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ARTICLE INFO ABSTRACT
Keywords: Due to the very hydrophobic characteristic, silica tetrahedron (siloxane) structure on clay minerals surfaces was
Siloxane structure believed to affect many surface property of clay minerals, such as surface wettability, dispersion and agglom-
Hydrophobic agglomeration eration property. In this work, kaolinite and talc, with different number of siloxane surfaces, were chosen for
;alcl_ . studying how the siloxane structure affected hydrophobic agglomeration behaviors in aqueous solution. In-situ
aolinite

turbidity measurement of flocs suspension in the settlement progress had been applied to characterize the ag-
glomeration behaviors of clay minerals. Through molecular dynamics simulation (MDs) results, it was found that
the hydroxyl surface of kaolinite was very hydrophilic, while the siloxane surface of kaolinite (on the Si-tetra-
hedral side) and talc (both basal surfaces) showed a strong hydrophobicity due to the highly symmetrical si-
loxane structure. As a result, the talc and kaolinite showed vast differences on hydrophobic agglomeration
behaviors. Because of the much more exposed siloxane structures on talc surface, the hydrophobic agglomera-
tion degrees are far stronger than that of kaolinite due to the both hydrophobic basal surfaces. Besides, the sizes
of talc flocs are also far larger than that of kaolinite due to the formation of layer by layer floc structure.
Therefore, the siloxane structure on clay minerals surface has a significant influence on the agglomeration be-
haviors, including the agglomeration degree and the size of resulted flocs. It is the first time that the hydrophobic
agglomeration behaviors were correlated to the siloxane structure on clay mineral surfaces, which has profound
guiding significance on the study of dispersion stability of colloidal clay minerals.
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1. Introduction

Clay minerals are important non-metallic mineral, which has been
widely used as adsorbents, catalysts and pharmaceuticals [1-3]. And
the dispersion or aggregation behaviors of clay minerals played sig-
nificant role in their applications. In the field of clay-polymer composite
materials, the uniform dispersion of clay minerals enabled the compo-
site much better performances [4,5]. As for the application of ad-
sorbents, the dispersion of clay minerals provided much larger specific
surface area for the adsorption of pollutants [6,7]. The agglomeration
of clay minerals is also very important in industrial applications. In
environmental fields, the aggregation of clay minerals after adsorption
of pollutants was essential to separate the adsorbents [8,9]. In mineral
processing, flocculation-flotation was a very commonly method to re-
cover fine clay minerals [10]. As for the solid-liquid separation tech-
nique, the fast aggregation of fine clay minerals promoted the efficient
recycling of water resource [11]. Compared with dispersion of clay
minerals, the aggregation of clay minerals has much wider applications
in actual industrial productions, which leads to the much more pow-
erful attraction of researches in aggregation of clay minerals.

There were several commonly used methods to aggregate the fine
particles in aqueous solutions, such as coagulation, polymer floccula-
tion and hydrophobic agglomeration [12,13]. Due to the formation of
large and compact flocs, the hydrophobic agglomeration had been ap-
plied more widely [14]. Hydrophobic agglomeration was a way to ag-
gregate fine particles by the hydrophobic attraction between the par-
ticles [15]. Surfactants had been usually added in a number studies to
show how the wettability of particles reduced for enhancing flocs size
[16-19]. However, surfactant modified particle does not show very
strong hydrophobicity, and the resulted hydrophobic agglomeration is
not very strong [20-23]. Therefore, it was vital to seek a more efficient
method for enhancing flocculation performance.

