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Research on the coagulant aid effects of modiﬁed
diatomite on coal microbial ﬂocculation
Dong Jingshen and Liu Quanjun

ABSTRACT
Diatomite was modiﬁed by chitosan to prepare modiﬁed diatomite, and the modiﬁed diatomite
in an optimized ratio was utilized in coal bio-ﬂocculation. The interaction behavior and ﬂocculation
mechanism of modiﬁed diatomite on coal slurry water were investigated by single factor
experiments, infrared spectroscopy, Brunauer-Emmett-Teller (BET) measurements, and zeta
potential measurements. The single factor experiments showed that when the amount of microbial
ﬂocculant added was 1.5 ml, the temperature of coal slurry water was 39  C, the pH was 5, and the
amount of modiﬁed diatomite was 0.2 g, after 30 min of sedimentation, the ﬂocculation
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transmittance of the coal slurry water reached 84.3%. The infrared spectra showed that the -NH2 and
-OH of the chitosan molecule had a polar interaction with the Si-OH bond in diatomite. The BET
measurements showed that the speciﬁc surface area of diatomite was not a decisive factor affecting
the ﬂocculation effect. Zeta potential measurements indicated that the amino protonation of
chitosan increased the isoelectric point (IEP) of modiﬁed diatomite. These results showed that
modiﬁed diatomite has a good effect on coal bio-ﬂocculation.
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INTRODUCTION
At present, most of the coal washing and dressing in China
is carried out with water as the medium (Zhang et al. ).
The process produces a lot of slime water, which has the
properties of ﬁne size distribution, high ash content on its
particle surface. The ﬂocculant sedimentation method is
often used in the water treatment of coal slime (Yang et al.
). The most common ﬂocculants are polyacrylamide
and its derivatives, but these ﬂocculants not only produce
toxic monomeric acrylamide, but also pollute the environment (Ruden ). Microorganisms and their products
can be excellent ﬂocculants, and can even have the effect
of selective ﬂocculation in some cases (Zhang et al. ).
Microbial ﬂocculants can overcome the shortcomings of traditional ﬂocculants; the main ingredients are proteins and
sugars (Nwodo et al. ; Salehizadeh & Yan ). They
are safe, reliable and biodegradable, and therefore pollution-free (Lian et al. ).
Coagulant aids are an auxiliary agent that can improve
the ﬂocculation effect (Abo-el-Enein et al. ). CaCl2 is
commonly used as a coagulant aid in the bio-ﬂocculation
of coal. Ca2þ is effective in promoting the ﬂocculating
doi: 10.2166/wst.2020.009
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activities of bio-ﬂocculants (Yang et al. ). Diatomite is
a widely used coagulant aid; its main component is SiO2
(Al-Ghouti et al. ; Khraisheh et al. ). It has light
texture, small porosity, large speciﬁc surface area and
high chemical stability (Gao et al. ; Luan et al. ).
Due to its excellent characteristics, it has received much
attention in research (Lv et al. ). However, natural
diatomite has poor coagulating properties, and chemical
modiﬁcation can be used to improve its coagulation efﬁciency. Chitosan is a chitin deacetylated product, insoluble
in water, soluble in acid (Bonilla et al. ). It is a linear
polymeric amino sugar substance. Chitosan has strong
ﬂocculation ability after hydrolysis, which can produce
bridge and electric neutralization. Chitosan can also be
biodegraded and not pollute the environment (Zimet et al.
). However, due to the high price of chitosan, it is
generally not used alone. Currently, chitosan is usually
modiﬁed or combined with other ﬂocculants to improve
water treatment.
At present, there are many studies on the use of chitosanmodiﬁed diatomite, but most of them are still used in the
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treatment of water, such as dyes and waste liquids (Song et al.
). However, there have been few reports on the use of
modiﬁed diatomite for the ﬂocculation treatment of coal
slurry water. The research object of this paper is the light
transmittance of coal slurry water after ﬂocculation; and the
diatomite modiﬁed by chitosan is used to explore the coagulation effect on microbial ﬂocculation of coal slurry water.
The ﬂocculation mechanism of modiﬁed diatomite was
investigated by infrared spectroscopy (IR) analysis, BrunauerEmmett-Teller (BET) measurements, and zeta potential
measurements.
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The particle size distribution and ash content of coal

