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r and associated mechanisms of
kaolinite and illite with emphasis on pH effect

Guolei Liu,a Xinde Xu,a Rongfeng Chen,a Huaizhi Shao, *abc Dongping Tao,ab

Lu Yangab and Xiangning Bu*d

The filterability and mechanisms of individual kaolinite and illite particles and their mixture have been

investigated in aqueous solutions at different pH values by measuring the filtration rate and chord length

distributions. The filtration rate decreased with pH values varying from 3 to 10, while the chord length

distribution results showed that the clay mixture aggregated most significantly at pH 3. The particle

interaction energy of the clay mixture, calculated according to the Derjaguin–Landau–Verwey–

Overbeek (DLVO) theory, was determined to be attractive at pH 3. The pore size distribution (PSD) and

porosity of the clay mixture filter cake were measured using the low-field nuclear magnetic resonance

(LF-NMR) nanopore analyzer. The total porosity of the filter cake at pH 3 was higher than that at pH 10,

leading to a higher filtration rate. It has been found from this study that the clay filterability depends on

filter cake porosity, microstructure and the interaction of particles in the filter cake.
1 Introduction

Filtration is an essential process in mineral processing, used to
recycle water and separate ne mineral particles from slurry.1–3

It is worth noting that the ltration of ne tailings is always
a major challenge. Many factors contribute to this challenge,
including the size of particles, the ion composition in the
process water, and the content and types of clays.4–8 Among
these factors, the ne clays present in the tailings play a key role
in affecting dewatering efficiency.9–11 Notably, kaolinite and
illite minerals are the dominant forms of ne clays present in
the tailings of coal washing and oil sands.12 Many studies have
focused on the effect of kaolinite or illite clay on the tailings
treatment.13–15 The role of illite clays in the tailings treatment
was studied by Long et al., and the results showed that illite
particles could not coagulate in process water.16 Li et al. inves-
tigated the ltration of kaolinite-coal mixture suspension and
found that ne coal particles were trapped in the gaps of
kaolinite ocs during ltration.17 Wang et al. demonstrated the
lterability of rutile, quartz, kaolinite, illite, illite–smectite and
montmorillonite, and found that the primary factor affecting
the dewatering of oil sands tailings was not the particle size of
mineral but the type of mineral.18 It should be mentioned that
Engineering, Shandong University of

aohuaizhicumt@outlook.com

agnetoelectric Equipment and Mineral

ina

Liability, Taian, 271200, China

fficient Utilization, China University of

ation, Xuzhou, 221116, China. E-mail:

the Royal Society of Chemistry
the clay minerals contained in the tailings are generally
a mixture of kaolinite and illite. It is not comprehensive to study
the effect of a single kaolinite or illite clay on the tailings
ltration. Compared to the effect of individual clay minerals on
the ltration, the effect of interactions between mixed clays is
much more complex.19 Moreover, the ltration efficiency of clay
minerals has been proven to be signicantly affected by pH
levels.20,21 Shi et al. studied the interaction energy of a quartz
and kaolinite system, indicating that the dewaterability of
a quartz–kaolinite mixture in tailings was improved at pH 6.22

However, few studies have investigated the effect of a kaolinite–
illite mixture on the ltration process under varying solution pH
values. Therefore, it is necessary to study the dewatering
behavior of mixed clays in the ltration process and further
reveal the interaction mechanisms of different clays in tailings.

