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Keywords: ABSTRACT. The synthesis of clay-polymer composites has attracted considerable interest due to their
promising potential properties. The composites were prepared from Sumbermanjing pyrophyllite and
polyethylene glycol (PEG) 6000. This research aims to evaluate the influence of solvent and heating time
on the percent yield of the composites. Pyrophyllite-PEG composites were synthesized via the casting and
sol-gel methods with variations in solvent (demineralized water, methanol, acetone) and heating time (1,
1.5, and 2 hours). The highest yield (37.7239%) was achieved by a composite synthesized with acetone
and a 2-hour heating treatment. The composite prepared with demineralized water showed poorer PEG
diffusion into the pyrophyllite structure than did those prepared with methanol or acetone. A 2-hour
treatment produced a more uniform, relatively smaller porous structure, despite subtle differences across
various heating conditions. Statistical analysis revealed a significant difference among solvent treatments,
but no significant difference among heating times. The melting points of the 1-hour and 2-hour composites
were 120.7667 °C and 116.0333 °C, respectively, suggesting a successful composite synthesis. The
successful composite synthesis was further confirmed by Fourier Transform Infrared (FTIR) spectra,
which showed characteristic functional groups (O-H stretching, 3673.92 cm™!; C-H stretching, 2882.37
cm’'; AI-OH stretching, 1146.67 cm™).

composite;
polyethylene glycol,
pyrophyllite.

INTRODUCTION

Composite materials play an important role in technological development. Composite materials consist of
two or more distinct materials to produce a new product with more enhanced characteristics, with various
applications, such as bridges, car bodies, and biomedical (Callister and Rethwisch, 2020; Egbo, 2021). Clay-
polymer composites are promising materials due to their advantages for various applications, including efficient
removal of organic and inorganic contaminants (Amari ef al., 2021). These composites are synthesized by
combining clay minerals with polymers. The integrated polymer is absorbed onto the clay's surface. As the clay
layers reassemble, an intercalated nanocomposite forms, with the polymer filling the interlayer gaps (Buruga et
al., 2019). Pyrophyllite is an example of a clay mineral used extensively across various industries, including
pesticides, paper, plastics, and pharmaceuticals, and serves as an alternative to feldspar in the fiberglass industry
(Ali ef al., 2021). This mineral mainly consists of Si (57.7%), Al (16.7%), K (20.6%), Fe (2.47%), Ti (2.33%),
and Cu (0.088%), along with trace amounts of potassium oxide, vanadium oxide, and copper oxide occupying the
interlayer space of pyrophyllite (Mutrofin et al., 2018). Structurally, pyrophyllite is composed of an octahedral
layer with AI*" coordinated to oxygen and hydroxyl (OH") interposed between two SiOs tetrahedral sheets
containing Si*' as the center of the tetrahedral layer structure (Essalhi et al., 2017; Wang et al., 2023). Indonesia
has a vast abundance of pyrophyllite mineral deposits. The total estimated pyrophyllite in East Java alone is
approximately 65000 tons. Argotirto area in Sumbermanjing Wetan sub-district, located in Malang regency
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(Indonesia), hosts a potential pyrophyllite reserve (Martadiastuti et al., 2024). Given the extensive availability of
pyrophyllite in this area, additional research is needed on its physical and chemical properties relevant to the
synthesis of clay-polymer composites.

Polyethylene glycol (PEG) is a polymer composed of repeating ethylene oxide units with varying chain
lengths and molecular weights, synthesized by ring-opening polymerization of ethylene oxide using methanol or
water as the solvent (Gaballa et al., 2024). PEG is widely used across various industries due to its water-solubility,
low melting point, non-toxicity, inertness, and high hydrophilicity (Birca et al., 2019; Helsinta et al., 2021). The
linear-chain structure of PEG 6000 can potentially intercalate into the clay interlayers, resulting in a robust clay-
polymer composite. The presence of the PEG hydroxyl group supports this interaction. Furthermore, van der Waals
interactions also facilitate intercalation, arising from the difference in electrical charge between the clay and the
polymer (Et-tanteny et al., 2024). The abundance of pyrophyllite and its intercalation capability with PEG make
it a potential candidate for clay-polymer composites. The casting method involves placing the liquid material into
a shaped mold, allowing it to solidify, and then separating the mold (Krindli e al., 2021). The sol-gel technique
involves transforming a colloidal solution into a gel with extensive surface coverage and is relatively economical.
This technique works by mechanically stirring the solutions until homogeneous, followed by hydrolysis and
polycondensation, with the excess solvent removed by evaporation and heating (Choundhury, 2024).

