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Abstract: The aim of this work was to investigate the dispersibility of kaolinite-rich coal gangue in
rubber matrix, the mechanical properties and thermal stability of coal gangue/styrene butadiene
rubber (SBR) composites, and to compare these properties to those of the same coal gangue but had
undergone thermal activation and modification. Several experimental techniques, such as X-ray
diffraction (XRD), X-ray fluorescence (XRF), scanning electron microscopy (SEM), Fourier-transform
infrared spectroscopy (FTIR), thermogravimetric-differential scanning calorimetry (TG-DSC), laser-
scattering particle analyzer were adopted to characterize the coal gangue particles and then the
obtained composites. The results demonstrated the raw coal gangue (RCG) was mainly composed
of kaolinite. Calcination led to amorphization of thermal activated coal gangue (ACG), increased
hydrophilicity and void volume, and decreased pH. The grain size of ACG became coarser than
RCG, but ACG turned loose confirmed by higher degree of refinement after grinding. Modification
enhanced the hydrophobicity of the coal gangue and improved its dispersibility than fillers without
modification. Calcined samples had better dispersibility than uncalcined fillers. Additionally, the
coal gangue treated by calcinating, grinding and modifying (MGA) had the best dispersion in rubber
matrix. Either calcination or modification could improve the mechanical properties and thermal
stability of coal gangue filled rubber, while the performance of MGA reinforced SBR (MGA-SBR) was
the best. The enhanced performance of the MGA-SBR was owed to better dispersion of particles as
well as stronger interactions between particles and rubber macromolecules.

Keywords: calcination; modification; dispersion; reinforcement; SBR; composite

1. Introduction

Nowadays, coal gangue has been the largest industrial solid wastes in China with
the accumulative amount of exceeding 5 billion tons and an annual stockpile increasing
at a rate of 0.3 billion tons [1,2]. Massive amount of coal gangue is not properly utilized,
resulting in waste of resources, as well as waste disposal and environmental problems [3,4].
As a secondary resource, coal gangue has the potential to be used as polymer filler [5–7].
Coal gangue is composed of inorganic and organic components with some unsaturated
points and polar functional groups, including hydroxyl and carboxyl groups, etc., locate
on. Organic composition in coal gangue may augment the inter-attraction of this particle
and the matrix [5]. The volatile components act as softeners, and the sulfur can prevent re-
version during curing process. The fixed carbon components after ultrafine crushing show
superior reinforcing performance. Consequently, coal gangue shows different properties
when used as rubber filler relative to carbon black or white carbon black (silica). At present,
the activation methods of coal gangue mainly include mechanical activation, chemical
activation, thermal activation, microwave activation, and composite activation [8–11].
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Most of the coal gangue in the Late Paleozoic strata of North China is rich in kaolin-
ite [12]. Kaolinite is a naturally occurring clay mineral with a layer structure comprised of
siloxane and gibbsite-like layers [13,14]. Grinding can reduce the particle size and increase
the specific surface area of the kaolinite within a proper grinding time. More importantly,
grinding may produce structural alterations of the kaolinite resulting in disorder and
degradation of the crystal structure [15,16]. The kaolinite after grinding may behave
differently. Thermal activation is a common means of achieving high chemical reactiv-
ity of coal series kaolinite prior to further applications [17,18]. Calcinated kaolinite or
metakaolinite is widely used because of its relatively simple chemical composition and
high reactivity [19]. Calcination caused the original kaolinite crystal structure collapsed,
and converts crystalline kaolinite in coal gangue to disordered, metastable metakaolinite
through anion imbalance caused by dehydroxylation and rearrangement of Si and Al
atoms [20–22]. Kaolinite could be used as functional filler for rubber based on its light
color, special layered structure, and availability [20]. Kaolinite can increase mechanical
properties of the filled rubber system, enhance its gas barrier property and thermal stability,
and decrease its flammability [2,20,23–26]. The application of kaolinite in the preparation
of organomodified fillers for rubber has also been reported [27,28]. Kaolinite is able to
replace silica in the specific rubber products, and is suitable to reinforce more steric rigid
rubber [29]. The high aspect ratio of kaolinite enables the filled rubber system to have good
thermal and gas resistance [24]. The notably improved thermal stability of kaolinite/rubber
composites than precipitated silica filled rubber can be attributed to the special shape and
arrangement of kaolinite in the rubber matrix [20]. Researchers [20,23,30] suggested that
kaolinite improved the thermal stability of rubber by diluting the number of combustible
materials, blocking the heat flow, and preventing the mass flow.