In recent years, the low-eld nuclear magnetic resonance
(LF-NMR) technique has been well developed in the elds of
porous media,23,24 bitumen,25,26 gas shale rocks,27,28 clay
minerals29,30 and coal.31,32 The basic principle of LF-NMR is to
estimate the pore size distribution (PSD) by analyzing the water
content in the pores. LF-NMR is regarded as a highly efficient
and accurate method, especially for characterizing the pore
wettability and PSD of porous minerals.33–35 Mao et al. investi-
gated the in situ water wetting of lignite pores using LF-NMR
and reported that the mesopores and macropores on the
lignite surface had a negative inuence on lignite otation.31 He
et al. studied the pore size distribution of coal by LF-NMR
technique and demonstrated that this technique has the high-
est potential for PSD analysis due to its non-destructiveness and
high accuracy.24,32 It should be noted that combining LF-NMR
pore analysis with DLVO theory to clarify the microstructure
RSC Adv., 2025, 15, 44093–44101 | 44093
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of mixed-clay lter cakes was a novel method. Moreover,
focused beam reectance measurement (FBRM) is a real-time
particle-level observation method, which can record the size
of particles in real time and observe the interaction between
particles in situ.36–38

In this study, the dewatering behaviors of kaolinite, illite and
their mixture in aqueous solutions at different pH values were
investigated. The differences in ltration rates of kaolinite, illite
and their mixture were explained in terms of the interaction
energy of clay particles and the properties (the pore size distri-
bution and the porosity of aggregates) of lter cake. Zeta
potentials and chord length distributions of different clays were
measured by Zetasizer Nano ZS and focused beam reectance
measurement (FBRM), respectively. The interaction energy of
kaolinite, illite and their mixture was calculated according to
the Derjaguin–Landau–Verwey–Overbeek (DLVO) theory. The
pore size distribution (PSD) and the porosity of aggregates in
the lter cake of mixed clay particles were obtained by the low-
eld nuclear magnetic resonance (LF-NMR) nanopore analyzer.
This study provides an understanding of the lterability
mechanisms of a kaolinite–illite clay mixture in the tailings
treatment.

2 Experiment
2.1 Materials

Kaolinite and illite samples were purchased from Guangdong
and Shanxi, China, respectively. The d50 of kaolinite and illite
was about 10 mm and 45 mm, respectively, as measured using
a Laser Particle Sizer (Bettersize-3000). The clay mixture was
composed of 70% (by weight) kaolinite and 30% (by weight)
illite, which represents a typical ratio for the clays in oil sands
tailings.39 Kaolinite (5 g), illite (5 g) and the mixed clay particles
(3.5 g of kaolinite and 1.5 g of illite) were dispersed in 50 mL
potassium chloride (10 mM) solutions, respectively. The
suspensions of kaolinite, illite and mixed clays of different pH
values (3, 6, 8 and 10) were prepared using hydrochloric acid
and potassium hydroxide. Deionized water was used in this
study.

2.2 Filtration tests

The ltration experiments were carried out with the suspen-
sions of kaolinite, illite and mixed clays at pH 3, 6, 8 and 10 at
a vacuum pressure of −0.1 MPa using the Buchner funnel
ltration equipment as described in the literature.17,40 The
ltration time started upon the transfer of the suspension to the
funnel and ended when the water on the lter cake surface di-
sappeared. Each measurement was repeated three times to
minimize the experimental errors. A 70 mm diameter lter
paper of standard quality was used for the ltration tests.
Filtration rate was used to evaluate the lterability of suspen-
sions.17 The equation is as follows:

u ¼ V

tA
¼ V

tpR2
(1)

where u is the average ltration rate, m s−1; V is the ltrate
volume obtained aer ltration, L; t is the ltration time, s; A is
44094 | RSC Adv., 2025, 15, 44093–44101
the effective ltration area, m2; R is the radius of Buchner
funnel, m.

2.3 Zeta potentials measurements

Zeta potentials of kaolinite, illite and mixed clays with varying
pH values were analyzed by a Zetasizer Nano ZS (Malvern
Instruments, U.K.). The suspensions (20 mL) of kaolinite, illite
and mixed clays at different pH values were transferred into
a cuvette by pipette to measure the zeta potentials. Each
experiment was repeated ve times to ensure the accuracy.