In this study, the effects of solvent and heating time variations on the synthesis of composites prepared by
the casting and sol-gel methods were analyzed. Furthermore, the composites were characterized using Fourier
Transform Infrared (FTIR) and melting-point analysis. This study is expected to promote the potential use of
pyrophyllite and polyethylene glycol (PEG) in the development of clay-polymer composites.

RESEARCH METHODS
Equipment and Materials

The materials used in this research are pyrophyllite mineral from Sumbermanjing District, South Malang
(Indonesia), commercial polyethylene glycol (PEG) 6000, demineralized water, Whatman 42 filter paper, baking
paper, aluminum foil, methanol p.a (99.5%), and acetone p.a (99.5%), purchased from a local chemical supplier
in Malang, Indonesia. The equipment and instruments used in this research include pestle and mortar (Onemed),
analytical balance, 200 and 300 mesh sieves (Test Sieve), watch glass (Pyrex), magnetic stirrer (Thermo Scientific
Cimarec) and magnetic stirrer bar (2 centimeters long) (Thermo Scientific Cimarec), petri dish (Herma), glass
funnel (Pyrex), porcelain cup (Pyrex), furnace (Fisher Scientific Isotemp Muffle Furnace 550-14), melting point
apparatus (Ivymen WRS-1B) and Fourier Transform Infrared Spectroscopy (FTIR) spectrophotometer (Shimadzu
IR Spiri-T).

Preparation of Pyrophyllite Solution

The pyrophyllite was prepared by crushing 100 g of pyrophyllite into a fine powder using a mortar and pestle,
followed by screening through 200- and 300-mesh sieves. The pyrophyllite was further calcined at 300 °C for 5
hours and washed with 200 mL of deionized water in an Erlenmeyer flask on a magnetic stirrer at 300 rpm for 45
minutes, then filtered through a Whatman 42 filter paper. The product was further dried in a furnace at 300 °C for
1 hour, then cooled in a desiccator. A total of 1.5 g of pyrophyllite was added to three separate 50 mL beakers,
followed by the addition of 5 mL of the solvent (demineralized water, methanol, and acetone). The mixtures were
stirred at room temperature using a magnetic stirrer at 900 — 1000 rpm for 1 hour. The same procedure was repeated
three times for each solvent.

Preparation of PEG 6000 Solution

PEG solutions were prepared by adding 2 g of PEG 6000 into three separate 50 mL beakers, followed by 5
mL of each solvent (demineralized water, methanol, and acetone). These solutions were stirred at 900 — 1000 rpm
for 1 hour using a magnetic stirrer to ensure uniform distribution. The procedure was also repeated three times for
each solvent.

Composite Synthesis: Solvent Variation

The composites were prepared by adding the PEG solution to the pyrophyllite solution using the same
solvent, resulting in a mixture. The mixtures were stirred at 900 — 1000 rpm for 3 hours. The weight of the petri
dishes and the baking papers was measured using an analytical balance. The resulting solutions were placed on a
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petri dish lined with baking paper and dried in an oven at 100 — 105 °C for 1.5 hours before being placed in a
desiccator until completely dried. Among the solvent variations prepared, the one yielding the highest percent
yield was used to determine the optimal heating duration for the composites.

Composite Synthesis: Heating Time Variation

The PEG solution was added to the pyrophyllite solution prepared with the selected solvent from the previous
step. The mixtures were stirred at 900 — 1000 rpm for 3 hours before being placed on a petri dish lined with baking
paper and dried in an oven at 100 — 105 °C for 1, 1.5, and 2 hours. The final composites were cooled off in a
desiccator until dry. The same procedure was repeated three times for each solvent variation, and the percent yield
for each was calculated to determine the yield of each sample.