Size range/mm

Content/%

Ash/%

0.5–0.25

14.86

14.64

0.25–0.125

16.33

19.55

0.125–0.075

19.26

24.57

0.075–0.045

17.65

24.70

0.045

31.90

36.01

Total

100

–

Table 2

|

Characteristics of coal slurry water

MATERIALS AND METHODS

Natural sedimentation
Concentration

Materials

|

35 g/L

Water temperature


28 C

pH

transmittance

6.6

7.29%

Characteristics of coal sample and coal slurry water
After the test coal sample was crushed and sieved, the sieve
material having a particle diameter of less than 0.5 mm was
taken as the test coal. The X-ray diffraction (XRD) pattern of
coal slurry is shown in Figure 1. The size distribution of the
coal particles were determined using a laser particle size
analyzer (SALD-7101, Japan), as shown in Table 1.
Coal and water were mixed to make coal slurry water
with a concentration of 35 g/L. 100 ml of coal slurry water
was put into the measuring cylinder and left to settle.
After 30 min, 5 ml of supernatant was taken out to measure
its light transmittance with a UV-spectrophotometer. The
results are shown in Table 2.
The X-ray diffraction pattern showed that the main
mineral components of the coal included montmorillonite,

quartz, kaolinite, chlorite, etc. in which chlorite and
montmorillonite were easily argillized (Chen et al. a).
At the same time, these minerals can increase the difﬁculty
of coal slurry water treatment because they are all clay
minerals (Ermolovich & Ermolovich ). It can be seen
from the particle size composition and the ash content
(Table 1) that the ﬁne particles in the coal sample are high
and the ash content is high. Combined with the results of
the natural sedimentation transmittance in Table 2, it can
be seen that the slime water prepared by the coal sample
is difﬁcult to settle.
Test reagents
The test diatomite (AR) was purchased from Chengdu
Aikeda Chemical Reagent Co., Ltd, glacial acetic acid
(AR) was purchased from Wuxi Yasheng Chemical Co.,
Ltd, medium-viscosity (200–400 mPa.s) chitosan was
purchased from MACKLIN; the pH was adjusted to the
predetermined value by 1 mol/L sodium hydroxide or
hydrochloric acid.
Strain and strain culture medium

Figure 1

|

XRD pattern of coal slurry.
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The strain used was Bacillus subtilis with good activity
(Zhao et al. ), which was purchased from BeNa culture
collection (number: BNCC109047).
Liquid medium: beef extract 4 g/L, peptone 10 g/L,
NaCl 5 g/L, pH 7.0; the medium was sterilized at 121  C
for 15 min using a BOXUN vertical pressure steam
sterilizer.
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Experimental technical procedure
Culture of strains and determination of growth of strains
The liquid medium inoculated with the strain was placed in a
constant temperature shaking incubator at 37  C and 160 r/
min. During the cultivation process, the rate of bacterial reproduction was measured with UV-spectrophotometer every 12
hours, and the growth curve of Bacillus subtilis was drawn.
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was slow, so the microbial ﬂocculants were cultured for
2.5 days. Figure 2(b) is an optical microscope image using
Gram staining, as Bacillus subtilis is a Gram-positive bacteria. The Bacillus subtilis culture results are shown in
Figure 2(c) and 2(d).