2.4 FBRM measurements

The chord lengths of kaolinite, illite and mixed clay particles in
suspensions with varying pH values were measured by FBRM
(G400, Mettler Toledo, USA), which can be used to evaluate the
aggregation of particles. Samples of 0.5 g of kaolinite, illite and
the mixed clays particles were dispersed in 400 mL of 10 mM
KCl solutions, respectively. Then the three suspensions were
adjusted to pH 3, 6 and 10, respectively. The FBRM probe was
placed into the suspension to measure the chord length. The
data of each test were collected with an impeller agitator
rotating at 200 rpm. The FBRM results were analyzed using the
mean diameter (d50) and relative span (d):41

d ¼ d90 � d10

d50
(2)

where d90, d10, d50 are the droplet diameters corresponding to
90%, 10% and 50% (v/v) on cumulative curve. d is used to
characterize the emulsion dispersion; values less than 0.5
indicate a higher degree of monodispersity.

2.5 LF-NMR measurements

The LF-NMR nanopore analyzer (NMRC12-010V, China) was
employed to analyze the PSD of aggregates by detecting the
hydrogen atoms of the moisture in the pores among the parti-
cles. The lter cake samples of mixed clay particles obtained
from the ltration experiments were used in the LF-NMR tests
at a magnetic eld intensity of 0.3 T and spectrometer frequency
of 12MHz with a 25mm coil diameter probe. The echo time and
the number of echoes were set at 0.3 ms and 16000, respectively.
The sampling waiting time and the number of sampling times
were 6000 ms and 32, respectively. The T2 spectra of samples at
pH 3 and 10 were obtained by the Carr–Purcell–Meiboom–Gill
pulse sequence of LF-NMR.31,34 The PSD and the porosity of
aggregates were calculated using the LF-NMR analysis soware
according to the T2 spectra.

3 Results and discussion
3.1 Filtration rate

Fig. 1 illustrates the ltration rate of kaolinite, illite and mixed
clays in suspensions with varying pH values. With the increase
in pH values, the ltration rate of kaolinite and illite decreased
gradually. The ltration rate of illite decreased from 0.32 m s−1

at pH 3 to 0.27 m s−1 at pH 10, while the ltration rate of
kaolinite was much lower. The ltration rate of mixed clays at
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Filtration rates of kaolinite, illite and mixed clays as a function of
pH values.

Fig. 2 Zeta potentials of kaolinite, illite andmixed clays as a function of
pH values.
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pH 3 was much higher than at other pH values. In addition, the
ltration rate of mixed clays was close to the rate of kaolinite,
particularly from pH 6 to 10, which is probably because the
content of kaolinite was much higher than that of illite in the
mixed clays, indicating that the high content of kaolinite in the
suspension leads to a high ltration resistance.42,43 Although
kaolinite constituted 70% of the mixed clays, its negative
surface charge at pH 3 was neutralized by the positively charged
illite particles, facilitating aggregation. This resulted in a more
porous lter cake structure, which enhanced water permeability
and the ltration rate. At higher pH, electrostatic repulsion
between similarly charged particles led to dispersion and pore
blockage, reducing ltration efficiency.

3.2 Zeta potentials of clay particles

Zeta potentials of kaolinite, illite and mixed clays are shown in
Fig. 2 as a function of pH values. The negative values of zeta
potentials of kaolinite particles increased with the increase in
pH values, from approximately−15mV at pH 3,−43mV at pH 6
to −52 mV at pH 10, respectively. The values of illite zeta
potentials changed from +10 mV at pH 2 to −42 mV at pH 10.
The zeta potential of mixed clays approached zero at around pH
3, indicating its isoelectric point. The zeta potential curve of
mixed clays was similar to that of illite particles from pH 2 to pH
6, but much closer to the kaolinite curve from pH 6 to pH 11. At
pH 3, the negatively charged kaolinite particles would prefer to
attach to the positively charged illite particles in the mixed
suspension. The measured zeta potential of the mixed clays can
be considered as a result of the combination of negatively
charged kaolinite particles and weakly positively charged illite
particles in the kaolinite-illite mixture. As the pH increased
from 6 to 11, kaolinite and illite carried more negative charges.
Thus, more and more kaolinite particles gradually detached
from the surface of illite particles. Although some of the illite
particles were exposed, the amount of exposed illite particles
was signicantly less than that of the fully exposed kaolinite
particles, thus signicantly increasing the inuence of the
negatively charged kaolinite on the zeta potential values of the
mixed clays. Therefore, the zeta potential curve of the mixed
© 2025 The Author(s). Published by the Royal Society of Chemistry
clays gradually approached the zeta potential values of kaolinite
particles. Liu et al.19 reported that the measured zeta potentials
of a binary mixture depend on the interaction and the ratio of
binary mixture. When there was an attraction between the
binary mixture, the attachment would occur. Therefore, the
ratio of mixture played an important role in determining the
zeta potentials.
3.3 FBRM results

