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ABSTRACT 

 

The Al-MCM-41 was successfully synthesized from red mud as silica and alumina source. The synthesis 

process involved a two-step hydrothermal method using CTABr as the mesopore template. The XRD 

analysis shows an amorphous structure characteristic of Al-MCM-41 with uniform hexagonal pore 
structure. The resulting Al-MCM-41 had a high surface area of 461.37 m2/g with the high pore volume of 

0.41 cc/g. Morphologically, the Al-MCM-41 catalyst displayed agglomerated small crystallites with 

particle sizes ranging from 0.6 to 1.4 μm. Elemental analysis showed the catalyst comprised Al, Si, Fe, 
and O elements, with percentages of 5.45%, 39.61%, 2.72%, and 49.09%, respectively. The catalyst was 

used in the catalytic deoxygenation of Reutealis trisperma oil to produce diesel-range hydrocarbon. 

Furthermore, GC-MS analysis of the liquid product demonstrated a selectivity of 48.5% for hydrocarbons 
and 28.14% of aromatic.  
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1. INTRODUCTION 

          The aluminum industry's development has led to 

several significant challenges, particularly in waste 

management. A notable issue is the production of red mud 

(RM) during the alumina production process using the Bayer 

method, resulting in brownish-red solid waste. Statistical 

data indicates that the global abundance of RM reached 4 

billion tonnes in 2019, with an estimated annual increase of 

up to 150 million tonnes [1–4]. Red mud, which has a pH of 

roughly 10–13.3, has significant alkaline qualities. The 

accumulation of moist mud in rivers or ponds raises the pH 

of the water system since it is an alkaline waste. If red mud 

is directly released into the environment without being 

treated, it must be stored properly across a wide region to 

avoid negative effects on the soil and water [5]. Red mud 

accumulation's negative effects on the environment might be 

mitigated by using it as a source of minerals for chemical 

synthesis. Red mud contains several metal oxides like 

Al2O3, CaO, Fe2O3, SiO2, TiO2 etc [6,7]. Researchers 

have explored various applications of red mud, such as using 

it as a precursor in zeolite synthesis [7,8], mesoporous 

alumina [9], mesoporous aluminosilicate [10], concrete raw 

materials [11], road materials [12] etc. In previous study, 

thermal and chemical treatments were performed to remove 

impurities from the red mud before its use in chemical 

synthesis. In the synthesis of ZSM-5, red mud is treated with 

NaOH to eliminate iron species that could compromise 

zeolite purity [13]. Some researchers have used calcination 

to transform the crystalline phase of red mud into an 

amorphous form [14]. Adding citric acid decreased the pH 

and total alkalinity of red mud by enhancing the solubility of 

Na, Ca, and Al [15]. 

          The synthesis of acid catalysts like Al-MCM-41 has 

practical applications in catalytic deoxygenation reactions. 

Al-MCM-41's unique characteristics, including its 

mesoporous structure and high acid sites, enable it to 

significantly enhance hydrocarbon production from 

triglycerides. In the context of biofuel production, the 

catalytic deoxygenation reaction plays a crucial role. This 

reaction requires a catalyst to remove oxygen content from 

fatty acids while also inhibiting hydrocracking reactions, 

thereby ensuring the formation of hydrocarbons with 

appropriate chain lengths [16–18]. The utilization of a 

catalyst in the deoxygenation reaction is expected to increase 

mailto:reva.edra.tk@upnjatim.ac.id
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biofuel products within the C11-C18 range while reducing 

carbonyl compounds. The previous study reported that 

employing an acid catalyst with high Lewis acid sites can 

boost hydrocarbon products (C11-C18) while decreasing 

carbonyl compounds in vegetable oil [16]. Additionally, 

studies have indicated that the presence of Fe content in the 

catalyst can inhibit the C-C bond cracking reaction in the 

target hydrocarbon range (C11-C18), thereby enhancing 

catalytic activity and hydrocarbon selectivity [19]. Besides 

catalyst design, selecting the appropriate feedstock is also 

crucial for biofuel production. Non-edible oil is preferred as 

a feedstock over edible oil due to competition in the food 

sector. Reutealis trisperma is a promising non-edible 

biodiesel plant, known for its high seed production capacity 

and oil content. Additionally, it can thrive in unfavorable 

environmental conditions [20].  

          In this research, the Al-MCM-41 catalyst was 

synthesized using red mud as a source of alumina and silica. 

