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Abstract:  To enhance the high-value utilization of industrial wastewater, this study used ammonium sulfate wastewater discharged
from a rare earth plant as a raw material for producing anhydrous calcium sulfate whiskers (CSWs) through a hydrothermal
method. Subsequently, the whiskers underwent modification using a CigHzs0,—titanate coupling agent. The modification
mechanism of CSW was investigated by comparing the surface contact angle before and after modification, along with
characterization and analysis involving X-ray diffraction, scanning electron microscopy, Fourier-transform infrared spectro-
scopy, thermogravimetric-differential thermal analysis, and X-ray photoelectron spectroscopy. Finally, composite-modified
calcium sulfate whiskers (CMCSWs) were incorporated into polyvinyl chloride (PVC) composites, and their mechanical
properties were evaluated. The results indicated that at a modifier dosage of 15%, a modification time of 25 min, a modifica-
tion temperature of 80°C, a stirring speed of 400 rpm, a drying temperature of 100°C, and a C;sH3¢0,-to-titanate coupling agent
compound ratio of 1:2, the contact angle reached 124.45°, and a nanoscale hydrophobic layer with a thickness of 15.63 nm was
formed on the surface. Regarding PVC reinforcement, the tensile strength and elongation at the break of PVC composite with
15 parts of CMCSW added increased by 73 and 262%, respectively, compared to the material without CSW. This CSW serves as
an innovative reinforcing agent for PVC composites. The study developed modified CSW with high hydrophobicity, offering
theoretical insights for effectively modifying fiber-type whiskers and their reinforcement in PVC applications.
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1. Introduction

The treatment of industrial wastewater is a prominent
subject of research worldwide. The direct discharge of
ammonium sulfate wastewater, the primary byproduct
of current rare earth plants, poses a significant risk of
environmental contamination. The sulfate present in this
wastewater holds substantial industrial value. Its recovery
and conversion into high-performance calcium sulfate whisker
(CSW), focusing on its utilization in the polyvinyl chloride
(PVO) industry, offer substantial environmental, social, and

* E-mail: m13674773965@163.com

3 Open Access. © 2024 the Yi-Ming Zhang et al., published by Sciendo

economic benefits. CSW exhibits characteristics such as gran-
ular filler fineness, short-fiber filler length-to-diameter ratio,
high-temperature resistance, acid and alkali resistance, che-
mical corrosion resistance, good toughness, excellent electrical
insulation, high strength, and ease of surface treatment. It
plays a crucial role in reinforcement and flame retardancy
[1]. Compared to other inorganic whiskers, CSW stands out as
a non-toxic and environmentally friendly material with the
lowest price in the industry. These features give CSW a compe-
titive edge in terms of performance and cost, making it a pro-
mising candidate for a wide range of applications [2-4]. How-
ever, CSW exhibits a low activation index and excessive surface
free energy, resulting in hydrophilic solid whiskers and poor
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compatibility with organic materials such as polymers. There-
fore, surface modification of CSW becomes imperative. The
specificity and limitations of surface modification are affected
by varying surface properties and application domains [5-9].

The composite of PVC comprises PVC resin along with
various fillers, reinforcing agents, and stabilizers. Exploring
novel regenerative and high-performance fillers for resource
and energy consumption represents a crucial avenue in PVC
reinforcement research. Typically, the reinforcing agents in
composites are high-strength materials such as glass fibers
and carbon fibers [10]. PVC composites are commonly for-
mulated by blending different additives with PVC resin and
extruding or injection molding them at elevated tempera-
tures. These composites exhibit suitable physical, mechanical,
chemical, and weathering properties, making them exten-
sively applicable in electronics, construction, medicine, and
packaging [11]. Arya et al. [12] examined the thermo-mechan-
ical characteristics of PVC/ZnO nanocomposites. The study
revealed that the energy storage modulus, viscosity, phase
transition temperature, and activation energy of PVC/ZnO
nanocomposites were enhanced compared to pure PVC,
attributed to the interfacial formation mechanism between
Zn0 nano-fillers and PVC polymer. Wang et al. [13] explored
the effect of enzyme-treated biochemical sludge (BS) on the
properties of PVC-based composites and the underlying
mechanism. The results demonstrated that the tensile
strength of BS-filled PVC composites treated with laccase,
cellulase, and hemicellulase enzymes, as well as their deri-
vatives, increased by 38.64, 67.4, 63.5, and 66.3%, respec-
tively, at a filler content of 30 wt%. Furthermore, the
thermal stability of PVC composites could be enhanced
beyond 340°C. Mallem et al. [14] employed melt blending
to fabricate PVC composites with talc and calcined kaolin as
fillers to address the limitations, such as low mechanical
properties and inadequate thermal stability of rigid PVC,
which is widely used in the industry.

Based on the study above, a limited number of existing
reports regarding using CSW for enhancing PVC compo-
sites. This research article explores CSW as a novel filler
for PVC to improve its mechanical and physical properties.
The critical aspects of this research include the following:
first, the utilization of ammonium sulfate wastewater for
addressing wastewater treatment concerns; compared to
conventional high-strength reinforcing agent materials,
the reinforcing agent in this study is derived from

industrial wastewater, which provides better sustain-
ability and economy; second, the surface modification of
CSW to enhance its compatibility with the PVC matrix, it
can improve the compatibility of the reinforcing agent in
the composite material by changing the polarity of the
surface, to improve the reinforcing effect, reducing filler
costs in PVC composite production, and contributing to
China’s economic sustainability strategy by fostering a
mutually beneficial scenario for environmental conserva-
tion and economic progress. Simultaneously, the treatment
of industrial wastewater and the incorporation of CSW in
the realm of PVC hold specific and practical implications.