Characterization Techniques

The selected composites were characterized by FTIR spectroscopy to identify their functional groups. A
melting point apparatus was used to assess the thermal behavior of the composite samples. The thermal analysis
commenced at 110 °C with a controlled heating rate of 1 °C/min. Both onset and completion temperatures were
recorded by the instrument, indicating the temperature interval over which the sample transformed from the solid
to the liquid phase. The measurement relies on the heat absorbed by the sample during the phase change. This
transition temperature corresponds to the sample's melting point. The melting point of the samples was determined
as the average of the initial and final temperatures during melting.

Data Analysis

IBM SPSS software was used to perform statistical analyses of the data, including ANOVA, T-tests, and
Duncan Multiple-Range Test (DMRT). One-way ANOVA (Analysis of Variance) was performed to validate the
effects of varying the solvent and heating duration using Equations 1 — 4.

2
cF = Bhaslvy) (1)

hxn
SST =X, 3L, Y2 —CF (2)
2
SSB = Z?zl—l—l—(zpj“') — CF (3)
Sum of Squares Within groups (SSW) = SST — SSB 4

Description:

CF = correction factor

SST = total sum of squares

SSB = sum of squares between groups
SSW= sum of squares within groups

Y = representing the percent yield value

The null hypothesis (H,) and alternative hypothesis (H;) were used to determine whether treatments differ
significantly. The null hypothesis (Ho) states that varying the treatment within the sample has no difference in
means. The alternative hypothesis (H,) indicates that the means differ.

Frable = 2.447

If Fexp > Frante, Ho is rejected, indicating a difference.

Duncan Multiple-Range Test (DMRT) is a post hoc test used to perform pairwise comparisons within each
subset of means. This post hoc test compares dij with R, to determine whether there is a significant difference, as
shown in Equations 5 — 6.

MSE
Rp = Tapyv |7 (5)

dij = XA - XB (6)
Description:
R, = the closest significant range value for comparison
Top,v = studentized range statistic at a significance level of o, with p means and v degrees of freedom

MSE = mean square error from ANOVA
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n = number of replicates from each group
djj = difference between two means

X Xp = sample means of treatments A and B

p = range from 2 to the number of means
v = degrees of freedom

The t-test is a statistical method for comparing the means of two groups. If Texp > Tuable (the critical T value),
then there is a significant difference between the groups. The critical T value can be found in the Student's T table.
The calculation for Fisher's T-test to determine Texp is shown in Equation 7.

X1-X
t= 17422 (7)
52,53
ny n2
Description:

X,and X, =means of each group
S2and §Z = variances of each group
n,and n, =number of data in each group

RESULTS AND DISCUSSION
Percent Yield Data and Sample Observations

The percent yield was calculated by comparing the mass of the composites before and after heating, as shown
in Equation 8.

% Yield = % x 100% (8)
Description:
X  =dried composite + petri dish + baking paper (g)
Y = wet composite + petri dish + baking paper (g)
Z = petri dish + baking paper (g)

Table 1. Percentage yield data on various solvents.

Yield Average yield
Sample A B C D E (%) (%)
Wil 24.2508 36.0452 27.3073 11.7944 3.0565 259148 26.8195

w2 23.0803 33.6974 25.9955 10.6171 29152 27.4576
W3 23.5022 34.6972 26.5345 11.195 3.0323 27.0862

Ml 23.2413 31.4952 26.0821 8.2539 2.8408 34.4177 34.7833
M2 24.191 31.9248 27.0447 7.7338 2.8537 36.8990
M3 23.7966 33.0497 26.8532 9.2531 3.0566 33.0333
Acl 22.9664 31.6421 26.1192 8.6757 3.1528 36.3406 36.2680
Ac2 22.422 30.6741 25.4866 8.2521 3.0646 37.1372
Ac3 22.707 30.6688 25.5196 7.9618 2.8126 35.3262

*A = Total weight of the petri dish and baking paper, B = Total weight of the petri dish, baking paper and composites mixture before heating
process, C = Total weight of the petri dish, baking paper and composite after heating process, D = B-A, showing the weight of the composites
mixture, E = C - A, showing the weight of the composites final product, all mass unit is measured in grams.

