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Abstract: In this paper, the flocculation properties of polyethylene oxide (PEO) on kaolinite and
the mechanism of adsorption on kaolinite anisotropic substrates were explored. As revealed by
the experimental results, the settling rate and removal rate of kaolinite increased with increasing
PEO concentration, but too high PEO concentration would cause the small particles to stabilize
and become difficult to settle. Furthermore, to probe deep into the interactions between PEO and
kaolinite anisotropic substrates, the morphology of adsorbed PEO, interfacial adsorption structure,
and dynamic behavior of water molecules were determined by quartz crystal microbalance with
dissipation (QCM-D) and molecular dynamics (MD) simulations. The adsorption amount of PEO
on different mineral surfaces is in the order of kaolinite > alumina > silica, and the thickness of
the adsorption structure formed by alumina is greater than that of silica. As illustrated by the MD
simulation results, the adsorption of PEO reduces the concentration of water molecules attached
to the kaolinite surface. The PEO forms a double-layer adsorption structure on the 001 surface,
while forming a tight monolayer adsorption structure on the 001 surface, weakening the interaction
between the surface and the water molecules. The above results demonstrate that the adsorption of
PEO effectively weakened the hydration dispersion of kaolinite and promoted the agglomeration of
kaolinite particles.

Keywords: PEO; kaolinite; anisotropic; flocculation; QCM—D; molecular simulation

1. Introduction

According to incomplete statistics, in coal mining washing and processing production,
each ton of clean coal products will produce 3 m® of coal wastewater [1], which contains a
large number of ultrafine particles, mainly composed of pulverized coal, clay minerals, and
silicon oxide solid particles [2]. After flocculation and sedimentation of these wastewaters
by adding flocculants, the production circulating water is treated by solid-liquid separation
to achieve the recycling of wastewater [3]. The flocculant used in actual production is
generally polyacrylamide [4]. However, with the mechanization of coal mining and the
deterioration of coal quality, the clay minerals represented by kaolinite in these wastewater
have increased [5]. The easy mudding and dispersion of clay minerals make the floccula-
tion and sedimentation effects of traditional flocculants worse [6], and the slime water is
difficult to settle and separate, which seriously affects the production water and production
efficiency of subsequent processes [7]. Therefore, it is urgent to find a flocculant that can
treat clay minerals in high-muddied coal wastewater.

As a nonionic polymer, polyethylene oxide (PEO) has been used in the papermaking
industry for wastewater flocculation and mineral separation because of its non-reactivity,
water solubility, and low toxicity [8-13]. At the same time, PEO is an efficient flocculant
in mineral flotation and oxidized mineral flocculation [14,15], especially for kaolinite
flocculation [10]. PEO is adsorbed at the solid-liquid interface by hydrogen bonding due
to its non-ionic properties [16,17]. It is believed that the adsorption of PEO requires a
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certain degree of surface hydroxylation and water repellency on the solid surface [18].
Moreover, PEO has the hydrophobic properties generated by the vinyl group structure, and
hydrophobic association is considered to be another mechanism for the interaction between
PEO and particles [19,20]. Kaolinite is a layered mineral with a 1:1 aluminum-oxygen
octahedron and a silicon-oxygen tetrahedron structure [21]. Studies have shown that PEO
can induce a stronger degree of kaolinite face-to-face aggregation during the process of
kaolinite flocculating [22]. However, the adsorption mechanism of PEO on kaolinite is
still unclear; in particular, the interactions between PEO and the aluminum-oxygen and
silicon—oxygen surfaces in the kaolinite structure still needs further studies.