Single factor experiment
Study on the concentration of modiﬁed diatomite

Preparation of modiﬁed diatomite
Ten ml of different concentrations (10, 20, 30 g/L) of chitosan
solution with 5% acetic acid solution were prepared. After
adding 10 g diatomite, the mixture was stirred to fully mix
the chitosan solution and diatomite. According to the mass
ratio of diatomite and chitosan, the content of chitosan in diatomite was 10, 20, 30 mg/g, respectively. Finally, the modiﬁed
diatomite was obtained after drying and grinding.
Flocculation tests
Flocculation test conditions included the amount of modiﬁed
diatomite, the pH value, the amount of microbial ﬂocculants,
and the temperature of the water. Each condition was executed
in turn as a single factor test, and the optimal conditions
for each single factor test were used in the next set of tests.
Ninety ml of coal slurry water was added to a 250 ml beaker,
plus a certain amount of coagulant. The beaker was placed on a
magnetic stirrer and stirred for 1 min, then a certain amount of
microbial ﬂocculants was added, plus coal slurry water to
100 ml, and then it continued to be stirred slowly for 5 min.
The stirred coal slurry water was poured into a 100 ml graduated
cylinder to settle. After 30 min, 5 ml of the supernatant was taken
to measure the transmittance under a UV-spectrophotometer.
In the ﬂocculation experiment section, in order to
determine the best content of chitosan in diatomite, the concentration of modiﬁed diatomite was studied: the test results show
that the best ﬂocculation effect cannot be achieved when the
content of chitosan in diatomite is 10–30 mg/g, so the content
of chitosan in diatomite was increased to 50–150 mg/g.

RESULTS AND DISCUSSION
Cultivation of Bacillus subtilis
As shown in Figure 2(a), the absorbance value of Bacillus
subtilis reached the maximum at 60 hours, and the change
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It can be seen from the analysis in Figure 3(a) that the direct
use of diatomite as a coagulant has little effect on the transmittance of coal slurry water. It was found that the
transmittance of the supernatant increased with the increase
of chitosan content in diatomite, with the best ﬂocculation
effect at the dosage of 0.2 g. With the other conditions
unchanged, the content of chitosan in diatomite was
increased to 50, 75, 100, 125, 150 mg/g and the controlled
addition amount was kept at 0.2 g. The test results are
shown in Figure 3(b).
It can be seen from Figure 3(b) that the results of the
ﬂocculation experiment using the diatomite with different
chitosan contents under the same factors show a trend of
increasing and then decreasing. With the content of chitosan in diatomite at 100 mg/g, the transmittance value
reached the maximum. Adding chitosan above this level
caused excessive adsorption of chitosan on the surface of
diatomite, resulting in a decrease in light transmittance. If
the chitosan is added in excess, it will be suspended in the
coal slurry water and will have a certain adverse effect on
the ﬂocculation effect.
Effect of the addition amount of modiﬁed diatomite
The modiﬁed diatomite with a chitosan concentration of
100 mg/g was used, and the amount was varied; the
microbial ﬂocculants were 1 mL, and the test results are
shown in Figure 4(a). The experimental data show that
the modiﬁed diatomite was added in the range of 0.05–
0.20 g and the light transmittance gradually increased.
When the amount added was 0.2 g, the light transmittance
reached a maximum value of 62.3%; as the amount of modiﬁed diatomite continued to increase, the light transmittance
began to decrease. This result indicated that a large amount
of modiﬁed diatomite had an adverse effect on ﬂocculation,
because the chitosan in the modiﬁed diatomite is viscous,
and the excessive amount will be suspended in the coal
slurry water. Therefore, the dosage of the modiﬁed
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Bacillus subtilis growth curve (a); image under light microscope (b); Bacillus subtilis plate growth colony morphology (c); Bacillus subtilis liquid colony morphology (d).

Figure 3

|

Effect of diatomite with different chitosan content (a) (b).

diatomite was maintained at 0.2 g in subsequent ﬂocculation
tests.
Effect of pH
The pH value of coal slurry water is a vital factor affecting
microbial activity. The amount of the modiﬁed diatomite
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added was 0.2 g, the amount of the microbial ﬂocculants
added was 1 ml, and the pH value was changed. The test
results are shown in Figure 4(b). When the pH value was
5, the transmittance value reached 68.3%; as the pH
value increased the light transmittance gradually
decreased. The reason for this is that the change in pH
affected the activity of Bacillus subtilis, there was less
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Effect of the amount of modiﬁed diatomite added (a); effect of pH (b); effect of the amount of ﬂocculant added (c); effect of coal slurry water temperature (d).