2. Methods

2.1 Experimental raw materials

CaCly, anhydrous ethanol, titanate coupling agent, C;gHz50,,
calcium stearate (CaSt), and zinc stearate (ZnSt) were pro-
cured from Beijing Red Star Chemical Factory. The stabili-
zers, CaSt and ZnSt, were combined in a 3:1 ratio during the
PVC preparation process. All the reagents above were of
analytical grade. PVC resin (SG-5), acrylates copolymer (ACR)
(98%), and dioctyl phthalate (DOP) (98%) were obtained from
Shanghai Changfeng Chemical Factory. Anhydrous CSW was
produced by the research group [15]. Baotou Huamei Com-
pany supplied the ammonium sulfate wastewater, and the
company provided the test sewage composition (Table 1).

2.2 Experimental process
2.2.1 Anhydrous CSW preparation process

The synthesis of CSW was conducted following the metho-
dology outlined in the authors’ previous study [15]. Initially,
a specific quantity of CaCl, powder was introduced into
50 mL of ammonium sulfate wastewater. Subsequently, the
mixture was subjected to magnetic stirring at a rate of
400 rpm for 20 min. The resulting solution was then trans-
ferred to a reactor and subjected to heating at 140°C for 4 h.
Upon completion of the reaction, the product was further
dried at 150°C for 12 h to yield anhydrous CSW. Post-reaction,

Name S0% MgO

BaO Ca0 MnO, NH,

<0.05 <0.010

Concentration (g/L)

0.017 9.29 0.96 1.09

Table 1. Composition of ammonium sulfate wastewater.
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the product underwent a 4 h aging process at room tempera-
ture. Subsequently, the product was filtered using a circu-
lating water vacuum pump, washed thrice with deionized
water and once with anhydrous ethanol, followed by drying
at 150°C for 12 h to obtain the anhydrous CSW product.

2.2.2 Anhydrous CSW modification process

To initiate the modification process, 100 mL of anhydrous
ethanol was introduced into the beaker, followed by a tita-
nate coupling agent at varying concentrations (5, 10, 15, and
20% relative to the amount of CSW). The mixture was sub-
jected to ultrasonic stirring. Subsequently, 20 g/L. of CSW
was weighed and added to the solution. The beaker was
then placed in a water bath for different durations (10, 15,
20, 25, and 30 min) while controlling the stirring speed (200,
300, 400, 500, and 600 rpm). After the specified time, the
solution was washed and filtered with anhydrous ethanol.
The resulting product was dried at 100°C to obtain the pre-
liminary modified calcium sulfate whisker (MCSW). The
authors’ previous research indicated that incorporating
6% C;gH360, with CSW yielded the most favorable surface
modification effect [16]. To optimize the modification pro-
cess of MCSW, the impact of the composite modifier’s quan-
tity on the modification effect was explored by adjusting the
mass ratio of the composite modifier (C;gH360,:titanate cou-
pling agent) (0:1, 1:3, 1:2, 1:1, 3:1, 2:1, and 1:0) to produce
composite-modified calcium sulfate whiskers (CMCSW)
with the most effective complexing ratio.

2.2.3 Preparation of PVC composites

PVC and varying amounts of CSW/CMCSW were mixed
according to the quantities specified in Table 2. These com-
ponents were combined using a double-roller mixer (XH-
401CEP-120), which is mixed and processed by rotating the
rolls and rubbing them against each other to continuously
squeeze, stretch, tear, and fold the material to create PVC
specimens with a thickness exceeding 3 mm. According to
the national standard “GBT 1040.2-2006 (Plastics — Determi-
nation of tensile properties — Part 2: Test conditions for
molding and extrusion plastics),” the specimens were cut
into dumbbell shapes using a mold that met national stan-
dard requirements. Tensile strength and elongation at break
were tested using an electronic universal testing machine.

Component PVC Stabilizer ACR DOP

Dosage/parts 100 4 7.5 25

Table 2. PVC composite material formula.

2.3 Testing and characterization

The optical method was employed to determine the angle
between the droplet profile and the baseline. In contrast, a
DSA 100-type contact angle meter from Kreuz, Germany,
was used to measure the contact angle. The samples under-
went processing by a fully automatic ion sputtering appa-
ratus of type KAS-2000F for gold spraying. Subsequently,
the morphology was examined using a Hitachi scanning elec-
tron microscope (SEM) of type 5-3400N from Japan. The thick-
ness of the modification layer was assessed with a Hitachi
JEM-2100 transmission electron microscope (operating at a
heating voltage of 200 kV). A Panacor D/Max-III A X-ray dif-
fractometer (Cu target Ka: A = 0.15406 nm, collection angle
10°-80°, scanning speed 10°/min) from the Netherlands was
employed to analyze the structure and physical phase com-
position of the products. Infrared spectra were obtained
using a Thermo Fisher Nicolet 380 FT-IR spectrometer (using
the potassium bromide press method) from the USA, with a
resolution of 4cm™, a scanning cumulative number of 32,
and an optical column of 8 um x 8 um. The thermal decom-
position process of the products was investigated with a TA
SDTQ600 thermogravimetric (TG) analyzer from the USA,
featuring a temperature accuracy of +0.5°C, a temperature
increase rate of 10°/min, and a testing temperature range of
0-1,000°C. The composition and valence of the products were
analyzed using a Thermo Fisher 250XL X-ray photoelec-
tron spectroscopy (XPS) analyzer (Al target Ka: A =
0.8339 nm, vacuum 1 x 107®Pa, beam spot 400 pm) in
the USA. Mechanical property testing was conducted
using a Meister Industrial Systems Ltd. E43.504 electronic
universal testing machine in the USA.