Calculated values of average diameters of the FBRM measure-
ment results are given in Table 1. According to Table 1, the
chord length distributions of illite, kaolinite and mixed clay
particles in varying pH solutions are shown in Fig. 3. When
aggregation occurred, the chord length value increased and the
chord length distribution of particles was higher. In contrast,
when the suspension was well dispersed, the measured chord
length was closer to the natural size of the particles.17,44 As
shown in Fig. 3(a), the chord length of illite particles was
concentrated in the range of 20 to 100 mm, while the chord
length distribution at pH 3 was relatively higher in comparison
with pH 6 and 10. Fig. 3(b) illustrates the chord length of
kaolinite particles from pH 3 to 10. It shows that the particle
size of kaolinite had no signicant change from pH 3 to 10,
indicating that the kaolinite suspension was well dispersed.
This agrees well with the ltration rate results of kaolinite from
pH 3 to 10, as shown in Fig. 1. The absence of signicant
aggregation in individual kaolinite or illite suspensions
(Fig. 3(a) and (b)) was attributed to their similar surface charges
under most pH conditions, leading to electrostatic repulsion.
The aggregation observed in the mixed system at pH 3 was due
to electrostatic attraction between oppositely charged particles.
In Fig. 3(c), the peak at pH 3 on the distribution curve shied to
a signicantly larger chord length. Since self-aggregation of
kaolinite and illite was not obvious, the fact that the chord
length became signicantly larger at pH 3 in the mixture indi-
cates that the aggregates in mixed clays were dominant. Thus,
the mixed clays aggregated more signicantly at pH 3, while the
RSC Adv., 2025, 15, 44093–44101 | 44095
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Table 1 Average diameters (d10, d50, d90, and d) of illite, kaolinite and illite–kaolinite mixturea

Parameter
(mm)

Illite Kaolinite Illite–kaolinite mixture

pH 3 pH 6 pH 10 pH 3 pH 6 pH 10 pH 3 pH 6 pH 10

d10 23.84 � 2.25 19.56 � 1.14 20.90 � 0.57 2.35 � 0.06 1.96 � 0.10 1.69 � 0.16 22.97 � 1.33 13.27 � 0.36 13.60 � 0.70
d50 44.56 � 3.40 35.42 � 3.53 36.66 � 2.71 4.79 � 0.19 3.83 � 0.28 3.38 � 0.26 45.47 � 4.53 24.90 � 1.84 25.74 � 1.86
d90 84.15 � 2.16 64.91 � 1.32 63.57 � 2.76 16.27 � 0.24 13.03 � 0.34 10.24 � 0.26 96.18 � 1.95 57.44 � 2.50 55.09 � 1.43
d 1.35 � 0.09 1.28 � 0.08 1.16 � 0.06 2.91 � 0.08 2.89 � 0.14 2.53 � 0.17 1.61 � 0.10 1.77 � 0.09 1.61 � 0.08

a a1 ± a2 – a1 and a2 are the average and the standard deviation values of the measured data.
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chord length of mixed clays showed no obvious difference at pH
6 and 10.

