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ABSTRACT: Most coagulation studies focus on pollutant removal or
floc separation efficiency. However, to understand the mechanism of
coagulation, it is necessary to explore the behavior of coagulation in
terms of the interactions among the functional groups on the surface of
the metal hydrolysis precipitates during the hydrolysis process. In this
study, for the first time, aluminum sulfate (alum) was used to
investigate such interactions over the whole process sequence of
hydrolysis, coagulation, and crystallization with, and without (as a
control), the presence of specific low molecular weight (LMW)
(molecular weight < 1000 Da) organic compounds with different
chemical bonds. It was observed that primary nanoparticles (NPs) of
around 10 nm size were produced during the hydrolysis of alum. The
presence of organic compounds was found to influence the coagulation
performance by affecting the metal hydrolysis and the properties of the
nanoparticles. At pH 7, ethylenediaminetetraacetic acid disodium salt (EDTA) delayed the time when the particles start to aggregate
but increased the maximum size of the flocs, while citric acid caused the crystallization of amorphous hydrates and inhibited the
coagulation performance. In contrast, glucose, benzoic acid (BEN), and tris(hydroxymethyl)aminomethane (THMAM) had no
significant effect on the coagulation performance. Therefore, LMW organics can bond to the hydrolysis products of metal ions
through key functional groups, such as carboxyl groups, and then affect the coagulation process. The experimental results show that
the presence of LMW organics can change the surface properties and degree of crystallization of the primary NPs, thereby affecting
the performance of coagulation.
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1. INTRODUCTION

Coagulation is a widely used water treatment technology with
a long history. It can be combined with many other treatment
methods to remove pollutants in water.1 The meaning of
coagulation discussed in this article refers to the process of
hydrolysis and coagulation of inorganic coagulants with a low
degree of polymerization, which includes the hydrolysis of
coagulants, nanoparticle formation and destabilization, aggre-
gation into particles, and floc crystallization. Associated with
these phenomena is the role of organic matter typically present
in the water undergoing treatment. Previous studies have given
many explanations for the coagulation mechanism from the
perspective of metal salt hydrolysis2 and nanoparticle
aggregation.3 Natural organic matter (NOM) can interfere
with the hydrolysis of metal ions, such as iron, and affect the
characteristics of Fe precipitates.4 This aspect has become the
main direction of research concerned with the coagulation
mechanism.5

In recent years, the focus on coagulation has been on the
removal of NOM/dissolved organic matter (DOM) and other
current and emerging pollutants.6 While macromolecular

organic matter is easily removed by coagulation,7 it is more
difficult to separate small molecular organic substances, which
have a molecular weight (MW) less than 1000 Da. This
behavior has been widely reported.8 Polyaluminum chloride
(PACl) and AlCl3 cannot effectively remove aliphatic
substances through adsorption when the MW of the organic
species is small.9 Zhao et al. tried to improve this situation by
developing new coagulants.10 Previous studies have explained
the coagulation phenomenon from various angles, such as the
Brownian dynamics11 and surface charge of nanoparticles.12 In
addition, many works have shown that the reason why
macromolecules are easily removed is because the key
functional groups (carboxyl) play a role in organic removal.13

For example, proteins are removed by adsorbing on nano-
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particles with carboxyl groups.14 In addition, modeling
methods have been used to further study the mechanism of
competitive adsorption of organic matter on flocs.15 It has
been shown that the covalent bonds formed by the key
functional groups are principally responsible for the removal of
organic matter through coagulation.16