2.4 Mechanical property analysis

The destruction of the specimen is achieved through the
application of a static tensile load along its longitudinal
axis in a tensile test. The specimen’s yield strength, tensile
strength, and elongation properties are determined by
measuring the yield force, destructive force, and elonga-
tion between the markers placed on the specimen.

The permissible tensile stress can be determined as
follows:

[o] = ay/n, @

where [o] is the allowable tensile stress (MPa), g is the
tensile strength limit (MPa), and n is the safety factor.

In the strength calculation, the maximum actual working
stress should consider the strength reserve, which is
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calculated as the ultimate stress divided by a factor
greater than 1, known as the safety factor. Typically, for
plastic materials under static load conditions, a safety
factor (n) of 1.5-2.0 is used. In this experiment, the safety
factor is taken as 1.5 due to the material being a polymer.
The elongation at break can be obtained as follows:

e = (La — Lo)/Ly, @

where e is the elongation at break, Ly is the initial marking
distance (mm), and L, is the marking length after
breakage (mm).

Young’s modulus is a property of an elastic material
that describes how it responds to stress by producing
strain. It is defined as the ratio of stress to strain. The
equation is expressed as follows:

E=o0le, (3)

where E is the Young’s modulus, o is the positive stress,
and ¢ is the positive strain. A high Young’s modulus indi-
cates that the material exhibits minimal deformation
when subjected to compression or stretching.

3. Results and discussion

3.1 Optimization of modification process
conditions

The mechanical properties and processability of the com-
posites are limited due to the difficulty in homogeneously

35
*\
- B
130 %
g
g
s
-
% 425 g
=
YL @«
' : ; : . -
50 60 70 80 90

Modification temperature/°C

Figure 1. Effect of different modification temperatures on contact
angle and surface free energy of CSW.

mixing the hydrophilic surface of CSW with nonpolar PVC.
To solve this problem, the study requires surface modifi-
cation of CSW to enhance its compatibility with PVC by
introducing nonpolar or weakly polar groups. To address
this challenge, this study employs a one-factor experiment
to optimize the modification conditions. Additionally, a
range of characterization techniques are used to examine
the physical phase of the optimally modified products,
aiming to identify the most effective modification approach.

The modification process involved adding a 15% tita-
nate coupling agent to 100 mL of anhydrous ethanol, fol-
lowed by ultrasonic stirring. Subsequently, 20 g/L. of CSW
were added to the solution. The mixture was then heated
in a water bath, with reaction conditions set to 25 min, a
stirring speed of 400 rpm, and a drying temperature of
100°C. The objective was to investigate the effect of varying
reaction temperatures on the modification of CSW. In
Figures 1 and 2, with the increase of the modification tem-
perature, the contact angle of the whisker surface shows
an increase and then a decrease, surface free energy is
inversely related to temperature, and the modification
temperature has an obvious effect on the surface modifi-
cation of the whiskers. The optimal modification tempera-
ture was found to be 80°C. At lower temperatures, the
titanate coupling agent did not fully react with the whisker
surface, resulting in an uneven coating. Conversely, at
higher temperatures, CSW agglomeration in the solution
adversely affected the modification, leading to a decrease
in the contact angle and an increase in surface free energy.

The study involved adding a 15% titanate coupling
agent of CSW to 100 mL of anhydrous ethanol and sub-
jecting it to ultrasonic stirring. Subsequently, a 20 g/L
CSW was weighed and introduced into the mixed solution.
The reaction mixture was then placed in a water bath and
heated to 80°C, with a stirring speed of 400 rpm. The
drying temperature was maintained at 100°C, while the
reaction time was varied. The contact angle of the resulting
product is measured in Figures 3 and 4. The results revealed
that as the reaction time increased, the contact angle of CSW
initially increased and then decreased, leading to a reversal
in surface free energy. Notably, at a modification time of
20 min, the contact angle exceeded 90° indicating the
achievement of hydrophobicity. At 25min, the maximum
contact angle recorded was 112.65°, with a corresponding
minimum surface free energy of 22.35 mN/m. These results
suggest that at 25 min, the surface exhibited enhanced resis-
tance to wetting by droplets, reaching optimal hydrophobi-
city. It was observed that in the initial stages, the modifier
failed to fully cover the whisker surface within a short
duration. However, with prolonged reaction times, there
was a gradual increase in surface free energy and
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Figure 2. Contact angle of CSW at different modification temperatures.

reactivity, rendering the modifier more prone to chemical
reactions and eventually leading to complete encapsulation
of the whisker surface [17]. Further extension of the reac-
tion time resulted in a decrease in the contact angle and an
increase in surface free energy, possibly due to whisker
agglomeration and adhesion, forming a double adsorption
layer that compromised the modification effect.