Quartz crystal microbalance with dissipation (QCM—D) technology can provide qual-
itative and quantitative information on the conformation and density changes of polymers
at the solid-liquid interface [23,24]. Zou et al., used QCM—D to study the adsorption of
self-made hydrophobically modified polyacrylamide on silica coating (simulated silicon—
oxygen base surface) and alumina coating (simulated aluminum-oxygen base surface),
so as to distinguish the adsorption difference of kaolinite anisotropic base surfaces [25].
Wang et al., used QCM—D to determine the adsorption kinetics of organic-inorganic hybrid
polymers on silica and alumina, as representative of T- and O-basal planes of kaolinite [26].
It is well known that molecular simulation is a method to study the surface properties
of polymers and minerals at an atomic level. At present, the research on the structure,
hydrodynamic radius, and shape anisotropy of PEO has been completed by molecular
dynamics simulation [27,28]. Regarding the research on the microscopic adsorption mech-
anism of PEO on mineral surfaces, Lee et al., found that the adsorption of PEO on the
hydrophobic interface of minerals produced a transition process from mushroom morphol-
ogy to brush morphology [29], and PEO was easily adsorbed on the edge surface with
high hydroxyl content [30]. At present, there are few studies on the anisotropic adsorption
of PEO and kaolinite. In the molecular simulation of the adsorption of polymers on the
surface of kaolinite, Chen et al., used DFT to study the difference in the adsorption of
different PAM structural units on the 001 surface of kaolinite [31]. Ren et al., studied the
adsorption behavior of NPAM on kaolinite 001 surface-water interface by experiment and
MD [32]. Jacquet et al., studied the adsorption of cationic polymers on kaolinite surfaces by
combining experiments with DFT [33]. Luo et al., studied the agglomeration of kaolinite
particles in the presence of dodecylamine by force testing and DFT [34]. However, the
above studies are still insufficient for the differential adsorption characteristics of polymers
on the anisotropic kaolinite substrate. Therefore, in order to further study the effects of the
differences in the adsorption structure of PEO on the silicon oxygen surface (001 surface)
and aluminum oxygen surface (001 surface) of kaolinite on particle agglomeration, it is
necessary to combine the interface adsorption tests with molecular dynamics simulation.

This research was intended to explore the differential adsorption of PEO on the
aluminum-oxygen and silicon-oxygen surfaces of kaolinite and the effect of the adsorption
mechanism on the flocculation effect of kaolinite suspensions. Macroscopic sedimentation
behavior was assessed by conducting flocculation sedimentation experiments. Moreover,
images of kaolinite suspension flocs at different concentrations of PEO, trends over time,
and particle size distribution were observed by microscopic images, with focused beam
reflectance measurements (FBRM). The adsorption of PEO with functional groups on the
kaolinite surface was examined by adopting FTIR. The adsorption properties of PEO on
kaolinite, alumina, and silica surfaces was also investigated and compared by employ-
ing a quartz crystal microbalance (QCM—D). After the above results were obtained, the
distinctions in the adsorption conformations of PEO on kaolinite 001 and 001 surfaces in
the presence of water molecules were also explored by MD simulations to illustrate the
adsorption flocculation mechanism of PEO.
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2. Materials and Method
2.1. Materials

In this paper, kaolinite powder (1250 mesh) was purchased from a mineral material
company in Henan, China. The particle sizes of kaolinite samples were analyzed with a
laser particle analyzer (Microtrac 53500, purchased from Microtrac MRB (USA)), as depicted
in Figure 1, with a D5y of 6 um and Dy of 22 pum. XRD measurement results are depicted
in Figure 2. The main mineral composition of the sample was kaolinite. The kaolinite,
silica, and alumina coated quartz crystal sensor used for the QCM—D polymer adsorption
study was purchased from Biolin Scientific (Chip specifications (300nm thickness, QSX 999),
purchased from Nano Science Instruments (AZ, USA)), with a base oscillation frequency
of 5 MHz and a particle coating thickness of approximately 15 nm. PEO with 6 million
molecular weight was obtained from BASF Biotechnology Co., LTD, Hefei, China, and
deionized water was used in all the experiments.

100

S D o]
o o o
T T T

Cumulative Volume (%0)

Ny
o
T

0 'l 'l
1 10 100

Particle Size (um)

Figure 1. Particle size distribution of kaolinite samples.
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Figure 2. XRD pattern of the original kaolinite.

2.2. Flocculation and Sedimentation Experiment of Kaolinite

The flocculation settlement test was performed in a stopper measuring cylinder. A total
of 2.5 g of kaolinite was first added to 200 mL deionized water for pre-stirring at 300 rpm
for 1 day and then quantitatively poured 250 mL into a stopper measuring cylinder for
settlement and reserve. PEO was added to 100 mL deionized water and stirred at 1000 rpm
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for 1 h at concentrations of 0.4 g/L, 0.6 g/L,0.8 g/L,1g/L,and 1.2 g/L. The test was carried
out by adding 1 mL PEO to the kaolinite suspension, turning the measuring cylinder upside
down five times, recording observations by static settling and collecting the sediment layer
to calculate the percentage of kaolinite removal, and repeating the above experiments at
different concentrations.

