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Abstract

In Taiwan, the turbidity of raw water for fresh water treatments can sometimes reach as high as 40000 NTU due to intensive rainfall,
especially in typhoon seasons. In response, water works often apply large quantities of coagulants such as polyaluminium chloride
(PACl). In this study, simulated and natural highly turbid water was coagulated with two PACls, a commercial product (PACl-1)
and a laboratory product (PACl-E). The Al species distributions of PACl-1 and PACl-E under various pH conditions were determined,
and the corresponding coagulation efficiency was evaluated. The PACl-E has a wider range of operational pH, while the efficiency of
PACl-1 peaks at around neutral pH. For simulated water up to 5000 NTU, the PACl-E was superior to PACl-1 at low dosage and
in the pH range studied. Similar results were discovered with natural water, except that when the turbidity was extremely high, the coag-
ulation efficiency of PACl-E decreased significantly due to the presence of large amounts of organic matter. The coagulation of PACl-E
was closely related to the content of polycationic aluminium (Al13) while that of PACl-1 was dictated by the amount of Alc. The sludge
from PACl-E coagulation had better dewaterability when the optimum dosage was applied. The experimental results suggest that for
natural water up to 5000 NTU, PACl containing high Al13 species is recommended for coagulation. In cases when the water contains
high organic matter, efficient coagulation depends upon enmeshment by amorphous aluminium hydroxide.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

During typhoon seasons in Taiwan, excessive upstream
erosion has substantially raised the turbidity of surface
waters. Consequently, the raw water turbidity for water
purification is extremely high. Turbidity of the raw water
at the pump station can reach over tens of thousands
NTU, which can significantly handicap the water treatment
plant. Researchers have explored strategies such as full-
scale sludge blanket, dissolved air floatation (DAF) and
two-stage filtration to treat highly turbid water (Lin
et al., 2004; Kwon et al., 2004; Di Bernardo and Di
Bernardo, 2006). Unfortunately, the applicable range of
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turbidity was substantially lower than what we have
encountered in Taiwan. The highly turbid water also
occurs annually in the arid zone of western China, where
water treatment plants draw raw water from the Yellow
River. The river water contains extremely high concentra-
tion of solids, which is carried into water treatment plants
such as the Langchou water treatment plant. In response,
several large pre-sedimentation tanks have been con-
structed prior to upstream of the conventional water treat-
ment plant. After the sedimentation of great amounts of
suspended particles, the supernatant was then delivered
to the treatment plant. The coagulant was replaced by
polyacrylamide in the coagulation process to enhance tur-
bidity removal (Fang and Fu, 2004). Because of land scar-
city in Taiwan, expansion of the sedimentation tank is
beyond reach. Most waterworks in Taiwan generously
apply polymers such as polyaluminium chloride (PACl)
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in hopes of bringing down the high turbidity. In the exist-
ing facility, however, performance was limited.

Poor performance of PACl has been blamed on its low
content of critical hydrolysis products, especially polycat-
ionic aluminium (Al13). Al13 is a highly charged polymeric
aluminium species, Al13O4ðOHÞ7þ24 , which is an effective
agent for charge neutralization (Wang and Hsu, 1994).
Studies have also confirmed that Al13 is the key to efficient
coagulation of particulates and natural organic matter
(NOM) by PACl (Wang et al., 2002; Gao et al., 2005;
Hu et al., 2006). PACl is an intermediate product during
hydrolysis, polymerization and precipitation of aluminium
salts. There are different ways to produce PACl. Research-
ers have shown that the distribution of Al species in PACl
varies according to the physical and chemical conditions
during PACl production Bertsch, 1987; Bottero et al.,
1987; Kloprogge et al., 1992; Qu and Liu, 2004; Hu
et al., 2005. A PACl with over 70% Al13 has been produced
by an electrolysis process (Liu et al., 1999a). PACl contain-
ing over 90% Al13 has also been prepared by sulfate preci-
pitation and nitrate metathesis (SO2�

4 =Ba2þ separation
method) from a pre-hydrolyzed PACl solution produced
by alkaline titration method (Shi et al., 2007). Similar
results can be achieved through separation and purification
by ultra-filtration (Huang et al., 2006). In addition, the pH
of the solution has a profound effect on Al speciation of
PACl during coagulation processes, depending mainly on
its OH–/Al ratio (Wang et al., 2004). Studies have shown
that treatment of highly turbid water is affected by rapid
mixing and humic acid content (Kan et al., 2002; Annadu-
rai et al., 2004). However, there has been limited research
investigating the effects of Al speciation on coagulation
for highly turbid water treatments. To determine the effec-
tiveness and optimum conditions of PACl on treating
highly turbid water, the Al speciation of PACl in relation
to the mechanism of coagulation must be examined thor-
oughly. In this study, experiments were carried out to
investigate the effects of PACl speciation on coagulation
efficiency for waters of different levels of turbidity. One
commercial and one laboratory PACl product were applied
to a range of highly turbid waters.
Table 1
Characteristics of simulated and natural highly turbid water

Parameters Stock water samples

Simulated Natural 1 Natural 2

Turbidity (NTU) – 300–7500 35000
Turbidity after 30 min

settling (NTU)
4500–5300 200–6500 10000

pH 8.1 7.6–8.2 8.1
Zeta-potential (mV) –22 to –18 –21.9 to –13.8 –18.1
Size (lm) 0.8–2.2 0.5–2.3 2.0
Alkalinity (mg l–1

as CaCO3)
100–120 70–200 191

DOC (mg l–1) 2.0–3.0 2.1–2.7 8.5
VS of TS (%) 4.5 1.2–3.7 8.3
2. Materials and methods

2.1. Highly turbid water samples

The sediment for the preparation of the highly turbid
water samples was collected from the Shihmen Reservoir
located in Taoyuan County, Taiwan. The sediment was
mixed with tap water and aerated for 1 h, followed by set-
tling for 30 min. After settling, the supernatant was used as
the stock solution, to which deionized water was added to
prepare the highly turbid water samples with the desired
turbidity. Natural highly turbid water was also collected
from rivers of northern, central, and southern Taiwan dur-
ing heavy rainfalls. The suspension was also settled for
30 min, and the supernatant was collected as the natural
highly turbid water sample.

Dissolved organic carbon (DOC) was measured by total
organic carbon analyzer (TOC-5000A, Shimadzu, Japan).
Particle size distribution and zeta-potential were character-
ized by particle size analyzer (Mastersizer 2000, Malvern,
UK) and laser zeta analyzer (Zetasizer nano ZS, Malvern,
UK), respectively. The characteristics of the two natural
water (Natural 1 and Natural 2) and one simulated water
(Simulated) samples are listed in Table 1. The table indi-
cates that the properties of the simulated water were quite
similar to those of the two natural waters, except that the
turbidity as well as DOC and volatile solids of Natural 2
were substantially higher.

2.2. Coagulants

Two PACl products were used in this study. Reagent-
grade PACl (Al2O3 = 10%) was purchased from Showa
Chemicals Inc., designated as PACl-1. Another PACl
(Al2O3 = 33%) named PACl-E, for the electrochemical
process by which it is made, was received as a gift from
the Research Center for Eco-environmental Sciences, Chi-
nese Academy of Sciences in China. The OH–/Al ratios, c,
of PACl-1 and PACl-E were 1.4 and 2.1, respectively.
Working solutions containing 1000 mg l–1 as Al were
freshly prepared from the solutions before each test. Alu-
minium concentration was analyzed by inductive coupled
plasma atomic emission spectrometry (ICPAES) (JY24,
Jobin-Yvon, France).

2.3. Jar tests

Standard jar tests were conducted in one-liter beakers to
evaluate coagulation efficiencies. An initial rapid mixing
was conducted at 200 rpm (G = 350 s�1) for one min fol-
lowed by a slow mixing at 30 rpm (G = 25 s�1) for
20 min. Zeta-potential was measured immediately without
dilution after the rapid mixing. The suspension was left
undisturbed for 20 min. After settling, the residual turbid-
ity (RT) of the supernatant was measured.
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2.4. Ferron assay

