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 Optimized particle coagulation was
dominated by in-situ aggregation of
Al13.
 Aggregation of Al13 on particles was
via adsorption and deprotonation.
 Particle coagulation by Al13 largely
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 Large compact ﬂocs were formed by
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 Distribution of Al on particle greatly
inﬂuenced the coagulation pathway.
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The coagulation mechanism for removing particles by Al13 has been extensively investigated for water
treatments. It was widely accepted that Al13 played important roles in coagulation mainly by charge
neutralization and electrostatic patch. However, the discovery of Al13 aggregates (Al13agg) in ﬂocs
indicated that the real coagulation process should be different from the previous understanding,
including when Al13agg were generated and how it interacted with negative particles. The aggregation
process of Al13 during coagulation and its micro-interfacial effect on particle coagulation remains to be
explored. In this study, to investigate the aggregation of Al13 and its effect on coagulation performance,
two parallel coagulation jar tests were conducted on silica suspensions by preformed Al13agg and Al13,
respectively. The results showed that optimized coagulation for particle removal by Al13 occurred from
pH 7 to pH 9, which was dominated by the in-situ aggregation of Al13. The results conﬁrmed that Al13agg
were both present in ﬂocs generated in two tests, however, the morphology and distribution of surface Al
of ﬂocs were different for two tests. The in-situ formed Al13agg covered all over the silica particles in
ﬂocs, resulting in compact structure with rough surfaces, while the preformed Al13agg mainly distributed
on joint sites between particles, generating denser ﬂocs with smooth surfaces. This difference veriﬁed
that the in-situ aggregation of Al13 was the key factor to optimized particle coagulation. The overall
optimized particle coagulation by Al13 should undergo the following pathway: charge neutralization e
in-situ aggregation of Al13 e inter-particle bridging.
© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction
Coagulation plays an essential role in removing inorganic particulates and organic matter in drinking and waste water treatments. Removal of organic matter by enhanced coagulation is an
important approach recommended by U.S. EPA to control drinking
water disinfection byproducts (Feng et al., 2010; Zhang et al., 2005;
Zhang and Minear, 2006; Zheng et al., 2015). In addition, various
particles including natural minerals, graphene oxide, metals and
metal oxides could be efﬁciently removed by coagulation (Donovan
et al., 2016, 2017; Duan et al., 2016; Hargreaves et al., 2017). Actually, more important applications of coagulation were developed by
extended researches, such as sludge dewatering, removal of algae
and virus, removal of phosphorous and arsenic, etc (Wei et al.,
n et al.,
2018; Ghernaout et al., 2017; Shirasaki et al., 2018; Guzma
2016). Moreover, development of new types of coagulants and
technologies, coagulation combined technologies and exploration
of the interactions for synergistically removing pollutants were also
attracting extensive attention (Wu et al., 2011, 2019; Guo et al.,
2010; Tian et al., 2018). Although the researches of coagulation
are greatly expanded, the coagulant and coagulation mechanism
are still the core contents for the subject.
Poly aluminum chloride (PAC) is regarded as one of the most
efﬁcient coagulants, which is used to coagulate small particles into
large ﬂocs that can be effectively removed by sedimentation and
ﬁltration treatments (Hu et al., 2005, 2006; Ning et al., 2017; Wang
et
al.,
2000).
It
is
widely
acknowledged
that
[AlO4Al12(OH)24(H2O)12]7þ (Al13) is the most efﬁcient coagulation
species in PAC (Lu et al., 1999; Matsui et al., 2017; Wang and Tang,
2001; Xu et al., 2003), which is composed of one central AlO4 tetrahedron and twelve surrounding AlO6 octahedra (Casey and
William, 2006; Phillips et al., 2000). Previous studies (Hu et al.,
2006; Lin et al., 2008a) showed that Al13 generally had higher
coagulation efﬁciency than traditional Al salts, especially at low
dosage and alkaline pH. Furthermore, larger ﬂocs, higher ﬂocs
growth rate, and better ﬂocs settling properties were expected to
be observed by Al13 coagulation (Hussain et al., 2013).