The general performance of elastomers is significantly affected by the dispersion state
and aggregate size of filler in the rubber matrix [24,31], and the bond of the filler-rubber [32].
After thermal activation, kaolinite-rich coal gangue would undergo various changes, such
as the destruction of lamellar structure, the changes of particle size and surface properties,
and the pre-removal of organic components, all of which may affect the performance of
the composite. Although the application of clay minerals in rubber substrate is an old
and ongoing research topic [33–36], few works have been completed so far to study the
compositional and structural changes of thermal activated and modified kaolinite-rich
coal gangue and the performance of the filled rubber system including mechanical and
thermal stability.

In this work, the properties influencing the dispersibility of coal gangue and its
calcined counterpart were studied in comparison. The two starting coal gangue were
grinded and modified before applied to SBR, the most widely used rubber [32], based on
the simple melt mixing method. The performance of coal gangue reinforced SBR were
analyzed to determine the effect of thermal activation and modification on the mechanical
properties and thermal stability of the composites. The results may help to alleviate the
accumulation of coal gangue and promote the utilization of kaolinite-rich coal gangue in
the field of functional filler.

2. Materials and Methods
2.1. Materials

Raw kaolinite-rich coal gangue (RCG) was collected from Pingshuo Mine in the
Shanxi province of China. The chemical composition of RCG determined by XRF is
shown in Table 1. Four rubber fillers were prepared by thermal activating, grinding and
modifying the coal gangue. SBR1502 was manufactured by China Petroleum Fushun
Petrochemical Company (Fushun, China). The water-soluble organic modifier with amine
groups was prepared by our laboratory. Rubber additives including zinc oxide, stearic
acid, accelerator NS (N-tert-butylbenzothiazole-2-sulphenamide), and sulfur were all
commercially available in China and were used as purchased.



Minerals 2021, 11, 1388 3 of 15

Table 1. Chemical composition (wt. %) of raw kaolinite-rich coal gangue (RCG).

Oxide (wt. %) SiO2 Al2O3 Fe2O3 TiO2 CaO Na2O K2O MnO MgO P2O5 Ignition Loss

Coal gangue 43.16 37.63 0.429 1.39 0.230 0.072 0.129 0.005 0.174 0.074 16.62 1

1 LOI: Loss on ignition at 900 ◦C.

2.2. Sample Preparation

The activated coal gangue (ACG) was obtained by calcining the raw coal gangue
(RCG) at 800 ◦C for 60 min in an electric furnace. The starting coal gangue (RCG or ACG)
was wet ground for one h in a sand mill (CNB-1L) at 2000 r/min with a solid content of 20%.
Then, the slurry was diluted to the solid content of 10%. Superfine coal gangue powder (GR
or GA) was prepared by spray drying the diluted slurry. On the other hand, the modifier
with a mass of 1% of coal gangue was slowly dropped into diluted slurry. Then, the slurry
was stirred for 1h and spray-dried to obtain modified sample (MGR or MGA).

The formulations of the coal gangue filled SBR (phr) are shown in Table 2. The solid
SBR was plasticized through an internal mixer (XK-160 type) and then mixed with coal
gangue, zinc oxide, stearic acid, NS, and sulfur to form the plasticized compound. The optimum
curing time (t90) of the compound was measured by a moving die rheometer (MDR-2000E).
Finally, the coal gangue/SBR composite was molded using a flat electric heating vulcanizer
(XLB-50T2) for the optimum curing time. The composites filled with GR, GA, MGR, and
MGA were named as GR-SBR, GA-SBR, MGR-SBR, and MGA-SBR, respectively.

Table 2. Formulation of the coal gangue reinforced SBR.

Ingredient SBR Zinc Oxide Stearic Acid Accelerant (NS) Sulphur Fillers

Content/phr 1 100.00 3.00 1.00 1.00 1.75 50.00
1 phr is the abbreviation of parts per hundreds of rubber.

