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Abstract

The surface modification of coal fly ash (CFA) with silane coupling agents improves
its compatibility with polymer matrices and supports its use as a sustainable filler in
composite materials. This study examined the effects of the solvent system, reaction
temperature, and pH on the grafting of 3-aminopropyltriethoxysilane (APTES) onto CFA
surfaces. Functionalization was assessed by Fourier-transform infrared spectroscopy (FTIR),
focusing on the CH; symmetric and asymmetric stretching bands of pure APTES at 2919
and 2957 cm~!, noting that a slight shift in these bands can be expected following the
change in the local chemical environment upon grafting. Solvent mixtures containing water
(ethanol/water, acetone/water, and sulfuric acid/water) produced stronger coupling than
the toluene solvent, which indicated the importance of water for APTES hydrolysis and
silanol formation. Coupling efficiency increased with temperature and reached a maximum
at 80 °C, where the balance between hydrolysis and condensation favored the formation of
stable Si—-O-5i bonds. The highest degree of functionalization was observed at pH 9, which
corresponds to the point of zero charge of alumina in CFA, where neutral surface hydroxyl
groups were available to react with silanols. These results define the optimal conditions
for APTES grafting onto CFA and demonstrate its potential as a silane-modified filler in
polymer composites. Atomic force microscopy (AFM) provided direct visual evidence of
significant surface texture modifications induced by APTES treatment in the ethanol/water
solvent system.

Keywords: coal fly ash; silane coupling agent; 3-aminopropyl triethoxysilane; APTES;
FTIR; grafting

1. Introduction

Silane (SiH,) is the simplest molecular silicon hydride, consisting of one silicon atom
covalently bonded to four hydrogen atoms. It serves as the basic building block for a wide
range of silane derivatives, often called “silanes”. Silanes are widely used in the chemical
industry as coupling agents between two dissimilar materials, as surface modifiers for
adhesion of various coatings, and as precursors in the production of high-purity silicon [1,2].

When silanes are used as coupling agents, they form a molecular bridge that enhances
the adhesion between organic polymeric matrices and inorganic solids, such as mineral
fillers, glass, metals and metallic oxides [3]. The surface treatment of fillers using silanes
has a strong influence on the (1) physical interactions between the polymer and filler, which
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control processing properties such as viscosity, filler dispersion and wetting efficiency [4];
(2) chemical interactions between the polymer and filler, which lead to improved aging and
ultimate mechanical properties due to the formation of a strongly chemisorbed layer that
protects the polymer/filler interface from hydrolysis; and (3) physical interaction between
filler particles, which controls dynamic mechanical and rheological properties [5].

Silane coupling agents typically contain a single silicon atom bonded to up to four sub-
stituent groups, which may be nonreactive, organically reactive, or inorganically reactive.
The basic structure of organosilanes is R,Si(OR)4_p, where “R” is an organofunctional group
such as an alkyl or aryl group and “OR” is a hydrolysable group such as an alkoxy [6]. The
organofunctional part can polymerize with an organic substrate, while the alkoxy groups
can react with an inorganic substrate to form covalent bonds between the matrices [7].
Attachment of methoxy, ethoxy, acetoxy, chlorine or nitrogen directly to the silicon atom
yields alkoxysilanes (in the case of methoxy and ethoxy), acyloxysilanes, chlorosilanes and
silaylamine (silazanes), respectively. These functional groups can undergo rapid hydrolysis
in the presence of water, including water-adsorbed moisture, to generate silanol groups
(-5i-OH) that can further participate in condensation or surface-binding reactions. For
instance, the silanols can react with other silanols to form a very stable siloxane bond
(-5i—-O-Si-) or with metal hydroxyl groups, e.g., on the surface of mineral fillers, glass or
metals to form very stable -S5i-O-M bonds [6].

