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Abstract

The coagulation behavior of polyaluminum chloride (PACI) with various basicities (B =OH/Al values) was investigated under different alkalini-
ties. It is aimed to get better insights into the coagulation mechanisms involving interactions between hydrolyzed Al(III) products and particles. Jar
tests were used to evaluate the coagulation efficiencies, including zeta potentials, residual turbidities (RT) and pH values. An optical monitoring
technique of photometric dispersion analyzer (PDA) was utilized to observe the coagulation dynamics. The experimental results show that the
traditional coagulant such as alum evolves a rapid hydrolysis after dosing and the in situ formed hydrolysis products can destabilize the kaolin
particles by precipitation charge neutralization (PCN). The preformed polymeric species in PACls exhibit a relatively high stability after dosing and
can form “electrostatic patches” on clay particle surfaces. These patches play a crucial role in “electrostatic patch coagulation” (EPC). Increasing
alkalinity extends both PCN and EPC zones. Under the low alkalinity, EPC with high Al, contained in PACls works better than PCN coagulation;
increased alkalinity improves the efficiency of traditional coagulant due to sweep flocculation. Under the higher alkalinity, more coagulant is
required to achieve complete charge neutralization. The stoichiometric relationships between the dosage and alkalinity are different depending on

the B values of PACIs.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Coagulation is one of the most important steps during the con-
ventional water treatment trains. Traditionally, the primary pur-
pose of coagulation is to remove turbidity from water. With the
recognition of disinfection by-products, natural organic matter
(NOM) removal through enhanced coagulation is being widely
adopted in the world [1-3].

The most common coagulants used are aluminum and iron
salts, such as ‘alum’ (aluminum sulfate) and ferric chloride.
Once added into water, the metal salts can experience a series of
hydrolysis processes and form many kinds of hydrolyzed prod-
ucts. Alum is effective in treating a wide range of water types and
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the costs are relatively low [4]. However, alum can be subject to
significant deterioration of treatment efficiency in some waters,
especially in certain ranges of pH and temperature. Within the
past decades, a new generation of coagulants-inorganic polymer
flocculants (IPFs) has been becoming more and more popular.
The IPFs, such as polyaluminium chloride (PACI) and polyiron
chloride (PICI), are a category of partially neutralized metal
salts with significant polymeric fraction present in some circum-
stances. Preformed polymerized species have the advantages of
being more effective under a variety of water quality conditions,
especially at lower temperatures and a broader pH ranges rela-
tive to alum [5-11].

The traditional coagulants and IPFs perform differently due
to their features of chemical speciation. Under the condition of
commonly encountered pH ranges of natural waters, the hydrol-
ysis of aluminum salt could produce a series of products ranging
from monomers, oligomers to polymeric hydroxyl complexes.
Most of them, such as AI(OH)?*, AI(OH),", Al,(OH),**,
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Al3(OH)4>* and Al;304(OH)y47*  (tridecameric polymer or
‘Aly3’), are positively charged and can interact with the neg-
atively charged colloids, and consequently cause destabilization
and aggregation of colloidal particles. PACIs are commonly pre-
pared by controlled neutralization of aluminum chloride. PACIs
usually contain significant amounts of polynuclear aluminum
hydrolysis products [12,13] including Al;3, which is consid-
ered to be among the more important species [14,15]. However,
the coagulation mechanisms of PACI are not fully understood
to date. Klute [16] found that the preformed species in PACls
are more stable than those formed in situ after alum addition;
Matsui assumed that those preformed species could destabi-
lize particles faster [17]. It has been reported that the water
characteristics, especially alkalinity can affect the hydrolysis
processes of many coagulants and have profound influences on
coagulation efficiency [18]. Previous studies paid most atten-
tion to the effect of alkalinity on the coagulation behaviors
of traditional coagulants, and little study has been focused on
the effect of alkalinity on coagulation with PACls. It has been
observed that demand for alum increases linearly with increased
alkalinity [19,20], and turbidity is hard to remove when alka-
linity drops below 30mg/L as CaCO;3 [21]. Alkalinity also
plays a key role in the enhanced coagulation to remove NOM,
since it tends to keep coagulation pH higher and reduce NOM
removal [1]. PACls could be less affected by alkalinity than
alum, particularly those PACIs with higher basicity [22], but
the mechanisms involved in this phenomenon have not been
elucidated.