The percent yield for solvent variation, categorized as demineralized water (W1-W3), methanol (M1-M3),
and acetone (Acl—Ac3), where the numbers (1-3) represent experimental replicates, is summarized in Table 1,
where acetone-based composites exhibited the highest yield among all tested solvents. Interaction between the
clay and polar solvents, such as water (W1 — W3), is hindered by the hydrophobic nature of pyrophyllite. However,
it possesses stronger interactions with less polar compounds such as methanol (M1 — M3) and acetone (Acl — Ac3)
(Ali et al., 2021). PEG 6000 polymers are usually considered low in polarity despite containing a C—O bond and
hydroxyl groups. Acetone is the least polar solvent with a dielectric constant value of 20.7 er. Since the dielectric
constant is proportional to polarity, this will lead to a stronger interaction between acetone and PEG 6000 than
between methanol and demineralized water (Ascencio-Media et al., 2024; John, 2019; Xochicale-Santana et al.,
2021). These properties facilitate better interactions and allow possible intercalation of PEG into the clay layers.
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One-way ANOVA using SPSS revealed the value of Fex, to be 43.7682, and the critical F value is 5.14 at a
significance level of 0.05. Fe, value exceeds the critical F value, suggesting that at least one treatment is
significantly different. The Duncan Multiple Range Test (DMRT) was then applied as a post hoc test for solvent
variation, with subset range comparisons of the sample means at a significance level of 0.05. Means within the
same subset have no significant difference, while means sitting in different subsets are significantly different from
each other.

The result of the DMRT post hoc test is presented in Table 2. Composites prepared with methanol and acetone
were not significantly different, as they fall into the same group, but composites prepared with demineralized sit
in subset 1, indicating a significant difference. This suggests that the solvent's polarity plays an important role in
the yield, since water is the most polar solvent among methanol and acetone. Based on this result, acetone was
selected for the heating time variation, as a high yield reflects the optimal interaction between pyrophyllite and
PEG, supporting a more stable composite product and minimizing synthesis losses.

Table 2. DMRT post hoc test result on various solvents.

Subset for alpha = 0.05

Treatment N

1 2
Demineralized water 3 26.8195
Methanol 3 34.7834
Acetone 3 36.2680
Sig. 1 0.2207

Based on the percent yield data presented in Table 3, the sample codes used in this study were designed to
systematically represent both the heating time and the experimental replicates. Each code consists of two parts:
the first number (1, 2, or 3) indicates the replicate number, while "T" followed by a number denotes the heating
duration in hours. For example, 1T1, 2T1, and 3T1 represent the first, second, and third replicates subjected to 1
hour of heating, respectively. Similarly, 1T1.5, 2T1.5, and 3T1.5 correspond to replicates heated for 1.5 hours,
while 1T2, 2T2, and 3T2 represent replicates heated for 2 hours.

The T2 sample exhibited the highest percent yield compared to the T1 and T2 samples. This phenomenon
may be attributed to the longer heating time, which enhances the mobility of PEG-6000 and allows it to intercalate
into the pyrophyllite structure, as the temperature can affect the physical properties of the composites. Longer
exposure to the heating process leads to better polymer diffusion, resulting in better intercalation than shorter
heating times (Chen et al., 2017). However, heating for 1 hour may result in an incomplete evaporation process
and inefficient reactions.

Table 3. Percentage yield data as a function of heating time.

Yield Average yield
Sample A B C D E (%) (%)
IT1 21.8476 29.7332 24.7172 7.8856 2.8696 36.3904 36.3536

2T1 23.6999 32.3563 26.7387 8.6564 3.0388 35.1047
3T1 23.9135 31.7608 26.8614 7.8473 2.9479 37.5658

ITL.S 22.9664 31.6421 26.1192 8.6757 3.1528 36.3406 36.1557
2TL.5 22.422 30.6741 25.4588 8.2521 3.0368 36.8003
3T1.5 22.707 30.6688 25.5196 7.9618 2.8126 35.3262

1T2 22.3791 29.7728 25.2095 7.3937 2.8304 38.2812 37.7239
2T2 23.2733 31.0417 26.1158 7.7684 2.8425 36.5905

3T2 23.5286 31.7892 26.6924 8.2606 3.1638 38.2999
*A = Total weight of the petri dish and baking paper, B = Total weight of the petri dish, baking paper and composites mixture before heating
process, C = Total weight of the petri dish, baking paper and composite after heating process, D = B-A, showing the weight of the composites
mixture, E = C - A, showing the weight of the composites final product, all mass unit is measured in grams.