Generally, clay minerals are layered aluminosilicate minerals with
silica tetrahedron sheet and alumina octahedral sheet stacked on each
other. Silica tetrahedron, also called siloxane, is a nonpolar structure, the
hydrophobic properties of which had been widely studied. Malandrini
et al. [24] had concluded that the external oxygen atoms on the siloxane
surface were relatively weak electron donors and showed very weak
interactions with water molecules [25]. Tarasevish et al. [26] had also
verified the very weak interaction between siloxane surfaces of talc and
water molecules. Also, the nature of the siloxane surface in smectites was
demonstrated to be hydrophobic by measuring the adsorption of aro-
matic hydrocarbons [27]. As for the hydroxyl surface in TO structural
clay mineral, it was obviously to be of hydrophilicity. Solc et al. [28] had
researched both the contact angle of siloxane surface and hydroxyl sur-
face in kaolinite through molecular dynamics simulation (MDs), it was
found that the contact angle of octahedral surface was equal zero while
the contact angle of the tetrahedral surface was about 105°. Yin et al.
[29] had drawn similar conclusions that the siloxane surface of kaolinite
showed hydrophobicity while alumina octahedral face displayed no hy-
drophobicity at all. As a result, the siloxane surface led to the hydro-
phobic character of clay minerals while hydrophilicity arose from the
hydroxyl groups on clay mineral surface [30]. In other words, surface
wettability of clay minerals was determined by the siloxane structure to a
large extent. Considering that the contact angle of siloxane surface of
clay minerals is often greater than 100°, which are larger than that in-
duced by surfactants.

The siloxane structure on clay mineral had turned out to be of
strong hydrophobicity. At the same time, wettability had a significant
influence on the colloidal stability of clay minerals [10,31]. It was re-
ported that larger contact angle of talc particles had stronger hydro-
phobic attraction, which leads to more powerful aggregation [32].
Duzyol et al. [33] had studied the correlation of agglomeration of do-
lomite with its wettability, it was found that the agglomeration of the
particles required a lower wettability. Xuan et al. [34] had also proved
higher agglomeration due to the decrease of its wettability. Hence, the
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very hydrophobic siloxane surface of some clay minerals may lead to
much more powerful hydrophobic agglomeration performances.

Therefore, the TOT and TO structural clay minerals, distinguished
by the exposed surfaces, were supposed to show distinct differences in
hydrophobic agglomerations. However, to our best knowledge, no re-
ports had correlated siloxane structure of clay minerals with hydro-
phobic agglomeration behaviors, despite that numerous researchers
had investigated the hydrophobic agglomeration behaviors of clay
minerals in aqueous suspensions [35-37]. Thus kaolinite consist of one
siloxane surface and one hydroxyl surface as well as talc comprised of
two siloxane surfaces were chosen for studying how the siloxane
structure on the clay mineral surface affected hydrophobic agglom-
eration. Considering that the MDs can be used to study the interactions
between liquid nanodroplets and mineral surfaces [38-44], wettability
of both siloxane surface and hydroxyl surface were investigated
through MDs. Besides, since most of traditional methods to measure
particle size could not apply to the flocs which are easily to be de-
stroyed when dried or filtered, thus in-situ turbidity measurement was
applied for researching the hydrophobic agglomeration differences
between talc and kaolinite fines in aqueous suspensions [45]. The ob-
jective of this work is to correlate the siloxane structure on clay mineral
surfaces with the hydrophobic agglomeration behaviors, thus to pro-
vide profound guiding significance on the study of dispersion stability
of colloidal clay minerals.

2. Experimental
2.1. Materials

The original talc sample was obtained from Aladdin Industrial
Corporation and kaolinite mineral sample was used. D8 Advance X-ray
diffract meter (Bruker, Germany) was used for analyzing the samples.
The X-ray diffraction (XRD) pattern of talc and kaolinite had been
displayed in Figs. 1 and 2, respectively, showing that talc and kaolinite
particles were both of high purity.

The particle size distributions of the talc and kaolinite samples were
estimated by a Malvern Mastersizer 2000 (Malvern, England). As illu-
strated in Fig. 3, talc particle size at the D5y and Doq (particle size at
50% and 90% cumulative undersize) were of 8.3 um and 18.0 um, re-
spectively, and the Dso and Doy of kaolinite size were of 8.0 um and
16.8 um, respectively. The results indicated that talc and kaolinite
particles were about the same size.

Ultrapure water with the electrical resistivity of 18.2 MQ cm was
produced by Millipore Super Q system (Millipore, America), thus to
minimized the effects of impurities in water.
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Fig. 1. XRD patterns of the talc sample.
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Fig. 3. Particle size distribution of the talc and kaolinite samples.