The Ferron colorimetric method has been widely
adopted to quantify aluminium species (Smith, 1971). In
this study, a slightly modified version of the Ferron method
was used (Wang et al., 2004). After the addition of the Fer-
ron agent, the PACl sample was immediately shaken to
ensure a complete reaction between the Ferron agent and
Al. The aluminium species were quantified by timed absor-
bance at 366 nm with a UV–Visible Spectrometer (U3010,
Hitachi, Japan). Based on the kinetics of the reactions
between the aluminium species and Ferron agent, the
hydrolyzed Al species can be categorized into three groups:
Ala, monomeric; Alb, the polycations; and Alc, the amor-
phous aluminium hydroxide. The absorbance in the first
minute was assigned to Ala, and from one min to two hours
to Alb. Alc was obtained by subtracting Ala and Alb from
the total Al. The total aluminium concentration of the
solution was maintained at 0.37 mM Al for the duration
of the test.

2.5. Aluminium-27 nuclear magnetic resonance (27Al NMR)

The distributions of hydrolyzed species of PACl-1 and
PACl-E in solution were also determined by 500 MHz
27Al nuclear magnetic resonance (NMR) (Uniytinova-
500, Varian, USA). The operational parameters for the
NMR analysis: spectrometer frequency, solvent, and tem-
perature, were set at 130.246 MHz, D2O, and 298 K,
respectively. A 5-mm sample tube (Wilmad 507-pp, SP
Industries Inc., USA) containing 3 mL Al solution and a
4.2-mm sample tube (Wilmad WGS-5BL, SP Industries
Inc., USA) containing 1 mL 50 mM AlðODÞ�4 solution
were co-inserted as the internal standard. The chemical
shift of AlðODÞ�4 was at 80 ppm. The signals in the proxim-
ity of 0 ppm, 3–4 ppm, and 62.5 ppm represent monomeric
Al (Alm), dimeric Al (Al2), and tridecamer Al13, respec-
tively. The concentration of each species was determined
by the ratio of the integrated intensity of the corresponding
peak to that of AlðODÞ�4 at 80 ppm. The amount of the
undetectable species (denoted as Alu) was obtained by sub-
tracting the sum of the detected Al species from the total Al
concentration.

2.6. pH effect on Al species distribution

Solutions contained 1 mM NaOCl4 and 1 mM Na2CO3

to maintain the conductivity and ionic strength for each
test. Various amounts of NaOH and HCl solutions were
Table 2
Characteristics of coagulants by Ferron assay and 27Al NMR method

Coagulant c pH Ferron assay (A1 %

A1a A

PAc1-1 1.4 3.8 42.3 8
PAC1-E 2.1 4.06 19 65
added to the solutions to maintain the final pH. After the
addition of the coagulant, the solution was stirred at
200 rpm for one min followed by the Ferron assay. The
total aluminium concentration of the solution was held at
0.2 mM Al for each pH condition. All the experiments were
carried out at 23 ± 1 �C.

2.7. Sludge dewatering test

The dewaterability of the sludge from PACl-1 and
PACl-E coagulation was evaluated by specific resistance
to filtration (SRF) and capillary suction time (CST). The
zeta potentials of PACl-1 and PACl-E sludge were also
measured. Natural water samples at 1300 NTU were used
to estimate the dewatering characteristics of sludge from
the settled sludge after PACl-1 and PACl-E coagulation.

3. Results and discussion

3.1. Al speciation of PACl-1 and PACl-E

Al speciation of PACl-1 and PACl-E was identified by
Ferron assay and 27Al NMR method. The results are sum-
marized in Table 2. By Ferron assay, the major Al species
of PACl-1 were found to be monomeric Al (Alm) and Alc
(Al(OH)3) while the majority of the Al species in PACl-E
was found to be Alb. The Alm and Al13 by 27Al NMR mea-
surement correspond to the Ala and Alb, respectively.
Although there was some discrepancy between the compo-
sition of Alb and Al13, both methods confirmed that PACl-
E contained much more Al13. Other studies have also indi-
cated that Al13 can be roughly represented by Alb. (Parker
and Bertsch, 1992; Liu et al., 1999a; Shi et al., 2007). There-
fore, the Ferron assay was used to estimate the Al specia-
tion of PACl in further studies.