3.4 Interaction energy of clay particles

Many researchers have reported that the interaction energy
between clay particles based on the DLVO theory includes
contributions from the electrostatic double layer (edl) and the
van der Waals (vdW) forces.9,44,45 The interaction energy models
of two spherical particles are given below:46,47

ETotal = EvdW + Eedl (3)

Eedl ¼ p330R1R2

R1 þ R2

�
41

2 þ 42
2
��
2

4142

41
2 þ 42

2
ln
1þ e�kh

1� e�kh

þ ln
�
1� e�2kh

��
(4)
Fig. 3 Chord length distributions of illite (a), kaolinite (b) and mixed clay

44096 | RSC Adv., 2025, 15, 44093–44101
where 41 and 42 are the surface potentials of kaolinite and illite,
which are substituted by the measured zeta potential values; 30
is the permittivity of vacuum; 3 is the dielectric constant of the
solution; k−1 is the Debye length, given as follows:

k�1 ¼ 0:304
. ffiffiffiffi

C
p

(5)

where C is the concentration of the electrolyte, with a value of
0.01 mol L−1 in this work.

EvdW ¼ �A132

6h

R1R2

R1 þ R2

(6)

A132 z
� ffiffiffiffiffiffiffi

A11

p
�

ffiffiffiffiffiffiffi
A33

p �
�
� ffiffiffiffiffiffiffi

A22

p
�

ffiffiffiffiffiffiffi
A33

p �
(7)

where A132 refers to the Hamaker constant of clay minerals in
aqueous media; the clay particles were considered as spherical,
particles (c) in varying pH solutions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Interaction energy between kaolinite particles (a), illite particles (b), kaolinite and illite particles (c), and mixed clay particles (d).
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and R1 and R2 refer to the radii of two spherical kaolinite and
illite particles; h is the distance between the clay surfaces. The
Hamaker constants of kaolinite, water, and illite are 6.8× 10−20

J, 3.7 × 10−20 J, and 1.40 × 10−19 J, respectively.48,49

Fig. 4 shows the interaction energy between different parti-
cles according to the DLVO theory. As shown in Fig. 4(a), the
repulsive interaction energy between kaolinite particles
increases from pH 6 to 10, indicating that the kaolinite particles
are dispersed well in different pH solutions. This is consistent
with the FBRM results of kaolinite suspension in Fig. 3(b).
Although the zeta potential of the whole particle is negative and
thus the Si-basal plane is negatively charged, the Al-basal plane
and the edge surfaces are positively charged according to
Chang's study,50 due to the lamellar structure and anisotropy of
kaolinite, and thus kaolinite particles would aggregate and
form large and loose aggregates with a card-house structure,
leading to a slightly higher ltration rate of kaolinite suspen-
sion at pH 3.

The interaction energy between illite particles was repulsive
from pH 6 to 10. However, it became attractive at pH 3, as can be
seen in Fig. 4(b). Therefore, the illite particles aggregated at pH
3 due to this attractive interaction, and the aggregates in the
illite suspension at pH 3 were observed by FBRM in Fig. 3(a).
Fig. 4(c) shows the interaction energy between kaolinite and
© 2025 The Author(s). Published by the Royal Society of Chemistry
illite particles, according to the zeta potential values of each
particle in the corresponding solution. There was an attractive
interaction at pH 3 because of the opposite charges of kaolinite
and illite particles. With increasing pH values, the attractive
interaction reversed to repulsion and increased gradually. In
Fig. 4(d), the interaction energy of mixed particles was calcu-
lated using the zeta potentials of mixed particles measured in
different pH solutions. The interaction of mixed particles was
attractive at pH 3, thus the illite particles were covered by
smaller kaolinite particles. The electrostatic attraction of mixed
particles changed to repulsion at pH 6, meaning that more and
more kaolinite particles separated from the surface of illite
particles, leading to the loosening of the aggregation. The
repulsive interaction facilitated the dispersion of mixed parti-
cles with increasing pH values.