Chemisorption of silanes onto fillers is a two-step process, which starts with the
hydrolysis of the silane to produce silanols, followed by a condensation reaction between
the resulting silanols and surface hydroxyl groups of the filler. An example is the hydrolysis
of trimethoxysilane to form methanol and trisilanol:

R — Si(OMe); 4+ 3H,0 — R — Si(OH); 4+ 3MeOH 1)

The resulting trisilanols undergo condensation reactions with OH groups on the filler
surface to form silane—filler covalent bonds:

R — Si(OH)4 + HO — (substrate) — R — Si(OH), — O — (substrate) + H,O  (2)

The quantity of interactions between silane and the filler is determined by the number
of hydroxyl and oxide groups on the surface of the filler in the equilibrium state. These
groups play a crucial role in forming hydrogen bonds, electrostatic interactions, or covalent
bonding to the filler surface [8]. Hydrolysis and condensation reactions are significantly
affected by the pH of the treatment solution. This is because the electrostatic surface
potential ((-potential) of the filler and the chemical stability of silanol groups depend on
the concentration of H™ ions [8,9]. However, the rate-determining step for chemisorption
under most conditions is the condensation reaction [8].

Silica is widely used in the rubber industry as a non-carbon black reinforcing filler due
to its fine particle size and proven effectiveness in enhancing the mechanical properties of
rubber composites, particularly tensile strength, tear resistance, abrasion resistance and
hardness [10]. Alumina, on the other hand, is valued for improving the dielectric properties,
electrical conductivity [11], and thermal conductivity of rubber composites [12]. In recent
years, rubber technologists have shown increasing interest in sourcing silica (5iO,) and
alumina (Al,O3) from natural materials as alternative fillers to lower production costs,
improve mechanical properties and address environmental issues related to waste disposal.
Coal fly ash (CFA), a low-cost mineral waste by-product of coal combustion, is composed
mainly of spherical aluminosilicate glass particles (62%) [13]. These characteristics have
attracted growing interest in its use as a filler in rubber composites.
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The CFA surface is abundant in hydrophilic -OH groups, and is, therefore, highly
polar, making it less compatible with non-polar media. Moreover, the surface -OH groups
have a great affinity to form hydrogen bonding with each other, resulting in strong particle-
particle agglomeration. This can be prevented by the aid of silane coupling agents, thereby
modifying the hydrophilic nature of the CFA surface. Such surface modification not only
improves the wettability of CFA in organic media but also improves dispersion in the
organic matrix.

Untreated CFA was compared with commercial silica in natural rubber (NR) and
styrene-butadiene rubber (SBR) [14]. CFA-filled composites exhibited faster curing and
mechanical properties comparable to those of silica-filled systems for up to 30 parts per
hundred rubbers (phr), whereas performance declined in both rubber matrices at higher
loadings. Enhancement of CFA-NR composites at 30-60 phr through silane treatment of
CFA with Si-69 was also reported [10]. In a separate study, up to 40% of carbon black
could be replaced with CFA without major losses in tensile strength, elasticity or abrasion
resistance, and fractionation was found to be more effective than grinding for improving
CFA’s reinforcing effect, especially in coarser, highly specific surface area fractions [15].
In our recent study [16], untreated CFA only weakly reinforced cis-1,4-polyisoprene rub-
ber, but CFA surface modification via ammonium sulfate roasting, leaching and silane
treatment improved surface area, compatibility, dispersion, and bonding. In addition,
in situ silanization outperformed pre-treatment, while blending CFA with carbon black
produced synergistic effects, highlighting modified CFA’s potential as a sustainable co-filler
in rubber composites.

The primary objective of this study was to investigate the effects of solvent system,
solution pH, and temperature on the surface functionalization of CFA with (3-aminopropyl)
triethoxysilane (APTES) using the One-Factor-at-a-Time (OFAT) method, aiming to improve
its interfacial compatibility with polymer matrices. APTES is one of the most widely used
aminosilanes due to its high coupling efficiency, low cost, and good solubility in both
aqueous and organic solvents [17]. Functionalization occurs through the -Si(OH)3 groups,
which bond to inorganic surfaces such as alumina, glass, iron, mica, silica, silica gels, titania,
quartz, and zeolites, while the amino group promotes interactions with polymer matrices,
thereby enhancing adhesion at the polymer—inorganic interface [18].