The general mechanisms of coagulation have been summa-
rized in Duan and Gregory’s review in detail [23]. Colloidal
destabilization can be achieved by adding alum, and the corre-
sponding mechanism involved is called charge neutralization.
Due to the extremely low solubility of aluminum, with increase
of alum dosage, rapid and excessive aluminum hydroxide pre-
cipitation can form and fine particles in water can be enmeshed
in the hydroxide precipitate, and thus efficient turbidity removal
is achieved. This process is the so-called ‘sweep flocculation’
mechanism since particles are ‘swept out’ of water by an amor-
phous hydroxide precipitate. Chowdhury and Amy [24] claimed
that precipitation is the main mechanism in the coagulation of
alumina colloids with alum. According to the ‘sweep floccula-
tion’ model, the incorporation of colloids into precipitate follows
two pathways: one is the heterogeneous nucleation involving
charge neutralization and subsequent growth of precipitate at
low pH values, and the other is homogeneous nucleation involv-
ing precipitation and subsequent particle aggregation at high pH
values. In this study, the former pathway is regarded as charge
neuftralization and the latter one as sweep flocculation. With
respect to the coagulation/flocculation mechanisms of PACIs,
most current studies focused on the mode of charge neutraliza-
tion [13,17,25,26]. Dentel [27] tried to explain the coagulation
mechanisms of different kinds of coagulants by a combined
model of precipitation charge neutralization (PCN). Recently,
‘electrostatic patch coagulation’ (EPC) was proposed by Wang
et al. [28] to interpret the coagulation behaviors of PAClIs, but it
has not been examined systematically using controlled experi-
ments in detail.

In this paper, the coagulation/flocculation mechanisms of
PACls with various basicities were studied. The effect of alkalin-
ity was investigated. Besides jar tests, the flocculation dynamics
monitoring technology, photometric dispersion analyzer (PDA)
was adopted to observe the flocs aggregation processes. This
monitoring technique involves the measurement of transmitted
light fluctuations in a flowing suspension, and it is very sensi-
tive to the aggregation state of particles. It was aimed to provide
better insight into the role of electrostatic patch on coagula-
tion/flocculation with PACIs under different alkalinity levels.

2. Materials and methods
2.1. Preparation of PACI

PACIls were prepared by slow base injection into Al solution at
room temperature. Analytical grade of AICI3-6H,0 and NaOH
reagents and deionized water were used to prepare original solu-
tions. NaOH was added into Al solution using a peristaltic pump
under a rapid stirring condition. The amount of NaOH varied
with the target basicity ([(OH]/[Al] molar ratio, B value). The
chosen B values of four PACIs were 0, 1.0, 2.2, and 2.5. The
resulting products were denoted as PACly, PACl;g, PACl»,, and
PAClys, respectively. The final concentrations of all PACIs were
adjusted to 0.1 M and their species distribution was shown in
Table 1. The speciation was determined by ferron assay (ferron
reagent was from Sigma, Donset, UK) after 1 week of aging.
Ferron assay can differentiate aluminum species into three cat-
egories: monomeric species, denoted as Al,; polymeric species
which can react with ferron rapidly, denoted as Alp; high poly-
merized or colloidal species which cannot react with ferron,
denoted as Al.. The detailed procedures of ferron assay were
described elsewhere [29]. It should be pointed out that the spe-
ciation of PACIy was due to its self-hydrolysis since no base was
added.

2.2. Preparation of working suspensions

A stock kaolin suspension was prepared using deionized
water and its concentration was determined to be 66.7 g/L. The
kaolin particle size distribution was obtained using a Mastersizer
2000 analyzer (Malvern Co. UK). The particles were mostly
below 5 pm in size, with a mean size of about 2 pm. Zeta poten-
tials of the particles were measured by a zeta potential analyzer
(Zetasizer 2000, Malvern Co. UK).

