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ABSTRACT

As the first step in a conventional water treatment process, coagulation often directly affects
the conditions of the subsequent process and affects the overall operating cost and water quality of
the effluent. In this paper, several Al-based coagulants were used to conduct coagulation tests on
the water from the diversion reservoir (Queshan reservoir), and the removal effects of different pol-
lutants were systematically analyzed. At the same time, the mechanism of different Al-coagulants
in the coagulation process was compared. The results showed that the coagulant dominated by
charge neutralization (such as AlCla) was effective in removing UV, total organic carbon, and
humic acid in water. When the coagulant was dominated by adsorption bridging (such as compos-
ite coagulant), it was more beneficial to remove turbidity, chemical oxygen demand, and soluble
microbial products in water. In addition, when adsorption bridging was the dominant mechanism,
the coagulant was conducive to the growth of flocs. When the flocs were broken and regenerated,
the charge neutralization was more favorable.
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1. Introduction method and determined its aluminum morphological dis-
tribution. Based on floc parameters, such as zeta poten-
tial and turbidity, the hydrolyzed morphology, and floc
characteristics of polymeric aluminum were comprehen-
sively evaluated. Wang et al. [2] selected three coagulants,
AlCl,, FeCl,, and Fe,(SO,), for compounding. The results
showed that when the composite coagulants were added
with a ratio of m(AICL,):m(FeCl,):m[Fe,(SO,),] = 5:6:7, the
removal effect of pollutants was the best. As the research
field has advanced, many researchers have found that

As the core process of conventional water treatment,
the treatment effect of coagulation often directly affects the
operating conditions of the subsequent process and affects
the overall operating cost and water quality of the effluent.
In recent years, domestic and foreign researchers have con-
ducted many fundamental studies on the coagulation effect
of different coagulants. Ke et al. [1] prepared polymeric
aluminum with different alkalinities by a microtitration
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different coagulation mechanisms also play a very import-
ant role in the coagulation process [3]. Currently, it is gen-
erally recognized by researchers that the four mechanisms
of charge neutralization, sweep flocculation, adsorption
bridging, and electric double layer compression plays the
main roles [4-7]. Shen et al. [8] used polyaluminum chlo-
ride—poly dimethyl dially] ammonium chloride (PAC-
PDMDAAC) dual coagulation system to form bulky and
dense flocs, which effectively removed the natural organic
matter (NOM) in the water, and found that the former
mainly played the role of charge neutralization in the coag-
ulation process, while the latter mainly played the role of
sweep flocculation, adsorption bridging. However, in the
practical application of water treatment, the above mecha-
nisms are related to each other, and factors such as coag-
ulant characteristics and coagulation conditions determine
which mechanism plays a leading role. The removal effect
corresponding to different coagulation mechanisms is quite
different. Due to the complex composition of water sources
and the large influence of water temperature and alkalinity,
the leading mechanism of coagulation has not been clearly
explained. There are relatively few studies on the effects of
different coagulation mechanisms on the coagulation effect.

The water samples used in this experiment were taken
from the diversion reservoir (Queshan reservoir) (the main
water source in Jinan). The water quality is susceptible to
seasonal changes. Because of the high algae content in the
water in summer and the low temperature and low turbidity
in winter, the difficulty of water treatment is increased. At
present, most of the water plants in this area adopt coagu-
lation—sedimentation—filtration as the main water treatment
process, and the main coagulant used is Al-based coagu-
lants. In order to improve the quality of the effluent water
without changing the existing treatment process, it is neces-
sary to strengthen the coagulation effect. At present, there
are few studies on the coagulation mechanism of different
Al-based coagulants. Therefore, in this paper, several com-
mon Al-based coagulants were used to conduct coagulation
tests on the water of the diversion reservoir (Queshan reser-
voir). The coagulation effects were evaluated by comparing
the basic water quality index (turbidity, COD, UV,,,, etc.),
floc characteristics and floc structure changes. At the same
time, the corresponding removal mechanism was analyzed
by zeta potential changes and other aspects. It was expected
to be helpful for the use and improvement of coagulant, and
provide reference for the study of coagulation mechanism
in the future.