3.2. pH effect on turbidity removal

Literature has indicated that pH change may have a sig-
nificant effect on PACl coagulation (Wang et al., 2002; Hu
et al, 2006). Because both turbidity and pH of the coagula-
tion suspension can affect the optimum dosages of PACls,
the 250 NTU water samples were used to avoid the inter-
ference of high turbidity on the coagulation pH effect
experiments. Jar tests were performed on both simulated
water and natural water without pH control to determine
the optimum dosages of PACl-1 and PACl-E. The opti-
mum coagulant dosages for 250 NTU simulated water by
PACl-1 and PACl-E were 2.5 mg l�1, which were applied
) 27Al NMR (A1 %)

1b A1c A1m A113 A1u

49.7 38.4 6.8 54.8
.8 15.2 16.6 60 23.4
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Fig. 1. pH effect on turbidity removal with PACl-1 and PACl-E
coagulation at dosage of 2.5 mg l–1 as Al for the simulated water with
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subsequently in the jar tests to evaluate the optimum pH
for both PACl-1 and PACl-E coagulation. The RT of
PACl-1 and PACl-E coagulation at various pH values
are shown in Fig. 1. A marked difference between the
two coagulants was observed. Fig. 1 shows that the opti-
mum pH for PACl-1 coagulation occurred around pH 7,
which implies that sweep flocculation (enmeshment) by
Al(OH)3 was probably the principal coagulation mecha-
nism of PACl-1. For PACl-E coagulation, the RT
decreased continuously with increasing pH. Since the coag-
ulation performance is directly affected by the effective Al
species, the pH effect on coagulation may be explained by
its effect on Al speciation.
3.3. pH effect on Al speciation of PACl-1 and PACl-E during

coagulation

The hydrolysis products of aluminium coagulants are
significantly affected by the pH of the solution. Both Al
speciation and solubility of the polyaluminium coagulants
vary with pH (Pernitsky and Edzwald, 2003). Al speciation
of PACl-1 and PACl-E at various pH values, as measured
by Ferron assay, is shown in Fig 2a and b, respectively. A
distinct difference was observed. For PACl-1, the Ala
dropped sharply in the range of pH 4–5. Very little mono-
meric Al (Ala) was detected at neutral pH, but concentra-
tions then rose rapidly at high pH. The disappearance of
Ala at neutral pH was compensated by the rise in Alb
and Alc, in which the Alc was substantially more than
Alb. In contrast, pH had little effect on any of the three spe-
cies of PACl-E. The most dramatic observation was that
the Ala of PACl-E stayed very low, especially at neutral
pH, while the Alb content was extremely high, ranging
from 60% to 70%. Only a little Ala of PACl-E transformed
into Alb at neutral pH. In addition, Alc content of PACl-E
decreased slightly in the basic pH region. The study also
indicated a discrepancy between the stability of the Alb
species pre-formed before the dosing and those formed
in-situ after dosing, suggesting different Alb structures
(Wang et al., 2004). Although the maximum Alb was
observed at neutral pH for PACl-1, the in-situ formed
Alb species was metastable, and thus probably transformed
into Alc or another Al species immediately after dosing (Hu
et al., 2006). On the contrary, the pre-hydrolyzed Alb in
PACl-E remained stable with varying pH. As a result,
PACl-1 and PACl-E responded differently to pH.