Three working suspensions with various alkalinities were
prepared by diluting the stock suspension to a concentration of
50 mg/L. NaNO3 was added to provide a fixed ionic strength of

Table 1

The speciation distribution and pH value of PACI samples

PACls B value Al (%) Aly (%) Ale (%) pH
PACly 0 93.03 4.29 2.68 3.05
PAClo 1.0 59.75 35.86 4.39 3.66
PACly, 22 19.18 75.36 5.46 4.55
PAClys 2.5 7.76 71.73 14.51 5.30
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Table 2
Characteristics of three working suspensions
Suspensions Alkalinity (mg/Las CaCO3) Alkalinity (mol/Las HCO3™) RT (NTU) Zeta (mV) pH
1# 25 0.5 53.2 —49.7 9.51
24# 50 1.0 52.6 —50.2 9.89
3# 100 2.0 53.0 —52.5 10.05

5 x 10~* M. Calculated amount of NaHCOj3 solution was added
according to three target alkalinities: 25, 50, and 100 mg/L as
CaCOs, and if expressed as bicarbonate concentration, the cor-
responding values were 0.5, 1.0, and 2.0 mM. The alkalinities of
working suspensions were also confirmed using standard acid
titration method [30]. Some of the working suspensions param-
eters were presented in Table 2. It was found that the pH values
of three working suspensions were all higher than 9.5, which
primarily resulted from the pH increase of NaHCOj3 solution
during storage period. The exclusion of CO, and consequent
pH increase and species transformation was unavoidable even if
the storage bottle was sealed after each use.

2.3. Jar test experiments

Batch coagulation experiments were conducted in 500 ml
glass beakers using a conventional jar-test apparatus fitted with
overhead mixing paddles (40 x 50 mm rectangular, stainless-
steel material). To initiate an experiment, a total amount of
400 ml working suspension was transferred to a beaker. After
coagulant addition, the operation procedures were as follows: the
suspensions were rapidly mixed at 300 rpm for 1 min after coag-
ulant addition, followed by 10 min of slow mixing at 40 rpm,
and the flocs were allowed to settle for 10 min before sam-
ples were taken for residual turbidity measurement. After the
rapid mixing period, sample (20 cm?) was withdrawn imme-
diately for zeta potential measurement. After sedimentation
supernatant samples were withdrawn for turbidity and pH
measurements. The residual turbidity and pH measurements
were conducted using a turbidimeter (Hach, Lovehand, Co.,
USA) and a pH meter (MP220, Metler Toledo, Switzerland),
respectively.

2.4. PDA

The flocculation dynamics were observed using a continu-
ous optical flocculation monitor (PDA 2000, Rank Brothers,
Bottisham, UK). Before the addition of coagulant, working sus-
pension was continuously introduced into the PDA for 30s to
establish a baseline reading, and then after coagulant was added,
the coagulation progress was monitored for another 16 min. The
PDA apparatus measures transmitted light fluctuation intensi-
ties as particles passing through a flow-through cell. The ratio
of the root mean square of the fluctuating intensity (AC value)
to the average transmitted light intensity (DC value) was a mea-
surement termed as flocculation index (FI). FI was sensitive to
particle size and was effectively utilized to describe the aggre-
gation progress of fine particles, such as the initial aggregation,
breakage, and re-aggregation behaviors of particles [28,31-33].

A detailed description of the instrument was provided elsewhere
[34].

3. Results and discussion

3.1. Coagulation behaviors of PACls under condition of
low alkalinity

3.1.1. Charge neutralization capability of PACls

At alkalinity of 0.5mM as NaHCOs3, the turbidity of the
working suspension was 53.2 NTU. Fig. 1 showed the effect
of aluminum dosage on zeta potential, residual turbidity and
pH. For all PACls, a general trend was that with increase of
dosage, zeta potential changed from negative value to positive
and then reached a relatively stable value (Fig. 1a). The curves
of different PACIs were greatly separated at lower dosage phase
depending on the B values. The zeta potential increased quickly
for the high B (B=2.2 and B=2.5) PACls, situating significantly
above those with small B values (B =1.0 and 0). In other words,
with increase of dosage, the negative charge of particles was
reduced more rapidly by PACls with higher B values than by
PACIls with lower B values. It can be seen that increasing the
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Fig. 1. Effect of dosage on coagulation of 50 mg/L kaolin suspension with alka-
linity of 0.5 mM as NaHCO3 concentration: (a) zeta, (b) residual turbidities, (c)
pH vs. dosage.
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dosage to a certain level could lead to particles charge reversal.
The dosage at which the charge reversal occurs was defined as
iso-electrical-dosage (IED) in this paper. The charge neutral-
ization capabilities of coagulants can be compared with their
IED data obtained from Fig. la. The IED values for PACl,s,
PACl»,, PAClg and PAClg are 17.5, 17, 24 and 33 pM, respec-
tively, indicating the charge neutralization capability order is:
PACl,5 = PACl,; > PACl (> PACly.