2. Materials and methods
2.1. Raw water

This experiment was based on the water of a diversion
reservoir (Queshan reservoir) in Jinan. The water quality
indexes during the test are shown in Table 1.

2.2. Jar testing

Jar testing was performed using a programmable
six-paddle stirrer (ZR4-6, CN). Six identical coagulation
beakers were selected, and 1 L of the sample water was
added into them. The hydraulic conditions and added time

of the coagulant settings are shown in Table 2. After the com-
pletion of coagulation, it was allowed to stand for 30 min,
and at 2 cm below the liquid surface, water samples were
measured for changes in turbidity, COD, UV,,,, and other
indicators (the detection methods were carried out in accor-
dance with the method described in the “methods for the
analysis of water and wastewater” (4th ed. Supplement))
[9]. The coagulants used in this test were aluminum chloride
(AICL), polyaluminum chloride (PAC), polyaluminum ferric
chloride (PAFC), and composite coagulants (adding chitosan
(CTS) to PAC). The concentration of coagulant added in the
test was measured by AI*". The pH was measured using a
METTLER TOLEDO pH tester (FiveEasy, CN). During the
test, the pH of the solution was maintained at about 8.25.
Turbidity was measured using a HACH 2100N turbidime-
ter (HACH 2100N, USA). TOC was measured using a total
organic carbon analyzer (SHIMADZU CPH, JP). UV, was
measured using a Tu-1810 UV-vis spectrophotometer.

2.3. Floc characterization
2.3.1. Floc particle size measurement

The jar testing process was used to improve the device
(Fig. 1). The formation of flocs was detected by an on-line
monitoring device (Mastersizer 3000E, UK). At the same time,
the floc size and the variation along the path were detected.
The values were recorded every 3-5 s.

2.3.2. Zeta potential measurement

The zeta potential of the effluent was measured using
a Marvin zeta potential analyzer (Nano Z, UK).

Scanning electron microscopy (SEM) detection: The
generated flocs were pretreated by a freeze-drying method
and then analyzed by SEM (Zeiss Sigma 300, GE).

2.3.3. 3D fluorescence detection

Excitation-emission matrix (EEM) spectra were detected
using a fluorometer (Hitachi F-2700, JP). The scanning
ranges of EX and EM were 220-450 and 220-550 nm, respec-
tively. The scanning speed was 12,000 nm/min, and the
interval was 5 nm. EEM data were redrawn using Origin
graphics software and characterized in the form of contours
and histograms. Under the same conditions, pure water
was used as a blank to eliminate Raman scattering and
background noise.

Table 1
Main characteristics of raw water

Sample Reservoir water
T (°C) 20-25

Turbidity (NTU) 2.0-5.0

pH 8.10-8.40
COD,, (mg/L) 4.0-5.5

Uv,,, (cm™) 0.054-0.105
Alkalinity (mg/L) 90-110

TOC (mg/L) 2.9-3.25
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Table 2
Jar test procedure

Speed (rpm) T (s) Dosing G/S-1
200 30 0 100.1
200 30 1 100.1
50 900 0 15.9
0 900 0 0

“1” in the dosing column means dosing occurred, and “0” means no
dosing occurred.
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Fig. 1. Schematic diagram of the online monitoring device: (1)
peristaltic pump, (2) coagulation beaker, (3) program-controlled
device, (4) online monitoring equipment, (5) computer, (6) water
pipe, and (7) equipment connection line.