2.3. Characterization

The chemical composition of the coal gangue (RCG) was measured using X-ray fluores-
cence analysis (XRF; AxiosmAX, Malvern Panalytical, Almelo, Netherlands) according to
China national standard GB/T 14506.28-2010. The loss on ignition of RCG was determined
by weight method.

The determination of OAN is based on the Chinese national standard of GB/T 3780.2-2007
method B. The pH of coal gangue was measured in accordance with Chinese national
standard of GB/T14563-2008.

The mineral phases of starting coal gangue (RCG and ACG) were identified by
X-ray diffractometer (Rigaku D/max 2500 PC, Tokyo, Japan) with Cu Kα radiation of
0.1540596 nm operated at 40 kV and 100 mA. Samples were scanned using continuous
sweep method in the 2θ range of 2.5 to 70◦ at a scanning speed of 2◦/min. The sampling
width was 0.02◦ during scanning. Slit system: DS = SS = 1◦, RS = 0.3 mm.

The contact angle was determined with contact angle measurement (JY-82B Kruss
DSA, Hamburg, Germany) with water as the test medium. The average value of sample’s
left and right contact angles was used to evaluate the hydrophobicity of the sample.

The particle size distribution of coal gangue before and after grinding was mea-
sured with laser particle size analyzer (Malvin Mastersizer 2000, Malvern Panalytical,
Malvern, UK). Test conditions: water as dispersion medium, cycle injection, test 1–2 min.
Each sample was tested five times and the average of the results was used to characterize
the sample’s size range.

The starting coal gangue and liquid nitrogen brittle section of reinforced rubber were
observed with scanning electron microscope (SEM; Hitachi SU8020, Tokyo, Japan) at
accelerating voltages of 20.0 and 5.0 kV, respectively, to compare the morphology of coal
gangue and their dispersion in the rubber matrix.

The Fourier transform infrared (FTIR) patterns of coal gangue samples between
4000 and 400 cm−1 were recorded using a Nicolet 6700 Fourier infrared spectrometer
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(Thermofisher, Waltham, MA, USA) at a resolution of 4 cm−1 in KBr pellet form (2 mg
sample in 300 mg KBr).

The Mooney viscosity was determined by (MV2-2000, China) in accordance with the
national testing standard of China (GB/T 1233-2008). The t90 and mechanical properties
of coal gangue/SBR composites were measured according to respective Chinese national
standards (GB/T 16584-1996, GB/T 531.1-2008, GB/T 528-2009, GB 529-2008). For each
data of hardness, three different sites on the sample were measured and the average value
was taken. For each data of tensile property, five parallel measurements were carried out
and the average value was taken. Additionally, for each data of tear property, four parallel
measurements were carried out.

The thermal analysis of raw coal gangue (RCG), as well as thermal stability of coal
gangue reinforced SBR were studied with thermogravimetric analyzer (Mettler-Toledo,
Greifensee, Switzerland). About 10 mg of each sample underwent thermal analysis.
Both tests were in a nitrogen environment with a heating rate of 10 ◦C per min. However,
the temperature range of the former test was 30 to 1100 ◦C and the latter test 30 to 800 ◦C.

3. Results and Discussion
3.1. Characterization of Starting Samples and Fillers
3.1.1. Composition and Structure of Starting Samples

Most peaks in the X-ray diffraction pattern of RCG (Figure 1) can be attributed to
kaolinite, except for two weak peaks labeled by the solid downward triangle and solid dia-
mond, which represent boehmite and negligible quartz, correspondingly. The molar ratio
of SiO2 to Al2O3 in RCG is 1.95 (Table 1), which is close to the theoretical ratio of kaolinite
and indicates that kaolinite is the main mineral component. Approximately, the content of
kaolinite, boehmite and organic matter in coal gangue is 92.8%, 4.2%, and 3.0% (wt%), re-
spectively, based on XRD and XRF results. After calcination, all peaks of kaolinite vanished
and a diffuse band located between 15 and 30◦ appeared in the pattern of ACG (Figure 1),
indicating the conversion of kaolinite in coal gangue to amorphous metakaolinite [37].
It was reported that this conversion was essentially based on the coordination of Al element
from hexavalent aluminum (AlVI) to hexavalent aluminum (AlVI), pentavalent aluminum
(AlV) and tetravalent aluminum (AlIV) [38–40]. The peak of boehmite disappeared because
it decomposed at about 400 ◦C. The peak of quartz became obvious, probably caused
by better dissociation of quartz under thermal stress. Titania bearing phase cannot be
identified easily in original clay when present in small quantity [41]. Kaolinite underwent
amorphization due to calcination, allowing the characteristic peak of anatase overlapping
with kaolinite at d = 0.35 nm to surface.