Since the charge neutralization capability of coagulants
was associated with the positive charge of their corresponding
species, the four coagulants could be divided into three types
according to their charge neutralization capabilities: high pos-
itive charge type such as PACl,s, PACly,, denoted as type H;
low positive charge type PACly, denoted as type L and medium
positive charge type PACI;(, denoted as type M. The charge neu-
tralization capabilities of different PACls depended quite well
on their chemical speciation (Table 1): those with more Alp/Al;3
species possess consequently higher charge neutralization capa-
bility.

3.1.2. Residual turbidities and pH variations after
sedimentation

Fig. 1b showed the residual turbidities of four PACls after
coagulation and sedimentation. With increase of dosage, the
sequence of coagulation zone appears in the PACI order of H,
M and L type. The optimum dosages (the dosage corresponding
to maximum turbidity removal) for L, M, and H type were 30,
13 and 7 pmolAl/L, respectively. It can also be observed that
except for the case of PACl,s, the maximum turbidity removals
of all other PACls were almost at the same level (about 25 NTU).
PACIls with higher charge neutralization capabilities could spend
less amount of aluminum to make coagulation occur. Taking into
account of the zeta potential data, it indicated that charge neu-
tralization was the primary coagulation mechanism under low
alkalinity condition.

Fig. 1c showed the pH changes of suspension system after
coagulation with different PACIs. The pH was decreased after
coagulant addition but the extent was much dependent on the
B value of the coagulant used. The pH associated with H type
PACls was clearly situated above that of M and L type PAClIs,
which indicates that PACls with lower B values could consume
more alkalinity and cause more pH depression. With higher con-
tent of Al species, PACI,; and PAClys had less influence on the
pH. It can be inferred that the coagulants with low B values of 0
and 1.0 experienced significant hydrolysis after dosing, whereas
the PACls with high B values were more stable and result in
less alkalinity consumption. The pH corresponding to optimum
dosage also varies with the B value of coagulant. For PACly, the
maximum turbidity removal occurred at the pH range of 7.6-7.9.
Combined with Fig. 1a, it can be found that this pH range con-
tained the point of zero charge (PZC, the pH value at which
the particles charge is neutralized to zero). For other PACls, the
pH values associated with optimum dosages were much higher
than the corresponding PZCs, which indicated that the particles
were not well neutralized at the point of optimal dosage. On the
other hand, within the coagulation zone of PACly, the charge
of particles was almost neutralized completely (Fig. 1a and 1b),

which was consistent with the findings of a number of inves-
tigators [35-37]. However, the optimal dosages of PACl,, and
PACl,5 were interestingly much below the respective IEDs, with
the zeta potential value of —30 mV. Therefore, another coagula-
tion mechanism other than the traditional charge neutralization
mechanism may be involved in this case. EPC [28,38] might be
applicable to explain the results: after addition of PACls with
high B values, the preformed Al species can be adsorbed to sur-
faces of kaolin particles quickly, and the adsorbed species could
aggregate, rearrange and finally form ‘electrostatic patches’ over
portions of the surface. The attractive force between the posi-
tively charged patches and negatively charged surfaces of other
kaolin particles could lead to increased collision frequency and
efficient aggregation of fine particles. According to this coagula-
tion mechanism, relative high turbidity removal efficiency could
be observed even if the particle charge is weakly neutralized at
an overall level.

EPC is much dependent on the amount and sort of species
in PACIs. Different species have different pathways to form
electrostatic patches. A schematic diagram about the formation
of electrostatic patches by traditional salt (mainly Al, species)
and preformed species is illustrated in Fig. 2. Al, species (alu-
minum mononuclear species) is not stable after dosing and will
finally form colloidal or amorphous hydroxide precipitate via a
series of hydrolysis processes. This kind of precipitate is usually
positively charged and able to neutralize the negative charges
on clay particles. The precipitation can occur on clay particle
surfaces (surface precipitation) or in bulk water [24]. The pre-
cipitate on clay particle surfaces (either formed on or adsorbed
to clay surfaces) can function as electrostatic patches to induce
coagulation/flocculation. In the case of preformed polymeric
species of Aly, due to its much high stability, it cannot be further
hydrolyzed and transformed into hydroxide precipitate within
the coagulation/flocculation time scale. The electrostatic patches
could be formed through its rapid adsorption onto clay particles
and subsequent aggregation and rearrangement as mentioned
above. Withrespectto Al,, its electrostatic patch formation mode
should be similar as that of Al since it is also a kind of pre-
formed and relatively stable species. However, compared with
Aly, species, Al. have much larger size and lower charge, which
is more liable to aggregate and form patches on clay particles
once dosed into water. Undoubtedly the electrostatic patches
formed from different species should have different characteris-
tics, such as the density of positive charge, the affinity to particle
surfaces, and the tendency of self-aggregation. Moreover, the
relative importance of different aluminum species changes with
coagulation conditions, i.e. the alkalinity of water, which will be
addressed later in the following sections. According to Fig. 1b. It
was obvious that the turbidity removal efficiency was positively
correlated to the content of Al species in PACIs. It indicated
that charge neutralization was the dominant coagulation mech-
anisms under the condition of low alkalinity.