Study has reported that aluminium(III) species would be
transformed into voluminous aluminium hydroxide
(Al(OH)3) at neutral pH (Duan and Gregory, 2003). Large
amounts of Alc formed in the neutral pH region for PACl-
1, indicating the formation of significant amount of amor-
phous aluminium hydroxide (Al(OH)3), and consequently
the occurrence of precipitation. In addition, because the
in-situ formed Alb that occurred in the neutral pH region
can quickly transform into Alc, Alc dominated over
PACl-1 coagulation at neutral pH. As a result, enmesh-
ment by amorphous aluminium hydroxide was responsible
for the turbidity removal by PACl-1 at neutral pH, as seen
in Fig. 2. On the other hand, because the Al13 content of
PACl-E consistently exceeded 60% of total Al concentra-
tion throughout the entire pH range studied, charge neu-
tralization most likely played a significant role in
turbidity removal. However, maximum turbidity removal
was observed at alkaline pH, which could be explained
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by the effect of Al aggregation on particle-aggregation. Al
aggregates formed at various pH values differ in electro-
phoretic mobility and charge. Studies have suggested that
polymeric aluminium species aggregate and precipitate
above pH 7.5 (Van Benschoten and Edzwald, 1990; Wang
et al., 2004). Although the aggregation and precipitation of
Al13 occurred above pH 6, and the charge of aggregated
Al13 became weak at such condition (Furrer et al., 1992),
previous study has shown that Al13 still has some charge
neutralization ability to aggregate particles (Chen et al.,
2006). Thus, the PACl-E aggregates containing voluminous
Al13 possibly remain weakly positively charged in the basic
pH region to induce an electrostatic patch during coagula-
tion (Wang et al., 2002), which promotes more turbidity
removal in the basic pH region. As such, the coagulation
of PACl-E is mainly dictated by charge neutralization.

3.4. Effect of turbidity on PACl-1 and PACl-E coagulation

To examine the efficiency of PACl-1 and PACl-E coag-
ulation on highly turbid water, various dosages of PACl-1
and PACl-E were applied on both simulated and natural
water. The turbidity ranged from 50 to 5300 NTU for sim-
ulated water and from 450 to 10000 NTU for natural
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Fig. 3. Residual turbidity (RT) and zeta-potential (ZP) changes of simulated w
and 8 for PACl-E, and the original turbidities were (a) 50 NTU, (b) 1000 NT
water. The major Al speciation of PACl-1 and PACl-E at
pH 7 and pH 8, is shown in Fig. 2. Coagulation efficiency
is strongly dependent on the speciation of aluminium coag-
ulants. Moreover, pH can significantly affect the surface
charge of turbid particles as well as the speciation of alu-
minium coagulants during hydrolysis. In order to under-
stand the effects of major speciation of PACl-1 and
PACl-E on the coagulation of high turbidity water, pH val-
ues were controlled at 7 and 8 for PACl-1 and PACl-E
coagulation, respectively, for the study.

The RT for simulated water and natural water was mea-
sured to determine the ability for particle removal, as pre-
sented in Figs. 3 and 4, respectively. The variation of zeta
potential (ZP) with coagulation dosage was also monitored
for simulated water, as shown in Fig. 3. For both PACl-1
and PACl-E, the ZP of the particles and turbidity removals
increased with increasing dosage. The increase in ZP by
PACl-E was more significant than that of PACl-1. At
low turbidity, e.g., 50 NTU, as seen in Fig. 4a, PACl-1
was more effective in particle removal even though PACl-
E was more efficient in charge neutralization of the parti-
cles. The difference became insignificant when the original
turbidity of the water was increased. At 5300 NTU,
PACl-E was superior to PACl-1 in turbidity removal,
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especially at low dosage. At low turbidity, large particle-
aggregation was limited due to an insufficient number of
particles, despite the strong charge neutralization of
PACl-E. Because of the increase of turbidity, the collision
efficiency between particles during the coagulation pro-
cess will increase. An increase of collision efficiency will
improve the particle-aggregation induced by charge neu-
tralization or electrostatic patch (Gregory, 1973). As a
result, PACl-E containing a large amount of Al13 can
aggregate particles by charge neutralization (or electro-
static patch) at dosage less than 2 mg l�1 even as turbidity
is increased continuously. A similar result was observed
with natural highly turbid water.

On the other hand, effective turbidity removal also
occurred at high dosage in which the zeta potential of sus-
pended particles was high positive, which is similar to the
results of previous research (Chen et al., 2006). Furrer
et al. (1992) have suggested that the polymeric aluminium
species would aggregate and precipitate above pH 6. Study
also has indicated that Al13 could be transformed into lin-
ear Al13 aggregates by maintaining a total high aluminium
concentration (Bottero et al., 1987). In our study, because
the PACl-E coagulation was conducted at pH 8, the Al13

aggregates can occur when high PACl-E dosage was
applied. As a result, PACl-E could induce particle-aggrega-
tion by interparticle bridging at a higher dosage even
though the zeta potential of suspended particles was high
positive.