The one-way ANOVA of the composite sample for heating variation, with each treatment considered an
individual group, yielded an Fex, value of 2.1537. The critical F value for df\=2, df,=6 at a significance level of
0.05 is 5.14. Therefore, Fexp<Fiable, making the null hypothesis not rejected, and there is no significant difference
declared. Post hoc analysis was not conducted because the F-statistic indicated no statistically significant

232
{oc) EERll| Copyright © 2026, Universitas Sebelas Maret, ISSN 1412-4092, ¢ ISSN 2443-4183


https://portal.issn.org/resource/ISSN/1412-4092
https://portal.issn.org/resource/issn/2443-4183
http://creativecommons.org/licenses/by-nc/4.0/

Mutrofin et al., ALCHEMY Jurnal Penelitian Kimia, Vol. 22(1) 2026, 228-240

difference. These results indicate that heating for 1, 1.5, or 2 hours does not produce a statistically significant
difference in percent yield.

The visual observations of the composites in solvent variations, along with their masses and percent yield,
are provided in Table 4. A relatively smooth surface is observed on the composites prepared with demineralized
water (W1 — W3) after the heating treatment. Most areas, including the edges, appeared slightly glossy, which
suggests less effective interaction between composite components due to the hydrophobicity nature of pyrophyllite
and the tendency of hydrogen bonding formation between PEG-6000 and water molecules, since PEG-6000 can
act as a hydrogen bonding acceptor, caused by the presence of oxygen in the polymer structure (Ali et al., 2021;
Fan et al., 2016). This phenomenon leads to poor diffusion of PEG into the clay's interlayer structure.

Methanol-based composites (M1 — M3) exhibited visibly rougher surfaces and a non-glossy surface
appearance accompanied by a macro-porous structure attributed to the evaporation process, indicating a better
intercalation process of PEG into the mineral matrix. Exposure to high temperatures causes composite samples
prepared with methanol to undergo harsh evaporation, yielding high porosity and surface irregularity due to
methanol's lower boiling point compared to that of demineralized water (Brini et al., 2017; Liu et al., 2025).
Composite samples prepared with acetone (A1l — A3) as the solvent exhibit a surface morphology similar to that
of methanol, with higher roughness due to acetone's low boiling point, which causes it to evaporate faster upon
contact with high temperatures, leaving a macroporous structure on the composite's surface (Elfasakhany, 2016).
A better intercalation process for the composites is suggested, resulting in a non-glossy surface appearance. The
decrease in the weight of the composite was observed due to the further drying process during storage in the
desiccator.

Table 4. Pictures and weights of the composite before heating, and the final product for each sample on various

solvents.

Mass of ‘the Picture of the Picture of the  Picture of the Mass of the .

Sample composite . . . final Yield
composite composite composite . o

1D before before heatin after heatin after 7 days composite (o)

heating (g) g g Y product (g)
Wi 11.7944 J 3.0565 25.9148
M1 8.2539 2.8408 34.4177
Al 8.6757 3.1528 36.3406

The visual appearance of the composite samples in Table 5 shows macro-porous surfaces and high
irregularity. This is due to acetone's low boiling point, which causes rapid, harsh evaporation from the composite's
surfaces (Elfasakhany, 2016). 1T1 — 3T1 samples exhibited the least macro-porous surface compared to 1T1.5 —
3T1.5 samples due to shorter heating time. 1T2 — 3T2 samples demonstrated a more uniformly porous surface
structure, with relatively smaller pores, and subtle differences between the variations. Thermal treatment may
degrade the composite's structure and volatilize certain components, thereby reducing pore size. However, during
prolonged heating, smaller pores can merge, leading to larger pores or even their disappearance (Li et al., 2021;
Yang and Ye, 2022). The relatively low homogeneity observed in composite samples may be assigned to the minor
oxide contents within the clay framework. Oxides, such as potassium oxide, vanadium oxide, and copper oxide,
occupying the interlayer space can hinder uniform intercalation of PEG (Shah et al., 2024).
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Table 5. Pictures and weights of the composite before heating and the final product for each sample at various
heating times.