2. Materials and Methods
2.1. Materials

A commercial ultrafine, air-classified siliceous coal fly ash (CFA) was obtained from
Ash Resources (Pty) Ltd., Johannesburg, South Africa. The material had a mean particle size
of 3.9-5.0 um, with 90% of the particles by volume measuring less than 11 pm in diameter.
The sample was of the same type as that employed in a previous study [16], thereby
ensuring consistency and reproducibility, although it was derived from a different batch.

Acetone (CH3COCH3; reagent grade, >99.5%), ethanol (CH3CH,OH; reagent grade,
>99.5%), toluene (C¢Hs5CHj; reagent grade, >99.5%), sulfuric acid (H;SO,; reagent
grade, 95%-98%), hydrochloric acid (HCl; reagent grade, 37%), and (3-aminopropyl)-
triethoxysilane (APTES) were purchased from Sigma-Aldrich (Johannesburg, South Africa).
All the chemicals were used as received. Distilled water was used in all experiments.

2.2. Silane Coupling of CFA with APTES

Table 1 summarizes the parameters investigated for the silanization of CFA with
APTES using the OFAT method.
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Table 1. Experimental conditions were studied using the OFAT method.

Parameter Variable
Ethanol/water (80:20), Acetone/water (40:60),
Solvent (v/0) Sulphuric acid /water (10:90), Toluene (100:0)
Temperature (°C) 20, 40, 60, 80, 100
pH 2,3,4,8,9,10

Effect of solvent type on silane coupling. The effect of solvent type on the coupling of
silane with CFA was investigated (Table 1). For each experiment, 4 mL of APTES was added
to 200 mL of the solvent, and the CFA sample was suspended in the resulting solution. The
mixtures were stirred using an overhead stirrer at 1800 rpm while being maintained in a
water bath at 80 °C for 5 h. After the reaction, the suspensions were filtered. The residues
were washed with 100 mL of the corresponding solvent and subsequently dried in an oven
at 80 °C overnight.

Effect of temperature on silane coupling. The effect of temperature (20-100 °C) on the
coupling of silane with CFA was investigated using a mixture of 200 mL ethanol/water
(80:20 v/v) solution, 4 mL of APTES, and 10.0 g of CFA. At first, the ethanol/water solution
was divided equally into two 100 mL portions: 4 mL of APTES was added to one portion,
and 10.0 g of CFA to the other. Both beakers were placed in a water bath at the target
temperature and stirred at 1800 rpm for 1 h. After this period, the contents of the two
beakers were combined, returned to the water bath at the set temperature, and stirred for an
additional 5 h. The silanized CFA was then filtered, washed with 100 mL of ethanol /water
solution, and dried in an oven at 80 °C overnight.

Effect of pH on silane coupling. The effect of pH (2-10) on the silane—CFA coupling
reaction was investigated using the procedure described for the temperature experiments.
The pH of the two 100 mL portions was adjusted separately to the desired endpoint by
dropwise addition of either dilute HCI or APTES. During the course of the reaction, the
pH of the suspension was monitored constantly using an Adwa AD1020 multi-parameter
pH-ORP-ISE-TEMP bench meter. The reaction was carried out for 5 h, after which the
suspension was filtered, washed with 100 mL of ethanol/water solution, and dried in an
oven at 80 °C overnight.

2.3. Characterization

Fourier Transform Infrared Spectroscopy (FTIR). Infrared spectra were recorded in an
evacuated sample compartment on a Bruker Vertex 77v (Bruker, Bremen, Germany), with an
attenuated total reflection (ATR) diamond cell. The spectra were measured in the frequency
range 4000 cm ™! to 400 cm~!, and 32 scans of each sample were taken, with a resolution of
2em~ L
Scanning Electron Microscopy (SEM). The morphology of CFA particles was studied on
a JEOL JSM-5800LV Scanning Electron Microscope (SEM, JEOL, Tokyo, Japan) operated at
5 kV. CFA particles were mounted on a double-sided tape by dipping carbon stubs into the
suspensions. Excess material was removed by gentle blowing with compressed nitrogen.
The samples were gold-coated twice using a Sputter-coater (Emitech K550X, Ashford, UK).