A 15% titanate coupling agent was added to 100 mL of
anhydrous ethanol and ultrasonically stirred. Subsequently,
20 g/L of CSW was weighed and added to the solution. The
beaker containing the mixture was then heated in a water
bath, with the reaction temperature set at 80°C, the reaction
time at 25 min, and the drying temperature at 100°C to study
the effects of different stirring speeds on the modification of
CSW. In Figures 5 and 6, the contact angle of CSW initially
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Figure 3. Effect of different modification times on contact angle
and surface free energy of CSW.

increased and then decreased with the rise in stirring speed,
while the surface free energy exhibited the opposite trend.
The contact angle peaked at a stirring speed of 400 rpm,
which was 31.08° higher than at 200 rpm. At lower speeds,
the mixing of CSW and the modifier was not uniform,
resulting in a poor coating effect. At higher speeds, the
increased collisions between the whiskers and the modifier
enhanced friction and force, helping to reduce particle size,
increase surface hydrophobicity, and improve the coating of
the modifier on the whisker surface, thus reducing surface
free energy. However, when the stirring speed exceeded
400 rpm, energy consumption increased, leading to the shed-
ding of the modifier from the whisker surface or the forma-
tion of a multimolecular layer encapsulation, which adversely
affected the modification.

About 100 mL of anhydrous ethanol was introduced
into the beaker to control the quantity of titanate coupling
agent added. Subsequently, 20 g/L. of CSW was measured
and combined with the ethanol solution. The beaker was
then placed in a water bath for heating at a temperature of
80°C, with a reaction time of 25 min, stirring speed set at
400 rpm, and drying temperature at 100°C. The contact
angles of the resulting products were determined and pre-
sented in Figures 7 and 8. The contact angles exhibited
fluctuations with variations in the titanate coupling agent
addition, while the surface free energy displayed an inverse
pattern. In cases where the coupling agent was insufficient,
the CSW surface was inadequately covered, resulting in
a reduced contact angle. Conversely, an increase in the
coupling agent addition led to enhanced coverage and the
presence of hydrophobic groups on the whisker surface.
Notably, when the titanate coupling agent was added at
15% of CSW quantity, the contact angle peaked at 120.7°,
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Figure 4. Contact angle of CSW at different modification times.

and the surface free energy measured 22.21 mN/m, signifi-
cantly lower than the unmodified whisker at 62.36 mN/m.
Upon achieving maximum surface coverage of the
whisker, an additional modifier was introduced to form
a multimolecular encapsulation layer, facilitating the
physical adsorption of the alkyl chain of the nonpolar tita-
nate coupling agent. This modifier aimed to augment the
hydrophilic groups on the whisker surface, thereby redu-
cing the contact angle and increasing the surface free
energy.

The effect of the quantity of the composite modifier on
the modification effect was examined by controlling the
mass ratio of the composite modifier during the determi-
nation of the optimal process of MCSW. When a total of
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Figure 5. Effect of different stirring speeds on contact angle and
surface free energy of CSW.

15% was added, a specific proportion (C;gHz¢0,: titanate
coupling agent) of the modifier was introduced into the
beaker and subjected to ultrasonic stirring. Subsequently,
20 g/[L. CSW was measured and added to the mixed solu-
tion, followed by placing the beaker in a water bath for
heating. The reaction temperature was set at 80°C, the
reaction duration was 25 min, the stirring speed was main-
tained at 400 rpm, and the drying temperature was set at
100°C. The contact angle of the resulting CMCSW product is
illustrated in Figures 9 and 10, indicating that the mass
ratio of the composite modifier impacts the contact angle
and surface free energy of the samples, assuming the total
modifier amount remains constant. Specifically, the con-
tact angle of CSW modified by CigH3s0, was 94°, while
that modified by the titanate coupling agent was 121.3°.
Both agents were effective in modifying CSW individually
or in combination, with the titanate coupling agent
demonstrating superior modification efficacy compared
to CigH360,. When combined at a 1:1 ratio, a slight
decrease in the contact angle was observed, but it was
still 20° higher than that achieved with C;g3H3¢0, alone.
The modification effect was initially enhanced and then
diminished as the proportion of the titanate coupling agent
increased. The optimal synergistic effect was achieved at a
mass ratio of CigHsqO,-to-titanate coupling agent of 1:2,
resulting in a surface contact angle of 124.45° and the lowest
surface free energy of 19.23 mN/m. This result was attrib-
uted to the ability of a small amount of C;gH340, to reduce
—OH groups on the whisker surface, preventing the forma-
tion of a multi-molecular layer by the composite modifier
and facilitating the complete coverage of the whisker sur-
face by the hydrophobic layer formed by the long hydro-
carbon chains of CjgH30, and titanate coupling agent.
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Figure 6. Contact angle of CSW at different stir-ring speeds.

Conversely, an excessive amount of C;gH3¢0, led to a reduc-
tion in —OH groups on the whisker surface, hindering thor-
ough coating by the composite modifier. Taking into
account economic considerations and other factors, the
study determined that the optimal mass ratio of the compo-
site modifier was 1:2.

3.2 Characterization and analysis
3.2.1 X-ray diffraction (XRD) analysis
XRD patterns of anhydrous CSW before and after modification

are presented in Figure 11. The characteristic peaks observed at
25° and 52° are attributed to the (020) and (400) crystal planes of
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Figure 7. Effect of the titanate coupling agent addition on contact
angle and surface free energy of CSW.

anhydrous CSW, respectively. These peaks align with the stan-
dard card of anhydrous CaSO, (PDF#74-2421), indicating that
the crystal structures of the products remain orthorhombic
before and after modification. Despite the organic surface mod-
ification, the crystal structure of anhydrous CSW remains
unchanged, as the surface modifier assumes an amorphous
state on the whisker surface [18]. This modification only affects
the surface properties of anhydrous CSW.