Mass of .the Picture of the  Picture of the Picture of the Mass of the .
Sample composite . . . final Yield
D before heatin composite composite composite composite (%)
€ before heating  after heating after 7 days P ¢
(4] _ product (g)
IT1 7.8856 2.8696 36.3904
ITL.S 8.6757 3.1528 36.3406
1T2 7.3937 2.8304 38.2812

Melting Point Characterization

One-way ANOVA of heating time indicated no statistically significant difference among T1, T1.5, and T2
samples, although T2 showed the highest percent yield. From an efficiency standpoint, applying a 2-hour treatment
is considered excessive if statistical analysis shows no meaningful difference. The result showed a higher melting
point with 1 hour of treatment (120.7667 °C) than with 2 hours of heating (116.0333 °C). The melting point data
of T1 and T2 samples are shown in Table 6, and to examine the statistical difference between the two means, a T-
test was performed. The calculated T-value of 10.356 surpasses the critical T-value of 2.776 (df = 4, o = 0.05).
The null hypothesis is rejected, confirming a significant difference in the melting-point behavior of the composite
samples. These melting points lie between the melting point of pure pyrophyllite (~1580 °C) and pure PEG 6000
(~60 °C). The difference in melting points between the composite products and the raw material suggests the
formation of a new composite material with its own thermal properties, rather than a simple physical mixture,
since these values are also affected by the duration of the heating treatment (Ali et al., 2021; Altamimi and Neau,
2017). If the PEG existed solely as an unbound polymer, its melting point would be expected to remain unchanged.
However, the observed melting points of the composite indicate that PEG has entered an intercalation framework,
the stability of which is further affected by thermal exposure.

Extended heating duration may lead to structural alteration and degradation of the composites, such as the
breakdown of polymer chains into smaller fragments. This process can disrupt the intercalated clay and weaken
the interaction between PEG and pyrophyllite, potentially influencing the thermal stability of the composites and
lowering the melting point (Karbhari et al., 2021; Ogabi et al., 2021).

Table 6. Melting point data analysis of the composites for various heating times.

Sample Ini tizl‘\;[eltmg pomlt?inal Average Point Group Mean SD
1 hour heating time
1T1 119.8 120 119.9
2T1 121 121.2 121.1 120.7667 0.7572
3T1 121.2 121.4 121.3
2 hours heating time
1T2 115.8 116 115.9
2T2 116.2 116.4 116.3 116.0333 0.2309
3T2 115.8 116 115.9
FTIR Characterization

The IR spectra for 1 and 2 hours of heating are shown in Figure 1. O—H stretching vibration displays peaks
in both variations at 3673.92 cm™'. Bands at 3501.35 cm™ in T1 and 3507.05 cm™' in the T2 samples can be
attributed to the O—H stretching vibration of the PEG structure, indicating the presence of polymer in the composite
samples. The C—H stretching absorption was invariably observed at 2883.8 cm™! in both variations. Similarly, the
Al-OH pyrohyllite stretching band at 1146.67 cm™! was consistently present. The presence of PEG was indicated
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by C-O stretching at 1101.04 cm™ and 1103.89 cm! for T1 and T2 samples, respectively. The Si—-O—Al stretching
peaks at 671.71 cm™, as well as the AlOg octahedral vibration at 450.68 cm™!, are observed in both samples. Those
two vibrations belong to the pyrophyllite structure within the composites. Another AlOs octahedral peak shows
peaks at 536.26 cm’! in the T1 sample and 534.83 cm™! in the T2 sample. The FTIR data analysis uses the first
replication for both T1 and T2 samples, since all replications yielded similar wavenumbers and intensities.

Transmittance (a.u)

' 1 " I " I ' I " I ' 1 " I
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 1. IR spectra result of (a) pyrophyllite, (b) PEG 6000, (¢) 1T1, and (d) 1T2

Table 7. FTIR data analysis from raw material and 1-hour treatment composite.