Al13 is a type of meta-stable polycation which can transform into
other Al species via complicated reactions. The H2O and OH
groups outside of Al13 sphere can be exchanged by water molecules
incessantly (Bottero et al., 1987), providing a possible approach to
form Al13 defects and Al13 conjunctions, such as Al26 and Al30 polycations (Casey and William, 2006; Furrer et al., 1992). In addition,
within a speciﬁed pH range, the deprotonation of terminal H2O
groups in Al13 leads to the reduction of surface positive charge,
resulting in aggregation of Al13 and formation of a new type of Al
specieseAl13 aggregates (Al13agg) (Furrer et al., 1992). Furrer et al.
(2002) proposed that the condensation of Al13 could induce the
aggregation of Al13 at speciﬁc pH. Although Al13 kept a good stability at low concentration, the aggregation phenomenon was unexpectedly observed in a relatively short time in coagulation
reactions (Lin et al., 2008a; Tang and Luan, 1995). It was thought
that the structure and property of Al13 would remain after aggregation during coagulation (Lin et al., 2008a; Wang et al., 2011).
Although it was widely acknowledged that charge neutralization dominated Al13 coagulation and electrostatic patch would play
an important role under certain conditions (Wang et al., 2002,
2008), the exact reaction pathway of Al13 in particle coagulation
remains unclear. It was conﬁrmed that Al13agg were formed in
coagulation of kaolin as the dosage of Al13 increased at pH 10,
whereas the particle coagulation was mainly dominated by interparticle bridging (Lin et al., 2008a). However, the details
regarding the interaction between the aggregation of Al13 and
particle coagulation were unrevealed, which were particularly
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important to understand the mechanisms of coagulation and achieve the optimization of particle coagulation. Previous researches
(Furrer et al., 1992; Wang et al., 2011) have veriﬁed that Al13 could
also aggregate at low concentration at high pH, but it remains
unclear regarding when the Al13agg were formed after dosing and
how it interacted with negative particles.
This study aims to investigate the aggregation of Al13 and its
effect on particle coagulation. To compare with the in-situ aggregation of Al13, preformed Al13agg were prepared and used as control group. Besides monitoring of jar tests, the characteristics of the
ﬂocs were also analyzed to reveal more detailed natures of coagulation. The present study revealed that the pathway of silica
coagulation is dominated by in-situ aggregation of Al13 under
neutral and alkaline conditions, which gives signiﬁcant guidance
for the application of PAC in drinking water and waste water
treatments.
2. Materials and methods
2.1. Materials and preparation of Al13
All reagents are of analytical grade and used as received. The Al13
sample was prepared according to reported method in our laboratory (Lu et al., 1999). 0.2 mol/L AlCl3$6H2O solution was titrated
with saturated NaHCO3 solution by pumping at 65  C under rapid
stirring, and ﬁnal OH/Al ratio (B) of solution was set as 2.2. Pure
Al13 solution was obtained by precipitation/metathesis method in
use of Na2SO4 and BaCl2. Final Al13 solid was obtained by freezedrying of pure Al13 solution in vacuum freeze dryer. 0.01 mol/L
Al13 solution was prepared by dissolving pre-weighed Al13 solids
into deionized water, and the preformed Al13agg were prepared
directly by adjusting the pH of above Al13 solution to 7, 8, and 9,
respectively. Total Al concentrations (AlT) were determined by
inductively coupled plasma-optical emission spectroscopy (ICPOES, 9800, SHIMADZU, Japan).
Silica was used as the model particle to avoid disturbance in
characterizing of Al species in ﬂocs. Silica stock suspension was
prepared by dispersing a certain amount of silica powder into
deionized water. Working suspensions were all prepared by
diluting the silica stock suspension in deionized water according to
required concentrations. Before jar tests, NaNO3 and NaHCO3 were
added into jar test suspensions to provide electrolyte and alkalinity,
in which the concentrations of NaNO3 and NaHCO3 were both
5  103 mol/L.
2.2. Characterization of Al species
The Al species distribution of Al13 solution was analyzed by
Ferron colorimetric method that was described elsewhere (Wang
et al., 2004). Ferron assay can differentiate Al species into Ala, Alb
and Alc categories, corresponding to monomers, medium polymers,
and large polymers, respectively. The Ala and Alb species were
determined by ferron assay within 120 min, where the starting
1 min was regarded as the reaction time for Ala and Ferron reagent.