3.1.3. Floc formation dynamics of PACls under low
alkalinity

The FI value increased after the rapid mix period. Under
the slow stirring conditions, the particles were allowed to grow
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gradually and form large flocs. Different PACI exhibits quite dif- dosage increase of type H PAClIs leads to FI value decrease due
ferent FI curves (Fig. 3) for a series of coagulant doses (5, 12.5, to the particle restabilization. It is interesting to find that the
25, 37.5, 75 pM as Al). In the case of PAClyp, only under the FI curves are obviously different between PACl,; and PACl,s
dosage close to IED (30 pM ~ 38 pM), significant aggregation under high dosages. With dosages of 38 and 75 puM, FI values
(Fig. 3a) was observed. While in the case of type H coagulants, of PAClys are greater than those of PACly;, which indicates that
rapid FI increase and high FI values are detected even at the the re-stabilization phenomenon is more serious for PACly; than
lowest dosage of 5 uM. As discussed previously, charge neutral- for PAClps. It is likely that the relatively higher concentration
ization plays the major role in this coagulation process. Further of Al species in PACly5 could experience further hydrolysis
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Fig. 3. Effect of coagulant dosage (.M as Al) on the flocculation index for the same systems as in Fig. 1 (with alkalinity of 0.5 mM as NaHCO3): (a) PACly; (b)
PACly; (c) PAClyy; (d) PAClps.
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and form hydroxide precipitate; consequently the electrostatic
repulsion between positively charged particles is mitigated to
some extent. Type M coagulant of PACI( flocculates in a much
broader region in terms of dosages. The maximum FI value is
obtained under medium high dosage of 25 pM, whichisin agree-
ment with its medium high content of Al species.

3.2. Coagulation behaviors of PACls under high alkalinities

Parallel with the experiments carried out under low alkalin-
ity, the coagulation behaviors of PACls with different B val-
ues were examined under increased alkalinities. Figs. 4 and 5
demonstrated the coagulation behaviors under alkalinity levels
of 1.0 and 2.0 mM, respectively. A glimpse of these plots pro-
vided that the general changing trends of the three observed
parameters were similar as those under low alkalinity. However,
compared with the scenarios under low alkalinity, significant
differences were found in many aspects under increased alka-
linities, such as IED values, coagulation zones, and maximum
turbidity removals. Increasing the concentration of alkalinity
magnified the coagulation behavior differences among PACIs
with various B values. Comparisons were presented in the fol-
lowing aspects.

3.2.1. Comparison of coagulation zones

Based on the experimental data shown in Figs. 1b, 4b and 5b,
a schematic representation of coagulation zones (the shaded
areas), defined as the range of dosage where no less than half

40

Zeta Pot. (mv)

—
Q

T T T T ! T v T T T T 1

T
0 25 50 75 100 125 150 175 200 225
Dose (10° M Al)
—0—B=0 --e--B=10 -- &-- B=22 —-v—-B=25
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of the maximum turbidity removal is achieved, for different
PAClIs is illustrated in Fig. 6 (the horizontal axis is alkalinity,
the vertical axis is the dosage). With increasing alkalinity, the
coagulation zone increases for all PACIs. That is to say, higher
dosage of coagulant is required to make the suspension system
be restabilized under higher alkalinity. However, the shapes of
coagulation zones are different with respect to the coagulants
used. As aforesaid, precipitate formation is necessary for coag-
ulation with PACly despite the specific mechanism is charge
neutralization or ‘sweep flocculation’. However, as to PACls
with higher B values, the electrostatic patches could be formed
by self-aggregation of preformed species. Obviously, the coagu-
lation zone resulted from precipitate formation is much smaller
than the zones resulted from preformed species aggregation. For
PACly, the coagulation zone extends from 23 pM under alkalin-
ity of 0.5 mM-80 pM and 225 pM under alkalinity of 1.0 and
2.0mM, respectively. As to PAClys, the coagulation zone is so
wide that restabilization could not occur under 2 mM of alkalin-
ity. In the case of PACly, due to its relative abundance of Al, and
Aly, both precipitate formation and preformed species aggre-
gation played certain roles in coagulation, and consequently
resulted in medium large coagulation zone.