3. Results and discussion
3.1. Turbidity removal comparison and mechanism analysis

Fig. 2 shows the removal of water turbidity and the cor-
responding effluent zeta potential of several different types
of aluminum salt coagulants at different dosages. It can be
seen from Fig. 2, that the turbidity removal effect of water by
using different coagulants was quite different, and the tur-
bidity removal efficiency increased gradually with increas-
ing dosage. The turbidity removal effect of some coagulants
(such as AICL,) had a basically linear relationship with the
changes in the trend of the zeta potential, and the turbid-
ity removal effect was the best when the potential was near
the isoelectric point (zero potential point), with the removal
efficiency reaching 80.54%. According to the change in
potential during the coagulation process, the removal of
turbidity by AICl, was dominated by charge neutralization,
and the removal of turbidity was better under this mech-
anism. As the dosage continued to increase, it produced
a large amount of amorphous aluminum salt hydroxide.
Under this condition, the dominant mechanism gradually
turned to sweep flocculation [10]. For the composite coag-
ulants, the turbidity removal effect was very significant at
a low dosage (1 mg/L), which increased by approximately
17% compared with that of AICl,. Compared with PAC
and PAFC, it increased by more than 40%. However, with
a continuous increase in the coagulant dosage, the removal
effect of turbidity was not obvious, it basically remained
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Fig. 2. Turbidity removal effect and zeta potential change under
different coagulant conditions (CC: composite coagulant).

in a stable state, and the removal effect was not as good as
that of the other coagulants alone under the same condi-
tions (decreased by approximately 10% in the same period).
Due to the low turbidity of the raw water used in the test,
the good coagulation effect of the composite coagulant
at low dosage (2 mg/L) should be attributed to the good
adsorption bridging effect of the long-chain structure of
CTS macromolecules [11,12]. In addition, according to the
change of zeta potential in Fig. 2, with the increase of the
dosage of the composite coagulant, the potential increased,
but the turbidity removal efficiency did not increase. These
results indicated that the composite coagulant was not
dominated by charge neutralization during the coagula-
tion process, and the increase in potential was caused by
the large amount of positive charge carried by the CTS con-
tained in the composite coagulant.

In addition, it can be seen from Fig. 2, that when PAC
was used, the removal effect of turbidity was significantly
improved with an increasing dosage, and the best removal
efficiency reached 87.16%. According to the change of zeta
potential, charge neutralization was the dominant mech-
anism of PAC in turbidity removal [8]. At the same time,
recent studies have shown that the coagulation perfor-
mance of PAC is related to the morphological distribution
of aluminum after being added to water. Al plays the role
of charge neutralization, and Al_has a strong adsorption
bridging ability [1,13]. Therefore, in addition to charge
neutralization, adsorption bridging also played a positive
role. This was similar to the conclusion of Zhao et al. [14].

It can be seen from the above results that under a low
dosage, the effect of the coagulant dominated by charge
neutralization on turbidity removal was less than that of
adsorption bridging. However, as the amount of coagulant
used increased, the gap narrowed.

3.2. Organic removal comparison and mechanism analysis

Experiments were carried out to compare the removal
effects of COD, UV,,,, and TOC under different coagulation
conditions. At the same time, a mechanism analysis was
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carried out in combination with the zeta potential changes,
and the effects of different dominant mechanisms were stud-
ied based on the above indicators.

Fig. 3 shows the removal of various organic indicators
by several different coagulants under different dosages.
Additionally, the figure compares the removal effects of
various organic substances when the dosages of several
coagulants were the same, but the mechanism of action
was different. It can be clearly seen from Fig. 3 that for the
same coagulant, the removal effect of most coagulants on
various organic indicators in the study showed a gradually
increasing trend with an increased dosage of coagulant, and
some coagulants showed a trend of first increasing and then
slightly decreasing. The composite coagulant produced
a good coagulation effect at a low dosage (1-2 mg/L), the
removal effect of COD can reach 44.8%. With an increas-
ing dosage, the removal effect of composite coagulants on
various indicators did not significantly increase, while the
removal effect of some indicators, such as TOC, became
worse. This may be because the added chitosan was in
itself a kind of polymer organic matter. When the dosage
was increased, it was not completely combined with the
impurities in the water and resulted in a surplus, which led
to the increased content of indicators, such as TOC, in the
water. The removal effect of AICI, on various organic sub-
stances was relatively stable. It had a better removal effect
on UV, than other coagulants at the same dosage, the best
removal efficiency reached 55.56%. For the removal of TOC,
the removal effect of PAC and AICI, at the same dosage
was ideal, the highest removal efficiency was 24.51% and
26.05%.