2.2. Hydrophobic agglomeration of talc and kaolinite

The hydrophobic aggregation experiments were carried out in a
standard tank with four baffles and six blades described in previous
literatures [3,32,45]. Likewise, clay minerals (talc, kaolinite) suspen-
sion with 0.3% solid concentration were prepared as described in pre-
vious works [32,45]. After that, the suspension was stirred in the ag-
gregation tank, the kerosene was added simultaneously. Then the in-
situ turbidity of the suspension was measured every 5s in a Turb 555 IR
nephelometer (WTW, Germany) in sedimentation progress. Finally, the
computer connected to the nephelometer collected the data.

As described in previous works [32,45], the turbidity of flocs sus-
pension as a function of time was aimed to fit a specific function, and
the nonlinear fitting equation was shown below:

y=A; X exp(—%) + Y

i (@)
It could be converted into a linear equation as follows:
x
In(y — =1lnA, — =
(V y()) 0 4 (2)

In which y denotes the turbidity of the clay mineral flocs suspension; x
is the sedimentation time; and yo, A; and t; represent corresponding
constants.
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Droplet

Mineral layer

Fig. 4. Schematic of computation of water-gas boundary and contact angle 6, h
is the height from the mineral layer, and r represents the base circle radius of
water droplet.

The slope K of Eq. (2) assesses the average size of the flocs formed
by clay mineral fines after being flocculated, which is defined as:
1
4 3

K=

The agglomeration degree E evaluates the dispersion and agglom-
eration of clay mineral fines, which can be expressed as:
B= 2 TE o 100%
To @
In which Ty and Tg represent the initial and ultimate turbidity of the
flocs suspension, respectively.

2.3. MDs of wettability on kaolinite and talc surface

MDs in this work were carried out in Forcite module of Materials
Studio 8.0. The water droplet was modeled by the 300 SPC/E water
model. The atomic positions in the layer model of kaolinite were taken
from the experimental neutron power diffraction experiment [46]. The
space group of kaolinite was Cl; unit cell parameters were
as follows: a = 0.514899 nm, b = 0.893400 nm, ¢ = 0.738400 nm, and
a = 91.930°, B = 105.042°, y = 89.791°. The initial configuration of talc
was constructed using lattice parameters provided by American Miner-
alogist Crystal Structure Database [47]. The space group of talc was C2;
and the fundamental cell parameters were listed below: a = 0.526 nm,
b =0.91nm, ¢ = 1.881 nm, and a = y = 90°, f = 100°. The size of each
cell was obtained through multiplication of experimental a, b, and c
vectors. A model of isolated kaolinite layer possessing both (001) and
(00 —1) basal surfaces and a model of isolated talc layer possessing (001)
basal surfaces were built. The droplet was positioned in the middle of the
computational cell at a distance of 3 A from the mineral surface to the
bottom border of the droplet. The first dynamic model was represented
by water droplet placed on the (001) hydroxyl surface of the kaolinite
layer with a cell size of 4.1192 x 4.4670 x 9.4595 nm. The second dy-
namic model was constructed from the water droplet deposited on the
(00—1) siloxane surface of the kaolinite layer with a cell size of
4.4670 x 4.1192 x 9.4595 nm. The third dynamic model was consisted
of the water droplet placed on the (001) siloxane surface of the talc layer
with a cell size of 4.2080 X 4.5500 X 11.1788 nm. In this simulation,
apart from clay mineral and water droplet, a vacuum slab with a height
of 5.0nm was needed to put on the amorphous cell. Thus, the whole
simulation cell under periodic boundary conditions had been built up.

The clay force field (CLAYFF) was used for describing the
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Fig. 5. Snapshots from MDs for water droplet placed on the (001) hydroxyl surface of kaolinite layer: initial geometry (a), front (b) and top (c) view after 200 ps.

Fig. 6. Snapshots from MDs for water droplet placed on the (00 — 1) siloxane surface of kaolinite layer: initial geometry (a), front (b) and top (c) view after 200 ps.

