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ABSTRACT. Hybrid materials are new materials formed by combining two or more components to 

produce enhanced and distinct properties from the individual constituents. One example is the hybrid 

system of pyrophyllite and PEG 4000. This hybrid has not been reported and has potential for various 

applications. Local (Sumbermanjing) pyrophyllite-PEG 4000 hybrid was synthesized using casting and 

sol-gel methods with variations in solvent type (demineralized water, methanol, acetone) and heating time 

(1, 1.5, 2 hours) at a temperature of 100 – 105 ℃. Acetone produced the highest yield (34.89%) due to 

superior solvent-material interactions, while two-hour heating achieved maximum yield (36.20%) through 

enhanced intermolecular bonding. Statistical analysis confirmed significant differences in solvent 

variations, while heating time showed no significant effect. FTIR characterization revealed specific 

functional groups O–H stretching (Al–OH linkage) at 3673.92 cm⁻¹, O–H stretching (3487.09 cm⁻¹), C–

O stretching (1103.89 cm⁻¹), and Al–OH bending vibration at 841.46 cm⁻¹, thus confirming successful 

hybrid formation. Melting point analysis showed 128.13 °C (1 hour heating time) and 124.83 °C (2 hours 

heating time), indicating new material formation.  

  

INTRODUCTION  

A hybrid is a material formed by two or more different components with their unique attributes. During the 

hybridization process, the best characteristics of the components integrate to create a new material with superior 

traits. One of the most documented hybrid uses clay (filler) and polymer (matrix). Clay minerals are hydrous 

aluminum silicates with particular properties of large surface area, ion exchange capacity, thermal stability, and 

others (Balkanloo et al., 2022). A polymer is defined as a macromolecule made up of many repeating monomeric 

units connected by covalent bonds. Polymers can be either natural, semi-synthetic, or synthetic. 

An example is polyethylene glycol (PEG). PEG is a synthetic polymer used for its hydrogel bioactive 

properties after being combined with clay (Gaballa et al., 2023). Adding clay to a polymer matrix like PEG allows 

for the formation of intercalated clay structures, which enhances the reinforcement provided by clay and the 

composite material’s mechanical, thermal, and electrochemical properties (Hernández, 2016). Montmorillonit-

PEG is a clay hybrid made of montmorillonite as a filler and PEG as a matrix with a melting temperature of  64.28 

°C (Mahmood et al., 2017). In the montmorillonite group, pyrophyllite can be used as a substitute clay to produce 

a clay-PEG hybrid material. 

Pyrophyllite is a clay commonly found in Indonesia, with the highest abundance in Sumbermanjing Wetan, 

Malang Regency, with 65,000 tons. Pyrophyllite is a neutral clay that forms a dioctahedral alumina sheet between 

two tetrahedral silica sheets (Martadiastuti et al., 2024). This clay has a chemical composition includes 57.7% 

silica, 16.7% alumina, 20.6% potassium, and other chemicals (Mutrofin et al., 2018). The pyrophyllite from 
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Sumbermanjing Wetan consists of a high amount of silica of 85% (Winarno et al., 2024). This high silica content 

contributes to high melting point values of pyrophyllite with 1580 °C (Ali et al., 2021). 

Hydrophilic polymers of polyethylene glycol (PEG) have a molecular weight between 200 and 35000 g/mol. 

Polyethylene glycol can be represented as HO–(CH₂CH₂O)ₙ–H, where ‘n’ indicates the number of repeating units 

of ethylene oxide, which determines the polymer molecular weight and physicochemical properties (Gaballa et 

al., 2023). One example of a compound is polyethylene glycol 4000 (PEG-4000), a synthetic polymer with a 

molecular weight of 3500 – 4500 g/mol derived from ethylene glycol monomers (Money, 1989). This polymer has 

a melting point of 58 °C (Fadly et al., 2017), commonly used as a humectant and skin conditioning agent in 

cosmetics, for concrete in construction, and as an emulsifier in the food industry (Gaballa et al., 2023). PEG 4000 

was chosen in this study due to its mid-range molecular weight, which affords a good blend of chain mobility and 

intercalation capability in forming a clay-PEG hybrid. The higher molecular weights of PEG can make a difficult 

intercalation process because they become mobile, flexible strands that coil into rigid and sluggish chains 

(Faradilla et al., 2019). 