Through the study of the removal of water turbidity
and the change in zeta potential, it can be known that the
composite coagulant was mainly dominated by adsorption
bridging when removing organic matter, and AICI, was
mainly dominated by charge neutralization. For both PAC
and PAFC, the above two mechanisms of action played a
positive role. Combined with the results of the study in
Fig. 3, it can be seen that the removal effect of UV,,, and
TOC was better than that of adsorption bridging when
the coagulant was dominated by charge neutralization.
When the coagulant was dominated by adsorption bridging,
its removal effect on COD seemed to be better.

In addition, due to recent attention for the removal of
organic pollutants, especially dissolved organic matter
(such as humic acid and fulvic acid, etc.) [15-19], this study
also examined the removal effect of some dissolved organic
matter in water. Fig. 4 shows the corresponding 3D fluores-
cence spectrum of raw water before and after the addition
of the coagulant. The map was divided into five regions,
representing five different types of dissolved organic
matter. The five regions and their representative organic
matter were tyrosine (aromatic amino acid): EX 200-250 nm,
EM 280-320 nm; tryptophan (aromatic amino acid): EX
200-250 nm, EM 320-380 nm; fulvic acid: EX 200-250 nm,
EM 380-540 nm; soluble microbial products (SMP): EX 250-
340 nm, EM 280-380 nm; and humic acid: EX 250-400 nm,
EM 380-540 nm. Because the content of microbial products
in the sample water was too high and the display ratio was
set to be large, the changes in other organic substances were
not intuitive and difficult to compare. Therefore, the four
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Fig. 3. (a and b) Removal of organic matter under different dos-
ages of several coagulants (1-6 mg/L) (CC: composite coagulant).

dissolved organic matter profiles, except SMP, were listed
separately. They were drawn at a smaller display scale
and placed around the main image so that they could be
observed more clearly and intuitively.

From the distribution of the material in Fig. 4a, it was
found that SMP was the main component in the target water,
and its fluorescent intensity was much higher than that of
other substances, followed by tyrosine, humic acid, and ful-
vic acid. It can be seen from the comparison between Figs. 4b
and c and Fig. 4a that as the dosage was increased, the flu-
orescent substances in each part were reduced to a certain
extent. The removal of SMP was more obvious. Figs. 4d and
e show that the composite coagulant had a better removal
effect on SMP and tyrosine than AICL,, and this phenome-
non became increasingly obvious with an increased dos-
age. This may be due to the increase in the amount of Al
in the composite coagulant, which increased the charge
neutralization and enhanced the removal effect of SMP [20].
Previous studies have shown that SMP is the main compo-
nent of COD [21]. Therefore, after the composite coagulant
enhanced the removal of SMP, it can have a positive effect
on the removal of COD, which also conformed to the rele-
vant discussion in section 3.2 (Organic removal comparison
and mechanism analysis).

By sorting out the results, it was found that the removal
effects of the AICl, and composite coagulant on humic
acid were 30.06% and 26.85%, respectively. In contrast, the
removal effect of humic acid was better when using AICI,
and indicated that charge neutralization was more favorable
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Fig. 4. 3D fluorescence spectrum of the effluent under different coagulant conditions (a) raw water, (b) adding 1 mg/L AICI, to the
raw water, (c) adding 2 mg/L AICI, to the raw water, (d) adding 1 mg/L composite coagulant to the raw water, and (e) adding 2 mg/L

composite coagulant to the raw water.

for the removal of humic acid, which was similar to the
research results of Cheng [22] and Kam and Gregory [23].
The poor removal effect of compound coagulant may be
attributed to the following two reasons: the dosage of the
coagulant was less, and the charge neutralization mecha-
nism worked in both ways, but the effect was more obvious
when AICI, was used. In addition, the removal efficiency of
fulvic acid by composite coagulant and PAC was less than
that of humic acid, which were 26.79% and 26.89%, respec-
tively. This also confirmed the research results of Wang
and Ma [24] and Zhou et al. [25]. It may be that humic acid

provided more bonding points with AI**, which changed
its particle size and zeta potential to a greater extent and
promoted the formation of flocs.