The catalytic activity of Al-MCM-41 is being investigated 

through the deoxygenation reaction of Reutealis trisperma 

oil 

 

2. EXPERIMENTS 

2.1 Materials 

 

 Red mud (bauxite waste) acquired from Bintan 

Island, Riau, Indonesia, Sodium Hydroxide (NaOH Merck, 

99%), LUDOX Colloidal Silica (Sigma Aldrich 30% silica), 

Hexadecyltrimethylammonium bromide (CTAB, Sigma 

Aldrich 98%), Citric Acid (C6H8O7. H2O, Merck 99%), n-

hexane, distilled water and N2 Ultra High Purity (UHP) gas. 

 

2.2 Preparation of Red Mud 

 

The red mud (RM) sample from the Bintan Islands 

was ground and sieved through a 125-mesh screen to achieve 

a finer grain size to increase the reactivity. The silica (SiO2) 

in red mud was dissolve by mixing 100 mL (1 M) citric acid 

with 1 g red mud and stirred for 24 h. Subsequently, the 

mixture of red mud and citric acid (referred to as RCA) 

underwent centrifugation to separate the sediment. The 

resulting brown precipitate was then subjected to drying in 

an oven set at 80°C. 

  

 

2.3  Synthesis of Al-MCM-41 

The synthesis of Al-MCM-41 was conducted via the 

hydrothermal method, employing a molar composition of 10 

Na2O : 100 SiO2 : 2 Al2O3 : 1800 H2O. The molar ratio of 

SiO2 to CTABr was 3.85. The RCA was used as silica source 

and alumina. Initially, 1.6603 g of NaOH dissolved in 

19.4186 g of distilled water in a PP bottle and stirred for 30 

minutes. Then, 0.7196 g of RCA was added as the silica and 

alumina source to the mixture. Subsequently, Ludox was 

gradually introduced along with distilled water to prevent 

clumping, and stirring continued for 8 h. After completion, 

the gel mixture was left to age for 6 h at 70 ℃. The first 

hydrothermal process occurred at 80 ℃ for 12 h following 

the aging process. CTABr was slowly incorporated into the 

mixture and stirred until it had a slurry texture. The second 

hydrothermal process took place in an autoclave at 150 ℃ 

for 24 h. The resulting solid was washed with distilled water 

until neutral (pH = 7) and then dried at 60 ℃ for 24 h. 

Subsequently, the dry powder underwent calcination in a 

tubular furnace at 550 °C (2 °C/minute) under a flow of N2 

gas for 1 h, followed by 6 h under airflow. 

 

2.4  Catalyst Characterization 

          The wide X-ray Diffraction (XRD) characterization 

utilizing a PHILIPS-binary XPert with MPD diffractometer 

with Cu K radiation operating at 30 mA and 40 kV was used 

to examine the phase transformation of red mud to Al-

MCM-41. The low XRD was performed with Bruker type 

D2 Phaser using KFL Cu 2K radiation at 10 mA and 30 kV 

to analyze the pore uniformity in Al-MCM-41. Shimadzu 

Instrument Spectrum One 8400S's Fourier Transform Infra-

Red (FTIR) within range of 400-1400 cm-1 measurement 

was used to examine the functional group of catalyst. The 

specific surface area was assessed using the Brunauer–

Emmet–Teller (BET) method through N2 Adsorption-

Desorption analysis. This analysis was conducted at 363 K 

utilizing a Quantachrome Touchwin v1.11 instrument. 

2.5      The Catalytic Deoxygenation 

          The deoxygenation process involved 10 g Reutealis 

trisperma oil (RTO) and 0.3 g of catalyst placed in a three-

neck flask connected to distillation equipment and a heating 

mantle. The reaction proceeded at approximately 350 ℃ for 

4 h. After completion of the reaction, the catalyst and residue 

were weighed and washed with n-hexane for catalyst reuse. 