Atomic Force Microscopy (AFM). AFM imaging was performed using a Bruker Dimen-
sion Icon AFM (Bruker, Bremen, Germany). A TESPA-Si doped cantilever tip was employed
in tapping mode at a frequency of 0.6 Hz. Samples were prepared by mounting them on a
layer of Japan Gold placed on a microscope slide.
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3. Results and Discussion
3.1. Chemical and Mineralogical Compositions of Untreated CFA

The chemical and mineralogical compositions of various batches of CFA from the
same source have been determined by XRF and XRD analyses and were documented in
detail in previous studies [13,16]. The sample consisted predominantly of an amorphous
aluminosilicate glass phase (62.1 wt.%), with crystalline mullite (31.8 wt.%) and quartz
(6.1 wt. %). It was mainly composed of SiO; (52.6%), Al,O3 (37.1%), CaO (4.3%), Fe;O3
(2.9%), MgO (1.4%), and TiO; (1.6%), while CrpO3, CuO, MnO, Na,O, NiO, V,05 and ZrO,
were each present at less than 0.1%.

3.2. FTIR Investigation of CFA Surface Silanization with APTES

The FTIR spectrum of untreated CFA (Figure 1) confirmed the presence of both glassy
and crystalline phases, evidenced by a broad absorption band between 700 and 1100 cm ™.
This band was attributed to Si-O-5i and Al-O-Si networks [13,19]. Due to overlapping
vibrations of these networks, the individual infrared bands could not be distinctly re-
solved [20]. The shoulder at 1050 cm ! corresponded to the main ~Si—-O-M (M = Si or Al)
asymmetric stretching band characteristic of untreated CFA [21,22].
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Figure 1. FTIR spectra of untreated CFA and pure 3-aminopropyltriethoxysilane (APTES).

APTES is characterized by a bifunctional structure comprising a propyl chain ter-
minated with a primary amine group (-NH;) and a silicon atom linked to three ethoxy
groups (-OCH,CH3) (Figure 2). Its FTIR spectrum is displayed in Figure 1, and the cor-
responding FTIR band assignments are summarized in Table 2. The spectrum featured
intense bands at 770 cm !, 956 cm !, and a doublet at 1076 cm ! and 1103 cm L. These
bands corresponded to the stretching and strain modes of ethoxysilane groups (S5i-OC,
Si-OCH,CH3) [23,24]. The band at 450 cm ™! was attributed to a Si-O rocking band, while
the weak band at 1131 cm ™! confirmed the presence of the CH, rocking mode of unreacted
ethoxy (Si-OCH,CHj3) groups [25]. The bands at 1297 and 1390 cm ! were assigned to C-H
stretching vibrations of CH3 and CHj; groups in the ethoxy functional group [24]. The NH,
scissor vibration appeared at 1586 cm~!. CH, symmetric (at 2886 cm~!) and asymmetric
(at 2928 cm 1) stretching bands reflected the propylamine group of APTES [25,26]. Finally,
very weak symmetric and asymmetric NH stretching bands at 3280 and 3380 cm ™! arose
from the amino groups, which is consistent with their weak dipole moment [25].
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Figure 2. The structure of 3-aminopropyltriethoxy silane (APTES).
Table 2. FTIR spectral band assignments for APTES.
Wavenumber (cm—1) Assignment
3380 symmetric and asymmetric NH stretch
3280 symmetric and asymmetric NH stretch
2975 C-H, SiOCH,CH3
2928 C-H, SiOCH,CHj3
2886 C-H, SiOCH,CHj3
1586 NH; scissor vibrations, H,N-CH,CH,CH,
1443 C-H, CH,
1390 C-H stretching vibrations in CH3 and CH,
1297 C-H stretching vibrations in CHz and CH,
1131 CH,; rocking of unreacted (Si-OCH,CHs)
1103 Si-OC, Si-OCH,CH3s
1076 Si-OC, Si-OCH,CH3s
956 Si-OC, Si-OCH,CH3s
770 Si-OC, Si-OCH,CH3
450 Si-O rocking

Overlap between the FTIR spectra of untreated CFA and APTES was observed
in the 400-1300 cm ™! region, whereas more pronounced differences appeared in the
13004000 cm ! range. This higher wavenumber region was therefore selected to evaluate
the extent of silane coupling under different experimental conditions. In particular, the
CH, symmetric and asymmetric stretching bands near 2919 cm ! and 2957 cm~! served as
indicators for successful functionalization of FA with APTES. These two band positions
for the grafted silane layer exhibited slight shifts relative to those of the pure molecule
(2886 and 2928 cm~!), which was indicative of modifications in the local chemical environ-
ment upon surface grafting. The intensity of these peaks in transmittance mode correlated
directly with the concentration of the functional groups, providing confirmation of the
coupling process.