3.2.2 SEM analysis

Figure 12 illustrates SEM images of anhydrous CSW before
and after modification. SEM analysis revealed that the
morphology of CSW remained needle-like both before
and after modification. The unmodified whisker surface
exhibited rough characteristics, with a contact angle mea-
suring only 31.9°, indicating its hydrophilicity. Following the
treatment with the titanate coupling agent, the whisker
surfaces became smoother and more rounded. The contact
angle increased to 121.3°, demonstrating the successful
coating of the whiskers by the titanate coupling agent and
the achievement of the desired hydrophobic modification.
CSW samples modified with the composite modifier dis-
played smooth and rounded surfaces with a uniform dis-
tribution, showing no signs of whisker breakage. These
samples exhibited a contact angle of 124.45° indicating
that CMCSW had a more effective modification compared
to the single MCSW.

3.2.3 Transmission electron microscope (TEM) analysis

Figure 13(a) depicts a TEM image of MCSW, revealing a
cladding layer on the whisker’s surface that is dense yet
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Figure 8. Contact angle of CSW with different titanate coupling agent additions.

less uniform. The modified layer exhibits a lower density
compared to the whiskers, allowing for easier passage of
electrons when the electron beam traverses through it.
This is evident from the lighter shading color at the whis-
kers’ edges, with the cladding layer measuring 48.85 nm in
thickness as determined by Digital Micrograph software.
Additionally, a portion of the surface layer appears darker
due to increased electron blockage during electron beam
transmission. High-resolution TEM (HRTEM) image of
MCSW in Figure 13(b) shows a measured crystallite spacing
of 0.3113nm. The crystallite indexing in the selected area
electron diffraction (SAED) pattern of MCSW in Figure 13(c)
is delineated, with different and bright transmittance spots.
The calibrated crystallite indexing aligns with the results of
the XRD analysis. In Figure 13(d), the TEM micrograph of
CMCSW reveals a surface layer characterized by a dense
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Figure 9. Effect of the stearate-to-titanate mass ratio on contact
angle and surface free energy of CSW.
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and highly uniform structure, measuring 15.63 nm in thick-
ness. The crystalline lattice spacing of CMCSW is deter-
mined to be 0.3629 nm in Figure 13(e). The crystalline lattice
spacing of CMCSW, modified by two different agents, closely
resembles that of anhydrous CaSO, with PDF card CaSOg4:
(01#74-2421) of the (020) crystallites, which exhibit a stan-
dard lattice spacing of 0.3490 nm, albeit with a slight devia-
tion. This nanoscale deviation may be attributed to the
crystal structure’s point distortion induced by the whiskers’
growth with helical dislocations, leading to alterations in
the combined strain energy of the crystal motifs and
impacting the intensity of peaks in XRD patterns [19,20].
In conclusion, the successful modification of CSW using a
CigH360, and titanate coupling agent complex is further
validated through the TEM analysis of CMCSW.

3.2.4 Fourier-transform infrared spectroscopy (FT-IR)
analysis

Figure 14 illustrates FT-IR spectra of anhydrous CSW
before and after modification. The symmetric variable
angle vibration peak of SO~ in anhydrous CSW is observed
at 480 cm™", while the bending vibrational absorption peaks
and asymmetric telescopic vibrational peaks of S-O of SO3
are detected at 602, 675, and 1,146 cm ™. The modified CSW
exhibits enhanced bending vibrational absorption peaks at
1,399 and 1,626 cm™, along with broadening at 1,146 cm™,
attributed to the interaction between SO2™ in the whiskers
and the active groups of the modifier. In Figure 14(b) and
(c), the absorption vibrational peaks of carboxylate at
1,471cm ™ and —CH,, —CH,— vibrational peaks at 2,871 cm™"
suggest that both the titanate coupling agent and the com-
posite modifier are chemically bonded to CSW. Additionally,
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Figure 10. Contact angle of CSW with different stearate-to-titanate mass ratios.

two absorption peaks at 2,936 and 2,964 cm ™" are observed,
with enhanced absorption peaks in the 600-700 cm™ range.
However, the positions of these absorption peaks differ from
those of CigH3¢0, and the titanate coupling agent, possibly due
to the coupling of characteristic peaks of CigHzc0, and the
titanate coupling agent. The absorption peaks at 3,561 and
3621cm™ correspond to the symmetric O-H bonds of the
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Figure 11. XRD patterns of anhydrous CSW before and after sur-
face modification: (a) CSW, (b) MCSW, and (c) CMCSW.

stretching vibration and asymmetric stretching vibration, indi-
cating the presence of —OH groups and adsorbed water within
the titanate coupling agent encapsulated on the whisker sur-
face. These results suggest the successful modification of the
two modifiers on the anhydrous CSW surface.