The resulting deoxygenation product was weighed and 

subjected to analysis using Gas Chromatography-Mass 

Spectrometry (GC-MS). Subsequently, the Degree of 

Deoxygenation (DD) (Eq. 1), conversion (Eq. 2), selectivity 

(Eq. 3) and yield (Eq. 4) of the deoxygenation product were 

calculated. 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑑𝑒𝑜𝑥𝑦𝑔𝑒𝑛𝑎𝑡𝑖𝑜𝑛 (𝐷𝐷) = 

[1 − (
%𝐹𝐴 𝑖𝑛 𝑙𝑖𝑞𝑢𝑖𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

%𝐹𝐴 𝑖𝑛 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡
)] 𝑥100%                              Eq. 1 

 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) = 

(

 

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡−𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 

𝑓𝑖𝑛𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡

)

 𝑥100%                              Eq. 2 
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𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  

(𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡)

(𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 )
 𝑥 100%     Eq. 3 

 

𝐿𝑖𝑞𝑢𝑖𝑑 𝑦𝑖𝑒𝑙𝑑 (%) = 

(
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑙𝑖𝑞𝑢𝑖𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡
) 𝑥100%   Eq. 4 

 

3. RESULTS AND DISCUSSION 

3.1 Red Mud Pre-Treatment 

          This citric acid treatment serves to dissolve the 

mineral content present in red mud. According to research 

conducted by Kalsen et al. (2019), it demonstrates that the 

reduction in silica (Si) content achieved through citric acid 

has shown an increase compared to HCl [21]. XRD analysis 

was conducted to determine the crystalline phase of the 

sample. According to the XRD pattern depicted in Fig. 1, no 

notable difference was observed between RM and RCA. The 

diffractograms display peaks corresponding to Gibbsite 

(Al(OH)3) at 2θ = 18.05° and 18.10°, hematite (Fe2O3) at 2θ 

= 24.62°, 35.75°, and 45.33°, and quartz (SiO2) at 2θ = 

26.39° and 26.60° [7]. A noticeable difference in peak 

intensity between the two diffractograms indicates 

crystallization within the sample. Specifically, there is a 

reduction in the intensity of the quartz peak in the activated 

red mud diffractogram, suggesting a successful separation of 

quartz (SiO2) from the red mud.  

 

 

Fig. 1. Diffraction pattern of a) RM and b) RCA 

 

          The findings from the XRD analysis are further 

supported by the FTIR characterization of RM and RCA. In 

Fig. 2, the RM and RCA shows similar absorption band of 

Si-O, Al-O and Fe-O. The peaks are observed at wave 

numbers 462 – 468 cm-1 and 549 – 540 cm-1, indicating 

bonds related to (Fe3+ - O2-) which correspond to the 

presence of hematite (Fe2O3). Additionally, peaks at wave 

numbers 999 – 1000 cm-1 suggest the presence of Si-O bonds 

from quartz, while peaks at 874 cm-1, 712 cm-1, and 628 cm-

1 indicate the bond (Al3+ - O2- ) from Gibbsite (Al(OH)3) 

[22,23].  

 

 

Fig. 2. FTIR spectra of a) RM and b) RCA 

 

          The results from N2 adsorption-desorption analysis 

confirm that red mud is a non-porous material. The isotherm 

graph for both RM and RCA samples, shown in Fig. 3a, 

exhibits a type II isotherm according to the IUPAC 

classification. The type II isotherm observed in both RM and 

RCA indicates that they are non-porous materials [24–26]. 

This conclusion is further supported by the absence of 

hysteresis, which typically signifies the presence of 

condensed adsorbate liquid between non-porous particles 

[27]. The similarity between the two isotherms without 

prominent differences suggests that there is no structural 

change between red mud (RM) and red mud activated by 

citric acid (RCA).  

 

Table 1. The textural properties of RM, RCA and Al-MCM-

41 

Sample 
Surface area(m2/g) Pore volume (cc/g) d 

(nm) SBET
a Smicro

b Smeso
b Vtotal

d Vmicro
b Vmeso

c 

RM 61.81 34.89 26.92 0.26 0.2 0.24 42.79 

RCA 66.53 34.84 31.7 0.25 0.2 0.23 11.4 

Al-

MCM-

41 

461.7

3 
377.38 84.35 0.41 0.04 0.37 2.5 

aSBET by BET method 
bSmicro,Smeso and Vmicro by t-plot method 
cVmeso by BJH desorption 
dVtotal= Vmicro+Vmeso 

 

The pore distribution of RM and RCA were shown 

in Fig. 3b. RM shows the higher pore diameter of 42.79 nm, 

meanwhile the RCA shows the lower pore diameter of 11.4 

nm. As shown in Table 1, the RM sample has a total surface 
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area of 61.81 m2/g and a total pore volume of 0.26 cc/g, 

while the RCA sample exhibits an increased total surface 

area of 66.53 m2/g and a total pore volume of 0.25 cc/g.  