Most of the previous research studies on small molecular
organic substances have explored the effect of humic acid on
coagulation. Humic acid is a heterogeneous organic substance
with a complex structure and broad molecular weight
distribution, so specific, small MW organic molecules are
used to model some of its functions in fundamental research
studies.17 In addition, since humic acid is an important
precursor of disinfection byproducts, much attention has been
paid to the removal efficiency of humic acid by coagulation.
However, there is still no clear or sufficient explanation about
how small molecular organic species affect coagulation.
Although small molecular organic substances are not usually
the target pollutants to be removed by coagulation, their effects
on coagulation performance (such as particle aggregation time
and maximum value of floc size) cannot be ignored. Therefore,
exploring the influence of small molecular organic matter on
coagulation can provide a more comprehensive, scientific basis
for evaluating the performance of coagulants under different
water quality conditions. Chemically active organic matter can
be used as a representative substrate in order to stimulate the
coagulated flocs to make a strong response. Using this
approach, a new perspective to understand coagulation can
be obtained, which can be used as a basis for further research
on the mechanism and impact of NOM on the performance of
coagulation.
To address these aspects, five organic compounds with

different molecular functional groups and spatial distributions
were selected for this research. The flocculation index (FI) was
used to evaluate the effect of LMW organics on the growth of
flocs, with respect to the coagulation time, coagulation rate,
and maximum/plateau value of floc size. In addition, the
applications of zeta potential measurement, attenuated total
reflection-Fourier transform infrared (ATR-FTIR) spectrosco-
py, and scanning electron microscopy (SEM) were used in the
study to examine the interactions between the LMW organics
and the surface functional groups of the alum hydrolysis
products. Furthermore, high-power transmission electron
microscopy (HP-TEM) was performed to characterize the
changes in the crystalline properties of the nanoparticles and to
further explore the coagulation mechanism in depth.

2. MATERIALS AND METHODS
2.1. Coagulant and Chemical Solutions. All stock

solutions were prepared at a concentration of 0.1 M, including
aluminum sulfate hydrate (Al2(SO4)3·16H2O, alum), benzoic
acid (BEN), citric acid, ethylenediaminetetraacetic acid
disodium salt (EDTA), and tris(hydroxymethyl)-
aminomethane (THMAM). Alum was used as a coagulant in
all experiments, and its dose was always constant at 0.1 mM,
which is equivalent to 0.2 mM for aluminum (Al). The dosage
of coagulant was obtained based on the results of previous
experiments.18 All reagents were of analytical grade and
purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China).
2.2. Jar Tests. For the flocculation tests, the kaolin (kaolin

light, Sinopharm Chemical Reagent Co., Ltd., China) stock
suspension was prepared as previously described.19 In a 1.2 L

beaker, kaolin (5 mg/L) was diluted in deionized water (1000
mL) with 5 mM NaHCO3, and various concentrations of
organic compounds were added. During the jar test, quantities
of 0.1 M HCl or 0.1 M NaOH were added to adjust the pH to
a predetermined value (pH 6, 7, and 8). The change in the
solution volume caused by the addition of other chemicals
during the experiments was less than 1%.
The jar test mixing program was designed as follows: rapid

premixing for 30 s to create stable conditions that facilitated
the rapid mixing (200 rpm) of the coagulant (alum). After the
addition of alum, the speed of fast stirring (200 rpm) was
maintained for 1 min and then reduced to slow stirring (50
rpm) for 15 min or more to ensure the full growth of the floc
in solution. The subsequent floc shear/disruption and
regeneration phases were achieved by rapid stirring (200
rpm) for 1 min and slow stirring (50 rpm) for 15 min,
respectively. All the experiments were performed at room
temperature (25 ± 1 °C). The coagulation experiments
employed proprietary integrated flocculation equipment,
namely, a Meiyu flocculation stirrer (Wuhan, China,
MY3000-2N). With this, the rotational speed (rpm) can be
automatically converted into a mean velocity gradient (G)
according to the cup shape. Thus, in the experiments, the 200
rpm rapid mixing corresponded to G = 422.7 s−1 and the 50
rpm flocculation to G = 52.8 s−1. When studying the influence
of the initial organic matter on coagulation, the organic matter
was premixed in the water and then the coagulant was added.
When observing the influence of organic matter on the broken
flocs, the organic matter was added after the second period of
rapid stirring.
The flocculation process was monitored using a photometric

dispersion analyzer (PDA-3000, Rank Brothers, UK). The
instrument detects the changes and fluctuations of particles in
water via continuous recirculation of the jar test solution; the
ratios of the root mean square (rms) and the average
transmitted light intensity (dc) are collected every second.
The ratio of rms to dc is called the flocculation index (FI),
which can represent the real-time growth of flocs during the
flocculation experiment.20 The FI-versus-time curve covered
the process of floc growth and regrowth after being broken. It
recorded the process from floc aggregation and growth to the
final stabilization and depicted the subtle changes in the
growth rate during the process. The coagulation performance
was indicated by the aggregation time, growth rate, and
maximum FI value, which reflected the various coagulation
properties in general.