3.3. Floc characteristics comparison and mechanism analysis

The particle size of the flocs and their growth character-
istics directly determined the subsequent solid-liquid sepa-
ration effect [26]. This study used a Mastersizer 3000E and
other equipment to conduct related research on the particle
size and structure of flocs to explore the formation of flocs,
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the role of different dominant mechanisms on characteristics,
and methods of influencing the dominant mechanism.

Floc size is an important index to evaluate coagulation
performance. The settling speed of larger flocs is faster
than that of smaller flocs, which leads to higher removal
efficiency [27]. Fig. 5 shows the comparison of the floc size
produced by several coagulants at different dosages and the
corresponding zeta potential changes. It can be clearly seen
from the figure that with increased dosage, the floc particle
size showed a gradual increase or a slight decrease after the
increase, which was similar to the research results of Zhao
et al [28]. It can be seen from Fig. 5 that the flocs formed
by AICL, in the whole dosage range were smaller, while the
flocs formed by composite coagulants were significantly
larger than other coagulants with the increase of dosage.
Combined with the changes of zeta potential data in the fig-
ure and the results of the previous sections, it was known
that the particle size of the floc formed by the composite
coagulant dominated by adsorption bridging was larger
than that of AICI, dominated by charge neutralization, and a
good bridging effect contributed to the growth of the particle
size. When PAC and PAFC were involved in the formation
of flocs, both mechanisms played a positive role, but the par-
ticle size of the flocs was still significantly smaller than that
formed by the composite coagulant. It may be because the
CTS particles in the composite coagulant had a larger par-
ticle size than other coagulants (the average particle size of
the CTS particles used in this experiment was 10 um after
detection by a laser particle size analyzer, while that of other
coagulants were less than 1 pm), and with the increase of
the dosage, more chitosan participated in the formation of
flocs. Therefore, it had a certain influence on the floc size.

Fig. 6 shows the change in floc size and the regrowth
of the floc under a partial dosage of different coagulants.
Because the mechanism of PAC and PAFC in the coagulation
process was similar, and it is known from Fig. 5 that the floc
particle size generated by PAC and PAFC under the same
dosage was also similar, so in order to express more clearly,
PAC was selected as a representative and compared with
other two coagulants. In general, after adding coagulant, the
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Fig. 5. Changes in particle size under different coagulant
conditions (CC: composite coagulant).
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growth of floc particle size showed two stages: rapid growth
and stability. In the stable stage, the growth and breakage
of the floc reached an appropriate balance [4]. The changes
in the floc in these two stages can be clearly seen in the first
half of Fig. 6. In addition, different coagulants, dosages, and
leading coagulation mechanisms directly affected the size
of the floc when it reached stability and the time it took to
reach that stability. It can be seen from Fig. 6 that the floc
growth formed by the charge neutralization was relatively
slow, and the floc particle size was significantly smaller
than that of the floc formed under the action of adsorption
bridging. This also showed that the flocculation ability of
the flocs produced by AICIl, was worse than that of the com-
posite coagulant. Comparing the floc growth of the PAC and
composite coagulant, it was found that CTS can fully exert
an adsorption bridging effect, and the growth of flocs and
the median particle size were significantly improved rela-
tive to PAC.

In addition, the flocs produced were broken in the study.
The breakage and regrowth of the flocs are shown in the
second half of Fig. 6. It can be seen from the figure that the
flocs had limited ability to regrow after being broken and
exhibited incomplete reversibility. However, it can be seen
from the figure that the flocs formed by AICI, (dominated
by charge neutralization) had stronger regrowth ability
after being broken than composite coagulants (dominated
by adsorption bridging), which was similar to the research
results of Yu et al. [29] Yu et al.’s [29] research showed that
the kaolin flocs formed by charge neutralization regrew
after being broken. Although the reasons for the irrevers-
ible breakage of flocs are not fully understood, it has been
found that the complete regrowth of flocs can be achieved
by adding very small dosages of coagulants at the breaking
stage. This means that the presence of new precipitates was
of some importance.