The results with natural highly turbid water are depicted
in Fig. 4, in which the turbidity spanned from 450 to 10000
NTU. For turbidity levels up to 5000 NTU, PACl-E was
generally more efficient than PACl-1, particularly at low
dosage, similar to the previous result with simulated water
(Fig. 3). At 10 000 NTU, this advantage was overturned.
Studies have reported that the organic matter in water
would preferentially react with Al13 and decompose the
structure of the cationic polymer Al13 (Vilge-Ritter et al.,
1999; Liu et al., 1999b; Masion et al., 2000; Exall and van-
Loon, 2003; Kazpard et al., 2006). The strong charge neu-
tralization ability of PAC-E was deprived in the highly
turbid natural water at 10000 NTU due to the high organic
content, as suggested in Table 1. Because the Al13 species is
critical in removing particles from the high turbidity water,
as demonstrated in Fig. 3, the occurrence of large amounts
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of organic matter in the natural water interfered with the
coagulation efficiencies of PACl-E. This phenomenon dis-
appeared when the dosage was increased. Moreover, since
coagulation by PACl-1 mostly depends upon enmeshment
at neutral pH, extremely high turbidity (10000 NTU)
assisted in particle removal by enmeshment, even at low
dosage. Studies have suggested that in the presence of
organic matter, Al(III) does not hydrolyze into Al13 at neu-
tral pH. Conversely, it transforms into Al(OH)3, which
then removes organic matter by adsorption and precipita-
tion (Huang and Shiu, 1996). Thus, particle removal during
PACl-1 coagulation was somewhat insensitive to dosage at
neutral pH for the highly turbid water containing a high
organic matter load. Another study has also shown that
PACl can simultaneously remove turbidity, as well as
humic acid from highly turbid water at neutral pH (Annad-
urai et al., 2004), which supports the result of Fig. 4d.
3.5. Dewaterability of sludge from PACl-1 and PACl-E

coagulation

The sludge characteristics depend on the mechanisms of
coagulation. Study has suggested that sludge formed from
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Fig. 5. Dosage effect on the sludge dewaterability of PACl-1 and PACl-E
coagulation with natural water at 1300 NTU: (a) ZP and (b) sludge
dewaterability.
charge neutralization is more easily dewatered (Wu and
Wu, 2001). Capillary suction time (CST) and specific resis-
tance filtration (SRF) were determined to reflect the dewa-
tering of sludge, which is presented in Fig. 5, along with the
ZP at various coagulant dosages. Natural water at 1300
NTU was the test water. A marked difference was observed
between the dewaterability of PACl-1 and PACl-E sludge.
Both CST and SRF indicated that sludge from PACl-E has
higher sludge dewaterability due to the coagulation mech-
anism of charge neutralization, attributed to high Al13 con-
tent. The dosages for the optimum dewatering of the sludge
from both PACl-1 and PACl-E coagulations coincide with
the dosages at which the zeta potentials of the both samples
were around zero. Since enmeshment is the predominant
mechanism for PACl-1 coagulation, the sludge thus formed
was harder to be dewatered.
4. Conclusions

Coagulation efficiency of PACl from different prepara-
tions may vary substantially. For PACl-E, the coagulation
efficiency increases with increasing pH, while the optimum
operational pH for PACl-1 remains around neutral. The
PACl-E has a higher Al13 content which remains fairly con-
stant at various pH conditions. Al speciation of PACl-1
varies significantly with pH especially the Ala (monomeric
Al) and Alc (Al(OH)3) contents. Coagulation with PACl-
E in the basic pH region at low dosage is due to charge neu-
tralization or electrostatic patch, while that of PACl-1
relies mostly on sweep flocculation (enmeshment). PACl-
E is superior to PACl-1 in turbidity removal for natural
highly turbid water up to 5000 NTU. However, a sufficient
number of particles is necessary to promote large particle
aggregation during PACl-E coagulation. The presence of
high organic content in highly turbid water can disturb
the charge neutralization ability of PACl-E. Sludge pro-
duced from charge neutralization of PACl-E coagulation
is more easily dewatered than that from the enmeshment
of PACl-1.
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