional softening pro-

∗ Corresponding author. Tel.: +86 10 62849138; fax: +86 10 62923541.
E-mail addresses: Yankingcn@yahoo.com (M. Yan), wgds@rcees.ac.cn (D. Wang).

1383-5866/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.seppur.2008.02.014
il Bag 3, Salisbury, South Australia 5108, Australia

ted high hardness surface water by enhanced softening via precipitation
s FeCl3, AlCl3 and polyaluminum chloride (PACl), was investigated in bench
oval of natural organic matter (NOM) (UV254 removal reaches about 50%)
ing with coagulant addition conditions as compared with conventional
softening alone without coagulation. It is found that PACl could enhance

cipitate to remove NOM efficiently at relative lower pH range (pH <10).
H for enhanced softening can be decreased significantly into the practical
operation. The efficiency of enhanced softening is affected significantly
e and dose, but also by raw water quality such as NOM characteristics,
ess. NOM with more hydrophobic content and higher molecular weight
some situations. For water with higher content of Mg2+, the inflexion pH

ower. It is of practical value for organic-polluted water with high content
enhanced softening with PACl.

© 2008 Elsevier B.V. All rights reserved.

cess [3–6]. Even the use of high doses of lime (200 mg/L) may not
be effective to remove DBP precursors due to electrostatic repulsion

arising from the high negative charge density of humic substances
and the negatively-charged calcium carbonate dense crystalline
surface [7–9]. Altering the surface character of calcium carbon-
ate precipitates by adding cationic polyelectrolytes is an alternative
option to enhanced NOM removal during softening [10,11].

Unlike calcium carbonate, magnesium hydroxide precipitates
as positively-charged particles with an amorphous structure and
larger surface area [3,6]. It is found that a small increase in mag-
nesium precipitation results in a significant NOM removal [12].
Systems that remove at least 10 mg/L Mg hardness as CaCO3 are
proposed to exempt from the enhanced softening requirements by
the USEPA [1]. However, for typical concentrations of magnesium
in raw water supplies, the precipitation of magnesium hydroxide
requires high pH (above 11) condition, which is uncommon in water
treatment practice [13]. It is not an attractive choice for softening
plants. Addition of coagulant (e.g. activated silica, ferric chloride
and organic polymers) during softening was proposed as alterna-
tive to enhanced NOM and particle removal [14].

Polyaluminum chloride (PACl) has been claimed by many
investigators to be superior to the traditional coagulants for high
alkalinity and pH water due to the fact that the prehydroylzed
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mailto:Yankingcn@yahoo.com
mailto:wgds@rcees.ac.cn
dx.doi.org/10.1016/j.seppur.2008.02.014


ficatio
402 M. Yan et al. / Separation and Puri

polymer in PACl is positively charged and relatively stable at high
pH range [15–17]. However, the influence of PACl on enhanced
softening is still unclear. This paper investigates the performance
of PACls on enhanced softening compared with traditional coag-
ulants such as AlCl3 and FeCl3. The typical source waters from
North-China were selected as examples because they are not only
polluted seriously by recalcitrant synthetic organic contaminants
[18], but also are of high alkalinity, pH and hardness.

2. Materials and methods

2.1. Materials

Four coagulants, AlCl3, FeCl3, PAClI, and PACl22, were used in
this study. AlCl3 and FeCl3 were of reagent grade. PAClI, commer-
cial PACl product, was provided by a local factory (Beijing Wanshui
Water Cleaning Agent CO., China), which was produced by dis-
solving Al(OH)3 solids. PACl22 (Basicity of 2.2, OH/Al molar ratio,
simplified as B values), was prepared by the base titration method
in laboratory at room temperature [19]. The Al species distribution
in the PACls and AlCl3 samples was analyzed by Ferron (Sigma, UK)
assay [15]. The chemical species of hydrolyzed Al(III) can be divided
through the different reaction rates into three types: monomeric
species (Ala) (instantaneous reacted), medium polymer species
(Alb) (reacted less than 120 min), and species of sol or gel (Alc) (no
reaction within 120 min). The results are shown in Table 1.

Three water samples with different water quality were taken
from the typical North-China rivers. One was collected from the Yel-
low River in Autumn (YW); the others were collected from the Luan
River during Summer (LWSum) and Winter (LWWin), respectively.
The quality of the raw waters is presented in Table 2.

2.2. Jar testing

Jar tests were performed on a programmable jar test apparatus

(Daiyuan Jar Test instruments, China). The operation procedures
were as follows: 1 L of raw water was transferred into a 1.4-L square
beaker with sampling port 3 cm below water surface; the jar tester
was started at rapid mixing of 300 rpm; after 30 s coagulant was
added followed by mixing speed of 250 rpm for 2 min; 40 rpm
for 10 min; and then after 20 min of quiescent settling, samples
were taken for water quality measurement. In the enhanced soften-
ing experiment, predetermined amount of NaOH were dosed 15 s
before adding coagulant during rapid mixing period. Coagulants as
well as acid and base reagents were dosed using pipettes, which
were calibrated before each experiment.