Some methods are applied to synthesize a hybrid, including the casting and sol-gel methods. The casting 

method involves the formation of homogeneous composites through a solidification process, which results in 

improved mechanical properties and heat resistance (Adeleke et al., 2022). Meanwhile, the sol-gel method is a 

method that transforms a liquid substance into a solid phase through hydrolysis or alcoholysis. This method can 

be carried out in low-temperature environments with particular particle size control (Danks et al., 2016). Based on 

the exceptional properties of both materials, a composite of local pyrophyllite from Sumbermanjing and PEG 4000 

can be produced by combining the sol-gel and casting methods with three solvent types and different heating 

durations. The composite produced was further characterized using Fourier Transform Infrared (FTIR) and melting 

point analysis. 

 

RESEARCH METHODS 

The materials used in this research are pyrophyllite obtained from Sumbermanjing District of South Malang, 

commercial PEG 4000, methanol p.a (99.5%), acetone p.a (99.5%), and demineralized water. The equipment and 

instruments utilized included a drop pipette (Onemed), glass stirrer (Pyrex), mortar stamper pestle (Onemed), 150 

and 200 mesh sieve (Test Sieve), watch glass (Pyrex), digital balance, oven, glass funnel (Pyrex), desiccator 

(Duran), 50 mL and 250 mL beaker (Pyrex), 50 mL and 250 mL Erlenmeyer (Pyrex), 10 mL and 50 mL measuring 

cup (Pyrex), porcelain cup (Pyrex), bar magnetic stirrer (2 cm), magnetic stirrer (Thermo Scientific Cimarec), 

aluminum foil, capillary tube, FTIR spectrophotometer (Shimadzu IR Spiri-T) and melting point apparatus 

(Ivymen WRS-18). 

 

Preparation of Sumbermanjing Pyrophyllite Solution 

The pyrophyllite was ground into a powder and subsequently sifted with a 200-mesh screen. The powder that 

passed through the 200-mesh sieve and was held back by the 300-mesh sieve was collected. An amount of 100 g 

fraction was taken to serve as a sample with 200 – 300 mesh dimensions. Subsequently, the pyrophyllite was 

subjected to heating in a furnace at 300 °C for 5 hours. After heating, the pyrophyllite was allowed to cool in a 

desiccator. The pyrophyllite was then washed by mixing it with demineralized water at a ratio of 1:2 using a 

magnetic stirrer at 300 rpm for 45 minutes. The stirred pyrophyllite was filtered through Whatman 42 filter paper. 

Subsequently, the filtrate obtained was heated again in a furnace at 300 °C for 1 hour. The filtrate was then cooled 

in a desiccator, and the prepared pyrophyllite was collected. The 1.5 g of pre-processed pyrophyllite was placed 

into several 50 mL beaker glasses. Following this, 5 mL of each solvent (demineralized water, methanol, and 

acetone) was added to separate beakers containing the pyrophyllite. Each beaker was securely covered with plastic 

wrap. The mixtures were stirred using a magnetic stirrer for 1 hour at a speed of 900 – 1000 rpm to ensure thorough 

mixing and uniform distribution of the components. The procedure was repeated three times for each pyrophyllite 

solution in the various solvents.  

  

Preparation of PEG 4000 solution 

An amount of 2 g of PEG 4000 was weighed using an analytical balance. The PEG 4000 was then placed 

into several 50 mL beakers and dissolved using different solvents, namely 5 mL of demineralized water, methanol, 

and acetone, in separate beakers. Each beaker was securely covered with plastic wrap. The mixtures were stirred 
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for 1 hour at a speed of 900 – 1000 rpm. The procedure was repeated three times for each PEG 4000 solution in 

various solvents. 

 

Synthesis of Sumbermanjing Pyrophyllite-PEG 4000 Hybrid (Solvent Variation) 

The prepared PEG 4000 solution from the previous stage was added to a beaker containing the pyrophyllite 

solutions in the same solvents. Then the beaker was covered with plastic wrap and was stirred using a magnetic 

stirrer for 3 hours at a speed of 900 – 1000 rpm. The lined empty petri dishes were prepared and weighed using an 

analytical balance. The suspensions that had been stirred were transferred into petri dishes. The suspensions were 

heated in an oven at 100 – 105 °C for 1.5 hours. The composites were placed in a desiccator for 7 days. After 

seven days of synthesis, the percentage yield of the composite in each variation was determined, and the solvent 

that produces the highest yield composite is selected as a solvent for the next stage. The percent yield of the hybrid 

was determined after being placed in a desiccator for 7 days. Equation 1 was used to calculate the percent yield of 

the hybrid. 