2.3. Analytical Methods. A straight glass tube with an
inner diameter of 5 mm was used to take representative flocs
from the beaker, with minimal disturbance. For sample analysis
by scanning electron microscopy (SEM), flocs were applied
gently from a height of 0.5 cm above the surface of a filter
membrane and subsequently air-dried naturally. The prepared
samples were sprayed with gold on the surface and then
observed by SEM (Merlin Compact, Carl Zeiss AG,
Germany). In addition, floc samples were exposed to ultrasonic
dispersion for 10 min, placed onto a copper mesh (with carbon
films), and then observed using a high-power transmission
electron microscope (G2 F30 S-TWIN, FEI Tecnai, USA).
Laser Doppler electrophoresis was conducted to determine the
zeta potential of suspended particles in aqueous solution
(Zetasize-Nano ZS ZEN3600, Malvern, UK). Finally,
attenuated total reflection-Fourier transform infrared spectros-
copy (FTIR, NICOLET 8700, Thermal, USA, with the ATR
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accessory) was conducted to analyze the changes of functional
groups in the samples.

3. RESULTS AND DISCUSSION

3.1. Flocculation Index. The physicochemical properties
of the five LMW compounds are given in Table S1 of the
Supporting Information. These compounds were selected as
they comprise various numbers of carboxyl or hydroxyl groups,
which may influence the coagulation performance. Figure 1
shows the effect of different organic substances on the growth
of flocs from appearance to maximum size as well as their
breakage and regrowth. The results revealed that the
coagulation performance of alum was significantly influenced
by EDTA and citric acid. In contrast, glucose, BEN, and
THMAM (data not shown in Figure 1) showed a negligible
influence on floc growth, indicating that the characteristics of
the organic compounds directly determined the interactions
between them and alum hydrolysis products. Since BEN and
glucose cannot form complexes with metal ions in water at pH
7 and typical water temperature, they do not change the
hydrolysis of metal aluminum ions and thus do not influence
the coagulation performance. This is in contrast to EDTA,
which has a definite effect on promoting coagulation.
At pH 7, when the dose of EDTA increased, the maximum

size of the flocs also increased, but the lag time for the growth
of the flocs was prolonged. The hydrated aluminum ion is
hydrolyzed in water, and its structure is composed of a first
layer of bound water tightly arranged outside the aluminum
ion and a partially bound water layer outside the first layer.
Both the hydrolysis and chelation of aluminum occur in the
first hydration layer, where LMW compounds compete with
hydroxyl groups to occupy the binding sites of Al3+, thereby
changing the form of aluminum in water.21 Among the studied
compounds, the reaction of EDTA with aluminum ions

(chelation) in solution was the most rapid. Aluminum ions
complex with EDTA in water without forming hydrated
aluminum ions,22 and in turn, EDTA preferentially complexes
with the aluminum ions in water and occupies the binding sites
originally belonging to water. As a Lewis base, EDTA easily
combines with aluminum ions to form a stable bound
substance. The coordination mode of aluminum ions and
EDTA (EDTA:Al = 1:1) determines that the formed complex
does not have surplus binding capacity (no excess carboxyl
groups or active sites), and it is difficult to combine with
hydrated ions or organic molecules. Therefore, it is often free
from the floc or mixed in the floc by electrostatic
adsorption.23,24 The presence of EDTA:Al is equivalent to
adding large negatively charged species in the system, which
increases the maximum flocculation index.
The experimental results showed that citric acid also had a