3.2.5 XPS analysis

The XPS spectrum of MCSW after titanate modification is
presented in Figure 15. Analysis through curve fitting of the
overall spectrum of MCSW in Figure 15(a) reveals the appear-
ance of the Ti 2p characteristic peak at 460eV in the XPS
spectrum of MCSW post-modification. This observation sug-
gests the presence of the titanate coupling agent on the sur-
face of MCSW in a specific binding configuration. In Figure
15(b), the two peaks of Ca 2p electrons in MCSW are identified
at 35148 and 347.87 eV, corresponding to the 2psp, and 2pyp,
spectral peaks of Ca resulting from Ca in the chemical envir-
onment of —Ca-SO, in CSW. These peaks exhibit minimal
changes compared to CSW, with slight chemical shifts towards
lower binding energies of 0.59 eV each. These shifts are attrib-
uted to the interaction between the titanate coupling agent
and the anhydrous CSW surface, leading to an increase in
reactive O-containing groups in the titanate coupling agent
and the formation of —S—O-Ti- bonds. The binding energy
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Figure 12. SEM images and contact angles of CSW before and after modification: (A) and (a) CSW, (B) and (b) MCSW, and (C) and (c)
CMCSW.

of Ti is depicted in Figure 15(c), with two peaks located at final state of S 2ps. O atom at 532 eV represents the bridging O
464.88 and 459.27 eV. The coupling of O in the —OH group of  (S—O-Ti) in Figure 15(e), originating from the O atom in sulfate.
the MCSW surface with —Ti-O (resulting in an electronic leap  These results support the hypothesis that the titanate coupling
from 2p of O to 4 s of Ti) leads to a final state of 3d, for Ti and  agent interacts with Ca®* on the crystal surface, adsorbing onto
2ps of 0. The sulfur atom at 169.4 eV in Figure 15(d) exhibits a  the CSW surface and forming an organic cladding layer.

d=0.3629 nm

d=15.63 nm

50 nm

Figure 13. TEM images of modified CSW: (a) TEM photo of MCSW, (b) HRTEM photo of MCSW, (c) SAED photo of MCSW, (d) TEM photo of
CMCSW, (e) HRTEM photo of CMCSW, and (f) SAED photo of CMCSW.
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Figure 14. FT-IR patterns of anhydrous CSW before and after
surface modification: (a) CSW, (b) MCSW, and (c)
CMCSW.
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3.2.6 Thermogravimetric-differential thermal analysis
(TG-DSC) analysis

Figure 16 presents TG-DSC curves of the modified CMCSW,
exhibiting three stages of weight loss. The initial stage,
ranging from 28.5 to 139°C, is characterized by a weight
loss rate of 4%, attributed to the volatilization of a minimal
amount of adsorbed water on the whisker’s surface. Sub-
sequently, the second stage, occurring between 139 and
283°C, displays a weight loss rate of 5%, resulting from
the decomposition of C;gH360, present on the CMCSW sur-
face. The final stage, spanning from 283 to 793°C, demon-
strates a weight loss rate of 6%, primarily due to the

() | Ol
) Cls
2
N
z Ca2p
g Ti2p l
e

S2p

800 600 400 200 0

Binding Energy (eV)

ongoing combustion of the phosphorus element within
the pyrophosphate lipid group of the titanate coupling
agent. The three heat absorption peaks observed on DSC
curves correspond to the loss of adsorbed water on the
surface, as well as the thermal decomposition of organic
and functional groups present in CigH350, and titanate
coupling agents. These results provide further evidence
supporting the successful modification of CSW through
the incorporation of C;gH3¢0, and titanate.

3.2.7 Mechanism of action of surface modification

The needle-like morphology of CMCSW remains intact fol-
lowing compounding and modification processes. The inter-
action between O-Ti-O in the titanate coupling agent and
the active protons or functional groups present on the sur-
face of the inorganic filler, as well as the groups interacting
with the polymer base, plays a crucial role. The monoalkoxy
group of the titanate coupling agent reacts with the —-OH
group on the whisker’s surface to establish a coupling,
replacing the original —OH group and forming an organic
film on the CMCSW surface. This process induces alterations
in the surface properties of the whisker (equation (3)).
Simultaneously, hydrolysis of the pyrophosphate group in
the titanate coupling agent can lead to the decomposition
into a phosphate group, which chemisorbs onto the surface
of the anhydrous CSW (equation (4)). The phosphate ester
group reacts with the calcium-modified ions on the surface of
calcium sulfate, resulting in the formation of -Ca—O-HPO,-R,
on the whisker’s surface, thereby activating the surface for the
subsequent CygH360, modification (equation (5)). CygHz60,

(b) ()
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Figure 15. XPS analysis of MCSW: (a) total spectrum, (b) Ca, (c) Ti, (d) S, and (e) O.
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Figure 16. TG-DSC plot of CMCSW.
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ionizes into CH3(CH,);¢COO- and H*, which then partially
bond with O in phosphate and hydrogen phosphate, con-
sequently reducing the ability of O on phosphate and
hydrogen phosphate to bind to Ca on the CMCSW surface.
Subsequently, CH3(CH,);sCOO- bonds with the Ca portion
of the CMCSW surface, leading to the conversion of phos-
phate and hydrogen phosphate into hydrogen phosphate
or dihydrogen phosphate (equation (6)). The modified
whisker exhibits good hydrophobicity in the organic
medium, enhancing compatibility, dispersion, and stabi-
lity. The reaction mechanism is illustrated in Figure 17.

Rs-Ti-0-GH; + OH™ + Ca®* - GH;—OH + Ca-O-Ti-R;, (4)
R,~P03-0-HPO3 + H,0 - R,-PO3—-OH + Hy,PO;57, )

Ry-POs-OH + CaSO, —» Ca—0-P0s—R; + H* + SO%", (6)

SNMAMAAR,
N

\."/‘“/H

CSW
Figure 17. Modification mechanism diagram of CSW.

Ca—0-PO;3—R; + CHs(CH,)1,COOH
- Ca—COO—CHg(CH2)15 + HPO4—R,.