Functional group Sample Wavenumber (cm™) Transmittance (%)
O-H stretching Pyrophyllite 3673.92 82.21
(Al-OH linkage) Composite 3673.92 88.56
O-H stretching PEG 6000 3464.27 96.56
Composite 3501.35 91.70
C—H stretching PEG 6000 2882.37 52.75
Composite 2883.80 52.21
C-O stretching PEG 6000 1279.31 55.74
Composite 1279.31 61.01
Si—O stretching Pyrophyllite 1121.00 61.94
Composite 1146.67 56.42
Al-OH bending Pyrophyllite 834.33 65.26
Composite 841.46 20.54
Si—O-Al bending Pyrophyllite 531.98 21.46
Composite 536.26 23.33

The FTIR data comparisons between the raw material and the composites after 1 hour of heating are
summarized in Table 7. These functional groups were chosen due to their unique characteristics, providing insights
into the chemical interactions and chemical environment within the composite samples. The IR data in Table 7
showed the transmittance rise in the observable peak at 3673.92 cm! from 82.21% in the raw material to 88.56%
for the O—H functional group belonging to pyrophyllite in the samples, indicating a modified chemical
environment affecting O—H pyrophyllite in the raw material and the composite (Tsai and Chang, 2024). A
wavenumber shift can be observed in the O-H stretching of the composite samples from 3464.27 cm! in the raw
material to 3501.35 cm! (blueshift), accompanied by a decrease in transmittance from 96.56% to 91.70%. The
wavenumber and intensity of the C—H stretching in the composite containing PEG-6000 are relatively constant,
indicating no significant chemical changes affecting the C—H bond. Similarly, the C-O stretching of PEG-6000
remained unchanged in intensity, though it was followed by an increase in transmittance from 55.74% to 61.01%.
Si—O stretching showed an increase in wavenumber from 1121.00 cm™ to 1146.67 cm™ followed by a reduction in
transmittance from 61.49% to 56.42%. AI-OH bending displayed a wavenumber increase from 834.33 cm™! in the
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raw material to 841.46 cm™' (blueshift) in the composite samples. This vibration also showed a transmittance
decrease of 65.26% in the raw material to 20.54% in the composite samples. Si—O—Al stretching showed a slight
increase in wavenumber (blueshift) from 531.98 cm-1 to 536.26 cm-1, with a small increase in transmittance
compared to the raw material, from 21.46% to 23.33%.

The wavenumbers and percent transmittance data for specific functional groups of composites after 2 hours
of heating (Table 8) showed that the O—H functional group at 3673.92 cm’!, assigned to the pyrophyllite, increased
in transmittance from 82.21% in the raw material to 88.25% in the composite samples. This may indicate the
difference in the chemical environment (Tsai and Chang, 2024). O—-H stretching band of PEG-6000 structure
shifted from 3464.27 cm™ in the raw material to 3507.05 cm™' (blueshift), accompanied by a reduction in
transmittance from 96.56% to 91.71%. C—H stretching associated with the PEG-6000 structure showed no
significant shift or changes in both wavenumber and percent transmittance. This may indicate no major chemical
alteration associated with the C—H bond. The C-O stretching maintained a consistent wavenumber marked by an
increase in transmittance from 55.74% to 11.92%. The Si—O stretching vibration of pyrophyllite shifted from 1121
to 1146.67 cm™', with a modest decrease in transmittance. A reduction in transmittance was observed from the Al-
OH bending vibration at 841.46 cm™! from 65.26% to 21.76%. Si—O-Al stretching showed a slight shift in
wavenumber (blueshift) from 531.98 cm™ to 534 cm! with a small decrease in transmittance compared to the raw
material from 21.46% to 22.86%.

Table 8. FTIR data analysis from raw material and 2-hour treatment composite.

Functional group Sample Wavenumber (cm™) Transmittance (%)
O—H stretching Pyrophyllite 3673.92 82.21
(AI-OH linkage) Composite 3673.92 88.25
O-H stretching PEG 6000 3464.27 96.56
Composite 3507.05 91.71
C—H stretching PEG 6000 2882.37 52.75
Composite 2883.80 51.99
C—O stretching PEG 6000 1279.31 55.74
Composite 1279.31 61.70
Si—O stretching Pyrophyllite 1121.00 61.94
Composite 1146.67 56.63
AI-OH bending Pyrophyllite 834.33 65.26
Composite 841.46 21.76
Si—O—Al bending Pyrophyllite 531.98 21.46
Composite 534.83 22.86