 

Fig. 3. The N2 adsorption-desorption of isotherm and pore 

size distribution of RM and RCA 

 

3.2 FTIR  

          The wide-angle XRD analysis results, as depicted in 

Fig. 4a reveal a broad peak at around 2θ = 23°, indicating the 

formation of an amorphous structure from silica [28]. Fig. 

4b, displaying the low-angle XRD pattern of the Al-MCM-

41 catalyst, shows a strong peak at 2θ = 2.2° corresponding 

to the (100) plane, along with two weaker peaks at 2θ = 3.5° 

- 4.2° related to the (110) and (200) plane reflections [29,30]. 

These peaks collectively suggest the formation of a well-

structured mesoporous material consistent with the 

hexagonal structure of MCM-41[31]. The strong and sharp 

peak of the (100) plane further indicates good crystallization 

of the mesoporous structure [32]. 

 

Fig. 4. The wide a) and low angle b) XRD analysis of Al-

MCM-41  

          The FTIR spectra of Al-MCM-41 was depicted in Fig. 

5 reveal a peak at a wavenumber of 457 cm-1 corresponding 

to the Si-O vibration of TO4 [33]. Additionally, the peak at 

798 cm-1 signifies the bending vibration of the Si-O-Si group 

[34]. The peak observed at the wavenumber of 1100 cm-1 

corresponds to the internal asymmetric stretching vibration 

of the T-O-T bond, where T can be Si or Al [35]. The peak 

in the range of 950-970 cm-1 is typically associated with Si-

OH or Si-OM+ vibrations [33]. Additionally, the 

wavenumber 1220 cm-1 represents the external asymmetric 

stretching vibration of Si-O [36]. 

 

Fig. 5. FTIR spectra of Al-MCM-41 

          According to IUPAC, the Al-MCM-41 isotherm 

depicted in Fig. 6a is classified to type IV isotherm with type 

H1 hysteresis [37,38]. The Al-MCM-41 catalyst's isotherm 

shows a typical mesoporous material with hysteresis at P/Po 

= 0.4 – 1 [39]. The hysteresis curve is associated with the 

secondary capillary condensation process, which fills the 

pores at P/Po < 1 in mesoporous materials [40,41]. The Al-

MCM-41 catalyst exhibits an H1 hysteresis type, indicating 

that the sample comprises plate-like particles and pores 

resembling gaps. This type of hysteresis is often observed in 

catalyst samples synthesized from clay, where the pores 
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resemble gaps [42]. The analysis of pore distribution in Al-

MCM-41 using the BJH method (Fig. 6b) indicates that the 

catalyst's pore diameter ranges from 1.8 to 5.5 nm. 

According to Table 1, the Al-MCM-41 catalyst has a total 

surface area of 461.73 m2/g and a total pore volume of 0.41 

cc/g. This signifies an increase in the surface area of RM and 

RCA on Al-MCM-41, suggesting improved catalytic 

activity in deoxygenation reactions. 

 

Fig. 6. a) The N2 adsorption-desorption of isotherm and b) 

pore size distribution of Al-MCM-41 

          The SEM-EDX analysis revealed the morphology and 

elemental composition of the samples. The SEM profile 

depicted in Fig. 7 indicates that red mud has a particle size 

ranging from 0.4 to 1.3 μm, with irregular particle shapes. 

Some particles appear spherical and agglomerated [43]. On 

the other hand, the morphology of Al-MCM-41 shows small 

crystals agglomerating into larger aggregates [17]. The 

particle size of Al-MCM-41 ranges from 0.6 to 1.4 μm. The 

EDX analysis results indicate the presence of Al, Si, Fe, and 

O elements in both red mud and the Al-MCM-41 catalyst, as 

shown in Table 2. From the table, it is evident that there was 

a decrease in Al content and an increase in Si content from 

red mud to Al-MCM-41. This change is attributed to the 

lower molar ratio of Al compared to Si during the synthesis 

of Al-MCM-41, resulting in a higher Si content in the 

catalyst. Similarly, there was a decrease in Fe content in Al-

MCM-41 compared to red mud. This reduction in Fe content 

is due to the pre-treatment of the red mud material before its 

use in catalyst synthesis [9]. 

 

Fig. 7. The SEM images of a) RM and b) Al-MCM-41 

Table 2. The EDX analysis of RM and Al-MCM-41 

Element %weight %atom 

RM Al-MCM-

41 

RM Al-MCM-

41 

Al 22.90 5.45 17.31 4.16 

Si 12.95 39.61 9.40 28.99 

Fe 8.01 2.72 2.93 1.00 

O 54.22 49.09 69.10 63.06 

 

3.3 Catalytic Activity 

          The catalytic activity was tested in the deoxygenation 

reaction of Reutealis trisperma oil. The deoxygenation 

reaction was carried out for 4 h at 350°C with a N2 gas flow. 