Fig. 7. Snapshots from MDs for water droplet placed on the (001) siloxane
surface of the talc layer: initial geometry (a), front (b) and top (c) view after
200 ps.

interatomic potentials for the clay mineral surface and water droplet. In
MDs, the geometry optimization task was first carried on the structure
models. After that, the NVT ensemble (the particle number (N), volume
(V), and temperature (T) were constant) was selected to equilibrate the
structure of the systems. The simulation time was set as 200 ps to make
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the system get equilibrated. The time step and temperature were 0.2 fs
and 298 K, respectively.

In simulations, a microscopic contact angle was computed from a fit
of circle equation to contour of water droplet as shown in Fig. 4. By
measuring the relevant length parameters, the equation which asso-
ciated contact angle and the parameters was as follows:

5)-+
tan|—| = —
2 r 5)
It can be transformed into another form:
h
6= 2 tan —
arc  tan . )

Where 6 is contact angle, h is the height from the mineral layer, and r
represents the base circle radius of water droplet.

3. Results and discussion
3.1. Effect of siloxane structure on the surface wettability

Snapshots from MDs for wettability of hydroxyl surface of kaolinite,
siloxane surface of kaolinite and siloxane surface of talc were re-
presented in Figs. 5-7, respectively. The results showed that the water
droplet was completely spread on the hydroxyl surface of kaolinite,
which indicated the strong hydrophilicity of hydroxyl surface (contact
angle = 0°). As for the siloxane surface of clay minerals, the water
droplet only slightly spread on the basal surfaces, which suggested the
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strong hydrophobicity of siloxane surfaces. According to Eq. (6), the
computed contact angle of siloxane surface of kaolinite and talc were
121.58° and 125.56°, respectively. This results were in good agreement
with previous study [48], which also demonstrated the hydrophobicity
of siloxane structure on clay mineral surfaces. Due to the existence of
plenty of hydroxyl group, water molecules could form hydrogen bond
with hydroxyl surfaces, which account for the strong hydrophilicity of
the hydroxyl surfaces of kaolinite [49]. On the contrary, the interaction
between water molecules and siloxane surface was weak due to the
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Fig. 10. Effect of kerosene addition on setting rate.
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highly symmetrical and nonpolar siloxane structure [50]. The results
show that siloxane surface was very hydrophobic, while the hydroxyl
surface was hydrophilic. Thus, based on the quite hydrophobic char-
acter of siloxane surface, a strong hydrophobic attraction between the
siloxane surfaces may lead to a very powerful hydrophobic agglom-
eration behaviors of clay minerals in aqueous solution.

3.2. Effect of siloxane structure on the agglomeration degree

Effect of kerosene addition on aggregation degree was shown in
Fig. 8. With the increase of kerosene addition, the aggregation degree of
both talc and kaolinite increased originally, and then remained almost
constant. The enhancement of aggregation degree by kerosene could be
attributed to increase in particle adhesive strength caused by kerosene
connect the siloxane [51]. Whereas, there were no obvious siloxane
space presented in the agglomerates for kerosene, which resulted in the
agglomeration degree reach a plateau. Under the same kerosene do-
sage, the agglomeration degree of talc was larger than that of kaolinite.
Due to the much more exposed siloxane structure, much more talc
particles are aggregated into larger flocs, which leads to the larger
aggregation degree.

Mechanical agitation was necessary used for endowing the particles
enough kinetics to overcome the potential energy barrier [52]. Effect of
stirring rate on aggregation degree was shown in Fig. 9, as the increase
of stirring rate, the aggregation degree of both talc fines and kaolinite
fines increased. Because the kinetic energy input increased, the collision
probability of particles was larger, therefore formed more flocs. And the
agglomerate degree reached the equilibrium, resulting to the maximum
aggregation behaviors. Under the same stirring rate, the agglomeration
degree of talc was larger than that of kaolinite. It could be concluded
that more siloxane on talc surfaces resulted in higher collision prob-
ability between talc particles and kerosene droplets. As a result, talc
particles formed more flocs than kaolinite particles, which lead to the
larger aggregation degree.