Thermal activation resulted in dehydroxylation of kaolinite-rich coal gangue, which
was justified by the TG-DSC analysis of RCG presented in Figure 2. The weight losses in
the temperature intervals of 30–105 ◦C, 105–475 ◦C, and 475–980 ◦C in TG curves were
1.2%, 3.0%, and 13.0%, respectively, representing desorption of water, decarbonization,
and dihydroxylation of RCG [41,42]. The dehydroxylation of kaolinite resulted in the
formation of metakaolinite. The evident endothermic peak at 528 ◦C, the weak exothermic
peak at 894 ◦C and a strong exothermic peak at 1001 ◦C, representing the dehydroxylation
of kaolinite, the transformation of γ-Al2O3 to θ-Al2O3 and the formation of Al-Si spinel,
respectively [13,21,43–45]. Of note, the similar thermal decomposition behavior of RCG
relative to kaolinite in previous research [42,46] also indicated that the main mineralogical
component of RCG was kaolinite.
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Figure 1. XRD patterns of starting samples: (a) RCG; (b) ACG.
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Figure 2. TG-DTG-DSC curves of RCG.

As shown in Figure 3, RCG was mainly in the plate-like structure, with small sheets
attached to large layers of well-crystallized kaolinite. The kaolinite layers collapsed and
broke into small ones after calcining, which effectively increased inter-particle void space,
meanwhile some particles agglomerated. The void volume increase in coal gangue was
also proved by the oil absorption number (OAN). The OAN of ACG was 80 cm3/100 g,
much larger than 39 cm3/100 g of RCG, indicating that thermal activation increased the
inter-particle space of coal gangue and no apparent void closure caused by sintering.
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Figure 3. SEM micrographs of starting sample: (a) RCG; (b) ACG.

3.1.2. Particles Size of Starting Samples before and after Grinding

Coarse grain inorganic particles cannot be used as reinforcing filler for rubbers and
only after ultra-fine refinement can they show the reinforcing effect. Ultra-fine pulverization
increases the contact area between the particles and the rubber matrix by reducing the
particle size. Meanwhile, the lattice distortion, defects, and amorphous crystals generated
in the ultra-fine pulverization enhance the chemical reaction activity of the particles.

The particle size of starting samples and the coal gangue in the ground slurry was mea-
sured (Figure 4 and Table 3). The particles forming RCG had a diameter ranging between
0.3 and 20 µm while the diameter of those forming ACG ranged between 0.4 and 100 µm.
Additionally, the specific surface area of ACG was lower than RCG. The slightly larger size
of ACG could be explained by the aggregation of fine particles [37] and the removal of fine
particles after calcination. The organic components in coal gangue had lower hardness,
making them easier to grind than inorganic minerals. Thus, the fine particle fraction was
mainly organic components, and thermal activation removed them. Both ACG and RCG
were refined after grinding, and the refinement rate of ACG was greater than that of RCG,
revealing ACG was loose.

Figure 4. Particle size distribution of coal gangue before and after grinding.
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Table 3. Main particle size parameters and specific surface area of coal gangue before and
after grinding.

Samples D10 (µm) D50 (µm) D90 (µm) Specific Surface Area 1 (m2 · g−1)

RCG 0.572 1.832 5.135 4.67
GR 0.384 0.822 2.938 8.12

ACG 0.970 4.814 14.569 2.42
GA 0.466 1.327 4.695 5.93

1 The specific surface area were determined by the laser particle size analyzer.

The narrower particle size distribution curve of GR documented a more concentrated
particle size distribution. Whereas the curve of GA was wider and the area on the right
side of the peak was larger than that on the left, which reflected that its particles varied in
size and the coarse fraction accounted for a high content.