2.3. Analysis

Dissolved organic carbon (DOC) was analyzed by a TOC Ana-
lyzer (Phoenix 8000 system, Tekmar-Dohrman Co., USA) using the
method of sodium peroxydisulphate/orthophosphoric acid wet oxi-
dation and UV radiation after filtered through 0.45 �m membrane.
UV254 was measured by a spectrophotometer (UV–vis 8500, China)
at a wavelength of 254 nm using a 1 cm quartz cell after filtered
through a 0.45 �m membrane. Turbidity was measured using a

Table 2
Water quality characteristics of water samples

pH Alkalinity (mg/L) Hardness (mg/L) Turbidity (NTU)

YW 8.67 160 345 11.5
LWSum 8.21 116 180 8.02
LWWin 8.61 135 150 0.92
n Technology 62 (2008) 401–406

Table 1
The speciation distribution of coagulant-PACls by Ferron method

AlTotal (mol/L) Ala (%) Alb (%) Alc (%)

AlCl3 0.200 91.9 8.1 0
PAClI 0.207 40.0 38.5 21.5
PACl22 0.101 17.8 61.5 20.7

2100N Turbidimeter (Hach, USA). pH was measured by a pHS-3C
(Shanghai, China) pH meter, which was daily calibrated using pH
7.01 and pH 9.18 buffers. The hardness, alkalinity and chemical oxy-
gen demand (CODMn) were measured by standard methods [20].
Metal elements (Ca, Mg and Al) were analyzed by ICP-OES after
filtered through a 0.45 �m membrane (Agilent, USA). Dissolved
organic matter (DOM) was characterized using resin absorbent and
ultrafiltration (UF) fractionation methods described in the litera-
ture [18].

3. Results and discussion

3.1. Comparison of coagulant type on enhanced softening

Four typical coagulants, two metal salts, FeCl3 and AlCl3, and
two PACls, PAClI and PACl22, were selected to examine the effect of
coagulant type on softening. NaOH was used as softening reagent
instead of the traditional softening agents lime and soda (CaO and
Na2CO3) to reduce the influence of Ca2+ addition on the softening
process. The results of source water YW are shown in Fig. 1.

In Fig. 1a, all four coagulants follow a similar trend with resid-
ual turbidity increases against pH (adjusted by NaOH) until the
maximum is reached at approximately pH 10. Further increase in
pH (beyond 10) resulted in residual turbidities decrease. In order
to evaluate the influence of coagulant on softening, samples were
taken for water quality measurement only after 20 min of quies-
cent settling, in which CaCO3 and Mg(OH)2 precipitates were still

in the form of suspended solid and at that point of time the resid-
ual turbidities for all four coagulants were relatively high (based on
predetermined test).

As shown in Fig. 1b, low UV254 removal is observed at pH below
9.5 and it is even lower than at natural pH (the lowest pH point in
the figures), especially for the two metal salt coagulants. The higher
the B values of the PACl, the better the UV254 removal at pH below
9.5. UV254 removal by FeCl3 is more efficient than AlCl3 and is less
efficient compared with the two PACls. When pH increased to above
10, the UV254 removal increases significantly for all four coagulants
but the removal performance of each coagulant is reversed, bet-
ter UV254 removal is observed for PACls with lower B value and
both metal coagulants out performed the PACls with the removal
efficient in the order of PACl22 < PAClI ≈ FeCl3 < AlCl3.

The relative efficiency of CODMn removal by the four coagulants
(Fig. 1c) shows the same trend as in the case of UV254 removal except
that CODMn removal decreased more obviously at pH about 9.5,
and that the increase of UV254 removal is more significant than
that of CODMn removal when pH increases from about 9.25 to 10.
This phenomenon may be linked with the inefficiency of turbidity
removal at pH about 10.

UV254 CODMn (mg/L) DOC (mg/L) Mg (mg/L) Ca (mg/L)

0.133 6.0 5.4 45.5 98
0.056 4.1 4.2 30.0 70
0.063 3.5 3.2 19.8 52
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Fig. 1. The effect of coagulant type on enhanced softening with NaOH for the Yellow
River water at dose of 0.08 mmol/L Al/Fe. (a)Turbidity removal; (b) UV254 removal;
(c) CODMn removal.