Then the Alc content can be calculated by eliminating Ala and Alb
from AlT (Hu et al., 2006; Parker and Bertsch, 1992). The results of Al
speciation showed that Al13 contained around 94% Alb with a little
amount of Alc.
2.3. Coagulation experiments
Compared to preformed Al13agg, Al13agg were formed by
directly adding Al13 in silica suspension was labeled as in-situ
formed Al13agg. Two sets of jar tests were carried out on a sixpaddle stirrer (MY3000-6F, MeiYu, China). The coagulant dosages
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used for both jar tests were 1.0, 2.7, 5.4, 10.8, 13.5, 16.2, 27.0 mg Al/L,
respectively. The initial turbidity for the silica solution was 50 NTU.
Jar test I was to adjust pH of silica suspensions to 4, 5, 6, 7, 8 and 9,
and original Al13 solution (pH 5.2) was used as coagulant. For jar
test II, the preformed Al13agg prepared at pH 7, 8 and 9 were used as
coagulants, and working silica suspensions (pH 7.5) were used as
coagulation targets. The pH of all solutions was adjusted by 0.1 mol/
L NaOH and 0.01 mol/L HCl.
Jar tests were carried out as follows: At the beginning, the
coagulant was added into silica suspension, and then 1 min of rapid
mixing at 200 rpm was applied, followed by a slow stirring at
30 rpm for 20 min and a settling period of 20 min. Zeta potentials
(ZP) of suspensions were measured by a laser zeta analyzer (Malvern, Zetasizer ZS90, U.K) immediately after rapid mixing. Supernatants were collected to measure residual turbidity and ﬁnal pH
after ﬂocs settled. Flocs were also collected by centrifugation and
dried by freeze-dryer.
Laser diffraction instrument (Mastersizer 2000, Malvern, UK)
was used to measure dynamic size of ﬂocs in breakage and regrowth process. Flocs breakage and re-growth experiments were
carried out as follows: A rapid mixing at 200 rpm for 1 min was
applied after the coagulant was added, followed by a slow stirring
at 30 rpm for 20 min. Afterwards, a stirring of 200 rpm for 5 min
was applied, and then back to 30 rpm for another 20 min. The
suspensions were monitored by drawing water through optical unit
of the Mastersizer and back into the jars by peristaltic pump at a
ﬂow rate of 10 mL/h. Size measurement was taken every 0.5 min for
the duration of jar tests. The ﬂoc strength and re-growth abilities
were calculated by means of ﬂoc strength (Sf) and recovery factors
(Rf) (Xu et al., 2014).

2.4. Characterization of ﬂocs
The composition of Al species in ﬂocs formed in two jar tests at
27 mg Al/L dosage were characterized by solid-state 27Al nuclear
magnetic resonance (27Al-NMR, JNM-ECZ600R, Japan) and X-ray
photoelectron spectroscopy (XPS, ESCALAB250Xi, Thermo Fisher
Scientiﬁc, China). The ﬁeld emission scanning electron microscope
(FE-SEM, SU-8020, Japan) equipped with an X-ray energy dispersive spectrometer (EDS) was used to characterize the morphologies
of ﬂocs and distribution of Al element on ﬂocs.
3. Results and discussion
3.1. Effect of in-situ aggregation of Al13 on particle coagulation
Al13agg could be generated at various Al concentrations and the
existence of particles could effectively promote the aggregation
process of Al13 (Lin et al., 2008b; Rakotonarivo et al., 1988). It has
been conﬁrmed that Al13agg were observed in ﬂocs formed by Al13
coagulation at pH 10 (Lin et al., 2008a), indicating that unknown
mechanisms should be involved in particle coagulation by Al13.
Obviously, the aggregation of Al13 is supposed to affect the coagulation pathway by the interaction between Al13agg and particles. As
shown in Fig. 1a, the turbidity removal rate (TRR) by Al13 coagulation was high (99%) at low dosage and kept constant as Al13 dosage
increased over 10 mg Al/L at pH 7, 8 and 9. For acidic silica suspensions (pH 4, 5 and 6), however, the TRR values were low
(maximum was 72%) as Al13 dosage increased and restabilization
occurred after dosage exceeded 17 mg/L. Since Al13agg were easier
to form under alkaline conditions (Lin et al., 2008a), it could be

Fig. 1. Curves for turbidity removal rate (a)(c) and zeta potential (b)(d) as functions of coagulant dosages (a and b for jar test I, c and d for jar test II).