% 𝑌𝑖𝑒𝑙𝑑 =
𝐴−𝐶

𝐵−𝐶
𝑥 100                                 (1) 

Description : 

A = dried composite + petri dish + baking paper (g) 

B = wet composite + petri dish + baking paper (g) 

C = petri dish + baking paper (g) 

Synthesis of Sumbermanajing Pyrophyllite-PEG 4000 Hybrid (Heating Time Variation) 

The composite in the heating time duration was prepared by combining the pyrophyllite solution and PEG 

4000 solution using the selected solvent from the previous stage. Each beaker was covered with plastic wrap, and 

the solutions were stirred for 3 hours at 900 – 1000 rpm. The lined empty petri dishes were prepared and weighed 

using an analytical balance. After the stirring process, the resulting suspensions were transferred into petri dishes. 

The samples in the petri dishes were then heated in an oven at 100 – 105 °C for 1 hour and 2 hours. The composites 

were placed in a desiccator for 7 days. The percentage yield of the composite in each variation was calculated 

using Equation 1, and the highest percentage was determined after 7 days of synthesis. 

 

Characterization of Sumbermanjing Pyrophyllite-PEG 4000 Hybrid 

The hybrids with the highest percentage yield and the shortest heating duration were selected for further 

analysis. The higher yield percentage obtained indicates a good interaction between pyrophyllite and PEG 4000, 

while the shortest heating time was chosen due to the efficiency of the hybrid synthesis time. The selected hybrid 

underwent comprehensive characterization through several analytical techniques. Initially, FTIR spectroscopy was 

performed to identify the chemical bonds and functional groups in the synthesized hybrid samples by measuring 

the uptake of infrared radiation at specific frequencies. Consequently, melting point tests were conducted to 

evaluate the thermal properties of the hybrid, using a melting point apparatus (Ivymen WRS-18). Thermal testing 

using a melting point apparatus was carried out by placing approximately 1 mg of the hybrid into a capillary tube. 

The tube was positioned in the sample holder, with the initial temperature set at 110 °C and the heating rate 

maintained at 1 °C per minute. The test was initiated by pressing the start button and concluded when the initial 

and final melting temperatures of the hybrid were displayed on the screen. 

 

Data Analysis 

The data obtained in this study were analyzed using the IBM SPSS Statistics software. A one-way analysis 

of variance (ANOVA) was conducted to evaluate the effects of solvent variation and heating duration on the yield 

percentage in the synthesis of the Sumbermanjing pyrophyllite–PEG 4000 hybrid. Solvent type and heating time 

served as independent variables, with yield percentage as the dependent variable. Each treatment was performed 

in triplicate. Duncan’s test was used for post-hoc comparison, and a T-test was conducted to evaluate statistically 

significant differences in melting point between sample groups. All statistical tests were conducted at a 

significance level of α = 0.05.  
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RESULTS AND DISCUSSION 

Percent Yield Data and Visual Appearance of The Hybrid 

In solvent variation, the highest yield (34.89%) was obtained from the pyrophyllite–PEG 4000 hybrid 

synthesized using acetone, while the lowest yield (27.09%) was from the hybrid using demineralized water (Table 

1). The methanol-based hybrid showed a yield of 34.06%. Acetone has the largest molecular diameter (6.16 Å) 

compared to the other solvents. This larger molecular diameter can promote more efficient enlargement of the 

silicate layers in the pyrophyllite structure, resulting in a broader interlayer spacing. This, in turn, allows PEG 

4000 molecules to integrate more optimally into the pyrophyllite structure (Qiao et al., 2013). Demineralized water 

has the highest polarity index (10.2), indicating greater polarity than methanol (5.1) and acetone (5.1). However, 

since pyrophyllite is relatively hydrophobic and less polar, it interacts poorly with highly polar demineralized 

water, thereby hindering hybrid formation. In contrast, methanol and acetone, which have moderate polarity, 

enable better compatibility with pyrophyllite, facilitating hybrid synthesis. The amphoteric PEG 4000 dissolves 

well in all three polar solvents due to interactions between hydroxyl groups and solvent molecules, promoting 

uniform dispersion and influencing hybrid structure and properties (Özdemir and Güner, 2007).   