Optimal dosages also increased with alkalinity increasing.
Under high alkalinity, increasing the dosages of type L and
type M PACIs might shift the coagulation mechanisms from
traditional “charge neutralization” to “sweep flocculation”. The
former mechanism involves heterogeneous precipitation nucle-
ation and the latter involves homogeneous precipitation [24]. It
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is interesting to address the possible differences between them.
For the traditional coagulants such as alum, the precipitation
of aluminum hydroxide act as charge neutralization species.
When the precipitation forms in large quantities, colloidal parti-
cles would be effectively removed by sweep flocculation rather
than by traditional “charge neutralization”. For type L PACI,
sweep flocculation is generally more effective and hence is con-
sidered as the common mechanism, which functions obviously
at high alkalinity and high dosage. At low alkalinity, precip-
itation formation can be accelerated in presence of sulfate.
However, charge neutralization is involved in the sweep floc-
culation. Therefore, both the traditional charge neutralization
and sweep flocculation could be classified into one more gen-
eral mode of precipitation charge neutralization. Type H PACls
might undergo “sweep flocculation” under high alkalinity, but
whether and how it would take place is still not clear.

3.2.2. Relative importance of two coagulation modes

As shown in Fig. 1b, under low alkalinity of 0.5mM as
NaHCO:s3, charge neutralization was the dominant coagulation
mechanism for all PACls, and the electrostatic patches formed
by aggregation of preformed aluminum species were more effec-
tive than those formed by precipitation of mononuclear alu-
minum species in terms of maximum turbidity removal. Whereas
Figs. 4(b) and 5(b) showed the opposite trend under increased
alkalinity: for PACly, the maximum turbidity removal could
reach as high as 99%, while for PACI,, and PAClys, the average
turbidity removal was no more than 90%. It could be inferred that
under the condition of high alkalinity, PCN or sweep flocculation
was more effective than EPC induced by electrostatic patches of
preformed species. As for PACly, there exist different phases
of turbidity removal under the high alkalinity condition: when
dosages were relatively low, the coagulation induced by electro-

static patches of preformed species played the major role, and the
turbidity removal was about 90%; at high dosages, with particles
charge well neutralized, PCN could overtake EPC to remove par-
ticles, and consequently turbidity removal reached a higher level
of 99%; when the dosage beyond IED, re-stabilization occurred,
just like the case with PACly.

It can be deduced that PACIs might not be always superior to
traditional aluminum salts in terms of turbidity removal. How-
ever, due to the special characteristics of preformed aluminum
species, such as high charge neutralization ability and the high
affinity to some filtration media, PACls are expected to have
advantages in direct filtration or flotation applications, where
limited particle destabilization and aggregation are desired. In
addition, PAClIs could be used to improve NOM removal under
some circumstances [39].

3.2.3. Effect of alkalinity on PZC

The coagulation PZC values corresponding to each PACI
under different levels of alkalinity were listed in Table 3. It
can be seen that when PACly (AICl3) was used, the PZC value
was not affected by alkalinity and remained at 7.9. At this pH,
aluminum hydroxide precipitate was the final hydrolysis prod-
uct, which served as the particle destabilizer, and PCN was
the only coagulation mechanism. On the contrary, alkalinity
obviously changed the PZC values of other PACIs. Preformed
aluminum species was adsorbed on kaolin particles and simul-
taneously made them destabilized. Due to the relative specia-
tion stability of PACIs, the PZC could vary depending on the
raw suspension pH values. On the other hand, further hydrol-
ysis and/or structure rearrangement of preformed aluminum
species might also occur under high alkalinities, and this kind of
species evolution could change its apparent charge neutralization
ability.
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Table 3
PZC, IED and width of coagulation zone of PACls samples at various alkalinities
Alkali PACly PACljg PACly, PAClys
PZC IED Width PZC IED Width PZC IED Width PZC IED Width
0.5 7.9 33 23 8.3 24 25 9.3 17 12 9.5 17 10
1 7.9 75 80 8.5 60 100 9.6 50 155 9.7 50 206
2 7.9 205 225 8.7 130 430 9.8 80 680 9.9 71 -