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deduced that the aggregation of Al13 was the key factor for optimized particle coagulation. The isoelectric point of silica suspension was below pH 4 (Fig. S1), so charge neutralization should be
involved, and excessive adsorption of Al13 on particles induced the
charge reversion, especially for acidic suspensions. The charge
reversion of silica particles was induced by the adsorption of Al13,
especially for acidic suspensions (Fig. 1b). The lower ZP at neutral
and alkaline pH (<30 mV) indicated that Al13agg possessed lower
positive charge density, due to the deprotonation of Al13 in aggregation process (Furrer et al., 1992; Letterman, 1990; Letterman and
Asolekar, 1990). In addition, the signiﬁcant decrease of pH after
addition of Al13 also demonstrated that the deprotonation of Al13
occurred under neutral and alkaline conditions (Fig. S2). However,
for acidic suspensions, it seemed hard to form Al13agg after Al13 was
adsorbed onto silica particles. According to charge neutralization
theory (Wang et al., 2002, 2008), it was expected to show good
coagulation performance for acidic suspensions at low dosage of
Al13. However, low TRR was observed in the jar tests under acidic
conditions, indicating that other mechanisms should be responsible for the optimized particle coagulation by Al13 coagulation.
To investigate in which stage the aggregation of Al13 occurred
after addition of Al13 and how in-situ formed Al13agg interacted
with particles during coagulation, the preformed Al13agg were used
to coagulate silica particles at pH 7.5 (Jar test II). The preformed
Al13agg were prepared by adjusting the pH of Al13 solutions and the
aggregation degree of the Al13agg increased with increasing pH.
(Dubbin and Sposito, 2005; Furrer et al., 1992, 1999). As shown in
Fig. 1c, the TRR were negatively correlated to the aggregation degree of preformed Al13agg, which were signiﬁcantly lower than that
of Al13 coagulation in jar test I under neutral and alkaline conditions. It was obvious that Al13agg were generated after Al13 was
adsorbed onto silica particles in jar test I, which was consistent
with the adsorption assumption (Wu et al., 2007). Thus, the in-situ
aggregation of Al13 should make a difference on coagulation process. Meanwhile, the negative ZP at low dosage indicated that the
preformed Al13agg possessed weak charge neutralization capacity
(Fig. 1d).
These results indicated that optimized particle coagulation by
Al13 should be dominated by the in-situ aggregation of Al13 at
neutral and alkaline pH. This detailed coagulation pathway could be
further speculated by analyzing fractal dimension (Df), morphology
and growth characteristics of ﬂocs.
3.2. Coagulation kinetics
To further investigate the inﬂuence of Al13 aggregation on
coagulation kinetics, the sizes of ﬂocs (Media equivalent diameter,
d50) were on-line monitored. Fig. 2 showed the growth proﬁle of
ﬂocs generated in two jar tests at dosage of 13.5 mg Al/L.
There were obvious differences between two jar tests. In initial
stage of coagulation, the size of ﬂocs generated in jar test I was
nearly twice as large as that formed in jar test II, which could be
attributed to different interaction mechanisms between coagulants
and particles. However, the ﬂocs size decreased gradually after it
reached maximum in jar test I, while the size of ﬂocs almost kept
constant for jar test II. Previous studies (Jarvis et al., 2005; Lin et al.,
2008b) demonstrated that the growth of ﬂocs depended on the
balance between formation and breakage of ﬂocs. The number of
primary particles reduced with the growth of ﬂocs, which made the
frequency of effective particle collision decrease inevitably. When
the ﬂocs size reached a critical value, the breakage of ﬂocs would
dominate the growth process, especially for ﬂocs with weak and
medium strength. The ﬂocs generated by preformed Al13agg were
much stronger than that generated by in-situ formed Al13agg. The Sf
and Rf of ﬂocs formed in two tests were listed in Table S1. The
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Fig. 2. Variation of ﬂoc sizes for coagulation by Al13agg prepared at pH 8 (a) and 9 (b),
Al13 for silica suspension of pH 8 (c) and 9 (d) during formation, breakage and reformation processes for two jar tests.