Table 1. Percent yield data of the hybrid (solvent variation). 

Hybrid code  Percentage yield (Average) 

DW (Demineralized water) 27.09% 

M (Methanol) 34.06% 

A (Acetone) 34.89% 

 

The visual appearance data presented in Table 2 indicate that all three types of hybrids synthesized using 

different solvent variations exhibited the formation of new materials, as evidenced by a noticeable change in color. 

The resulting hybrids displayed a dark brown color, contrasting the original light brown color of pyrophyllite and 

the transparent nature of PEG 4000. A hybrid prepared with methanol and acetone exhibits pores on the surface 

after oven heating at 100 – 105 °C, while those with demineralized water didn’t show any pores on the surface of 

the hybrid (Table 2). This is attributed to the lower boiling points of methanol (64.6 °C) and acetone (56.0 °C), 

which evaporate more rapidly than water (100 °C), leading to pore formation due to rapid solvent vapor release 

(Zhao et al., 2024). Based on the yield percentage results, acetone was chosen as the optimal solvent for 

pyrophyllite-PEG 4000 hybrid synthesis due to its highest yield. The use of a high-yield solvent is essential to 

ensure effective interaction and dispersion between PEG 4000 and the pyrophyllite matrix, promoting stable hybrid 

formation and reducing material loss during synthesis. This selection is crucial for subsequent analyses, including 

heating time variation. 

Table 2. Visual appearance of the hybrid (solvent variation). 

Hybrid code Hybrid before heating Hybrid after heating 

DW (Demineralized water) 

  

M (Methanol) 

  

A (Acetone) 

  
 

Furthermore, in heating time variation, based on percent yield data represented in Table 3, the highest percent 

yield (36.20%) was achieved at a heating duration of 2 hours at 100 – 105 °C. In contrast, the lowest yield was 

observed at 1.5 hours at 34.89%. Moreover, the hybrid that used an 11-hour heating time resulted in a 35.64% 

percent yield. This variation may be attributed to the influence of heating time on solvent evaporation, reaction 

efficiency, and potential thermal degradation during synthesis (Riesco-Avila et al., 2022). At shorter heating 

durations, such as 1 hour, the yield was higher than at 1.5 hours, possibly due to incomplete solvent evaporation. 
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However, after 2 hours, the yield increased again, likely due to improved solvent removal and the formation of a 

more stable hybrid structure.  

Table 3. Percent yield data of the hybrid (heating time variation). 

Hybrid code  Percentage yield (Average) 

T1 (1 hour heating time) 35.64% 

T1.5 (1.5 hours heating time) 34.89% 

T2 (2 hours heating time) 36.20% 

 

The visual appearance data presented in Table 4 indicate that all three types of hybrids synthesized using 

different heating time variations exhibited the formation of new materials, as evidenced by a noticeable change in 

color. The resulting hybrids displayed a dark brown color, contrasting with the original light brown of pyrophyllite 

and the transparent nature of PEG 4000. Additionally, the longer the heating time, the smaller the pore size in the 

resulting hybrid (Table 4). This happens because longer heating causes changes in the material structure, where 

the particles in the hybrid begin to fuse (sintering) and some pores are narrowed or even closed. At high 

temperatures, pore restructuring occurs due to increased internal pressure, making the pore size smaller. In 

addition, longer heating can cause pore collapse due to phase changes and material displacement within the hybrid 

structure (Li et al., 2021). 

Table 4. Visual appearance of the hybrid (heating time variation). 

Hybrid code Hybrid before heating Hybrid after heating 

T1 (1 hour heating time) 

  

T1.5 (1.5 hours heating time) 

  
T2 (2 hours heating time) 

  
 

Percent Yield Statistical Analysis 

The percent yield data from each variation were further analyzed using one-way ANOVA analysis and 

Duncan test to determine the treatment differences. In solvent variation, the One-way ANOVA results (Table 5) 

showed a significant difference among treatments (F(2,6) = 56.65, p < 0.001). Levene’s test result (Table 6) shows 

each treatment’s confidence interval and indicates that the assumption of equal variances is met (p = 0.80). The 

result of the normality test in Table 7 shows that all data groups are normally distributed and the normality 

assumption is satisfied (p > 0.05). Additionally, the post hoc analysis was subsequently performed to determine 

specific treatment differences. Duncan’s Multiple Range Test (DMRT) showed groups of means within the same 

subset had no significant differences, while treatment groups containing means from different subsets differed 

significantly. The demineralized water treatment (mean = 27.09) was assigned to subset 1 (different from methanol 

and acetone treatments, means = 34.06 and 34.89). Meanwhile, methanol and acetone were treated as a combined 

treatment for purposes of analysis because each had a similar effect compared to demineralized water (Table 8). 