2.3. Focused Beam Reflectance Measurement (FBRM)

Focused beam reflection measurement (FBRM) is a measurement technology for
suspended particles in liquid, which is used to monitor the real-time dynamic trend of
suspended particle size and particle size distribution in the environment at a fixed time
point. The variation and distribution of flocculated particles in kaolinite suspensions were
explored using The Focused Beam Reflectance Measurement (FBRM G400, Mettler Toledo,
Switzerland). Kaolinite (2.5 g) was added to 250 mL deionized water and pre-stirred at
300 rpm for 1 day to ensure complete dispersion of the particles. The test was conducted at
300 rpm to keep the particles suspended, and 1 mL PEO was added to the suspension 5 min
after the start of the FBRM test. The real-time change in data after the addition of PEO was
observed and recorded. The experiment was then repeated at different concentrations.

2.4. Quartz Crystal Microbalance with Dissipation (QCM—D)

Owing to the anisotropy of kaolinite, it is crucial to study the adsorption of PEO
on different types of kaolinite substrates. The QCM—D instrument adopted a QSense
Analyzer (four channels) from Biolin Scientific as a platform to investigate the differential
properties of PEO adsorption on silicon oxide chips (representing silica—oxygen tetrahedra),
alumina chips (representing aluminum-oxygen octahedra) and kaolinite chips. In each
QCM—D experiment, deionized water was first pumped into the flow module by an IPC—N
peristaltic pump at a rate of 0.1 mL/min to establish a stable baseline. To simulate the
adsorption of PEO on the solid surface during flocculation, 100 ppm PEO was introduced
into the flow module at the same flow rate until the adsorption of PEO reached a new
equilibrium. All experiments were carried out at room temperature (25 °C). The QCM—D
results presented in this paper were for 3rd overtones as the data under 3rd were more
sensitive and stable during the test. At the end of the test, the sorption data were calculated
using the Dfind Smartfit model built into the Qtools software.

2.5. Fourier Transform Infrared Spectrometer (FTIR)

The original kaolinite and PEO-treated kaolinite were measured using a Thermo Scien-
tific Nicolet iS20. In a dry environment, a small amount of the samples and an appropriate
amount of dried potassium bromide powder were mixed in a KBr: sample ratio of 10:1. Af-
ter full grinding, the mixture was placed into a tablet press. During the test, the background
spectrum was collected first, and then the infrared spectrum of the sample was collected.
The resolution was 4 cm 1, the scanning times were 32, and the test wave number range
was 400-4000 cm 1.

2.6. Molecular Dynamics Simulation Study on the Interaction between PEO and Kaolinite

Molecular dynamics simulations were performed using the Forcite module of Materi-
als Studio 8.0 (BIOVIA Corp., San Diego, CA, USA) with a Clayff forcefield. The molecular
structures of kaolinite, PEO, and water after optimization are shown in Figure 3. The opti-
mized kaolinite was packed in a 46.39 A x 44.70 A x 134.923 A (length x width x height)
periodic chamber, and 25 PEO molecules were added to 3500 water molecules to gener-
ate the PEO/water system. Subsequently, the PEO/aqueous solution was placed on the
surface of kaolinite, i.e., the 001 and 001 surfaces, respectively. Finally, a vacuum layer
with a thickness of 80 A was added above each cycle chamber to prevent the interactions
between adjacent layers in the Z direction from interfering with the interface adsorption.
Figure 3 indicates the interface structure model of the 001 and 001 surfaces of kaolinite with
PEO/water molecules. Geometric optimization and MD simulation were carried out under
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the optimized setting of the software. All simulations were performed under a constant
temperature of 298 K. An NVT ensemble was applied under three-dimensional periodic
boundary conditions. The nose function was selected for temperature control. Ewald- and
Atom-based methods were used to calculate long-range electrostatic action and van der
Waals action, respectively, with a truncation radius of 18 A [35-37]. A 1000 ps simulation of
the system was conducted with a time step of 1 fs to ensure that the system had reached
the equilibrium state. An additional 500 ps output was used to calculate and analyze the
adsorption properties of the balanced system.
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Figure 3. Molecular structures of different models: (a) Water molecule, (b) 3500 water molecules,
(c) PEO molecular, (d) 25 PEO molecules, (e) Kaolinite 001 surfaces, (f) kaolinite 001 surfaces,
(g) Kaolinite 001/PEO/H,0 interface model, (h) Kaolinite 001/PEO/H,0 interface model. The color
representation is as follows: Red—oxygen atoms, white—hydrogen atoms, yellow—silicon atoms,
purple—aluminum atoms, and grey—carbon atoms. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