3.2.4. Flocculation index under high alkalinity

Fig. 7 shows the flocculation dynamics of all coagulants under
alkalinity of 2.0 mM as NaHCO3. When PACl was used, the FI
did not increase until dosage reached 150 wM. In the cases of
other PACls, FI curves started to increase at the very low dosage
of 5 uM, and higher dosages led to more rapid increase of FI
and larger flocs. It should be noted that at the highest dosage of
250 wM, the curves for all coagulants exhibit the same increas-
ing rate, but the locations of plateaus are different. PACls with
higher B values had smaller plateau FI values, indicating the flocs
formed by sweep flocculation were larger than those formed by
EPC. It confirms that the coagulants in PCN coagulation mode is
more inclined to form large flocs under high alkalinity condition
and is more suitable for traditional coagulation—sedimentation
water treatment facilities.

3.3. Stoichiometric relationship between IED and alkalinity

IED is the dosage where the particles are zero charged. IED
can reflect the charge neutralization capability of coagulants, but
it is not the exact dosage required to achieve optimal turbidity
removal. The IEDs are plotted as a function of the alkalinity
(mM as bicarbonate concentration) in Fig. 8. It shows that there

2.0
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is a stoichiometric relationship between IED and alkalinity. The
equations for each PACI derived from linear regression are as
follows:

For B=0 IED = 116.86"(Alkalinity) — 32 R?> =0.99

For B = 1.0 IED = 70.57*(Alkalinity) — 11 RP=10

For B =2.2 IED = 40.29*(Alkalinity) + 2 R?> =095

For B=2.5 IED = 33.57*(Alkalinity) +7 R* = 0.90

The high correlation coefficients for B=0, 1.0 suggest the bet-
ter linear relationship between alkalinity and IED when PCN
coagulation is involved. Under PCN mode, the kaolin particles
are completely destabilized at the dosage of IED or at the pH of
PZC, which is well consistent with Tseng’s findings [20]. When
B increases, the coagulation zones extended much beyond the
IED, and smaller correlation coefficients between IED and alka-
linity were obtained. Besides, the slopes of the above equations
can be used as a parameter to quantify the neutralization capabil-
ity of different coagulants. For example, with a unit increase of
alkalinity, the increments of dosage to maintain the state of zero

2.0+

1.5

0 200 400 600 800
(b) Time (sec)

0 200 400 600 800
(d) Time (sec)

Fig. 7. Effect of coagulant dosage (uM as Al) on the flocculation index for the same systems as in Fig. 4 (with alkalinity of 2 mM as NaHCO3): (a) PACly; (b)

PACl,; (c) PACly; (d) PAClys.
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Fig. 8. Changes of IED (uM as Al) with suspension alkalinity (mM as
NaHCO3).

charge are 116.9 mM for PACly, 33.6 mM for PACl,s, respec-
tively.

3.4. Further discussion of PCN and electrostatic patch
coagulation of preformed species

Once aluminum chloride is added into water, a series
of aluminum species will form in situ through progressive
hydrolysis. The primary aluminum species are thought to be
monomeric, low polymerized and short lived, which are inclined
to precipitate in the form of amorphous aluminum hydrox-
ide, Al(OH)3es) [13]. The adsorption of these kinds of alu-
minum hydrolysis products results in destabilization of the
kaolin particles—charge neutralization. In most cases, the alu-
minum hydroxide amorphous solids form so rapidly (1-2s) that
they are responsible for the charge neutralization of natural par-
ticles [40]. The pH has influence on the charge of amorphous
species, and the species is not negatively charged until pH 8.0.
In this study the maximum turbidity removal was achieved at
PZC of 7.9. The PCN coagulation mode resulted in a relatively
narrow coagulation zone, which could limit the application of
traditional aluminum coagulant under some circumstances.

Heterogeneous nucleation may take place more rapidly on
particle surface than in solution at low saturation ratio. In such
case, the solid surfaces act as catalyst to accelerate the alu-
minum hydrolysis processes [41]. Adsorption of soluble alu-
minum hydroxide results in a layer of amorphous aluminum
hydroxide precipitate, and this process is called surface precipi-
tation [42]. The surface precipitation on the particles is different
from the amorphous aluminum hydroxide colloids formed in the
bulk—homogeneous nucleation. If large amount of amorphous
aluminum hydroxide forms in the bulk water, sweep floccula-
tion becomes the dominant action mode and large flocs are more
likely to form. The flocs formed by this way are more suitable
for solid-liquid separation in sedimentation.