marked impact on coagulation. The size of flocs decreased
significantly as the dosage of citric acid increased at pH 6 (i.e.,
FI decreased from 14.0 to 6.0% when the concentration of
citric acid increased from 0 to 0.1 mM). It was also observed
that the addition of citric acid at pH 6 did not delay the growth
of the flocs at all citric acid concentrations. The results at pH 7
were similar to those at pH 6, but when the addition of citric
acid increased to 0.10 mM, not only did the floc size decrease
but also the lag time for floc growth increased to 500 s. At pH
8, the lag phase appeared when the addition of citric acid was
0.08 mM, and when the dosage of citric acid exceeded 0.1 mM,
there was no formation of flocs.
Under the conditions of pH 6−8, when the molar ratio of

citric acid to aluminum was between 0 and 0.5, aluminum in
water mainly exists in the form of hydrolyzed aluminum
species, and there is a small amount of aluminum in the form
of a complex between each Al and two molecules of citric
acid.25 It was observed that citric acid inhibited flocculation
with increasing pH. As the pH changes, the ratio of hydrolyzed

Figure 1. Effect of organic compounds on the coagulation and regrowth processes: EDTA (a), glucose (b), and BEN (c) at pH 7. Effect of citric
acid on the coagulation and regrowth process at pH 6 (d), 7 (e), and 8 (f). The data points in the figure represent the concentration of different
organic substances added.
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and chelated aluminum was redistributed, thus showing the pH
dependence of LMW compounds on coagulation. When the
coagulant dosage was 0.1 mM, it inhibited coagulation more at
pH 8 than at pH 7 (Figure 2b).
The factors that affect coagulation performance, such as pH

and the type or concentration of the organics, were further
investigated. EDTA was shown to promote the coagulation
performance at a certain dosage and pH (Figure 2a), but citric
acid inhibited the coagulation process at pH 6−8 (Figure 2b).
THMAM was able to promote the growth of flocs at pH 8
(Figure 2c), but glucose and BEN appeared to have little
influence on coagulation at pH 6−8 (Figure 2d,e). For EDTA,
as mentioned above, the FI results showed that the floc size
increased as the dosing quantity increased. However, at higher
EDTA dosages (>0.08 mM), a marked inhibition of the floc
growth was evident. When the pH changed from 8 to 6, the
basic trend of increasing EDTA dosage and decreasing floc size
was unchanged. At pH 6, however, a higher dose of EDTA was
required to cause inhibition. In the presence of citric acid, its
concentration played a significant role in decreasing the size of
flocs in a pH range of 6−8, and floc growth was fully inhibited
when the concentration of citric acid was ≥0.5 mM. The slope

of the curve between 0.05 and 0.1 mM increased significantly
at pH 8. This showed that the same dose of citric acid
inhibited coagulation more clearly at pH 8. In the absence of
organic matter, the flocculation index under different pH
conditions decreased in the order of pH 6 > pH 8 > pH 7,
which showed the importance of pH on the hydrolysis and
coagulation of aluminum. At the same time, the ionization of
organic matter was also affected by pH. Therefore, the
influence of organic matter on the coagulation process had a
clear dependence on pH.22

As shown in Figure 2d,e, glucose and BEN had a limited
effect on FI values. THMAM was also shown to have a limited
effect on coagulation performance at pH 6 and 7. However, the
maximum value of FI at pH 8 was significantly increased.
Under acidic and neutral conditions, the amino groups of
THMAM are positively charged, which causes electrostatic
charge repulsion effects with the positively charged aluminum
flocs. In contrast, the amino group is gradually deprotonated
under alkaline conditions, and the reduction of positive charge
was conducive to floc aggregation, thereby improving the
coagulation performance. Tris was a tridentate ligand, and the
terminal amino group was a modifier. The pH changed the

Figure 2. Effect of organic compounds on the maximum FI value of flocs during the coagulation process: EDTA (a), citric (b), THMAM (c),
glucose, and (d), BEN (e).
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degree of protonation of amino groups and regulated the
binding behavior of organics.26 Previous studies have also
mentioned the oxidative hydrolysis reaction of THMAM
mediated by complexation.27