differences between two tests indicated that the in-situ aggregation of Al13 occurred simultaneously with the formation of ﬂocs,
which led to the formation of larger ﬂocs. The higher pH was
beneﬁcial for the aggregation of Al13 but not good for the formation
of large ﬂocs. It was noteworthy that the ﬁnal sizes of ﬂocs tended
to be same for pH 8 and 9 in jar test I. Under the same AlT, the
preformed Al13agg prepared at pH 8 had higher concentration than
that prepared at pH 9 in jar test II. The higher concentration of
Al13agg could enhance the frequency of effective particle collision
by means of uniform distribution on particles, and larger ﬂocs were
formed subsequently. Inter-particle bridging was expected to
induce the formation of ﬂocs by preformed Al13agg.
These results implied that the optimized particle coagulation by
Al13 was dominated by in-situ aggregation of Al13.
3.3. Characterization of ﬂocs
Transformation of Al species during coagulation can greatly
inﬂuence coagulation pathways, which will determine the ﬁnal
coagulation performance (Lin et al., 2008a).
As shown in Fig. S3, all spectra showed two characteristic peaks
at 63 ppm and around 0 ppm, which were assigned to AlO4 and
AlO6, respectively (Bertsch et al., 1986). The results indicated that
most of Al13 polycations were preserved in ﬂocs, while a small
quantity of Al13 transformed into AlO6 during coagulation. The results veriﬁed that Al13agg which was in-situ formed could be
detected by 27Al-NMR. There were more AlO6 produced in preformed Al13agg coagulation, which should be ascribed to the reaction between Al13 and OH in preparation process. These results
were consistent with the conclusion that Al13 clusters could be
preserved in various coagulation process (Hu et al., 2012).
The exact compositions of Al species in ﬂocs were further
analyzed by XPS characterization. In XPS spectra, tetrahedrally
coordinated Al (AlIV) has a lower binding energy than octahedrally
coordinated Al (AlVI). In Al2p spectra, two overlapping bands corresponding to two different Al2p transitions with binding energies
of about 73 eV and 74 eV were assigned to AlIV and AlVI, respectively
(Duong et al., 2005; Lin et al., 2009). In addition, a small shift of the
binding energy less than 0.5 eV is within the range of typical precision of XPS instrument (Lin et al., 2014). Theoretically, the AlIV/
AlVI ratio in Al13 is 1:12 which can be presented in XPS results (Lin
et al., 2014).
Al2p scans by XPS were carried out for ﬂocs formed in two tests
at dosage of 13.5 mg Al/L. As shown in Fig. 3a and b, both AlIV/AlVI
ratios for ﬂocs generated in jar test I for silica suspensions at pH 7
and 9 were 1:10, suggesting that the in-situ aggregation of Al13
occurred by losing part of AlVI units. These results were consistent
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Fig. 3. Spectra of XPS Al2p scans for ﬂocs generated in coagulation by Al13 in silica suspension of pH 7 (a) and 9 (b), coagulation by preformed Al13agg prepared under pH 7 (c) and 9
(d).

with the previous report (Lin et al., 2009) that Al13 polycations
condensed due to the decomposition of outer Al(O)6 structure.
However, pH (range from 7 to 9) made no difference to the
composition of in-situ formed Al13agg, which could be attributed to
that the adsorption of Al13 on particles could prevent the free reaction between Al13 and OH. On the other hand, AlIV/AlVI ratios for
ﬂocs generated by preformed Al13agg prepared at pH 7 and 9 were
1:10 and 1:15, respectively (Fig. 3c and d). Compared the Al compositions of Al13agg before (Fig. S4) and after coagulation, almost no
change was observed during coagulation, so the preformed Al13agg
took part in coagulation just as its original status in neutral silica
suspension. However, nearly 20% of Al13 were decomposed at pH 9.
As pH continually increased, partial Al13 clusters would transform
into amorphous hydroxide, causing the decrease of AlIV and increase of AlVI (Bottero et al., 1987; Furrer et al., 1992; Wang et al.,
2011). These conclusions were consistent with 27Al-NMR results.
In-situ aggregation of Al13 and coagulation process should occur
simultaneously in jar test I, which would protect Al13 clusters from
decomposition under high pH condition.