In most cases there is no clear distinction between those
two modes. Raw water physical and chemical parameters, such
as particle surface properties, alkalinity and the presence of
other ligands, may influence the aluminum hydrolysis progress

greatly. It was confirmed in this study that alkalinity could play a
significantrole in the coagulation with traditional aluminum salt
(AICI3). Under low alkalinity condition, the turbidity removal is
achieved by adsorption of soluble aluminum hydroxide species
and the accompanying charge neutralization. Addition of tra-
ditional aluminum salt consumed the alkalinity dramatically,
which could be observed from the significant decrease of pH.
The consumption of the alkalinity could be simply expressed
as:

APT +3HCO3~ — Al(OH)3(,) + 3CO;

In this study, the alkalinity and pH conditions of three suspension
systems are sufficient to allow for aluminum precipitate forma-
tion. However, the precipitate forms less and slower under low
alkalinity than under high alkalinity, and the sweep floccula-
tion is more efficient under high alkalinity. It demonstrates that
increasing alkalinity can improve the turbidity removal as tradi-
tional aluminum coagulant is used.

When PACls are used, the preformed polymeric species (Aly,
and Al,) is rapidly adsorbed on the surfaces of kaolin particles
and can resist to further hydrolization. The preformed species
absorbed on particles can be regarded as positively charged
patches on the negatively charged particle surfaces. The electro-
static attractive forces among the patches on one particle and the
“naked” surfaces of other particles joint those particles together,
and subsequently large flocs would form in this way. Although
Aly, species can also be observed by ferron assay after aluminum
chloride addition [29,43], they might differ from the preformed
Aly, species in PACls in terms of the apparent speciation stabil-
ity and charge neutralization capability. According to the dual
hydrolysis model suggested by Tang and Luan [44], the former
Aly, formed in situ via self-hydrolysis is labile to transform into
colloidal or amorphous hydroxide precipitate; the Al, formed
via forced hydrolysis in preparation is quite stable [16,44], and
will consume less alkalinity once added into water [45]. The
preformed Al species has been proved to be mainly consisted
of Aly3, which can be detected by 27 A1 NMR spectra [46,47].

Alkalinity has little effect on the adsorption of Aly, species;
however, it can extend the coagulation zone significantly. Atlow
alkalinity, electrostatic patch coagulation takes place with very
low dosage even the overall particles are negatively charged;
at high alkalinity, patch coagulation zone extends to the region
where the overall particle charge is reversed. The PZC increasing
with alkalinity may imply that there exist further hydrolysis or
rearrangement of Alj3 subunits [48,49], which is likely to reduce
their neutralization ability.

The preformed aluminum species induced coagulation in
essence. It is worthwhile pointing out that EPC involves pre-
cipitation charge neutralization, sweep flocculation and bridg-
ing flocculation. When PACIs with high content of preformed
species are used, the complete charge neutralization of clay
particles is not required due to electrostatic patch formation.
However, if the dosage is lower (or higher) than IED value, the
repulsion forces among the overall charged flocs inhibit fur-
ther growth of the flocs and thus limit the turbidity removal
efficiency.
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4. Conclusions

When traditional coagulant such as alum is used, the interme-
dial Alp and eventual amorphous precipitate form in situ quickly
through self-hydrolysis and exhibit charge neutralization capa-
bility. PCN coagulation is the main mechanism for turbidity
removal in this case. The preformed polymeric species contained
in PACls are fairly stable and highly positively charged and these
species can be adsorbed on partial surfaces of clay particles and
experience aggregation and rearrangement to form electrostatic
patches. The electrostatic patches of preformed species play a
vital role in coagulation with PAClIs.

Alkalinity increased the coagulation zones for all coagu-
lants. The IED value is a linear function of alkalinity. The
PZC value of traditional aluminum salt is not influenced by
alkalinity, and efficient turbidity removal could be obtained
by increasing water alkalinity. The alkalinity has slight influ-
ences on the electrostatic patch coagulation resulting from pre-
formed polymeric aluminum species. It is expected that the
electrical patch coagulation of PACls might be more suitable
for separation processes involving micro—surface interactions,
such as direct filtration and flotation instead of traditional
coagulation—sedimentation—filtration processes.
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