3.2. Characteristics of Flocs. The surface charge
characteristics of precipitated flocs were investigated by
measuring their zeta potential at pH 7, which is important in
terms of the stability of the micro-nanodispersion system. As
shown in Figure 3a, a small amount of citric acid and EDTA
had a marked impact on the zeta potential of the
corresponding NPs, which proved that the organic matter
settled/adsorbed on the surface of the nanoparticles effectively.
The other three substances did not change the zeta potential of
flocs, and thus they have a low degree of ionization in water or
cannot be adsorbed on the surface of nanoparticles. The
presence of EDTA made the zeta potential more negative

because all the carboxyl groups of EDTA combined with Al,
which have little effect on the active sites on the surface of
other particles in water and thus coagulation performance.
When citric acid binds on the surface of aluminum ions, many
negatively charged carboxyl groups are free in water. Due to
the different coordination modes, the carboxyl groups in the
chelate of citric acid and aluminum tend to be free on the
surface of the particles, which seriously affects the charge of the
particles in the water.28 In all citrate ion species, there are
intramolecular hydrogen bonds between −OH and free
−COOH, thus hindering the occurrence of bridging
interactions.29 The reason for the difference in the binding
properties of EDTA and citric acid is related to the chelating
ability of the chelating agent and the selectivity of metal ions.
FTIR results illustrated the different properties of LMW

compounds adsorbed on aluminum flocs (Figure 3b), which

Figure 3. Effect of different organic substances on the properties of flocs: variation of zeta potential with different organic concentrations at pH 7
(a); FTIR spectra at pH 7 (concentration of organic compounds was 0.1 mM) (b).

Figure 4. Detailed information about the size distribution of 300 nanoparticles obtained from the analysis of the SEM image with Scion Image
software: SEM images of flocs for the blank sample (alum alone) (a) and effect of EDTA (b), summary of mean size (c), blank (d), EDTA (e),
citric acid (f), THMAM (g), glucose (h), and BEN (i). (At pH 7, the concentration of organic compounds was 0.07 mM).
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indicated that the flocs were mainly combined with small
organic molecules containing hydrophilic carboxyl groups.
Compared with the control group, the peak changes after
adding EDTA and citric were obvious, which indicated that
they were more easily adsorbed in the nanoparticles. The
absorption peak of the sample at 1600 cm−1 was assigned to
the γ (COO−) stretching vibration of the carboxylate group
coordinated with aluminum,30−32 which can be used as a key
region for identifying the binding of small molecule acids to
flocs. Compared with the control, the peak intensity
corresponding to the coordinated carboxyl group in the
sample with citric acid and EDTA was significantly higher,33

which confirmed that EDTA and citric acid bind to Al through
carboxyl coordination effectively. In addition, a small amount
of monodentate ligand BEN was observed in this area.13 BEN
can be adsorbed on the surface of the floc, but because it
cannot inhibit the hydrolysis of aluminum, coagulation will not
be disturbed. In contrast, the additional peak of glucose was
not detected on the surface of the nanoparticles. In conclusion,
the results showed that citric acid and EDTA are present in the
flocs through the chelation of carboxyl groups with aluminum,
which proved that the coagulation performance of precipitated
nanoparticles was influenced by the functional groups of the
LMW organics. In addition, it is generally considered that the
peak at 3396 cm−1 mainly comes from the hydroxyl stretching
vibration of Al−OH and Al−H2O.