3.3. Effect of siloxane structure on the flocs sizes

According to Egs. (1) and (2), turbidity on the basis of settling time
had been fitted to certain functions. The setting rate K calculated in
relation to Eq. (3) was used for evaluating the hydrophobic agglom-
eration performance. As the kerosene dosage increased, the setting rate
of both talc and kaolinite first increased and then faintly decreased
which was presented in Fig. 10. There was an optimized kerosene do-
sage to achieve the maximum setting rate. The emulsified nonpolar oil
attached to the hydrophobic particles to reinforce the surface hydro-
phobicity, and then more particles agglomerated together to generate
stronger and larger flocs [53,54]. The excessive dosage of kerosene lead
to high viscosity which made the slightly decrease of setting rate of both



W. Zhan et al.

Colloids and Surfaces A 568 (2019) 36-42

Kaolinite

PG A
g%}'}:«‘é{ ( X —> e 0>

Tale

{ : 8 7z

" \ Kerosene
= F —> o et >
= = = =  Stirring Y
©¢ ©c = = = =

Fig. 12. The schematic diagram of agglomeration differences.

talc and kaolinite flocs [14,55]. Under the same kerosene addition, the
setting rate of talc was one order of magnitude larger than that of
kaolinite. Because the addition of kerosene adhered on the siloxane
area could intensify the surface hydrophobicity. And the area of si-
loxane on talc was larger than that on kaolinite, which resulted in oil
bridge connect the siloxane surface of talc layer by layer, and then
formed stronger and larger flocs. Thus talc with two siloxane surfaces
could be connected layer by layer, much larger flocs sizes formed than
kaolinite with one siloxane surface.

The setting rate of both talc fines and kaolinite fines affected by
stirring rate were exhibited in Fig. 11. As shown, both talc fines and
kaolinite fines first increased and then declined with increase of the
stirring speed. There was an optimized stirring speed to achieve the best
hydrophobic agglomeration [3,56]. At low stirring rate, the collision
probability of particles in suspension was small, resulting in irregular
and loose agglomerates. Under high stirring rate, the agglomerates
were broken up because of the very strong shear forces [57,58]. Both
increasing and decreasing rate of setting rate of talc were larger than
that of kaolinite, because talc with two siloxane surfaces was easily
influenced by stirring rate. Under the same stirring rate, the setting rate
of talc was one order of magnitude larger than that of kaolinite. Due to
the area of siloxane on talc was larger than that on kaolinite, which
resulted in higher collision probability between talc particles and ker-
osene than that between kaolinite particles and kerosene. Then oil
bridge connected the siloxane surface of talc layer by layer, formed
stronger and larger flocs than kaolinite.

3.4. Mechanism of siloxane affects hydrophobic agglomeration

Clay minerals surfaces dominated by siloxane were hydrophobic,
which were demonstrated by MDs in this work. Kerosene addition
provided the oil bridge to connected the siloxane surface of kaolinite,
and then formed flocs. However, the another basal surface of kaolinite
was full of hydroxyl groups, which was very hydrophilic and could not
interact with kerosene molecules again. As a result, the kaolinite could
only form very small flocs because oil can only spread on one kaolinite
surfaces and interact with another oil spread kaolinite surface. On the
contrary, talc is consisted of two basal siloxane surfaces, both can in-
teract with the kerosene and then to bridge the other oil wetted talc.
Hence, the probability of collision between talc with more area of si-
loxane surfaces and kerosene was higher than that between kaolinite,
which lead to more flocs formed than kaolinite particles. Besides, talc
consists of two siloxane surfaces, which resulted in oil bridge connect
the siloxane surface of talc layer by layer, and then formed stronger and
larger flocs than kaolinite, which were schematic shown in Fig. 12.

4. Conclusions
(1) Siloxane structure on clay mineral surface is of strong hydro-

phobicity, the number of which is correlated to the agglomeration
degree and flocs size of clay minerals.
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(2) Due to the much more exposed siloxane structures on talc surface,
the hydrophobic agglomeration degrees of talc are far stronger than
that of kaolinite.

(3) The sizes of talc flocs were also far larger than that of kaolinite due
to both basal siloxane structures on talc surface and the formation
of layer by layer floc structures.
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