ﬂocculation and the light transmittance of the coal slurry
water after sedimentation decreased. Therefore, the
amount of the modiﬁed diatomite was kept at 0.2 g, and
the pH kept at 5 for subsequent tests.
Effect of the addition amount of bio-ﬂocculants
The amount of modiﬁed diatomite added was 0.2 g, the
pH value was adjusted to 5, and the amount of the
microbial ﬂocculants was varied; the test results are
shown in Figure 4(c). When the amount of ﬂocculants
added was between 0.5 and 1.5 mL, the light transmittance gradually increased. When the amount of
ﬂocculant added was 1.5 mL, the light transmittance
reached 73.1%; as the ﬂocculants addition amount continued to increase, the light transmittance gradually
decreased. The cause of this was that adding an excessive
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amount of microbial ﬂocculants caused a part of the
microbial ﬂocculants to be suspended in the solution,
affecting the light transmittance. Therefore, the amount
of the modiﬁed diatomite was set at 0.2 g, the pH was
adjusted to 5, and the amount of ﬂocculant added was
1.5 mL for subsequent tests.
Effect of coal slurry water temperature
The temperature of coal slurry water also has an important
inﬂuence on the activity of microbial ﬂocculants. The
amount of modiﬁed diatomite added was 0.2 g, the pH
value was adjusted to 5, the amount of ﬂocculant added
was 1.5 mL, and the temperature of the water was varied.
The test results are shown in Figure 4(d). When the temperature of the coal slurry water was controlled at 27 to 39  C,
the light transmittance gradually increased. When the
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temperature was 39  C, the light transmittance reached
84.3%; as the water temperature gradually increased, the
light transmittance decreased. The reason for this was that
the change in water temperature affected the activity of
Bacillus subtilis, there was less ﬂocculation and the light
transmittance of the coal slurry water after sedimentation
decreased.
According to the single factor test, at a temperature of

39 C, modiﬁed diatomite addition of 0.2 g, pH of 5, and
microbial ﬂocculant addition of 1.5 mL, the light transmittance of coal slurry water with 35 g/L reached 84.3% after
30 min of settling.
The modiﬁed diatomite was replaced by the coagulant
CaCl2, which commonly used in microbial ﬂocculation.
Under the same test conditions, the supernatant transmittance of the coal slurry water ﬂocculation test was 71.1%.
It can be concluded that the effect of modiﬁed diatomite is
better than that of the conventional coagulant.
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The sedimentation effect under different conditions is
shown in Figure 5.
Results of the characterization
Infrared spectroscopy analysis
As can be seen in Figure 6(a), in the diatomite spectra, the
typical wide peak region from 3,103 cm–1 to 3,671 cm–1 was
caused by the stretching vibration of hydroxyl (-OH) and
amine (-NH2) (Pandi et al. ; Mu et al. ). The peaks
at 1,627, 1,069, 792 and 462 cm–1 showed four important
characteristic peaks of diatomite, that is to say, asymmetric
vibration of Si-O, symmetric vibration of Si-O, and Si-O-Si
bridge vibration (Mu et al. ). In the modiﬁed diatomite
spectra, three characteristic peaks of diatomite at 1,069,
786, 462 cm–1 were preserved, the characteristic peak at
1,627 cm1 was strengthened, and the peaks from

Figure 5

|

Settlement effect of different coagulation conditions: natural settling (a); CaCl2 as a coagulant (b); modiﬁed diatomite as coagulant (c).

Figure 6

|

Infrared spectra of diatomite and modiﬁed diatomite (a); molecular structure of chitosan (b).
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3,038 cm–1 to 3,696 cm–1 of -OH and -NH2 were enhanced. It
can be seen from the molecular structure diagram of chitosan
in Figure 6(b) that there are a large amounts of -OH and free
-NH2 on the chitosan molecule. This is due to the fact
that chitosan has abundant polar groups. Speciﬁcally, -NH2
and -OH had a polar interaction with the Si–O bond in diatomite, which promotes the binding of polar groups. In
summary, diatomite successfully completed the modiﬁcation.

