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The performance of enhanced coagulation for treating
slightly polluted raw water combining polyaluminum
chloride with variable charge soil
Z. L. Zhang, C. D. Wu, Y. J. Wang, J. C. Tang and Y. P. Liu

ABSTRACT
The feasibility and effectiveness of treating pollutants in slightly polluted raw water by variable
charge soil and polyaluminum chloride (PAC) was investigated. Removal efﬁciencies of turbidity,
phenol, aniline, algae and heavy metals (Cu2þ, Zn2þ and Pb2þ) were used to evaluate the coagulation
performance. The results indicated that the addition of variable charge soil as a coagulant aid is
advantageous due to the improvement of removal efﬁciencies. The tests also demonstrated that the
presence of variable charge soil increased the removal of turbidity rather than adding residuary
turbidity. The use of variable charge soil produced settleable ﬂocs of greater density and bigger size.
The main mechanism involved in the PAC coagulation was supposed to be sweep ﬂocculation as well
as charge-neutralization. Variable charge soil played a promoted aid role by adsorption in the
enhanced coagulation process. It is concluded that the enhanced coagulation by PAC and variable
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charge soil, as coagulant and adsorbent, is more effective and efﬁcient than traditional coagulation.
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INTRODUCTION
Water is considered as an important and scarce resource
around the world. Natural waters contain many different
compounds, both natural and anthropogenic (Tomaszewska
et al. ), such as organic matter, algae, heavy metals.
Most of these compounds are hazardous and bio-refractory
products, which might cause adverse effects on public
health and environmental safety. Moreover, heavy metal
ions are an important issue in drinking water and have
received signiﬁcant attention for environmental applications
(Jiang et al. ). To reduce its inﬂuence directly or
indirectly, available and effective methods have to be
developed.
Historically, coagulation has been used for particle and
turbidity removal, drinking water regulations have emerged
expanding the use of this process beyond its traditional role
(Uyak et al. ). Nowadays, a better strategy, enhanced
coagulation, has been reported, which has been identiﬁed
as among the best available techniques for removal of disinfection by-product precursor in water treatment (Yan et al.
; Yu et al. ; Aryal et al. ). In addition, polyaluminum chloride (PAC) has been found to be superior to the
traditional aluminum (Al)-based coagulants for particulate
doi: 10.2166/wst.2014.423
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and/or organic matter removal under some conditions
(Yan et al. ). On the other hand, previous studies have
used PAC with clay or diatomite to removal algae ( Jiang
& Kim ; Wu et al. ).
Variable charge soil, distributed over large areas in tropical and subtropical regions of Southern China (Yu et al.
), was chosen as the coagulant aid in the present
study. As previous researches reported, variable charge
soil, which is rich in iron (Fe) and Al oxides, usually carries
both positive and negative charges on its surface and thus
can absorb both anions and cations under some conditions
(Jiang et al. ). Variable charge soil has been investigated
for treatment of p-nitrophenol (Zhang et al. ), pentachlorophenol (Hyun & Lee ) and organic acids (Hyun
& Lee ). In addition, adsorption of heavy metal ions
such as Cu2þ, Pb2þ and Cd2þ has been studied; (Ugochukwu
et al. ; Bolan et al. ; Xu & Zhao ). However,
researches on a combination of PAC and variable charge
soil have been hardly reported so far.
The principal objective of this paper was to study the
feasibility and effectiveness of combined processes of variable charge soil-adsorption with PAC-coagulation in the
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treatment of turbidity, phenol, aniline, algae and heavy
metals. The zeta potential of the ﬂocs was also conducted
for a better understanding the mechanisms.

METHODS
Test water
Model water was prepared with tap water and kaolin suspension until a speciﬁc concentration of turbidity was achieved.
The model water had the following characteristics: turbidity
¼ 20.5 ± 0.5 NTU, pH ¼ 7.7 ± 0.2, temperature ¼ 20 ± 1 C,
zeta potential ¼ 13.6 ± 1.0 mV, conductivity ¼ 77.8 ±
1.0 μS/cm, alkalinity ¼ 79.6 ± 2.0 mg/L. In the case of evaluating the removal efﬁciencies of different matter such as
phenol, aniline, algae, Cu2þ, Zn2þ and Pb2þ, these were
added to achieve speciﬁc initial concentrations.
W