3. Results and Discussion
3.1. Effect of Dosage on Flocculation Performance of Kaolinite by PEO
3.1.1. Settlement and Removal Effects

The settling rate and removal percentage of suspended matter are critical parameters
to evaluate the flocculation effects. The variation of kaolinite settling rate and removal
percentage with different concentrations of the agent is depicted in Figure 4. The removal
percentage of kaolinite gradually increased as the concentration of PEO increased, remain-
ing above 96% at concentrations greater than 0.6 g/L and slightly decreasing at 1.2 g/L,
with the same settling rate. The settling rate of 1 g/L PEO reached 18.92 mm/s, and
the kaolinite removal percentage reached 97.4%. A low concentration of PEO has high
dispersion, but the low agent content is not adequate to speedily bridge the particles to
form large flocs, while a high concentration of PEO has higher agent content, and when the
critical flocculation concentration is exceeded, the supersaturated adsorption of kaolinite
and the excess agent in the suspension will hinder flocculation.
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Figure 4. Percentage removal and settling rate of kaolinite at different PEO concentrations.

3.1.2. Floc Morphology

The morphology of the flocs was observed by stereomicroscopy, and images are
shown in Figure 5. When 0.4 g/L PEO was added, the particles were small in size and
dispersed without coalescence, and there were almost no large flocs; as the concentration
of PEO rose and the bridging effects increased, the particles became agglomerated and
produced large flocs. As illustrated in the images of flocs with concentrations of 0.6 g/L
and 0.8 g/L, respectively, flocs of enlarged particles are clustered together and appear as
flocs of aggregates surrounded by small particles. As clearly revealed in the images of
flocs with a concentration of 1 g/L, the small particles had almost completely formed into
large flocs and the small particles around the large flocs were remarkably reduced, which
indicates that the optimum dose was obtained. When the dose was increased to 1.2 g/L, the
already-formed large flocs started to form very large flocs. In this experiment, the sediment
layer of the suspension at this concentration appears as a blocky colloid.

Figure 5. Stereomicroscopy images of kaolinite flocculation morphology at different PEO concentra-
tions: (a) 0.4 g/L; (b) 0.6 g/L; (c) 0.8 g/L;(d) 1 g/L; (e) 1.2 g/L.

3.1.3. Flocculation Size and Distribution

As shown in Figure 6, the trend of the average weighted diameter at different con-
centrations reflected the change in the average chord length of flocs with time in the
flocculation process. After adding 1 g/L PEQO, the particle size increased sharply from
40 pm to 485 um; when adding 1.2 g/L PEQO, it increased to 300 um, and while adding
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0.6 g/L PEQ, it increased to 260 um. After adding 0.8 g/L PEQ, the particle size increased
to 230 um, and the minimum concentration of 0.4 g/L PEO also increased to 180 um. With
an augment in the PEO concentration, the chord length increased and the rate of augment
in the chord length also heightened, suggesting that the formation rate of flocculation had
risen. Furthermore, 1 g/L PEO was strikingly better than other concentrations. Under
different agent concentrations, the flocculation effect varied noticeably. The floc diameter
of 1 g/L was 1.6 times that of 1.2 g/L and 2.7 times that of 0.4 g/L. An appropriate PEO
concentration can effectively promote the agglomeration efficiency of kaolinite.

Figure 6. Weighted trend of the average diameter of kaolinite suspension with different concentrations
of PEO.

The flocculation process was analyzed using the chord length and quantity of flocs.
FBRM was used to detect the flocculation of the kaolinite suspension at different PEO
concentrations and pH values. The weighted (Square Weight) data displayed the detection
of large particles, and the unweighted (No Weight) data exhibited the detection of small
particles. As indicated in Figure 7, in kaolinite suspensions with different concentrations of
PEOQ, the distribution number of different chord lengths of flocs is as follows. The 1 g/L
PEO has the best flocculation effect, the weighted number is the largest, and the peak chord
length of the flocs is 550 pm. With PEO concentrations of 1.2 g/L, 0.8 g/L, 0.6 g/L, and
0.4 g/L, the peak chord lengths are 320 pm, 260 um, 250 pm, and 190 um, respectively. It
can be observed that the peak shape at a low PEO concentration is sharp, the number of
chord lengths is extremely different, and the bridging flocculation is weak; thus, larger flocs
do not form. The peak shoulder of high concentration is widely distributed, the number of
chord lengths varies little, forming a larger flocculant cluster, and bridging flocculation is
strong. For the 1 g/L PEO concentration, the chord length distribution of the floccules is
mostly to the right. Furthermore, the peak chord length is high. Moreover, the floccule’s
diameter and quantity are higher than at other concentrations. The best flocculation effect
is achieved at this concentration.