3.1.3. Surface Properties of Fillers

FTIR spectra of fillers are shown in Figure 5. The spectrum of GR exhibited the
following typical bands for kaolinite: 3694 and 3651 cm−1 corresponding to stretching
modes of two outer surface O–Hs, while 3620 cm−1 corresponding to the stretching mode
of the inner O–H; 1116, 1034, 1011 cm−1 corresponding to the stretching vibration of
Si-O; 914 cm−1 corresponding to bending of the inner Al-OH; 540, 471, and 432 cm−1

corresponding to Si–O–AlVI bending vibration, Si–O–Si bending deformation, and Si–O
bending vibrations, respectively [47]. The existence of quartz was confirmed by bands at
790, 754, and 694 cm−1, and these three bands associated with two types of the Si–O bond
include Si with basal oxygen (790 cm−1) and Si with apical oxygen (754 and 694 cm−1).
This result is consistent with the analysis concerning the mineral composition of the
coal gangue.

Figure 5. FTIR spectrum of different fillers.
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After thermal activation, the following changes in the spectrum of GA can be discrimi-
nated. The absence of bands at 3694, 3651, 3620, and 914 cm−1 implied the disappearance
of the O-H. Bands at 1116, 1034, and 1011 cm−1 disappeared and a new band at about
1092 cm−1 assigned to amorphous silica appeared which originated from Si–O–Si and
AlIV–O–AlVI linkages. Bands at 790, 754 and 694 cm−1 vanished and a new broad band at
about 814 cm−1 corresponding to AlIV–O vibrations occurred [48]. Therefore, the coordi-
nation number of Al changed from six in kaolinite to four and five in metakaolinite [47].
In addition, the disappearance of Al–O–Si bending vibration at 540 cm−1 revealed that the
octahedral structure of Al transformed into tetrahedral and pentahedral in metakaoli-
nite [41]. Bands at 471 and 432 cm−1 vanished with the formation of a broad band
at 459 cm−1 attributed to Si–O bond. Broad band at 3448 cm−1 demonstrated that the
metakaolinite contained some residual O-Hs. This band would gradually become smaller
as it is heated further, and eventually disappear before 980 ◦C [41].

The formation of hydrogen bonds between the modifier and the surface groups
changed the force constants of the original chemical bonds. As a result, the relative
strengths of the MGR and MGA bands increased compared to their unmodified counter-
parts, respectively. New broad bands, 1580 cm−1 for MGR and 1593 cm−1 for MGA were
the characteristic bands of modifier. No band shift was observed in the spectrum of MGR,
implying that the adsorption of modifier on the coal gangue surface was dominated by
physical adsorption. While in the spectrum of MGA, the shifts from 1092 to 1095 cm−1,
459 to 467 cm−1 and 3448 to 3423 cm−1 indicated a changed chemical environment where
the bonds were located. Furthermore, the appearance of new band at 1384 cm−1 in the
spectrum of MGA made it credible that the modifier had been successfully immobilized on
the surface of the coal gangue by chemical bonding.

The water contact angle (θ) images also reflected the changes in surface property for
coal gangue. In general, the water contact angle can be used to evaluate the hydropho-
bicity of particles. The larger value of θ signifies the stronger the hydrophobicity of the
particles and the better the compatibility of the particles with the rubber. GA became less
hydrophobic and its θ decreased compared to GR since thermal activation removed the
organic components. The θ of MGR was greater than GR and that of MGA was larger
than GA as a result of surface organic by modifying (Figure 6). The modifier coated on
the external surface of coal gangue improved the compatibility between filler and rubber
matrix, thus reinforcing the mechanical properties of filled rubber composites [31].