In this catalytic activity test, the GC-MS instrument was 

utilized to perform qualitative and quantitative analysis on 

the deoxygenation process product. The conversion, yield 

and degree of deoxygenation of liquid product obtained from 
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different catalysts was shown in Table 3. The deoxygenation 

reaction of Reutealis trisperma oil resulted in the conversion 

of reactants into liquid (bio-oil), gas (CO and CO2) and coke. 

According to Table 3, using RCA as a catalyst yielded the 

highest conversion rate at 64.45%, with a liquid yield of 

33.44%. On the other hand, the Al-MCM-41 catalyst 

achieved a conversion rate of 45.4% with a liquid yield of 

17.99%. The highest hydrocarbon selectivity was observed 

when using the Al-MCM-41 catalyst at 48.50%. 

Interestingly, even without a catalyst, the reaction showed 

good selectivity at 45.78%. However, the use of a catalyst 

notably increased the amount of oil converted and provided 

a higher liquid yield. This underscores the influence of acid 

sites and mesoporosity on the catalyst in promoting the 

conversion of Reutealis trisperma oil into hydrocarbons 

[44].  

 

Table 3. Conversion, yield and degree of deoxygenation of 

liquid product 

Catalysts 
Conversion 

(%) 
Yield (%) 

Degree of 

Deoxygenation 

Blank 41.8 9.24 45.78 

RM 45.1 11.7 34.00 

RCA 64.45 33.44 14.89 

Al-MCM-41 45.5 17.99 48.50 

 

          The GC-MS analysis of deoxygenation liquid 

products reveals several data points, including the 

distribution of compounds from oil and the distribution of 

carbon chains. Figure 8, illustrates the composition of the 

liquid deoxygenation product, which includes hydrocarbons, 

cyclic compounds, aromatics, carboxylic acids, and ketones. 

The catalytic activity of the sample is reflected in the 

selectivity of hydrocarbons and compounds containing 

oxygen. Specifically, the Al-MCM-41 catalyst demonstrates 

good hydrocarbon selectivity at 48.50%, with a carboxylic 

acid selectivity that is 12.74% lower compared to other 

reactions. This lower selectivity for carboxylic acids 

suggests a reduction in the oxygen content of the 

deoxygenation product, indicating the effective conversion 

of oxygen-containing compounds into hydrocarbons. The 

activity test for the Al-MCM-41 catalyst also revealed an 

aromatic compound selectivity of 28.14%, which is 

attributed to the Bronsted acid site. In biofuel production via 

deoxygenation reaction, the goal is to reduce the oxygen 

component. Aromatic compounds can lower the freezing 

point, reduce the energy released during combustion, and 

decrease oil viscosity [45]. Therefore, achieving good 

hydrocarbon and aromatic selectivity is a desirable outcome 

in this research. The selectivity observed corresponds to the 

degree of deoxygenation achieved by RCA, which is 83.94% 

compared to the blank reaction (91.71%), RM (93.15%), and 

the highest with Al-MCM-41 (93.17%). The degree of 

deoxygenation is directly related to the reduction in the 

concentration of fatty acids in the liquid deoxygenation 

product, thereby impacting its composition [46]. 

 

Fig. 8. Hydrocarbon distribution from catalytic 

deoxygenation reaction of Reutealis trisperma oil 

 

The deoxygenation process results in oxygen-free 

hydrocarbons with one fewer carbon atom than the original 

fatty acid (C16-18). These hydrocarbons are categorized into 

short carbon chains (C6-10) and long carbon chains (C11-17). 

Fig. 8b illustrates the carbon chain distribution, showing that 

when using Al-MCM-41 as the catalyst, the deoxygenation 

product comprises 24% short carbon chains (C6-10) and 76% 

long carbon chains (C11-17), with the primary product being 

(C15+C17) at 49.2%. This indicates successful deoxygenation 

of RTO with this catalyst. In the deoxygenation of Reutealis 

trisperma oil using the Al-MCM-41 catalyst, there is a 

significant formation of short-chain hydrocarbons (C6-10). 

This formation of short-chain hydrocarbon products is 

believed to result from a secondary hydrocracking reaction. 