As shown in Figure 8, the unweighted chord length distributions of kaolinite suspen-
sions with different concentrations of PEO flocculation are sensitive to the distribution of
fine particle sizes. It can be observed that the number of PEO flocs with a length of 1-10 pm
(unflocculated particles) at a low concentration is smaller than that at a high concentration,
while the number of flocs with a length greater than 100 um is higher than that at a high
PEO concentration. This indicates that the flocs formed by agents with a low concentration
tend to be of medium diameter. Furthermore, the capture percentage of particles with a
size of 1-10 pm in the suspension is high, while the capture percentage of agents with a
high concentration is low. With an increase in concentration, the chord length of the flocs
grows to the right, and the relative number of flocs decreases.
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Figure 8. Unweighted distribution of kaolinite suspension with different concentrations of PEO.

3.2. Adsorption Kinetics and Characteristics of PEO on Kaolinite
Adsorption of PEO on Surface of Kaolinite Alumina and Quartz

QCM—D technology was adopted to study the frequency variation, adsorption layer
thickness, and adsorption capacity of silicon oxide as well as alumina chips before and
after the addition of PEO in ionic water (background solution) at pH 8.5. The surface
adsorption characteristics of PEO and kaolinite were studied. Due to the anisotropic nature
of kaolinite with its edges and basal plane, it consists of a layer of silica-—oxygen tetrahedra
and a layer of aluminum-oxygen octahedra. As a result, silicon oxide and aluminum oxide
chips were used as a substitute for the kaolinite silicon-oxygen and aluminum-oxygen
surfaces. The adsorption of PEO on the silicon oxide, alumina, and kaolinite surfaces is
displayed in Figure 9. The adsorption on the silicon oxide surface reduces the frequency by
4.7 Hz, the adsorption on the alumina surface reduces the frequency by 11.5 Hz, and the
adsorption on the kaolinite chip surface reduces the frequency by 14 Hz. It can be seen that
the adsorption of PEO is stronger on the alumina surface than on the silicon oxide surface,
but the adsorption on both is lower than on the kaolinite chips. The amount and thickness
of PEO adsorbed on the kaolinite surface is depicted in Figure 10. The adsorption amount
of PEO on the silicon oxide surface is 6500 ng/cm? and the thickness of the adsorption
layer is 65 nm, while the adsorption amount on the alumina surface is 8000 ng/cm? and
the thickness of the adsorption layer is 80 nm, which is the same trend as the adsorption
frequency. The possible reason for this is that the alumina—oxygen surface is hydrophilic
and adsorbs PEO with water molecules, so the thickness and adsorption amount is higher
than that of the silica—oxygen surface, while the silica—oxygen surface is hydrophobic with
no or only a small amount of water molecules adsorbed with PEO mosaic [38].
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3.3. FTIR Analysis

The changes in the adsorption of PEO by functional groups on the surface of kaolinite
are depicted in Figure 11. Kaolinite is a trigonal crystal system consisting of aluminum-—
octahedra and silicon-tetrahedra, and the 3694 cm~! peak in the figure represents the
stretching vibration mode of the external surface hydroxyl group located on the surface of
the alumina—octahedral sheet. The inner hydroxyl group between the aluminum-oxygen
octahedra and the silicon-oxygen tetrahedra is located at 3619 cm~!. The outer hydroxyl
group on the single crystal surface and along the fracture edge is located at 3651 cm~! [39].
The OH bending vibrations at 913 cm ! are as follows, and these bands are predominantly
resulted from the Al-OH group: 1114 cm™! refers to Si-O stretching vibrations, while
the bands at 1032 and 1008 cm~! are on account of Si-O-Si and Si-O-Al lattice vibrations;
754, 696, and 539 cm ! are mainly owing to different Si-O and Al-O vibrations [40]. The
physiosorbed water is located at 3450 cm~! (H-O-H stretching vibration) and 1630 cm ™!
(H-O-H bending vibration) [41]. The diagram shows that PEO adsorbs on the inner surface
hydroxyl group between the kaolinite layers and adsorbs with the inner hydroxyl group.
The water and PEO binding layer are adsorbed on the kaolinite aluminum-oxygen surface,
while the silicon-oxygen surface only adsorbs PEO.
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3.4. Interaction between PEO and Kaolinite by MD Simulations