3.2. Characterization of Coal Gangue/SBR Composites
3.2.1. Optimum Curing Time of Coal Gangue/SBR Composites

The pH of the filler significantly affects the vulcanization performance of the rubber
compound. As shown in Figure 7a, both activation and modification decreased the pH of
coal gangue. The lower pH of carbon black or inorganic filler corresponds to the longer
curing time. The pH of MGA was lower than that of GR and GA, so the curing time of
MGA-SBR was longer than that of GR-SBR and GA-SBR. After calcination, the kaolinite
in raw coal gangue was transformed into highly reactive metakaolinite (Figures 1 and 5),
so the activity of MGA was higher than that of MGR. The vulcanization process of MGA-
SBR was delayed due to the adsorption of the highly reactive MGA on the curing agent.
In addition, the organic and inorganic sulfur in coal gangue which served to shorten the
curing time, were removed by calcination. As a result, MGA inherently contained less
sulfur than MGR. High activity and low sulfur content leads to longer curing time of
MGA-SBR than MGR-SBR.
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Figure 6. Water contact angle of different fillers: (a) GR, (b) GA, (c) MGR, (d) MGA.

Figure 7. pH of coal gangue (a), t90 (b) and Mooney viscosity (c) of coal gangue/SBR composite.

The compound is difficult to mix evenly if the Mooney viscosity is too high. If the
viscosity is properly reduced, the compound will have good fluidity and be easy to blend.
As shown in Figure 7c, MGA reinforced rubber had the lowest Mooney viscosity than the
other three composites, which was favorable for the superior dispersibility of the filler.
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3.2.2. Dispersion of Coal Gangue in the Rubber Matrix

GR presented as a large number of spherical agglomerates with a diameter of about
10–40 µm in the rubber matrix as shown in Figure 8a. The formation of spherical agglom-
erates may be related to organics in GR and sulfur or sulfur bloom. Only few debris
particles scattered in the rubber in Figure 8a”. Large agglomerates were relatively difficult
to participate in the cross-link reaction with rubber macromolecules. Thermal activation
decreased the surface energy of the particles, thus reducing the particle–particle conjunc-
tion. In addition, the loose structure of coal gangue caused by thermal activation could
also improve the dispersion of gangue [49]. Therefore, GA had fewer large agglomerates
(Figure 8b) and more debris in the matrix than GR (Figure 8b”). Modification improved
the dispersion of coal gangue by enhancing the compatibility between gangue and rubber.
In Figure 8c, the coal gangue agglomerates in the matrix were less and smaller than that
of GR. However, the debris of MGR clustered into smaller agglomerates rather dispersed
in Figure 8c”. The brittle fracture surface of MGA-SBR was smooth without noticeable
agglomerates (Figure 8d,d’), which demonstrated that MGA only had smaller agglomerates
in the matrix. MGA was most homogeneously dispersed in the polymer among the four
kinds of fillers. Moreover, MGA bond much more tightly to rubber than the former three
fillers with some particles even encapsulated by rubber (Figure 8d”).

Figure 8. SEM observation of coal gangue/SBR composites: (a,a’,a”) GR-SBR; (b,b’,b”) GA-SBR;
(c,c’,c”) MGR-SBR; (d,d’,d”) MGA-SBR.

The contact angle exhibited uncalcined fillers (GR, MGR) was more hydrophobic
than that of calcinated fillers (GA, MGA). However, their dispersibility in rubber matrix
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was not as good as that of calcinated samples, probably due to the organic components
induced the self-adhesion of the particles in the process of drying and blending with the
rubber. The dispersibility of MGA in the rubber matrix was markedly improved by its
loose structure, high volume pores, and effective bonding with modifier, and good fluidity
of its blending rubber.

3.2.3. Mechanical Properties of Coal Gangue/SBR Composites

The D90 of GR is 2.938 µm (Table 3), which means that the vast majority of the single
particles are quite small and GR has the potential to enhance SBR. However, the fine-
particles coalesced into massive spherical aggregates in the SBR matrix (Figure 8a,a’).
These aggregates were not conducive to the adsorption of particles to rubber macro-
molecules and increased the dispersion distance between particles, thus creating weak
links [50]. The aggregates separated from the polymer matrix when subjected to external
forces. The separation caused cavitation effects and stress concentrations, resulting in
cracks and damage to the polymer material. Therefore, GR had almost no reinforcing effect,
and the mechanical properties GR-SBR were the worst (Table 4).

Table 4. Mechanical property of coal gangue/SBR composite.