Chemicals and coagulants
Variable charge soil was obtained from Guangzhou, China.
Soil samples were collected from a depth of 20–40 cm
within the soil proﬁle, air dried at room temperature,
crumbled gently, passed through a 100-mesh sieve, and
then stored in jars for experimental use. Some basic characteristics such as organic compounds, main chemical
composition, organic matter, cationic exchange capacity
(CEC), Brunauer, Emmett, Teller surface, X-ray powder diffraction analysis and Fourier transform infrared
spectroscopy analysis, can be found in Zhang et al. ().
The stock solution of PAC (containing 30% as Al2O3,
stock solution 5 g/L as Al) was prepared in deionized
water. The stock solution of Al2(SO4)3 (5 g/L as Al) was prepared by directly dissolving Al2(SO4)3·18H2O into
deionized water. Aqueous stock solutions of phenol and aniline were 1.0 g/L and 3.5 g/L, respectively. The stock
solutions of 0.50 g/L Pb2þ, 0.75 g/L Zn2þ and 1.00 g/L
Cu2þ were prepared from Pb(NO3)2, Zn(NO3)2·6H2O and
CuSO4·5H2O.
Microcystis aeruginosa (obtained from the Institute of
Hydrobiology, Chinese Academy of Sciences) was cultivated in axenic BG11 (Blue-Green Medium) at 24 ± 1 C
under ﬂuorescent light (1,000 lx, 12 h light/12 h dark).
The composition of BG11 medium was the same as previously reported (Wu et al. ). All model water
experiments were carried out with the cells in the late
exponential growth stage.
W
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Jar test
Coagulation was conducted by using a jar test apparatus
(ZR4-6, Zhongrun Water Industry Technology Development
Co. Ltd, CHN) under different conditions. Each 1.0 L solution was subjected to rapid mixing (200 rpm) for 2 min,
and then continuously rapidly mixed for 30 s, followed by
a slow mixing for 30 min at 30 rpm, and at last a settling
for 30 min. Variable charge soil and PAC were added
before and after the ﬁrst mixing step, respectively. Zeta
potential of ﬂocs was analyzed before the slow mixing
step. After sedimentation, the supernatant sample was carefully withdrawn for measurements of turbidity, phenol,
aniline, algae, Cu2þ, Zn2þ and Pb2þ. The water samples
were preﬁltered using 0.45 μm ﬁber membranes before testing phenol, aniline, Cu2þ, Zn2þ and Pb2þ.
Analytical methods
Turbidity was measured by using a 2100AN Turbidimeter
(Hach, USA). pH value was determined in a PHS-3C
meter (Shanghai Precision Instruments Co. Ltd, CHN).
Zeta potential was analyzed with a Zetasizer ZS90 (Malvern
Instruments, UK). A particle size and shape analyser (Eye
Tech, Ankersmid, The Netherlands) was used to monitor
the ﬂoc size during the ﬂocculation process. The concentration of phenol or aniline was analyzed by using a UVvisible spectrophotometer (UV-5800, Metash, CHN).
Blanks were also used.
For chl-a analysis, samples were pump ﬁltered through a
0.45 μm ﬁlter and the membranes containing chlorophylls
were extracted using 20 mL acetone (90%). After centrifuging for 10 min (5,000 rpm), the optical densities of the
extracts were measured at 665 and 750 nm by using a spectrophotometer (Lorenzen ). And a blank with deionized
water was run prior to sample analysis.
A Perkin Elmer Optima 5300DV (USA) inductively
coupled plasma-optical emission spectrometer instrument
with AS-90 plus autosampler was used to determine concentrations of Cu2þ, Zn2þ and Pb2þ in the permeate (Wu et al.
).

RESULTS AND DISCUSSION
Removal of turbidity
Initially, optimization tests were performed to ascertain the
optimum type and dosage of coagulant on the basis of
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removal of turbidity. Figure 1 showed the effect of coagulant
dosage (2 to 30 mg/L) of PAC and Al2(SO4)3 on removal
efﬁciencies of turbidity and zeta potential of ﬂocs. For
Al2(SO4)3, it can be seen that the removal of turbidity
increased slightly at a low dosage and then decreased with
further increase of the dosage, reaching the highest removal
of turbidity (95.0%) at 10 mg/L. In the case of PAC, the
removal of turbidity increased rapidly and remained at a
relatively high efﬁciency beyond 97.1% during the test
range. The zeta potential of the two kinds of ﬂocs showed
a parallel increasing trend, while the zeta potential of PAC
ﬂocs were lower than that of Al2(SO4)3 constantly. Flocculation with Al2(SO4)3 or PAC has been suggested to be
achieved by the mechanism of charge-neutralization and
bridge-formation (Gao et al. ). In this study, high
removal efﬁciencies of turbidity by PAC were achieved,
although zeta potentials of the ﬂocs were rather positive.
The results can be explained by sweep ﬂocculation mechanism playing a key role, owing to the precipitation of
amorphous hydroxide. When zeta potential further
increased, the positive charge became more dominant,
which led to electrostatic repulsion between particles
(Zhao et al. ).
Then, enhanced coagulation combined PAC with variable charge soil was investigated, with increasing dosage
(0 to 100 mg/L) of the soil under conditions of three
kinds of PAC dosages (Figure 2). For the enhanced coagulation, great turbidity reduction was achieved. When the
dosages of variable charge soil changed from 20 to
100 mg/L, a slight increase of turbidity removal appeared.
At soil dosage of 40 mg/L, the increases of removal efﬁciencies of turbidity were 2.6%, 1.7% and 3.0% at PAC

Figure 2
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Effect of the dosages of variable charge soil on turbidity removal efﬁciency and
zeta potential with PAC coagulant.