Effect of solvent type on silane coupling. The choice of solvent in silane coupling with
APTES strongly influences the density and conformation of the covalently attached lay-
ers [27]. Toluene-based solvents have been used for solution-phase coupling to silica
surfaces and have been regarded as performing better than other solvents [28], as their
anhydrous, non-aqueous nature prevents premature hydrolysis and uncontrolled poly-
merization of APTES. In contrast, the presence of water accelerates hydrolysis and self-
condensation, reducing the number of APTES molecules available for surface attach-
ment [29]. However, toluene is volatile, flammable, and toxic. To address these issues, alter-
native solvent systems (acetone/water, ethanol/water, and sulfuric acid /water) have been
investigated to reduce toxicity, minimize environmental impact, and potentially enhance
APTES coupling efficiency. The FTIR spectra of CFA treated with APTES in various solvent
systems are shown in Figure 3a. Silanization was performed in acetone/water (40:60),
ethanol/water (80:20), sulfuric acid/water (10:90), and toluene, respectively. Toluene
showed the least degree of coupling, probably due to the absence of water that inhibited the
hydrolysis of APTES and the subsequent formation of silanol (5i-OH) groups. In contrast,
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CFA treated with APTES in aqueous media displayed CH, symmetric and asymmetric
stretching bands at 2919 and 2957 cm ™!, respectively. These bands, which were absent in
the spectra of untreated FA, were attributed to the propylamine chains of APTES, and their
presence confirmed the silanization of the CFA surface. The CH; bands were detected in
samples silanized using acetone/water, ethanol/water, and sulfuric acid/water media, but
were absent in those treated with toluene. The relative band intensities followed the order:
sulfuric acid/water < acetone/water < ethanol/water. Since higher transmittance corre-
sponds to a greater concentration of the associated functional group, these results indicate
enhanced APTES adsorption in the ethanol /water solvent system than in the other solvent
systems. Accordingly, ethanol/water was selected for all subsequent silane treatments.
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Figure 3. FTIR spectra of APTES-treated CFA under different experimental conditions: (a) solvent

type, (b) reaction temperature, and (c) pH.

Effect of temperature on silane coupling. The effect of temperature on the silanization of
CFA with APTES was examined in the ethanol/water solvent system at 20, 40, 60, 80, and
100 °C (Figure 3b). In such solvent systems, increasing temperature generally enhances
silane bonding by accelerating the hydrolysis of alkoxyl groups to reactive silanol species

3000

2800
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and promoting their subsequent condensation with surface hydroxyl groups, forming
strong Si—-O-Si covalent bonds [30]. Elevated temperatures also increase molecular motion,
thereby increasing the likelihood of collisions between silanol groups and surface hydroxyl
sites. This behavior was evident in the present study, with minimal coupling observed at
temperatures < 60 °C. The maximum degree of coupling occurred at 80 °C, likely due to
optimal reaction kinetics, improved solvent interactions and particle dispersion, and effi-
cient removal of by-products such as water and volatiles, resulting in a uniform, defect-free
silane layer. At temperatures above 80 °C, competing processes such as premature conden-
sation or thermal degradation of the coupling agent may reduce coupling efficiency [31].
Accordingly, ethanol/water at 80 °C was chosen as the solvent system and temperature
condition for the pH-dependent study.