Samples Shore A
Hardness (◦)

Tensile Strength
(MPa)

Elongation at
Break (%) Modulus (MPa) Tear Resistance

(kN/m)

50% 100% 200% 300%

GR 51 1.54 380.18 0.73 0.85 1.02 1.27 12.67
GA 54 4.10 447.24 1.15 1.50 1.98 2.53 15.48

MGR 49 4.55 633.28 0.92 1.18 1.57 1.90 20.34
MGA 51 10.24 509.36 1.07 1.55 3.00 4.92 22.93

The mechanical properties of GA-SBR and MGR-SBR were better because the weak
points of GA and MGR in the rubber matrix decreased with the reduction in clusters.
The modulus of GA-SBR were higher than that of MGR-SBR, implying that GA had a
stronger restraining effect on rubber macromolecular chains and GA-SBR was better in
resisting external deformation. However, the elongation at break (Eb), tensile strength (δs),
and tear resistance (εs) of GA-SBR were smaller than that of MGR-SBR. Several reasons
might exist for this opposite numerical relationship: (1) the bonding force between GA
and rubber was strong within certain distance, once the deformation was too large, the
interaction force drops rapidly and the rubber fractured; (2) the hydrophobic ends of
modifier on the surface of MGR were chemically bonded or physically entangled with
the rubber macromolecules, and the chains would be stretched and slip under stress.
The stretches and slips effectively transferred the stress and alleviated the premature
fracture of the composites caused by stress concentration, thus improving the Eb of MGR-
SBR; (3) the orientation of molecular chains caused by stretches and slips increased the
strength to resist deformation, so the δs and εs of MGR-SBR were higher than those
of GA-SBR.

MGA-SBR reached 6.6, 1.8, and 3.9 times the δs, εs and 300% modulus of GR-SBR,
respectively. The best dispersion in the rubber matrix and the strongest interaction between
particles and rubber macromolecules gave MGA the best reinforcement among the four
fillers. (1) The organic components might induce the self-adhesion of the particles in rubber
matrix. Thermal activation removed the organic matter and decreased the surface energy
of the particles, thus reducing the particle-particle conjunction. Therefore, the dispersibility
of MGA was better than GR and MGR. The contact angle of MGA was larger than that of
GA (Figure 6), indicating that modification endowed MGA stronger hydrophobicity and
better compatibility with rubber. The lowest Mooney viscosity of the MGA-SBR compared
to the other three compounds (Figure 7) meant that MGA-SBR had better fluidity and was
easy to blend, which was beneficial for the excellent dispersion of the MGA (2) Desorption



Minerals 2021, 11, 1388 12 of 15

of water, decarbonization, and dihydroxylation caused by thermal activation increased the
pore space of coal gangue, as demonstrated by the OAN of RCG and ACG and Figure 3.
The increased pore space gave MGA more contact sites with rubber than uncalcined gangue
(GR, MGR). In addition, calcination converted the kaolinite in the coal gangue to more
reactive metakaolinite. MGA and the modifier were chemically combined (Figure 5), so the
modifier can firmly adhere MGA to the rubber substrate. Thus MGA binds more tightly
to the rubber than the unmodified GA. MGR was physically bonded to the modifier as
indicated by FTIR and thermogravimetric analysis, so the bonding strength of MGA to the
rubber molecules was greater than that of MGR.

3.2.4. Thermal Stability of Coal Gangue/SBR Composites

The thermal data measured by thermogravimetric method including the temperature
at which 5% mass loss occurs (T5, the onset temperature of decomposition), the temperature
for 50% decomposition (T50, mid-point of decomposition), the peak mass loss rate (Rp), the
temperature corresponding to Rp (Tp), and residual mass at 600 ◦C (Mr) are widely used to
evaluate the thermal stability of rubber composites [23,30]. The TG and DTG curves of coal
gangue reinforce SBR were shown in Figure 9.

Figure 9. TG-DTG curves of coal gangue reinforced SBR: (a) GR-SBR; (b) GA-SBR; (c) MGR-SBR; (d) MGA-SBR.