dosages of 5 mg/L, 10 mg/L and 15 mg/L, respectively.
More than 99.0% of turbidity can be removed at PAC
dosage of 10 mg/L and soil dosage of 40 mg/L. Using the
particle size and shape analyser for determining the size
of ﬂocs, it was found that the mean sizes of the ﬂocs
were 7.70 and 4.14 μm by PAC (10 mg/L) coagulation,
with (40 mg/L) and without the soil, respectively. The
bigger the sizes of ﬂocs, the faster the settling process.
The reason why adding the soil can improve the removal
of turbidity, could be due to the big size, the high density
and the adsorption capacity of the soil. In other words,
the soil absorbed parts of turbidity easily settled down to
clarify the water. Figure 2 also showed that the soil has
inapparent effects on the zeta potential of ﬂocs, whereas
zeta potential increased with increasing dosage of PAC.
The unobvious effect of the soil on zeta potential was probably owing to the fact that the zeta potential of soil (1:300
with deionized water) was negative (about 7.61 mV),
which has similar charge properties to the experimental
water, and the soil remained in its original state in the
water. Considering the highest removal of turbidity, the
PAC dosage of 10 mg/L was selected to perform the following experiments. A similar trend has been observed by
Chung et al. () who demonstrated that ﬂocs formed
by the mixture of chitosan and aluminium sulfate showed
higher settling velocities and could further reduce overall
expenditure.
Removal of aniline and phenol

Figure 1

|

Effect of the coagulant dosage on removal efﬁciency of turbidity and zeta
potential of ﬂocs with PAC and Al2(SO4)3.
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The removal of aniline and phenol in water by enhanced
coagulation was conducted. The concentrations of phenol
or aniline after coagulation were analyzed. Figure 3 shows
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Removal of algae

Figure 3

|

Effect of the dosages of variable charge soil on aniline and phenol removal
efﬁciency.

that the removal efﬁciency of phenol was lower than that of
aniline. This can be explained as follows. Phenol has the
molecular structure of a tight aromatic ring coupling with
the oxygen and a relatively loose bond between the
oxygen and hydrogen, so that the hydrogen atoms in the
hydroxyl group are easily dissociated. In other words,
phenol ionized hydrogen ions and was negatively charged.
Once the ionization of phenol happened, the active sites on
its soil surface with a negative charge controlled the absorption of phenol. On the contrary, the hydrolysis reaction of
aniline could occur so that aniline could carry a positive
charge. Under this circumstance, the presence of variable
charge soil on the surface with a negative charge promoted
the absorption of aniline. There were two horizontal lines
in the case of the removal of phenol, that is, the addition
of soil had little effect on the system. In addition, the
removal efﬁciency of phenol at the initial concentration
of 2 mg/L was higher than that of 4 mg/L, which means
that the enhanced coagulation process with variable
charge soil has low capacity toward phenol removal. For
the aniline removal process, the trends were more complicated compared to phenol. When the initial concentration
of aniline was 1.75 mg/L, the removal efﬁciency of aniline
was increased from 8.3% to 31.5% when the soil dosage
increased from 0 to 100 mg/L. When the initial concentration of aniline was 3.5 mg/L, the removal efﬁciency
declined after the highest removal efﬁciency (28.4%) was
achieved. The reason why the decrease happened will be
further researched in the following study. However, variable charge soil combined with other technologies may
improve the treatment.
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Generally speaking, the contamination of surface water with
algae is a concern (Teixeira & Rosa ). In this part, the
removal of algae was studied with two initial concentrations
of algae. It can be seen from Figure 4 that two clear trends
appeared. The removal of algae increased gradually as the
soil dosage increased. It should be noted that the removal efﬁciencies increased by factors of 1.7 (10 mL algae) and 2.4
(15 mL algae), respectively, which proved that the absorption
of the soil played a signiﬁcant role in decreasing the amount
of algae. The removal of algae contributed to PAC coagulation, whose main mechanism is sweep ﬂocculation and
charge-neutralization, as well as variable charge soil adsorption. Adding variable charge soil as a coagulation aid
improved the density of the ﬂocs produced by PAC, so that
the settling of the ﬂocs was accelerated. Another enhanced
coagulation combining PAC with diatomite (Wu et al. )
reported that the removal of algae was enhanced by adding
diatomite at the same time or before PAC.
Removal of heavy metals
High concentrations of heavy metals in water may cause
long-term risks to ecosystems and humans, and are persistent and difﬁcult to remove or decompose (Xu & Zhao
). Variable charge soil can decrease the mobility and
bioavailability of heavy metal ions in the soil due to its
adsorption capacity, CEC and so on ( Jiang et al. ).
Figure 5 showed the removal efﬁciencies of Cu2þ, Zn2þ
and Pb2þ under two different initial concentrations by
enhanced coagulation. It is notable that the order of removal

Figure 4

|

Effect of the dosage of variable charge soil on removal efﬁciency of algae.
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4. The main mechanism involved in the enhanced coagulation is sweep ﬂocculation and charge-neutralization
during the PAC coagulation as well as adsorption onto
variable charge soil. Therefore, good coagulation performance could be achieved by the combination of
these two advantages.
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|

Effect of the dosages of variable charge soil on removal efﬁciency of heavy
metals.
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