As revealed by the experimental findings, PEO can effectively flocculate kaolinite.
Furthermore, the QCM—D results indicate that the adsorption thickness and frequency of
PEO on an aluminum-oxygen surface are higher than that on a silicon-oxygen surface. To
probe deep into the adsorption behavior of PEO on a kaolinite interface, MD simulation
was performed. The adsorption equilibrium configurations of PEO on the kaolinite 001
and 001 surfaces, and the effect of PEO on water molecule attachment, were analyzed by
means of a concentration distribution curve, interatomic radial distribution function, and
self-diffusion coefficient.

As observed from the spatial equilibrium structure in Figure 12, PEO forms two ad-
sorption layers on the 001 surface and only one on the 001 surface, which is consistent
with the QCM—D results because the binding of water molecules makes the mass and
thickness of the adsorption layer on the 001 surface greater than that on the 001 surface.
Figure 13 displayed the atomic concentration distribution curves of PEO, oxygen atoms of
PEO, and carbon atoms of PEO on the 001 and 001 faces of kaolinite. Figure 13a depicts
two peaks for PEO on the 001 surface, which is in contrast to Figure 12. The above phenom-
ena indicate that PEO is adsorbed on the 001 surface to form a two-layer structure. The
first layer contains water molecules. A hydrogen bond is formed between the 001 surface
and the first and second layers. In addition, the peak value of the first layer is 2.54 A, while
the peak value of the second layer is 6.68 A. In addition, the adsorption concentration
decreases with the increase in distance. The maximum concentration of PEO molecules on
the 00T side of Figure 13b is 49.41, with a peak value of 2.30 A, which is higher than that on
the 001 side. The oxygen atoms of PEO and the carbon atoms of PEO have a peak value of
2.80 A, with the maximum concentration of adsorption higher than that on the 001 side. As
demonstrated by the above results, the interfacial effect between the PEO and the 001 side
is stronger than that on the 001 side, i.e., the adsorption structure is more consistent with
higher surface concentration.

The atomic concentration distribution curves of water molecules on the surface of
kaolinite 001 and 001 in the presence of PEO are shown in Figure 14. Figure 14 displays
the adsorption curves of water molecules on the 001 surface, forming two peaks near the
surface, 1.56 at a concentration of 2.01 A and 1.78 at a concentration of 6.17 A. Combined
with the PEO peak in Figure 13a, this indicates that the PEO/H,O and 001 surface adsorp-
tion characteristics are spaced adsorption of PEO and water molecules, i.e., the kaolinite
aluminum-oxygen surface adsorbs a layer of water molecules followed by a layer of PEO
molecules, and the PEO molecules combine with the water molecules before adsorbing
a second layer of PEO molecules. In contrast to the literature, the adsorption of PEO
tremendously lessened the concentration of water molecules on the aluminum-oxygen
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surface and weakened the hydration layer [42]. As can be seen from Figure 14, water is
divided into three main layers when adsorbed on the kaolinite 001 surface in the presence
of PEO, but a small peak appears at 2.3 A, which results from the small amount of water
molecules trapped between the PEO and 001 surfaces. As comprehensively depicted by
the PEO peak in Figure 13b, the silicon—oxygen surface binds closely to the PEO molecule
first, and the carbon atoms are closer to the surface, with the hydrogen and oxygen atoms
facing outwards, which indicates that the hydroxyl groups are facing outwards, thus form-
ing a hydrated film of three layers of water molecules outside the PEO molecules. As
comprehensively illustrated by the PEO peak in Figure 13b, the silicon—oxygen surface
is first tightly bound to the PEO molecule and the carbon atoms are closer to the surface,
with the hydrogen and oxygen atoms facing outwards, demonstrating that the hydroxyl
groups are facing outwards, thus forming a three-layer water molecule structure outside
the PEO molecule.
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Figure 12. Spatial equilibrium structure of PEO adsorption on (a) Kaolinite 001 surface and (b)
Kaolinite 001 surface.
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Figure 13. The relative concentration distributions of oxygen and carbon atoms of PEO and PEO (a)
kaolinite 001 surface and (b) Kaolinite 001 surface.