In conclusion, Al13 was detected in all ﬂocs in the form of
Al13agg. Since the preformed and in-situ formed Al13agg were
generated through different processes, particle coagulation in two
jar tests must undergo different pathways.
3.4. SEM and EDS characterization of ﬂocs
Coiled amorphous Al13agg has ever been observed in ﬂocs by
TM-AFM instrument (Lin et al., 2008a). To obtain more details
about Al13agg morphologies and Al distributions in ﬂocs, SEM and
EDS characterizations were carried out. The SEM images for ﬂocs
and regional enlarged view of ﬂocs are shown in Fig. 4. Silica

particles and Al13agg can be identiﬁed clearly under 10000-fold
magniﬁcation.
It has been conﬁrmed that dense ﬂocs were formed in Al13
coagulation for kaolin at pH 7 (Yu et al., 2015). Likewise, as shown
in Fig. 4a and d, both ﬂocs formed in two tests at the dosage of
13.5 mg Al/L were compact, corresponding to high fractal dimension values of 2.4e2.6 (Table S1). It was thought that the ﬂocs
should be more compact when charge neutralization dominated
coagulation process at high Al13 dosage (Lin et al., 2008a).
Considering positive ZP in both situations, not only charge
neutralization induced particle coagulation, but electrostatic patch
and inter-particle bridging also took part in different stages of
coagulation (Wang et al., 2008).
However, there were signiﬁcant differences in morphologies
and Al distributions of ﬂocs between two tests. As shown in Fig. 4,
the surface of silica particles in ﬂocs was rough for jar test I (Fig. 4b),
but smooth for ﬂocs formed in jar test II (Fig. 4e). It was believed
that Al13 uniformly was adsorbed on silica particles at ﬁrst and then
in-situ assembled into Al13agg in jar test I. In contrast, the preformed Al13agg mainly distributed at the joint sites between
particles.
The EDS results were shown in Fig. 4, for test I, Al element
uniformly distributed all over silica particles referring to O and Si
elements (Fig. 4c). Because EDS can detect elements in 1e10 mm
depth from the surface of samples, the Al13agg layer covered on
silica was thin and easily penetrated by X-ray. Expectedly, for test II,
Al element in ﬂocs mainly located at the joint sites between particles (Fig. 4f). These results were totally consistent with SEM
characterizations. Previous studies (Wang et al., 2008; Wu et al.,
2007) veriﬁed that Al13 could be rapidly adsorbed onto particles
after added, then the destabilization of particle and formation of
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Fig. 4. SEM images and EDS results of the ﬂocs formed in jar test I (a) (b) (c) and test II (d) (e) (f) under optimized dosage.

ﬂocs occurred. The leading driving force for adsorption of Al13 onto
particles should be electrostatic attraction (Wu et al., 2007), which
could interpret the reason for the uniform distribution of in-situ
formed Al13agg over the particles. The aggregation of Al13 could
take place easily at high pH (over 6) (Furrer et al., 1992), so the insitu Al13agg could only be observed at neutral and alkaline conditions. Thus, for the acidic silica suspension, no Al13agg were formed
after adsorption which could be veriﬁed by the SEM image (Fig. S5).
Hence, a conclusion could be reached that the optimized particle
coagulation by Al13 should be dominated by in-situ aggregation of
Al13. For jar test II, owing to the weak charge neutralization capacity
of preformed Al13agg (Lin et al., 2008a), inter-particle bridging
should play a leading role due to the large size of Al13agg. Then
more Al element gathered at the joint sites and generated strong
adhesive force between particles which further enhanced the
strength of original ﬂocs.
For the ﬁrst time, the distribution of Al13 in ﬂocs was clearly
captured and analyzed. The results of SEM and EDS showed
different distributions of Al on ﬂocs generated in two jar tests. In
summary, optimized particle coagulation by Al13 was achieved
under neutral and alkaline conditions. The in-situ aggregation of
Al13 occurred after adsorption interaction, which dominated the
pathway of coagulation.