Table 5. ANOVA for solvent variation. 

Source of Variances Sum of Squares Df Mean Square F Sig.  

Between Groups 110.10 2 55.05 56.65 <0.001 

Within Groups 5.83 6 0.97   

 Total 115.93 8    
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Table 6. Levene’s test for homogeneity of variances and confidence interval. 

Groups SD 
95 % Confidence Interval for Mean Levene Statistic 

 

df1 

 

df2 

 

Sig. 

 Lower Upper 

Demineralized Water 1.02 24.55 29.63 
0.22 2 6 0.80 

Methanol 1.09 31.34 36.79 

 

Table 7. Test of normality for solvent variation. 

Groups 
Shapiro-Wilk 

Statistics Df Sig. 

Demineralized water 0.83 3 0.21 

Methanol 0.92 3 0.47 

Acetone 0.77 3 0.06 

 

Table 8. Duncan Multiple Range Test (DMRT) result (solvent variation). 

Treatment N Subset of alpha = 0.05 

1 2 

Demineralized water 3 27.09  

Methanol 3  34.06 

Acetone 3  34.89 

Sig.  1 0.34 

 

 Moreover, the ANOVA test result (Table 9) shows there is no significant difference in heating time variation 

(F(2,6) = 1.23, p = 0.35). This result did not require further post hoc analysis, and it can be stated that there were 

no significant differences in heating time variation. The Levene’s test result (Table 10) revealed the confidence 

interval and confirmed the assumption of equal variances within the data (p = 0.13). The normality test result, 

Table 11, exhibits that all data groups followed a normal distribution, and the normality assumption is fulfilled (p 

> 0.05). 

Table 9. ANOVA for heating time variation.  

Source of Variances Sum of Squares df Mean Square F Sig.  

Between Groups 2.62 2 1.31 1.23 0.35 

Within Groups 6.38 6 1.06   

Total  9.00 8    

 

Table 10. Levene’s test for homogeneity of variances and confidence interval.  

Groups SD 
95 % Confidence Interval for Mean Levene Statistic 

 

df1 

 

df2 

 

Sig. 

 Lower Upper 

1 hour 0.34 34.78 36.51 

2.88 2 6 0.13 
1.5 hours 0.81 32.86 36.92 

2 hours 1.55 32.35 40.06 

Total 1.06 34.76 36.39 

 

 Table 11. Test of normality for heating time variation.  

Groups 
Shapiro-Wilk 

Statistics Df Sig. 

1 hour 0.99 3 0.81 

1.5 hours 0.77 3 0.06 

2 hours 0.96 3 0.65 

 

 The percentage yield data acquired from the heating time versions and the usage of the chosen solvent from 

the solvent variation procedure, supported by statistical analysis, indicate that there is no significant difference 

among the heating time versions. Therefore, the pyrophyllite-PEG 4000 hybrid, organized with one-hour and two-

hour heating durations, was selected for additional characterization using infrared and melting point analysis. 
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Further testing was carried out on the pyrophyllite-PEG 4000 hybrid synthesized with a two-hour heating duration, 

as it exhibited the best yield percent compared to the other variations. Additionally, the choice of the pyrophyllite-

PEG 4000 hybrid with a one-hour heating period was based on time efficiency concerns, as its yield became not 

significantly different from that of the two-hour variation.   