34 Furthermore, the right
shift in the wavenumber (around 3400 cm−1) of citric acid was
related to the promotion of aluminum hydrolysis and
crystallization.
The diameter of 300 nanoparticles was measured from the

SEM image, and the distribution of the particle size was
counted to obtain the approximate range of the nanoparticle
distribution. The NPs had a similar size (between 11 and 16
nm) and shape. The size distribution of the control group
(blank) had an approximate normal distribution, with a peak of
about 15 nm. The results shown here correspond to a dose of
0.07 mM for the five organic compounds at pH 7. Figure 4
shows that for BEN, glucose, and THMAM, which had a
limited effect on flocculation (Figure 2c−e), they also did not
affect the distribution of NP size. However, EDTA, which can
promote flocculation, significantly reduced the size of NPs. In
the presence of citric acid, coagulation was inhibited (Figure
2b), but the NP size was not significantly affected. In principle,
the free energy of aluminum after chelation with small organic
molecules decreases, resulting in a decrease in the surface
energy of the formed nanoparticles, which should cause their

particle size to be smaller than the control (alum only) group.
Therefore, the chelation of Al with EDTA and citric acid
should reduce the size of nanoparticles, but from the
experimental results, the particle size of the citric acid group
showed little change. This can be explained by reference to
TEM images, which showed that citric acid formed scattered
crystals in the nanoparticles and reduced the binding energy
locally. Since this had little effect on the whole particle, the
resulting particle diameter did not change significantly.

3.3. Effect of Organic Substances on the Regrowth of
Broken Flocs. This part of the study investigated the re-
aggregation process of nanoparticles with the participation of
organic matter. The coagulation tests showed that the addition
of organics during the floc regrowth process caused
significantly different regrowth effects. The approximate
pattern of floc growth was similar to that observed when the
organics existed at the beginning of the test. As can be seen in
Figure 5a, THMAM, BEN, and glucose did not influence the
floc regrowth after breakage. In marked contrast, the addition
of EDTA after floc breakage could promote floc regrowth
substantially, depending on the concentration. The aggregation
ability was much greater than that before breakage. In contrast,
flocs lose the regrowth ability after the addition of citric acid
during the breakage stage. The FI of flocs influenced by EDTA
with different concentrations is shown in Figure 5b. The
maximum value of the flocculation index increased with the
addition of EDTA, but when the dosage exceeded 0.05 mM,
the flocculation index decreased from 18 to 15%. The
phenomenon of floc fragmentation is the interruption and
redispersion of agglomerated nanoparticles in water, and
regrowth is a process of reunion. In essence, there is no
fundamental difference between broken nanoparticles and the
natural ones, except the presence of different chemical bonds
on their surface. It is believed that EDTA chelated with Al on
the surface of metal hydroxide nanospheres and detached the
aluminum species from the surface.35 Subsequently, the
hydroxyl bridge, or even the oxygen bridge, was disrupted
and converted into Al−H2O, and thus the activity of the
binding sites was restored.36 At the same time, the surface of
the reacting particles becomes more rugged, forming unstable
coordination configurations or coordination defects. The
increase in the surface energy of the particles will increase
the adhesion ability between them, showing that the
regeneration ability is obviously enhanced. In comparison,
for the chelation of citric acid on the surface of the
nanoparticles, the chelating complex stays on the surface of

Figure 5. Effect of organic compound addition after breakage on the regrowth of flocs at pH 7: different species of organics (a) and different
concentrations of EDTA (b).
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the particles, which enhances the surface stability of the
nanoparticles.37 The surface energy of the particles will be
greatly reduced, and thus it is difficult for them to overcome
the aggregation energy barrier and re-aggregate.38

3.4. TEM Images of Nanoparticles in a Floc. To
examine the further effects of the organic substances on the
formation of the flocs at a nanoscale, their morphology and
crystallinity were analyzed under high-resolution transmission
electron microscopy (HRTEM) (Figure 6). The performance

of different conditions was considered separately as follows: no
addition of organics, addition of citric acid, addition of EDTA,
and different organic dosing times (at the start of coagulation
and after breakage). At a macroscopic scale, the effects of citric
acid and EDTA on coagulation are opposite, corresponding to
inhibition and promotion of coagulation, respectively. At a
nanoscale, the crystallization behavior of flocs was also quite
different.
For the sample without organics, the sample has a

transparent texture and uniform color in the visual field, and
a lightly crystallized lattice structure was evident. This
indicated that in the natural state, the newly formed
amorphous aluminum hydrolysate tends to spontaneously
transform into a metal oxide (metal hydroxide) species with a
high degree of crystallization.