3.4. Floc structure comparison and mechanism

Due to the different formation mechanisms of flocs,
the corresponding microstructures also showed certain
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Fig. 6. Changes in flocs under different coagulant conditions
(CC: composite coagulant).
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Fig. 7. SEM of flocs produced under different coagulant conditions: (la—c) the surface of the floc produced by using AICI, and

(2a—c) the surface of the floc produced by the composite coagulant.

differences. In this study, the flocs formed under different
dominant mechanisms were analyzed by SEM. The mag-
nification varied from 1.00 to 10.00 KX, and the difference
in the surface structure of the flocs was compared. The
SEM images of the flocs produced by different coagulants
under the same conditions after freeze-drying are shown
in Fig. 7.

In the absence of long-chain bridging, the formation of
the floc mainly depended on the addition of an aluminum
salt coagulant. The aluminum ion or polymer neutralized
the charge on the surface of the colloid and destroyed its
stability so that the colloid broke through the energy barrier
by contact collision. Therefore, this situation was a colloi-
dal condensation produced by charge neutralization alone
[30]. It can be found from Figs. 7(1-b) and (1-c) that when
AICl, was used (charge neutralization was the dominant

mechanism), the flocs formed were mostly lamellar or blocky
with uneven surfaces. At the same time, a rod-like structure
was also exhibited, the structural shape was slightly uneven,
and the gap between the structures was large. When the
composite coagulant was used (adsorption bridging was
the dominant mechanism), the floc surface was smooth (Fig.
7(2-c)), and there was a small amount of pore structure.
When composite coagulants were used (adsorption bridg-
ing was the dominant mechanism), the floc surface formed
was relatively smooth (Fig. 7(2-c)), with a small amount of
pore structure and adhesion between particles (Figs. 7(2-a)
and (2-b)). The floc structure was relatively dense, and the
small flocs were wrapped, which had a stronger adsorption
capacity. These observations explained why the composite
coagulant had a better coagulation effect and formed larger
floc sizes than the other coagulants.
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In general, the bridging effect of polymers played a very
important role in the formation of flocs. It effectively con-
centrated cell particles in flocs [31]. At the same time, parti-
cles with poor regrowth ability or inactivity were adsorbed
on the surface of the flocs. This process effectively removed
particles that cannot be effectively removed when there
was little to no bridging effect.

4. Conclusion

This paper evaluated several different Al-based coag-
ulants by comparing basic water quality index, floc char-
acteristics, and floc structure changes. In addition, the
influence of different dominant coagulation mechanisms on
the coagulation process and their effects were also studied.
Conclusions were drawn as follows:

* When the coagulant was dominated by charge neutral-
ization, under a low dosage, the removal effect of organic
matter was not as good as that of adsorption bridging.
However, with an increased coagulant dosage, this gap
gradually narrowed. At the same time, the charge neu-
tralization effect was more beneficial for removing UV,
and TOC in water, and the removal effect on humic acid
was also better. When adsorption bridging was domi-
nant, the removal effect of the coagulant on turbidity,
COD, and SMP was better.

¢ In the growth stage of flocs, the flocs formed by adsorp-
tion bridging were superior to the flocs formed by
charge neutralization in terms of growth rate, parti-
cle size, and strength. The effect can be improved to
some extent by enhancing the bridging. However, after
the flocs were broken, the regrowth ability of the flocs
formed by the charge neutralization was better. At the
same time, the SEM analysis of the flocs under the same
conditions also confirmed that the bridging effect of long
chain molecules played an important role in the forma-
tion of flocs. The flocs formed by this effect were more
compact than those formed by charge neutralization.
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