 

Fourier Transform Infrared Characterization 

Fourier Transform Infrared Spectroscopy (FTIR) spectra of pyrophyllite–PEG 4000 hybrid made with 

heating times of 1 and 2 hours are presented in Figure 1. The spectra were acquired inside the interval of 4000 – 

400 cm⁻¹. The intensity of each specific functional group from the raw material is recorded to identify the changes 

or shifts in the new spectra of the hybrid. The interactions between the components can be determined by 

comparing the intensities of the characteristic peaks. In the hybrid with one-hour heating time (Table 12), a peak 

at 3673.92 cm⁻¹ was observed, indicating O–H stretching groups from Al–OH linkage in pyrophyllite, with an 

increase in vibration intensity from 82.21% to 87.95%. A blue shift was also observed in the O–H stretching region 

of PEG 4000, from 3428.61 cm⁻¹ to 3501.35 cm⁻¹, accompanied by a slight decrease in intensity from 92.43% to 

91.98%. Aliphatic C–H stretching vibrations exhibited a blue shift from 2882.37 cm⁻¹ to 2883.80 cm⁻¹ with 

increased intensity from 49.73% to 50.62%. The Si-O stretching group absorption from pyrophyllite showed a 

blue shift from 1121.00 cm⁻¹ to 1146.67 cm⁻¹ with a decrease in intensity from 61.94% to 57.36%. The C–O 

stretching groups of PEG 4000 confirmed a slight blue shift from 1098.18 cm⁻¹ to 1101.04 cm⁻¹, with intensity 

increasing from 10% to 11.05%. A blue shift at 834.33 cm⁻¹ from 841.46 cm⁻¹ with a decrease in intensity from 

67.5% to 19.30% occurs, indicating the Al–OH bending group from pyrophyllite. The red shift was also observed 

at 529.12 cm⁻¹ compared to 531.98 cm⁻¹, indicating Si–O–Al bending from pyrophyllite with intensity increasing 

from 21.46% to 23.57%. 

 
Figure 1. FTIR spectra (a) pyrophyllite, (b) polyethylene glycol 4000, pyrophyllite PEG hybrid prepared in (c) 

one-hour heating time, and (d) two-hour heating time. 
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Table 12. FTIR data analysis of pyrophyllite PEG hybrid prepared in a one-hour heating time. 

Functional group Sample Wavenumber (cm⁻¹) Intensity (%) 

O–H stretching  

(Al–OH linkage) 

Pyrophyllite 3673.92 82.21 

Hybrid 3673.92 87.95 

O–H stretching PEG 4000 3428.61 92.43 

Hybrid 3501.35 91.98 

Aliphatic C–H stretching PEG 4000 2882.37 49.73 

Hybrid 2883.80 50.62 

Si–O stretching Pyrophyllite 1121.00 61.94 

Hybrid 1146.67 57.36 

C–O stretching PEG 4000 1098.18 10.00 

Hybrid 1101.04 11.05 

Al–OH bending Pyrophyllite 834.33 65.26 

Hybrid 841.46 19.30 

Si–O–Al bending Pyrophyllite 531.98 21.46 

Hybrid 529.12 23.57 

 

Moreover, in the IR spectra of the hybrid prepared in a two-hour heating time (Table 13), a prominent 

absorption peak at 3673.92 cm⁻¹ of O–H stretching vibrations in Al–OH linkage of pyrophyllite is observed with 

an increase in the intensity from 82.21% to 89.39%. There was a blue shift which was seen from O–H stretching 

vibrations of the PEG 4000 at 3428.61 cm⁻¹ to the range of 3487.09 cm⁻¹, though the intensity decreased from 

92.43% to 88.66%. A minor blue shift indicated an aliphatic C–H stretching group at 2882.37 cm⁻¹ to the range of 

2883.80 cm⁻¹ and increased intensity from 49.73% to 51.78%. The Si–O stretching group absorption from 

pyrophyllite showed a blue shift from 1121.00 cm⁻¹ to 1143.82 cm⁻¹, with a decrease in intensity from 61.94% to 

55.13%. The C–O stretching groups of PEG 4000 confirmed a slight blue shift from 1098.18 cm⁻¹ to 1103.89 cm⁻¹, 

with the stable intensity in 10%. Furthermore, a blue shift at 834.33 cm⁻¹ from 841.46 cm⁻¹ indicated the Al-OH 

bending group from pyrophyllite, with a decrease in intensity from 67.5% to 22.16%. The blue shift was also 

observed at 536.26 cm⁻¹ compared to 531.98 cm⁻¹, indicating Si–O–Al bending from pyrophyllite with intensity 

increasing from 21.46% to 23.90%. 

Table 13. FTIR data analysis of pyrophyllite PEG hybrid prepared in a two-hour heating time. 