In the presence of EDTA at a concentration of 0.03 mM,
whether it was added in the initial coagulation phase or after
floc breakage, it was found that the lattice pattern on the
surface of the flocs disappeared or decreased. This indicated
that the addition of EDTA before and after the formation of
amorphous hydroxide will reduce crystallinity, which was
confirmed by the observed promotion of coagulation by EDTA
at the macro level.
In contrast, in the presence of citric acid, metal oxide

nanocrystals with a high degree of crystallization were
observed, with an approximate size between 2 and 5 nm.
The metal oxide nanocrystals were observed clearly both in the
initial coagulation phase and after floc breakage. The
nanocrystals were considered to be gibbsite (Al(OH)3) by
comparing the distance between lattices and angles of the
lattice pattern (Figure S1).28,39 Depending on whether the
citric acid was present during the initial coagulation phase or
after floc breakage, the position of the nanospheres in the main
body of the floc appeared to be different. In the initial
coagulation phase, the nanocrystals were incorporated within
the main body of the floc, as the crystals were surrounded by
large amounts of amorphous hydrolysate, making it difficult to
directly observe its lattice pattern in the analysis by TEM.
However, when the citric acid was added after floc breakage,
the metal hydroxide nanocrystals were present on the surface
of the floc, and crystallinity was easily observed in the area
corresponding to the nanocrystals. In the case of citric acid
addition (0.03 mM), the presence of nanocrystals had little
effect on the continuity of the floc chain, but the average size of
flocs (flocculation index) decreased. In addition, when the
amount of citric acid was excessive (0.05 mM), the broken
flocs could not be regenerated. The TEM images showed that
the large floc clusters that originally existed in the form of
corals were obviously disrupted, and the residual flocs had the
shape of short branches. A large number of new formed metal
hydroxide nanocrystals dotted on broken flocs was the key
factor preventing them from connecting to each other again.
The behavior of the nanocrystals can be summarized as
follows: the nanocrystals have few active sites on their surface,
and their binding ability is weak, whether between them or
combined with amorphous substances.40

Line scan analyses were performed by energy-dispersive
spectrometry (EDS) to identify the distribution of chemical
elements in the selected parts of the sample. In particular, the
proportion of O and Al in the composition of the flocs, with
and without (control) organics, was studied. The hydrolyzed
products of aluminum exist in the water under neutral
conditions in the form of mononuclear hydrolysates Al-
(OH)3(OH2)3 and Al(OH)6

3+ and a small amount of
polynuclear hydrolysates Al2(OH)2(OH2)8

3+ and Al2O-
(OH2)8

3+.33,41−43 When aluminum ions form complexes with
organics, the surrounding water molecules (hydroxyl groups)
are replaced with one or more organic molecules. When the
mononuclear hydrolysate transforms to the polynuclear
hydrolysate, there will be processes such as shared hydroxyl
groups and dehydration, and its O/Al will be reduced
accordingly. Therefore, it was expected that when the LMW
organics were added, the aluminum species in the solution
would move toward forming polynuclear hydrolysates;
however, it is difficult to directly correlate the O/Al ratio
with the crystallinity of the metal hydroxide. In the case of
EDTA, its presence during the initial coagulation phase and
during floc breakage had different effects on the O/Al ratio,

Figure 6. Transmission electron microscopy (TEM) images of the
control (alum) floc (blank) (a), the initial (b) and broken (c) flocs
with EDTA, and the initial (d) and broken (e) flocs with citric acid at
pH 7, where (1), (2), and (3) correspond to low-magnification, high-
magnification, and line-scan EDS, respectively. (1) and (2) were shot
in a bright field, and (3) was shot in a dark field.
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while for citric acid, the time of its addition had a limited effect
on the change of O/Al. The effect of citric acid is due to the
coagulant progressing from mononuclear to polymer species
and then to crystallization. Furthermore, the precipitation of
crystals will cause the O/Al to gradually decrease.
As has been well established, the addition of aluminum ions