M

3.3 Mechanical properties of CSW/MCSW/
CMCSW-reinforced PVC composites

3.3.1 Comprehensive analysis of mechanical
properties of whiskers incorporated into PVC

Table 3 presents the tensile strength and elongation at
break values of PVC composites without CSW, which
were measured at 23.88 MPa and 97.45%, respectively.
The inherent strength and toughness of PVC were rela-
tively low. Upon the addition of CSW/MCSW/CMCSW, there
was a significant enhancement in both tensile strength
and elongation at break, suggesting that CSW acted as a
reinforcing agent for PVC composites. The reinforcing
effectiveness followed the order of CMCSW > MCSW >
CSW. Due to its unmodified nature, CSW could not be uni-
formly dispersed in PVC composites, resulting in less
improvement in its mechanical properties. Conversely, sur-
face-modified CSW exhibited uniform dispersion in PVC
composites, thereby enhancing their mechanical properties.
As the amount of CSW/MCSW/CMCSW increased incremen-
tally, the tensile strength and elongation at break showed a
gradual increase followed by a decrease. The peak values of
tensile strength and elongation at break were recorded at
31.58 MPa and 221.86%, respectively, when 15 parts of CSW
were added, demonstrating enhanced strength and tough-
ness. This represented a 32.2% increase in tensile strength
and a 127% increase in elongation at break compared to PVC

MCSW
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Specimens Tensile Elongation at Permissible tensile stress Strength Young’s modulus (MPa)  Durometer (HA)
strength (MPa) break (%) () (MPa) max (N) 10% 60%

Unfilled 23.88 97.45 15.92 416.30 159.2 26.53 90
CSW5 27.97 119.75 18.64 538.99 186.4 31.07 89
CSW10 29.82 190.73 19.88 534.61 198.8 3313 96
CSW15 31.58 221.86 21.05 617.49 210.5 35.08 95
CSW20 30.92 186.74 20.61 627.72 206.1 34.35 93
MCSW5 33.90 154.30 22.60 623.96 226.0 37.67 93
MCSW10 36.80 192.51 2453 626.09 2453 2453 95
MCSW15 37.19 240.50 24.79 665.82 2479 41.32 96
MCSW20 34.90 230.73 23.26 668.74 232.6 38.77 98
CMCSW5 39.22 215.40 26.14 627.21 261.4 43.57 97
CMCSW10 41.04 263.16 27.36 726.69 273.6 45.60 98
CMCSW15 41.25 352.61 27.50 787.41 275.0 45.83 98
CMCSW20 37.24 254.81 24.83 751.34 248.3 41.38 99

Table 3. Mechanical property parameters of PVC composites with different additions of CSW/MCSW/CMCSW.

composites without CSW. Similarly, the addition of 15 parts
of MCSW resulted in the highest tensile strength and elon-
gation at break values of 37.19 MPa and 240.50%, respec-
tively, corresponding to a 56% increase in tensile strength
and a 147% increase in elongation at break compared to
PVC composites without CSW. Notably, CMCSW/PVC compo-
sites exhibited the highest tensile strength and elongation at
break, indicating the crucial role of bilayer surface modifi-
cation in enhancing composite properties. In contrast, unmo-
dified CSW/PVC composites displayed inferior mechanical
properties due to poor compatibility between CSW and PVC
matrix, leading to inadequate stress transfer at the whisker-
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The addition amount of different modification methods (phr)
Figure 18. Mechanical properties of PVC composites with different additions of CSWs: (a) tensile strength and (b) elongation at break.

MCSW CMCSW

PVC interface. CMCSW demonstrated the most significant
reinforcing effect among the three experimental sets,
increasing tensile strength and elongation at the break by
73 and 262%, respectively, compared to PVC composites
without CSW. Furthermore, compared to optimal additions
of CSW/PVC and MCSW/PVC composites, CMCSW enhanced
tensile strength and elongation at the break by 31 and 59%,
and 11 and 57%, respectively. The mechanical properties of
the composites began to decline when PVC composites
reached 20 parts. Figure 18 depicts that the optimal tensile
strength and elongation at break were achieved with 15 parts
of CSW, regardless of its modification status, indicating the
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N
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Figure 19. Stress—strain curve of CSW/MCSW/CMCSW-PVC composites: (a) stress—strain curve of CSW-PVC composite, (b) stress—strain
curve of MCSW-PVC composite, and (c) stress—strain curve of CMCSW-PVC composite.

optimal dosage of CSW to be 15 parts. The composite-mod-
ified CMCSW exhibited the most favorable effects in the pro-
posed system.

Young’s modulus of all composites surpasses that of
PVC lacking CSW integration, indicating that both unmo-
dified and modified CSW enhance the stiffness of PVC.
Young’s modulus represents the stress-to-strain ratio within
the elastic limit, where strain is minimal during elastic
deformation, thus exerting a relatively minor effect on
interfacial adhesion. Furthermore, Young’s modulus of
MCSW/PVC and CMCSW/PVC composites exceeds that of
CSW/PVC composites, implying that surface modification
using CSW can further enhance the reinforcing effect of
CSW as a plastic reinforcement agent. In summary, a
comprehensive evaluation of whiskers’ effect on five
aspects (e.g., tensile strength, elongation at break, allow-
able tensile stress, force maximum, and stress of PVC)
reveals that CMCSW emerges as the most effective rein-
forcing material.