3.2. Effect of PACl on enhanced softening

The performance of coagulants during softening may be seri-
ously affected by coagulant hydrolyzing process, particularly the
interaction of coagulant hydrolyzed speciation and the concentra-
tion of Mg2+ and Ca2+ ions. The performance of DOC, turbidity, Ca2+

and Mg2+ removal with or without PAClI under softening conditions
by pH adjustment using NaOH was investigated with source water
LWWin. The results are shown in Fig. 2.
n Technology 62 (2008) 401–406 403

The residual turbidities increase with pH (the dose of NaOH)
and reach the maximum at about pH 10 for both softening with
PACl and softening alone (without PACl) with 1 and 7 NTU, respec-
tively. Once the pH increases beyond 10, the residual turbidities
decrease. The residual turbidities are significantly lower for soften-
ing with PACl than without PACl in the studied pH range. Just the
softening process alone (without PACl), only slight DOC removal is
observed at pH below 10. The use of PACl as coagulant under the
softening conditions, higher DOC removal is observed as compared
with softening alone. At pH above 10, DOC removal is increased
for both cases. The residual turbidity and DOC are affected by the
residual Ca2+ and Mg2+ contents. The balance of Ca2+ and CO3

2−,
HCO3

− is disturbed at pH about 9, and large amount of CaCO3 pre-
cipitate is formed. During this process, the residual Ca2+ content
decreases rapidly due to the precipitation of CaCO3 and at the same
time the residual turbidity increased (Fig. 2c). When pH increased
to 10, Mg(OH)2 precipitate starts to form and the residual content
of Mg2+ decreases (Fig. 2d). As a result of this process, the residual
turbidity and DOC also decrease.

The removal of NOM, as well as other contaminants, by soft-
ening is largely controlled by the surface properties of calcium
carbonate and magnesium hydroxide particles. Precipitation and
coprecipitation are two possible mechanisms proposed for NOM
removal during softening [21–23]. No matter which type of mech-
anisms is responsible for NOM removal, adsorption of NOM onto
solid phase is essential. However, only limited amounts of NOM
can be adsorbed onto the calcium carbonate surface due to elec-
trostatic repulsion arising from the high negative charge density of
humic substances and the negatively-charged calcium carbonate
surface [7–9]. In addition, calcium carbonate is precipitated as a
dense crystalline solid with very low surface area (5 m2/g), as com-
pared to other coagulants such as ferric chloride (230 m2/g), which
results in less available sites for NOM adsorption [6].

Unlike calcium carbonate, magnesium hydroxide precipitates as
positively-charged, gelatinous precipitate with high surface area,
which makes it an excellent adsorbent for negatively-charged
humic substances. A significant amount of NOM can be removed
by precipitation of magnesium hydroxide.

PACl plays a complicated role in the process of NaOH softening.
PACl can promote magnesium precipitation, and the residual Mg
is lower than that of the NaOH softening without PACl (Fig. 2d). At
the same time, the pre-formed positively charged polymer in PACl
is relative stable at high pH [15]. The PACl can act as a coagulant to
remove particle and NOM at high pH in the softening process and

also it can act as cationic organic polymer to reform the surface
electrostatic properties of the products of CaCO3 precipitate [10].
In addition, the presence of PACl can reduce CaCO3 precipitation
[24] and resulted in higher residual Ca2+ level as compared with
NaOH softening without PACl (Fig. 2c). Then the residual turbidity
is lower and the NOM could be removed more efficiently.

3.3. Effect of coagulant dose and pH

The influence of coagulant dose and pH on the removal of turbid-
ity and UV254 by PAClI for source water YW is shown in Figs. 3 and 4,
respectively. Coagulant dose and pH play significant roles in turbid-
ity and UV254 removal. The condition of combining optimum dose
and optimum pH, higher UV254 and turbidity removal is achieved.
The best UV254 removal is observed at a combination of high dose
and high pH (Fig. 4).

3.4. Comparison of enhanced softening with PACl for LW and YW

The turbidity and NOM removal by enhanced softening with
coagulant PAClI for three typical source waters were compared. The



404 M. Yan et al. / Separation and Purification Technology 62 (2008) 401–406
Fig. 2. The effect of PACl on softening by NaO

results are shown in Fig. 5. It shows that the three source waters
have the same enhanced softening behavior in general, such as the
residual turbidity increases with the increase of pH (the dose of
NaOH), and it reaches the maximum at pH about 10. When pH
continuously increases, the residual turbidity drops. In the case of
UV254 removal, it decreases slightly firstly at pH below 10, then
increases significantly when pH increases to above 10.