BET measurements
The speciﬁc surface area of diatomite before and after modiﬁcation was measured. The speciﬁc surface area, pore
volume and average pore diameter of diatomite before
and after modiﬁcation are shown in Table 3. The results
showed that the speciﬁc surface area of the modiﬁed diatomite decreased slightly compared with diatomite. This is
also the result of chitosan loading on the surface of diatomite. It can be seen that the speciﬁc surface area of
diatomite was not a decisive factor affecting the ﬂocculation
effect.

Zeta potential analysis
As shown in Figure 7, the zeta potential of diatomite and
modiﬁed diatomite decreased with the increase of the pH
value. At pH <4.39, the silanol (-Si-OH) of diatomite
was protonated and attained a positive charge to become
2þ
-Si-OHþ
started to
2 . In comparison, at pH >4.39, -Si-OH
deprotonate and became negatively charged, in the form
of -Si-O-. The isoelectric point (IEP) of diatomite was 4.39.
The IEP of modiﬁed diatomite was 7.41. As a result, the
amino protonation of chitosan increased the IEP of modiﬁed diatomite (Chen et al. b). When the pH was
between 4.39 and 7.41, the potential of the diatomite
was negative, and the potential of the modiﬁed diatomite
was positive. Because of this, the positive charge on the
surface of the modiﬁed diatomite was easily electrostatically
attracted and combined with the anionic groups in the coal
slurry water.

Table 3

|

Figure 7

|

Zeta potential of diatomite and modiﬁed diatomite as a function of pH.

Mechanisms analysis
The ﬂocculation mechanism is shown in Figure 8. The
main effect of microbial ﬂocculants on coal slime water is
selective adsorption and bridging (Salehizadeh & Shojaosadati ; Yang et al. ), while the function of
modiﬁed diatomite is mainly electrical neutralization. The
presence of these effects destroys the stability of the coal
particles and mineral suspended particles, prompting
rapid settling. Hydroxyl and carboxyl groups on the molecular chain of bio-ﬂocculants determine the bridging
mechanism. The hydroxyl groups of the bio-ﬂocculants
can form hydrogen bonds with the OH groups of the clay
mineral particles (Falade et al. ). In addition, when carboxyl groups are present there are chemical bonds between
the bio-ﬂocculants and the clay minerals. Furthermore,
there is a hydrophobic force between the coal surface
and the bio-ﬂocculants polysaccharide, which may also
be the cause of the bridging mechanism. In short, the modiﬁed diatomite produces an electric neutralization effect on
the basis of the action of the microbial ﬂocculants adsorption and bridge, hydrogen bonds, chemical bonds, etc.,
thereby achieving faster sedimentation of the coal slurry
water.

Comparison of BET surface area, pore volume and BJH average pore diameter of

CONCLUSIONS

diatomite and modiﬁed diatomite

BET surface

Pore volume

BJH average pore

Sample

area (m2/g)

(cm3/g)

diameter (nm)

Diatomite

20.3

0.06

8.4

Modiﬁed diatomite

18.1

0.05

7.3
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The optimum conditions for the combination of modiﬁed
diatomite (the content of chitosan in diatomite was
100 mg/g) and Bacillus subtilis were as follows: the temperature of the slime water was 39  C, the pH value of the
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The schematic diagram of ﬂocculation mechanism of modiﬁed diatomite and bio-ﬂocculants in coal slurry water.

coal slurry water was 5, and the amount of modiﬁed diatomite was 0.2 g. The amount of the microbial ﬂocculants
added was 1.5 ml, and under these conditions, the ﬂocculation of the slime water for 30 min allowed the light
transmittance to reach 84.3%. When the modiﬁed diatomite
was replaced by CaCl2, and the ﬂocculation test of the slime
water was carried out under the same test conditions, the
transmittance of the supernatant was 71.1%.
Due to the protonation of the amino group on the chitosan making the diatomite positively charged, the modiﬁed
diatomite easily results in electrical neutralization by the
anion group of the coal slurry water, and with the adsorption and bridging action of the microbial ﬂocculants, the
coal slurry water settles faster.
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