The stress—strain curves of CSW/MCSW/CMCSW-PVC com-
posites are illustrated in Figure 19, demonstrating the com-
plexity of whiskers within PVC material. The incorporation of
CSW/MCSW/CMCSW filler material into PVC enhances the
mechanical characteristics of PVC and refines the stress—
strain behaviors due to the distinctive fibrous structure.
Through the fitting of the stress—strain curve to determine
its slope, it becomes apparent that the composite material’s
curve reaches its peak when the filler content attains 15 parts.
Beyond this threshold, the curve of the composite material
becomes brittle and prone to fracture. This observation aligns
with the results in Figure 18, suggesting that the optimal quan-
tity of CMCSW is 15 parts.

The stress concentration effect in PVC composites is
affected by the compatibility of unmodified CSW and
MCSW with the matrix. Unmodified CSW exhibits lower
compatibility with the matrix compared to modified CSW,
leading to debonding that restricts its stress concentration
effect. Consequently, under high loads, unmodified CSW

fails to induce sufficient plastic deformation in the PVC
matrix, resulting in a sudden decrease in elongation at
break [21]. In contrast, the strong interfacial adhesion
between MCSW and PVC matrix facilitates effective stress
transfer between them [22]. This stress concentration
effect impacts the plastic deformation of the PVC matrix.
However, it also contributes to the formation of cracks in
PVC composites due to the excessive reinforcement incor-
porated into them.

3.3.2 Mechanistic investigation of modified CSW-
reinforced PVC composites

Since both PVC and titanate are polar molecules, the compat-
ibility between CMCSW and PVC is enhanced by electrostatic
interactions. CMCSW has undergone surface chemical mod-
ification to introduce various functional groups, such as —OH,
C=0, and NH,, thereby enhancing surface activity and pro-
moting interaction with PVC molecules. During the surface
modification process, the —OH functional group of CSW
undergoes a ketone condensation reaction with the
C=0 functional group in the titanate coupling agent

-O-Ti-O-
PVC

CMCSW

-0-CH,-CHCI- \ 4

Figure 20. Interaction mechanism of CMCSW with PVC
composites.
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[23-25], resulting in the formation of a C—O-Ti bond. This
bond further undergoes an addition reaction with the
vinyl chloride monomer in PVC material, leading to the
creation of a physical cross-linking structure between
CMCSW and PVC, thereby improving the adhesion
between the two [26]. Additionally, the —OH group in
CMCSW chemically reacts with the vinyl chloride unit
in the PVC molecule to form an HO-CH,-CHCI, which
tightly binds CMCSW to the PVC molecule. This chemical
bonding enhances the interfacial bonding between the
two components and enhances the mechanical proper-
ties of the composites. Furthermore, the chemical
bonding prevents the precipitation and deposition of
CMCSW in the material, ensuring its long-term stability.
The -OH functional group of C;gH350, on the surface of
CSW reacts with the epoxy compound in PVC through a
condensation reaction to form a —OH ether bond, further
strengthening the interaction force between CMCSW and
PVC. The surface-active functional groups can also react
with other additives to form cross-linked structures,
thereby increasing the adhesion at the interface [27].
According to the load transfer theory [28], the interfacial
layer can transfer stress from the polymer matrix to the
inorganic filler. CMCSW exhibits a higher tensile mod-
ulus than CSW, providing more significant stress to dis-
perse the load in the matrix, thereby enhancing the
mechanical properties of the composites. The mechanism
of the interaction between CMCSW and PVC composites is
illustrated in Figure 20.

4. Conclusion

In this study, CSW was synthesized via the hydrothermal
method using ammonium sulfate wastewater obtained
from a rare earth plant as the primary material. The sur-
face of CSW was subsequently modified with a complex of
C1sH360; and titanate coupling agent. The optimal experi-
mental parameters for the modification process were
determined through one-factor experiments, and the
underlying modification mechanism was investigated.
The modified CSW was incorporated into PVC composites
to evaluate its effect on the mechanical properties of the
composites. The results indicated that the optimal mod-
ification conditions included a 15% modifier dosage, a 25
min modification time, an 80°C modification tempera-
ture, a stirring speed of 400 rpm, and a drying tempera-
ture of 100°C. C;gH360, and titanate coupling agent
compound at a ratio of 1:2 exhibited the most effective
whisker modification, resulting in a contact angle of

124.45°, a surface free energy of 19.23 mN/m, and the
formation of a nanoscale hydrophobic layer with a thick-
ness of 15.63 nm, thereby enhancing compatibility with
PVC. The addition of CSW led to improvements in the
mechanical properties of PVC composites, with the
enhancement strength ranking as CMCSW > MCSW >
CSW in descending order of strength. When 15 parts of
CMCSW were added, the tensile strength and elongation
at the break of the composites reached 41.25 MPa and
352.61%, respectively. This represented a 73% increase
in tensile strength and a 262% increase in elongation at
break compared to PVC composites without CSW. The
functional groups present on the CSW surface underwent
a ketal condensation reaction with C=O0 functional
groups in the titanate coupling agent, forming a C-0-Ti
bond. Additionally, -OH functional groups chemically
reacted with the vinyl chloride units in the PVC molecule
to create a HO-CH,—CHCI, thereby enhancing the inter-
facial bonding between the two materials. This study
produced highly hydrophobic MCSW, which provided
theoretical guidance in industrial waste recycling and
fiber-type whiskers for reinforcement in PVC applica-
tions. This scheme not only helps to broaden the efficient
utilization of sulfate waste in the chemical industry but
also provides a solid theoretical basis and technical sup-
port for developing additives for high-performance and
environmentally friendly composites. In the future, we
need to further explore the application fields of CSWs
and carry out targeted surface modification for different
application scenarios so as to realize the high efficiency
and quality application of CSWs.
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