into water leads to their rapid hydrolysis into low-polymerized
and amorphous aluminum hydrolysates and subsequently into
a nanocrystalline metal oxide (metal hydroxide) with well-
defined lattices; these further transform into metal hydroxide
minerals with regular geometric shapes under more severe
operating conditions.44 In this process, the amorphous
aluminum hydrolysate is an effective component for coagu-
lation, where the rate and degree of polymerization directly
affect the coagulation performance.5 The presence of LMW
substances in water played a role in the two stages of the
formation and crystallization of amorphous substances, which
led to fundamental changes in coagulation.
3.5. Mechanism Interpretation. Figure 7 summarizes the

coagulation mechanism with different organic compounds,
where the arrows represent the fate of the aluminum-based
coagulant in water. Small organic molecules participated in
various parts of the hydrolysis, aggregation, and crystallization
process, changing the conversion process of the aluminum
species, thereby affecting flocculation. The first step in
investigating whether small organic molecules have an effect
on flocculation is to determine whether they can effectively
combine or react with the mononuclear or polynuclear
hydrolysis products of aluminum. The premise is that LMW
organics, which do not easily form complexes with metal ions,
do not significantly affect the coagulation performance. Most
of these organics do not have key functional groups, such as
carboxyl and hydroxyl groups, or the specificity of their spatial
structure hinders their coordination with metal ions.
Alternatively, LMW organics that can bind to metal ions and
affect the hydrolysis properties of metal ions are expected to
promote or inhibit their coagulation properties. The key
functional groups with a strong binding ability to metal ions
are the carboxyl and phenolic hydroxyl groups as well as some

molecular structures with specific selection for aluminum, such
as phthalic acid.17 They generally form various kinds of inner-
sphere complexes.
The multidentate ligand EDTA, which has a powerful ability

to chelate with metal ions, formed a stable inner-sphere
complex with aluminum ions. It occupied all coordination sites
and formed a negatively charged organic chelate. As a
negatively charged condensate core, it absorbs more positively
charged substances and then evenly distributes in the flocs.
This makes a positive contribution to the degree of coagulation
through electrical charge neutralization. EDTA was considered
as a representative substance of those species with more
negative charges, which tightly combine with metal ions to
form inner-sphere complexes. Such substances can promote
coagulation to a certain extent. However, excessive dosing
completely inhibited coagulation, as the electrostatic repulsion
generated by a large amount of negative charge prevents the
aggregation of hydrolyzed aluminum. When EDTA was
present after floc breakage, EDTA’s strong chelating ability
combined with aluminum ions on the surface of the
nanoparticles. Part of the aluminum was detached from the
floc surface and some new active surfaces are formed or
exposed, and thus the coagulation performance is significantly
improved. A large number of organic molecules containing key
functional groups inhibited coagulation, such as citric acid,
gluconic acid, salicylic acid,45 and phthalic acid.46 These
organic substances usually have multiple carboxyl groups or
chain structures. Due to their weak complexation with metal
ions, they loosely bind to metal ions and often form external
spherical complexes to cover the surface of bound water metal
ions. Thus, the surface activity of the metal hydroxide
decreases, thereby inhibiting coagulation. At the same time,
they promoted the crystallization of metal oxides, which
further inhibited flocculation performance. Other LMW
compounds such as glucose and BEN, which are difficult to
bind to aluminum ions, did not change the coagulation
performance.
In conclusion, aluminum flocs were formed by the

aggregation of NPs with abundant active sites. The LMW

Figure 7. Schematic showing the coagulation mechanism with different organic compounds.
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substances in water changed the properties of hydrolyzed
aluminum through chelation and other interactions, thereby
affecting the aggregation of the flocs. Key functional groups,
such as carboxyl and hydroxyl groups, play a key role during
this process. The effect of different kinds of LMW organic
compounds on coagulation is determined by the binding mode
of key functional groups. In addition, LMW organics play a
role in the transformation of alum flocs from the amorphous
hydrolysate to the crystalline state in water.
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