It also shows some significant difference among the three waters
due to the water characteristics. The first is that the inflexion pH for
favorable UV254 removal is lower for the source water with higher
content of Mg2+ (Table 2). The contents of Mg2+ are as high as 45.5,
30.0 and 19.8 mg/L for YW, LWSum and LWWin, respectively; and the

Fig. 3. The influence of coagulant dose and pH on turbidity removal by PACl for the
Yellow River water.
H for the Luan River water in Winter.

inflexion pH values for favorable UV254 removal are about 9.25, 9.75
and 10.0, correspondingly (Fig. 5b). Kvech and Edwards [24] have
revealed that the presence of Al3+ can reduce significantly the solu-
tion of Mg2+ in synthetic water to about 27 mg/L from pH 9.25 to 10.
The water with higher Mg2+ (above 27 mg/L) content can produce
more Mg(OH)2 precipitate to enhance NOM removal at a relatively
lower pH range. The content of Mg2+ in source water YW is as high
as 45.5 mg/L, it is a suitable water source for enhanced softening
treatment with PACl and the UV254 removal increases significantly
at pH around 10, which has great practical value in water plant
operation.

The relative effectiveness of NOM removal shows significant
difference among the three source waters. The UV254 removal for

Fig. 4. The influence of coagulant dose and pH on UV254 removal by PACl for the
Yellow River water.
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considering the two source waters from the Luan River, higher con-
Fig. 5. The efficiency of enhanced softening with PACl for three source waters, the
Yellow River water (YW), the Luan River water in Summer (LWSum), and the Luan
River water in Winter (LWWin). (a) Removal of UV254; (b) removal of turbidity.

LWSum is not only the most efficient by coagulation at natural pH
(the lowest pH point in the figures), but also by softening with PACl.
Although UV254 removal for YW is as low as the LWWin by coagu-
lation at natural pH, it is more efficient than LWWin by enhanced
softening with PACl at high pH. It could be due to the characteristics

of organic contaminants.

The characteristics of DOM for the three source waters were
determined by resin absorbent and UF fraction. The results are
shown in Fig. 6. Although the percentage of hydrophobic DOC in
YW is higher than LWSum and LWWin, it is only about 60% of the total
DOC. It is lower than that in the well-protected source water, more
than 70% [25,26]. The LWSum and LWWin are polluted seriously by
low molecular weight DOM, especially the LWSum source account-
ing for about 65% overall DOM. It is unusually high compared with
the commonly found value of no more than 40%. Although DOM
with molecular weight lower than 1 kDa only accounts for 21% of
the YW DOM, the fractions with molecular weight between 1 and
10 K is extremely high (65%) [26,27]. Both rivers are highly pol-
luted by recalcitrant synthetic organic matter, which is not easily
removed by coagulation [25–27].

Although the percentage of hydrophobic and high molecular
weight DOM in YW is higher than that in LWSum, the DOM in YW
may be harder to remove by enhanced coagulation with PACl [18].
It was found that the coagulable DOM in YW was more heteroge-
neous than LWSum, and there was some DOM with high SUVA which
Fig. 6. Comparison of DOM fraction distribution by (a) resin absorbent and (b)
ultrafiltration in the Yellow River water (YW), the Luan River water in Summer
(LWSum), and the Luan River water in Winter (LWWin). Hydrophobic basic and neutral
(HoB&N), Hydrophobic acid (HoA), Weakly hydrophobic acid (WHOA), Hydrophilic
(Hi).

could not be removed efficiently at moderate dose (generally high
SUVA refers to the presence of easily removable DOM) [18]. While
tent of hydrophobic DOM in LWSum compared with LWWin, the
UV254 is removed more efficiently by coagulation at natural pH
and coagulation under softening condition. Which is agreed with
the results from Thompson et al. [12] that magnesium precipi-
tation effectively remove the hydrophobic fraction of the organic
carbon.

4. Conclusion

The effect of coagulants on enhanced softening (using NaOH)
for the typical North-China rivers is investigated in this paper and
the main conclusions can be drawn as following.

(1) PACl can enhance Mg(OH)2 precipitate formation at relative low
pH range (pH <10), and it is more efficient than FeCl3 and AlCl3
to improve the softening process for NOM and particle removal.
Better NOM removal by enhanced softening with coagulant
(achieved 50% UV254 removal) compared with coagulation at
natural pH, and even greater improvement is observed as com-
pared with softening without coagulant. It is also worth notice
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that the pH for enhanced softening could decrease significantly
into the practical pH range for treatment plant operation.

(2) From the results, it is shown that the efficiency of enhanced
softening is affected by coagulant type and dose, and water
quality such as content of Mg, hardness and NOM character-
istics. It is of practical value that for organic-polluted water
with high content of Mg, enhanced softening with PACl is a
recommended treatment option.

(3) There are several aspects of enhanced softening require fur-
ther investigation, such as developing coagulant with high
Mg2+ content, developing positive electrostatic coagulant to
enhanced Mg(OH)2 precipitation and surface modification of
the surface charge of the CaCO3 precipitate.
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