It should be noted that the calculated interaction of kaolinite
and illite particles showed a similar trend with the interaction
of mixed particles, suggesting the measured zeta potential
values of mixed particles were reasonable and reliable.
However, the attraction of mixed particles at pH 3 in Fig. 4(d)
was obviously smaller than that between kaolinite and illite
shown in Fig. 4(c). The main reason lies in that the zeta
potential values used in the calculation were obtained from
different suspensions. The zeta potentials used in Fig. 4(c) were
RSC Adv., 2025, 15, 44093–44101 | 44097
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obtained from kaolinite and illite, respectively, while the zeta
potentials of mixed particles were the total potentials of the
mixture. Due to the aggregates in the mixture suspension at pH
3, the zeta potential values were different. The larger the
difference in Fig. 4(c) and (d), the more signicant was the
aggregation in the mixed clay suspension.
3.5 Filtration performance of mixed clays

Fig. 5 shows the variation of the ltration time-to-volume ratio
with ltrate volume of mixed clay at pH 3 and 10. The slope k
and intercept b are obtained from the straight lines tting with
the data. Combined with Darcy's law, Carman–Kozeny equation
and Svarovsky's modied formula, the lter medium resistance
Rm and specic cake resistance a can be calculated,51,52 as
shown in eqn (8).

t

V
¼ amc

2A2DP
V þ Rmm

A2DP
(8)

where, V is the ltration volume corresponding to the ltration
time t, mL; A is the cake area, m2; DP is the differential pressure
of the pressurized lter tank, N m−2; c is pulp mass concen-
tration, kg m−3; m is the absolute viscosity of water, N s m−2.
Here, A is 0.0104 m2, DP is 100000 N m−2, c is 100 kg m−3, and m

is 0.001 N s m−2.
The results of the specic cake resistance (a) and medium

resistance (Rm) of mixed clay at pH 3 and 10 are shown in Table
2. At pH 3, both the specic cake resistance and medium
resistance were signicantly lower than those at pH 10,
increasing from 1.1032m kg−1 and 2926.8m−1 to 1.4926m kg−1
Table 2 Results of specific cake resistance (a) and medium resistance
(Rm)

Test Fitting equations a/m kg−1 Rm/m
−1

pH 3 y = 0.0051x + 0.2706 1.1032 2926.8
pH 10 y = 0.0069x + 0.5847 1.4926 6324.1

Fig. 5 Variation of the filtration time-to-volume ratio with filtrate
volume of mixed clay at pH 3 and 10.
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and 6324.1 m−1, respectively. This indicates that the solution
pH exerted a pronounced inuence on ltration performance,
which was associated with the aggregation behavior of kaolinite
and illite particles.

The PSD and porosity of aggregates at pH 3 and 10 in the
lter cake of mixed clay particles measured by LF-NMR are
illustrated in Fig. 6. As shown in Fig. 6(a) and (c), the PSD of
aggregates at pH 3 was higher than that at pH 10, while there
was an obvious peak between 0.001 and 0.01 mm pore size at pH
3. This demonstrated that there were not only more mesopores
(0.1–1 mm) but also more micropores (10−3 to 10−2 mm) at pH 3
than at pH 10.53,54 Fig. 6(b) and (d) show that the pore size at pH
10 was mainly in the range of 0.10–0.40 mm, while the pore size
at pH 3 mainly consisted of 0.16–0.63 mm particles. Thus, the
mesopores played a dominant role in the pores of aggregates at
pH 3 and 10. The broader pore size distribution at pH 3 (0.16–
0.63 mm) was attributed to the formation of large aggregates,
which created more mesopores. In contrast, at pH 10, the
dispersed ne particles occupied inter-particle spaces, leading
to a narrower pore size distribution (0.10–0.40 mm) and reduced
overall porosity. Besides, there were no macropores (>1 mm) in
the lter cake of mixed clay particles. Furthermore, the total
porosity of aggregates was 66.86% at pH 3, which was higher
than that at pH 10 (55.38%). Therefore, the lter cake at pH 3
had a higher ltration rate due to the larger porosity of aggre-
gates, which was caused by the capillary effect of water in the
large pores.55,56
3.6 Mechanisms