The radial distribution function of the oxygen atom of PEO and carbon atom of PEO
on the 001 and 001 surfaces of kaolinite are shown in Figure 15. It can be observed from the
curve that PEO-C changes around PEO-O on the two surfaces. The peak position and peak
intensity displayed on the curve are almost the same, indicating that the molecular structure
changes formed by adsorption on the 001 and 001 surfaces are the same, but the layers
are different. As water molecule are more easily adsorbed on the hydroxyl surface than on
the aliphatic hydrocarbon chain, the 001 side preferentially absorbs water, and then forms
a double-layer structure with phase spacing between the PEO and water molecule. The
001 surface is directly adsorbed with PEO [43,44]. As demonstrated by the above research
findings, the coverage of PEO on the silicon-oxygen and aluminum-oxygen surfaces give
rise to kaolinite agglomeration and sedimentation, which weakens or isolates the ability
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of kaolinite to hydrate and disperse. Under such circumstance, the above phenomena
weaken the hydrophilicity and strengthen the flocculation bridging effects simultaneously.
Furthermore, the adsorption of non-ionic PEO reduces the electrostatic repulsion between
the particles and the particles agglomerate and settle.
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Figure 14. Relative concentration distributions of water molecules on kaolinite 001 surface and
Kaolinite 001 surface.
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Figure 15. Radial distribution function of the oxygen atom to carbon atom of PEO for kaolinite
001 surface and 001 surface.

4. Conclusions

In this study, PEO was used as the flocculant of kaolinite, and the effect of PEO
adsorption on the flocculation process of kaolinite was explored. The main observations
and conclusions are listed below:

The flocculation and sedimentation test results show that PEO has an obvious floc-
culation effect in the kaolinite suspension. With the increase in PEO dosage, the speed
of kaolinite flocculation to form large flocs becomes faster and the sedimentation speed
increases. The flocculation effect of kaolinite reached its best when the amount of PEO was
1 g/L, during which the sedimentation velocity reached 14.6 mm/s and the removal rate
of kaolinite reached 97.4%. However, with the PEO concentration further increasing, the
reaction time between the agent and kaolinite becomes shorter, and the number of residual
fine particles in the supernatant increases.



Minerals 2022, 12, 1585 13 of 15

The results of the QCM—D test show that the adsorption amount of PEO on different
mineral base surfaces is kaolinite > alumina > silica. The adsorption equilibrium of PEO on
the kaolinite is achieved slightly faster than alumina and silica. Moreover, the thickness of
adsorbed PEO structure on the alumina is greater than that on the silica. This is because the
hydrophilicity of alumina makes the adsorption of PEO molecules on the alumina surface
contain more water molecules. The infrared spectrum results show that PEO adsorbs as a
result of the hydroxyls in the kaolinite, which are located outside the aluminum-oxygen
surface, inside the interlayer, and outside the edge on the kaolinite.

PEO forms a water-containing double-layer molecular structure on the alumina—
oxygen surface of kaolinite, which reduces the density of water molecules on the alumina—
oxygen surface and increases the degree of freedom of water molecules on the particle
surface. The water molecules in the middle of the PEO and kaolinite molecule layers in-
crease the water content of the flocs. The PEO molecular structure on the alumina—-oxygen
surface may be the dominant role of flocculation bridging, thereby forming kaolinite
surface-surface association. The PEO on the silicon—oxygen surface forms a compact mono-
layer adsorption, and the carbon atom is closer to the surface than the oxygen atom and
the hydrogen atom, which indicates that the vinyl group of PEO forms a hydrophobic asso-
ciation with the silicon—oxygen surface. The adsorbed PEO molecule -OH faces outwards,
causing the silicon—oxygen surface to change from hydrophobic to hydrophilic, which
helps to form subsequent flocculation bridges with other PEO molecules. The different
adsorption structures of PEO molecules on the aluminum—-oxygen surface and the silicon—
oxygen surface make it easier for the particles to bridge and aggregate to form flocs. The
results are helpful to understand the effect of the adsorption structure of PEO on different
basal planes of kaolinite on flocculation.
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