Functional group Sample Wavenumber (cm⁻¹) Intensity (%) 

O–H stretching  

(Al–OH linkage) 

Pyrophyllite 3673.92 82.21 

Hybrid 3673.92 89.39 

O–H stretching PEG 4000 3428.61 92.43 

Hybrid 3487,09 88.66 

Aliphatic C–H stretching PEG 4000 2882.37 49.73 

Hybrid 2883.80 51.78 

Si–O stretching Pyrophyllite 1121.00 61.94 

Hybrid 1143.82 55.13 

C–O stretching PEG 4000 1098.18 10.00 

Hybrid 1103.89 10.00 

Al–OH bending Pyrophyllite 834.33 65.26 

Hybrid 841.46 22.16 

Si–O–Al bending Pyrophyllite 531.98 21.46 

Hybrid 536.26 23.90 

 

In the pyrophyllite-PEG 4000 hybrid synthesis process, hydrogen bond formation occurs between the oxygen 

atom of the hydroxyl group of polyethylene glycol (PEG) 4000 and the hydrogen atom on the Al–OH group of 

pyrophyllite in the octahedral layer on the basal side (Figure 2). This interaction causes an increase in the intensity 

of O–H vibrations bound to Al, indicated by an increase in the O–H stretching (Al–OH linkage) absorption peak 

at a wave number of 3673.92 cm-¹ in the hybrid compared to pure pyrophyllite. In addition, the formation of 

hydrogen bonds also causes a reduction in the flexibility of the bending vibration angle of the Al–OH group in the 
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pyrophyllite structure. This limits the deformation movement, so the intensity of Al–OH bending vibrations in the 

hybrid decreases, which is seen at a wave number of 841.46 cm-¹ compared to pure pyrophyllite. 

 
Figure 2. Hydrogen bond interaction between the oxygen atom in PEG 4000 and the hydrogen atom in 

pyrophyllite. 

 

In addition, during the hybrid synthesis process, a Lewis acid-base interaction is suspected to occur between 

the oxygen atoms of the C–O group in PEG 4000 as a Lewis base and the aluminium atoms coordinated in the Si–

O–Al structure of the pyrophyllite octahedral layer as a Lewis acid (Figure 3). In this interaction, the free electron 

pair of the PEG oxygen atom can bind to the Al atom, forming the possibility of a coordination bond. The formation 

of this interaction causes the C–O bond to become more polarized, so that the stretching vibrations of the C–O 

group become more active towards infrared absorption. This can be seen from the increase in the intensity of C–

O stretching vibrations at a wavenumber of 1103.89 cm-¹ in the hybrid spectrum when compared to pure PEG 

4000. Additionally, this interaction can also affect the environment around the Si–O–Al group in pyrophyllite, 

making Si–O–Al bending vibrations more active towards IR, which is seen from the increase in absorption 

intensity at wavenumber 531.98 cm-¹ in the hybrid compared to pure pyrophyllite. 

 
Figure 3. Covalent coordination bonding between oxygen atoms in PEG 4000 and aluminum atoms in 

pyrophyllite. 

 

Moreover, during the hybrid synthesis process, it is suspected that hydrogen bond formation occurs between 

the oxygen atoms of the Si–O–Al group in the pyrophyllite octahedral layer (lateral side) and the hydrogen atoms 

of the hydroxyl group (–OH) in PEG 4000 (Figure 4). The formation of this hydrogen bond causes the dipole 

moment in O–H stretching vibrations to decrease, because some of the H atoms from OH interact with the O atoms 

from pyrophyllite. As a result, the intensity of O–H stretching vibrations in the hybrid decreased, which can be 

seen in the absorption band around 3487.09 cm-¹, compared to pure PEG 4000. 

 
Figure 4. Hydrogen bonding between oxygen atoms in pyrophyllite and hydrogen atoms in PEG 4000. 
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Melting Point Characterization 

The melting point analysis of pyrophyllite–PEG 4000 hybrid, synthesized at heating durations of 1 and 2 

hours, revealed changes in thermal properties compared to the raw materials. The initial temperature used in the 

test is 110 °C, and the heating speed is 1 °C per minute. The melting point apparatus screen displays an initial and 

a final temperature after the melting point test finishes, indicating a temperature range at which the sample 

transforms from the solid to liquid phase (melt). During this characterization, the heat applied to the sample is 

absorbed, causing a phase change in the sample. The temperature at which this occurs wass recorded as the melting 

point.  