3.5. Coagulation pathway for Al13
As discussed above, in-situ aggregation of Al13 dominated the
pathways of particle coagulation under neutral and alkaline conditions. The detailed pathways of particle coagulation were

demonstrated in Fig. 5. As shown in Fig. 5a, when preformed
Al13agg were dosed, Al13agg were sparsely adsorbed onto silica
particles. Under this condition, effective particle collisions could
only occur at the position where Al13agg were adsorbed, which
limited the formation of large ﬂocs. In addition, part of silica particles could not participate in coagulation process inevitably,
resulting in lower TRR. However, as shown in Fig. 5b, for jar test I,
when Al13 was added into neutral or alkaline silica suspensions,
Al13 was uniformly adsorbed onto silica particles, which promoted
the rapid aggregation of silica particles. Because effective particle
collisions could occur in any directions and all silica particles could
participate in formation of ﬂocs, large compact ﬂocs could form
rapidly at this stage. The excellent TRR for particle coagulation
depended on this stage. The current ﬂocs were fragile due to weak
interaction between particles. In this stage, regional charge heterogeneity should be existing over the particles for the prior
adsorption of Al13 onto silica particles, so electrostatic patch effect
was also expected to play a part in coagulation to some extent
(Adachi et al., 2015). Subsequently, more Al13 clusters were adsorbed on the surface of silica and in-situ aggregation of Al13 began to
occur, which enhanced the binding strength of aggregated particles. Thus, inter-particle bridging started to take over the process in
forming large strong ﬂocs. Overall coagulation was expected to
undergo charge neutralization e in-situ aggregation of Al13 e interparticle bridging pathways for efﬁcient removal of particle. In
addition, this process could prevent decomposition of Al13 at
alkaline pH, because Al13 polycations could be ﬁrst adsorbed onto
particles, avoiding the attack of OH in solution.
In summary, optimized coagulation for removal of particle by
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Fig. 5. Schematic representation of coagulation pathway dominated by in-situ formed Al13agg and preformed Al13agg.

Al13 was achieved due to the high frequency of effective particle
collision and the formation of large compact ﬂocs which were
induced by in-situ aggregation of Al13. These results can give us
signiﬁcant guidance to make full use of PAC in water treatment.

4. Conclusion
Aggregation of Al13 and its effect on particle coagulation have
been systematically investigated in this study. The main conclusions have been made as follows:
1. Optimized particle coagulation by Al13 was dominated by insitu aggregation of Al13 under neutral and alkaline conditions.
Compared with preformed Al13agg, it was conﬁrmed that the
pathway of coagulation underwent charge neutralization e in-situ
aggregation of Al13 e inter-particle bridging processes. The existence of Al13 in ﬂocs was determined by 27Al-NMR and XPS, and
rough amorphous Al compositions in ﬂocs were observed by SEM
and EDS, which veriﬁed that the in-situ aggregation affected the
interaction between Al13 and particles. The in-situ formed Al13agg
covered all over the particles in ﬂocs, implying that Al13 aggregated
after it was uniformly adsorbed onto the surface of silica and the
aggregation of Al13 occurred simultaneously with the formation of
ﬂocs. The uniform distribution of Al13 on particles could result in
high frequency of effective particle collision, leading to the formation of large ﬂocs at initial stage of coagulation and excellent
coagulation performance for particle removal. The ﬁnal compact
ﬂocs were generated via inter-particle bridging induced by in-situ
formed Al13agg.
2. Aggregation of Al13 was greatly inﬂuenced by pH, which could
easily occur under neutral and alkaline situations. However, during
coagulation, pH (range from 7 to 9) had no signiﬁcant inﬂuence on
the ﬁnal composition of Al13agg (AlIV/AlVI ratio) and the ﬁnal ﬂocs
size. In addition, silica particles could effectively protect Al13 from
decomposing into octahedral Al, because the adsorption reaction of
Al13 would occur prior to the aggregation in solution. Adsorption
and deprotonation were expected to occur before the aggregation
of Al13, which would determine the pH of silica suspensions and the

distribution of Al species in ﬂocs.
3. This study provided signiﬁcant guidance for practical application of PAC in water plant. First, to optimize the coagulation
performance, the raw water should be adjusted to neutral or
alkaline condition when using PAC as coagulants. Second, because
the ﬂocs formed by Al13 coagulation at low dosage were in weak
strength, it is important to control the practical hydraulic condition
and coagulant dosage.
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