In the aluminosilicate structure, aluminum can act as a Lewis acid, forming a coordination bond with a Lewis
base such as OH". The oxygen atom of the PEG uses its electron pair to attack the aluminum (Figure 2). This bond
can participate in an O—H stretching, giving a more pronounced peak at 3673.92 cm’!. Since the reaction involves
an aluminum atom bonded to oxygen, this interaction appears to modify the Si—O—Al group, leading to changes in
wavenumber and percent transmittance compared to those of pyrophyllite as the raw material.
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Figure 2. The oxygen of the PEG-6000 interacts with the aluminum of the pyrophyllite.
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A difference in the chemical environment can affect the characteristics of a functional group. Oxygen's
electronegativity allows it to form hydrogen bonds with other molecules through intermolecular forces. Thus,
giving the possibility of the oxygen attached to silicon in the tetrahedral layer to interact with the hydrogen of the
OH group belonging to the PEG 6000 structure (Figure 3). This intermolecular interaction between pyrophyllite
and PEG 6000 shifts the OH absorption band of PEG 6000 to 3507.05 cm™!, decreasing its percent transmittance.
This occurs because the bond is less mobile, thereby lowering the OH vibrational absorption. The Si—O bond will
also be less polar, as the electron is drawn to bind to hydrogen on the PEG backbone, limiting bond motion and
decreasing its percent transmittance, as observed at 1146.67 cm™!. Figure 5 shows the interaction between oxygen
from pyrophyllite and hydrogen from the PEG 6000.
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Figure 3. The hydrogen bond formed between the oxygen of the pyrophyllite structure and the hydrogen atom of
PEG 6000.

Another possible interaction is a hydrogen bond between the oxygen atom of PEG 6000 and the hydrogen
atom of the pyrophyllite structure, as shown in Figure 4. Oxygen uses its lone pair to attack the hydrogen bonded
to it within the pyrophyllite. The hydrogen bond formed limits the flexibility of the AI-OH vibration, resulting in
a significant decrease in the percent transmittance of AI-OH at 841.46 cm™!,
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Figure 4. Hydrogen bond interaction between the oxygen of PEG 6000 and the hydrogen from pyrophyllite.

A weak intermolecular interaction can occur between the oxygen atom of the tetrahedral layer in the clay
framework and the carbon backbone of PEG 6000 (Figure 5). This weak intermolecular interaction is due to the
difference in the electronegativity between oxygen and carbon. The minor electron cloud within the carbon atom
of the PEG backbone is pulled to the oxygen of pyrophyllite, which causes the C—O bond of PEG to be more
polarized. Such interaction can increase the percent transmittance of C—O stretching vibration at 1279.31 cm™.
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Figure 5. A weak electrostatic interaction between the oxygen of the tetrahedral layer in pyrophyllite and the
carbon backbone of PEG.
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CONCLUSION

Pyrophyllite-Polyethylene glycol (PEG) 6000 composites were successfully synthesized using the casting
method and sol-gel technique. The composite samples with the highest yield (38.2999%) were obtained using
acetone as the solvent with a 2-hour heating time. The best performance may be due to the thermal behavior and
the interaction between the raw materials and the solvent used. The statistical results revealed a significant
difference in percent yield between composite samples prepared with demineralized water and those prepared with
other solvents, but no significant difference in various heating times. The composite samples prepared with
demineralized water showed a relatively smooth surface compared to other solvents, indicating poor polymer
diffusion into the clay structure. Acetone-based composites had the most porous structure among others in solvent
variation due to their low boiling point. The 2-hour samples exhibited a more even porous structure than the other
variations. Prolonged heating time may cause the pores to merge or shrink. This may also trigger decomposition
of the volatile component or structural damage. Melting point characterization using of 1-hour and 2-hours sample
resulted in melting point of 120.7667 °C and 116.0333 °C respectively with a significant difference from each
other, indicating the successful composite synthesis, this was further confirmed by FTIR analysis with the presence
of characteristic functional groups (O-H stretching, 3673.92 cm’!, C-H strectching, 2882.37 cm’!, AI-OH
stretching 1146.67 cm™), indicating some potential interactions between pyrophyllite and PEG.
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