The hybrid heated for 1 hour showed an average melting point of 128.13 °C, while the 2-hour variation had 

an average of 124.83 °C. These values, which fall between the melting points of pure pyrophyllite (~1580 °C) and 

PEG 4000 (53 – 58 °C), indicate successful interaction between the two materials, confirming the formation of a 

new hybrid structure (Ali et al., 2021; Fadly et al., 2017). Consequently, the melting point changes within the 

hybrid indicate the interaction between pyrophyllite and PEG 4000 during the synthesis technique. The 

pyrophyllite–PEG 4000 hybrid exhibited different melting points depending on heating duration. The one-hour 

heating time produced a higher average melting point than the two-hour variation. This difference may be 

attributed to reduced crystallinity at longer heating times.  
Heating significantly affects the crystallinity of polymer-based hybrids by rearranging their molecular 

structures. However, prolonged heating seemed to reduce the number of crystalline regions because more chains 

achieved sufficient thermal energy to become amorphous well before melting (Denry et al., 2012). This loss of 

crystallinity as a result of thermal chain mobility occurs because the structured lattice is disrupted, leading to a 

lower degree of crystallinity and melting point. The irregularly ordered, “amorphous” regions are easier to flow 

past forces between molecules and require less energy, resulting in a lower melting point (Abdul et al., 2020). On 

the other hand, crystalline solids have their atoms arranged in a regular, three-dimensional pattern, leading to 

higher bond-breaking energy and melting point (Wieczerzak et al., 2023). In addition, longer heating times might 

have caused hybrid degradation, which could cause structural changes. Such degradation may weaken the PEG 

and pyrophyllite interaction with intercalated clay and thus lower the thermal stability of the hybrid and reduce its 

melting point (Leszczyńska et al., 2007). 

 In addition, the difference in surface charge of the two clays helps explain why the pyrophyllite–PEG 4000 

hybrid has a higher melting point than the montmorillonite–PEG hybrid. In montmorillonite, increased layer 

charge decreases thermal stability because of structural defects and layer collapse during heating. This supports 

the concept that negative layer charge in montmorillonite contributes to its hybrids having lower melting points 

(Qin et al., 2021). However, pyrophyllite has a weaker surface charge, which means stronger interactions with 

PEG, leading to less intercalation. Consequently, PEG chains are more ordered, increasing the hybrid’s 

crystallinity and melting point. 

 

Melting Point Statistical Analysis 

The melting point of hybrids prepared in one- and two-hour heating time were analysed further with the T-

test analysis. The mean value for the one-hour heating treatment was 128.13 with a standard deviation (SD) of 

1.10, while the mean value for the 2-hour heating treatment was 124.83 with an SD of 0.58. Levene’s test for 

equality of variance indicated no significant difference in variances; thus, equal variances were assumed (F = 0.91, 

p = 0.39). Furthermore, the independent T-Test showed a considerable difference between one- and two-hour 

heating treatment (t(4) = 4.56, p = 0.01, 95% CI [1.29, 5.31]) (Table 14). 

 Table 14. T-test analysis of the hybrid melting point. 

Heating 

Treatments  
N Mean SD 

Levene’s 

Test t df 
Sig. (two 

sided-p) 

95% Confidence Interval of 

the Difference 

F Sig. Lower Upper 

One-hour 3 128.13 1.10 

0.91 0.39 4.56 4 0.01 1.29 5.31 Two-hours 3 124.83 0.58 

Total  6 126.48 1.97 

 

CONCLUSION  

This study successfully synthesized Sumbermanjing pyrophyllite-PEG 4000 hybrid using combined casting 

and sol-gel methods. Acetone proved to be the optimal solvent with the highest yield (34.89%), while 2-hour 
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heating produced the most stable hybrid structure (36.20% yield). Statistical analysis confirmed significant 

differences among solvent treatments but no significant effect of heating time variations. Infrared confirmed the 

formation of new hybrids through the appearance of characteristic functional groups, including O–H stretching 

(Al–OH linkage) at 3673.92 cm⁻¹, O–H stretching (3487.09 cm⁻¹), C–O stretching (1103.89 cm⁻¹), and Al–OH 

bending vibration at 841.46 cm⁻¹. These spectra demonstrate successful chemical interaction between components. 

Melting point analysis showed new values of 128.13 °C and 124.83 °C for one- and two-hour heating durations, 

respectively, confirming the formation of a new material. 
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