Fig. 7 shows the schematic diagram of the interaction of mixed
clays in suspension and the ltration behavior of mixed clays in
the lter cake at pH 3 and pH 10, respectively. For mixed illite
and kaolinite systems, the interaction between illite and
kaolinite determined the ltration rate in different pH solu-
tions, as shown in Fig. 7(a) and (b). Fig. 7(a) and (b) illustrate
that some ne particles might still form loose aggregates even at
pH 10 due to van der Waals forces or mechanical entrapment,
though electrostatic repulsion dominated. This minor aggre-
gation did not signicantly enhance porosity compared to the
large, structured aggregates formed at pH 3. The attractive
interaction between illite and kaolinite particles induced
aggregate formation, resulting in an enlarged gap of the lter
cake. These coarser pore channels facilitated enhanced water
ow, thereby accounting for the higher ltration rate observed
at pH 3, as shown in Fig. 7(c). The enhancement of porosity
through the aggregation of ne particles has also been reported
by other researchers.57,58 With the increase in pH, the number of
free ne kaolinite particles in the suspension increased, which
was conrmed by FBRM measurements. This increase in
dispersed ne kaolinite particles in suspension led to the
blockage of the lter cake gap, which had a negative effect on
water removal during ltration. While FBRM effectively indi-
cated the presence of larger aggregates at pH 3 through
increased chord lengths, it is noteworthy that this technique
does not differentiate between the morphologies of aggregates,
such as loose, open structures versus dense, compact ones.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Schematic illustration of the interaction of mixed clays in
suspension at pH 3 (a) and pH 10 (b), and the filtration behavior of
mixed clays in the filter cake at pH 3 (c) and pH 10 (d).

Fig. 6 PSD and porosity of aggregates in the filter cake of mixed clay at pH 3 (a) and (b) and pH 10 (c) and (d).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Complementary imaging techniques, such as scanning or
transmission electron microscopy (SEM/TEM), would be highly
benecial in future work to visually characterize the micro-
structure of these aggregates and provide a direct link between
the interaction energy, the macroscopic ltration properties,
and the microstructural arrangement of particles within the
lter cake.

Furthermore, dispersed kaolinite particles accumulated at
the surface of the lter cake at pH 10, forming a compact sludge
layer that signicantly impaired ltration efficiency,59 as
depicted in Fig. 7(d). Thus, the particle size of clay had
a signicant effect on the ltration process. The suspended ne
particles of kaolinite tended to block the gaps in the lter cake
in the ltration process, resulting in a dense layer on the top of
the cake, which was not conducive to the removal of water from
the lter cake. Larger clay particles and aggregates could be
ltered more easily, because more large gaps were generated in
the cake, which helped to remove water from the lter cake
quickly.
4 Conclusions

In this study, the lterability of kaolinite, illite and mixed clays
in different pH solutions was investigated by measuring the
RSC Adv., 2025, 15, 44093–44101 | 44099
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ltration rate, zeta potential, chord length distributions, inter-
action energy and pore size. Filtration rates of kaolinite, illite,
and mixed clays decreased progressively with increasing pH,
though mixed clays exhibited signicantly enhanced ltration
at pH 3 compared to other pH conditions. Filtration rates in
mixed clays were controlled by interactions between kaolinite
and illite particles. Filter cakes formed at pH 3 demonstrated
substantially higher porosity and ltration rates than those at
pH 10, conrming a critical link between cake microstructure
and dewatering performance. Fine kaolinite particles impeded
ltration by blocking lter cake pores and forming a dense
surface layer, whereas larger particles/aggregates enhanced
ltration performance by creating more permeable pathways
within the cake structure that facilitated rapid water removal.
This study claried pH-dependent ltration mechanisms of clay
mixtures in a monovalent electrolyte simplied system. Real
tailings contain multivalent ions and organics that may alter
these behaviors. Our future work will address these complex
conditions to better simulate industrial conditions and improve
industrial relevance.
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