The T5, T50, Tp of GA-SBR, MGR-SBR, and MGA-SBR were larger than those of GR-
SBR. Among them, T5 increased most significantly. The T5 of former three vulcanizates
were 358.67, 360.17, and 363.83 ◦C which were 8.00, 9.50, and 13.16 ◦C higher, respectively,
than that of the GR-SBR. The Rp of the three composites had respective decreases of 6.45%,
0.21%, and 10.82% relative to that of GR-SBR. The increases of Mr from GR-SBR to GA-SBR
and MGR-SBR to MGA-SBR were due to the pre-removal of the decomposable components
from the coal gangue by thermal activation. The modifier and MGR were combined by
hydrogen bonding and physical adsorption (Figure 5). The modifier detached from the
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particles and became a decomposable component before 600 ◦C, so the Mr of MGR-SBR
was 1.43% smaller than that of GR-SBR. The modifier was stable at high temperature
by bonding with MGA through hydrogen bonding and chemical interaction (Figure 5).
Simultaneously, MGA was more uniformly dispersed in rubber matrix than GA (Figure 8),
so it had more active points to bond with rubber. In addition, MGA interacts strongly with
rubber, leading to better restriction on the rubber macromolecules. Consequently, the Mr of
MGA filled rubber was greater than that of GA filled rubber.

Based on the discussion above, it could be concluded that the thermal stability of MGA-
SBR was the best among the four compounds. (1) Thermal activation pre-removed the
organic matter from coal gangue, and the residual inorganic material was not decomposable
during the thermal analysis test. Therefore, calcined coal gangue (GA, MGA) was more
effective in diluting the concentration of combustibles in composites than uncalcined coal
gangue (GR, MGR) at the same dosage. Consequently, GA-SBR had better thermal stability
than GR-SBR, and MGA-SBR was superior to MGR-SBR. (2) Modification improved the
compatibility of particles with rubber (Figure 6), thus MGA was more uniformly dispersed
in the rubber matrix than GA. As a result, MGA extended the heat flow diffusion path more,
thereby reducing the heat flow. In addition, MGA was more tightly bound to the rubber
through the modifier than MGR, because MGA was chemically bound to the modifier
while MGR was physically bound to the modifier. The stronger interaction between MGA
and rubber inhibited the escape of pyrolytic small molecules and the thermal movement of
rubber molecular chains, eventually preventing the mass flow. So MGA-SBR had better
thermal stability than MGR-SBR.

4. Conclusions

In this research, the basic properties of kaolinite-rich coal gangue and its thermal
activated product including composition and structure, particle size distribution, and
surface properties were studied. A series of coal gangue was compounded with SBR via
melt blending method to investigate the effects of thermal activation and modification on
the dispersibility of particles in rubber matrix and the mechanical and thermal properties
of kaolinite-rich coal gangue reinforced SBR. The following conclusions can be drawn:

(1) The raw kaolinite-rich coal gangue aggregated into a large number of spherical
clusters in the rubber matrix. However, coal gangue particles could achieve uniform
dispersion by changing its composition, structure and surface properties through thermal
activation and modification. MGA were more uniformly dispersed in the rubber matrix
with preferable mobility of its blending compound, and more tightly bonded with the
rubber than others fillers;

(2) The performance of GR-SBR was the worst, suggesting GR has no reinforcing
effect on rubber. Although the performance of GA and MGR filled rubber were better, and
MGA-SBR had the best reinforcement and thermal stability regardless its longer curing
time. The tensile strength and tear strength of MGA reinforced rubber reached 6.6 times
and 1.8 times of GR-SBR separately. Its T5, T50, Mr and Tp increased by 13.16 ◦C, 3.79 ◦C,
4.58%, and 6.84 ◦C, respectively, and Rp decreased by 10.82%, compared with GR filled
rubber. The improvement of mechanical properties and thermal stability of coal gangue
reinforced SBR was attributed to fine dispersion of particles in the rubber matrix besides
the strong interactions between particles and rubber chains;

(3) With the melt blending method, the gangue did not reach the molecular level of
dispersion and the kaolinite in coal gangue was not sufficiently exfoliated, so the lamellar
structure did not contribute as much to the composite performance as the dispersion.
The better dispersed mixing method is needed for the future studies. Furthermore, it is
appropriate to optimize the formulation of the mixture, the vulcanization system and
the dosage of the filler, as well as to combine the kaolinite-rich coal gangue with the
reinforcing filler.
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