Effect of pH on silane coupling. The effect of pH on the silanization of CFA with APTES
was examined in the ethanol/water solvent system at 80 °C in the pH values of 2, 3, 4,
8, 9 and 10. The CH; symmetric and asymmetric stretching peaks reached maximum
intensity at pH 9 (Figure 3c). This could be rationalized by considering the amphoteric
nature of alumina and silica functional groups on CFA surfaces, whose —OH groups are
protonated under acidic conditions and deprotonated under basic conditions [32]. At low
pH, extensive protonation generates positively charged surfaces (—OH, ), whereas at high
pH, deprotonation yields negatively charged surfaces (—O™). The point of zero charge
(PZC) for alumina occurs near pH 9, which coincides with the natural pH of CFA suspen-
sions [16,33]. At this pH, a significant fraction of surface hydroxyls remains neutral and
readily available to react with silanols formed from APTES hydrolysis, minimizing electro-
static repulsion. Hydrolysis and condensation reactions are highly pH-sensitive [34]. Under
strongly acidic conditions, hydrolysis is rapid but leads to uncontrolled self-condensation,
forming polysiloxanes rather than surface bonds. Under strongly basic conditions, deproto-
nation reduces surface reactivity and increases electrostatic repulsion. Therefore, pH values
around 8-10 offer an optimal balance, with pH 9 providing ideal conditions for silanol
reactivity, surface accessibility, and stable APTES grafting [35].

3.3. Direct Visualization of CFA Surface Following Silanization with APTES

The surface of CFA treated with APTES in the ethanol/water solvent system was
further characterized through direct visualization using SEM and AFM to support the
FTIR findings.

SEM visualization. Figure 4a illustrates the characteristic spherical morphology of CFA
particles, which exhibited a wide size distribution ranging from sub-micron to >10 pum.
Considerable clustering and inter-particle agglomeration were evident. The combination of
sphericity and broad particle size distribution is advantageous for filler applications. The
low surface-to-volume ratio of spherical particles increases volume loading capacity, reduc-
ing shrinkage and lowering material costs due to decreased filler demand. Additionally,
small spherical particles can roll over one another, decreasing viscosity and enhancing flow
in composites. After APTES treatment (Figure 4b), CFA particles retained their spherical
shape and broad size distribution, but particle agglomeration was markedly reduced.

AFM visualization. Figure 5 shows the AFM results for representative CFA spheres
examined in this study. Figure 5a,b present three-dimensional surface images of untreated
and APTES-treated particles, respectively, while Figure 5c,d show the corresponding height
profiles. The untreated CFA particle exhibited a largely featureless, smooth surface, whereas
the APTES-treated particle displayed a noticeably rough, spiky morphology after silane
coupling. These observations provided direct visual evidence of significant surface texture
modifications induced by APTES treatment in the ethanol /water solvent system.
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798.9 nm

(a) (b)

Figure 4. SEM images of (a) untreated CFA and (b) APTES-treated CFA.

Figure 5. Three-Dimensional AFM topographic images (4 x 4 pm) and height profiles of
(a,c) untreated CFA and (b,d) APTES-treated CFA.

4. Conclusions

This study demonstrated that the surface functionalization of CFA with APTES was
strongly influenced by solvent system, reaction temperature, and pH. Solvent mixtures
containing water, such as ethanol/water, acetone/water, and sulfuric acid /water, produced
better results than toluene because hydrolysis of APTES requires moisture. Ethanol/water
mixtures provided the most effective medium for silanization. The coupling efficiency
increased with temperature, with maximum functionalization occurring at 80 °C, where
favorable kinetics balanced hydrolysis and condensation reactions. The highest degree of
grafting was observed at pH 9, corresponding to the point of zero charge of alumina in CFA,
which maximized the availability of neutral hydroxyl groups for covalent bonding. FTIR,
SEM, and AFM confirmed successful functionalization, reduced agglomeration, and altered
surface morphology. These findings highlighted silanized CFA as a promising sustainable
filler for rubber composites, with improved dispersion and interfacial compatibility.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min15111198/s1, Supplementary S1: pH; Supplementary S2:
Solvents; Supplementary S3: Temperature; Supplementary S4: Untreated CFA and APTES.
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The following abbreviations are used in this manuscript:

CFA coal fly ash
APTES  3-aminopropyltriethoxysilane

FTIR Fourier-transform infrared spectroscopy
NR natural rubber
SBR styrene-butadiene rubber
phr parts per hundred rubber
OFAT one-factor-at-a-Time
SEM scanning electron microscopy
AFM atomic force microscopy
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