The catalyst's characteristics, especially a higher 

concentration of Brønsted acid compared to Lewis acid, can 

indeed trigger hydrocracking reactions, resulting in a higher 

yield of short-chain hydrocarbons (C8-10) [47,48]. The 

catalyst's characteristics, especially a higher concentration 

of Brønsted acid compared to Lewis acid, can indeed trigger 

hydrocracking reactions, resulting in a higher yield of short-

chain hydrocarbons (C8-10). This is because Brønsted acid 

sites are known to promote hydrocracking reactions, which 

break down larger hydrocarbons into smaller ones, thus 

favoring the production of shorter carbon chain compounds 
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[16]. This is because Brønsted acid sites are known to 

promote hydrocracking reactions, which break down larger 

hydrocarbons into smaller ones, thus favoring the production 

of shorter carbon chain compounds. 

 

4. CONCLUSION 

           The Al-MCM-41 catalyst derived from red mud has 

been successfully synthesized. This catalyst boasts a 

substantial total surface area of 461.73 m2/g, with a 

mesopore surface area measuring 84.35 m2/g and a 

mesopore volume of 0.37 cc/g. Featuring a pore diameter of 

2.5 nm, the morphology of Al-MCM-41 reveals the 

agglomeration of small crystals into larger aggregates, 

presenting a particle size range of 0.6 – 1.4 μm. The 

elemental composition showcases the presence of Al 

(5.45%), Si (39.61%), Fe (2.72%), and O (49.09%). In 

catalytic tests involving the deoxygenation reaction of 

Reutealis trisperma oil, the Al-MCM-41 catalyst 

demonstrated a remarkable hydrocarbon selectivity of 

48.5%, alongside a notably low carboxylic acid selectivity 

of 12.74% compared to alternative catalysts utilized in 

similar reactions. 
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ABSTRACT 

 

Tea is one of the most consumed drinks nowadays due to its exceptional benefits but the increase in 

demand of tea production has caused an impressive amount of tea waste. It has been known that plant 
extract containing biochemical which can be used as capping agent for synthesis of nanoparticles. In this 

study, the effect of volume on tea waste extract in synthesis of titanium dioxide (TiO2) nanoparticles was 

investigated. 1, 3 and 5 mL of tea waste extract was selected as the extract volume which denoted as TiO2-
1, TiO2-3 and TiO2-5, respectively. The catalysts were characterized by XRD, FTIR, BET, UV-Vis DRS 

and FESEM. The results show that increasing volume of tea extract increased the band gap and crystallite 

size, while the surface area was decreased. The role of tea waste extract in formation of TiO2 nanoparticles 
was tested to degrade 2,4-dichlorophenol (2,4-DCP) under visible light irradiation.  The best 

photocatalytic degradation of 2,4-DCP was achieved using TiO2-1 (85%) compared with TiO2-3 (80%), 

TiO2-5 (77%) and P25 (71%) concluded that the optimum volume of tea waste extract was 1 mL. Overall, 
the role of tea waste extract as capping agent in synthesis of TiO2 nanoparticles shows that it has a good 

potential for replacement any organic capping agent.  

 
Keywords: Tea waste extract; TiO2 nanoparticles; Extract volume; Photocatalytic degradation; 2,4-

dichlorophenol 
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1. INTRODUCTION 

          Clean water is one of the crucial things in our lives, 

making accessibility to cleaner water a challenge as most of 

the water these days is heavily polluted with organic and 

inorganic pollutants. Few persistent organic contaminants in 

pharmaceuticals, pesticides, personal care products, 

endocrine disruptors have been found in wastewater 

effluents on a regular basis [1]. Chlorophenol compounds 

are generally used in various manufacturing industries 

especially for the mass production of paints, textiles, 

pharmaceuticals, petrochemicals and synthetic dyes [2]. 

Among them, 2,4-dichlorophenol (2,4-DCP) usually 

functioned as an intermediate for herbicides. The negative 

effects of phenolic chemicals on the human neurological 

system have been described and connected to a variety of 

health problems, including renal failure, liver damage, and 

lung damage [3]. To prevent future environmental concerns, 

effective treatment technologies are needed. 
          The photocatalysis process employing 

semiconductors is now thought to be advantageous in the 

degradation of organic pollutants because this process does 

not require additional chemicals [4]. Within the last forty 

years, heterogeneous photocatalysis has seen numerous 

advances, particularly regarding energy and the 

environment. Titanium dioxide (TiO2) nanoparticles have 

become a prospective material in photocatalytic processes 

due to its excellent qualities, such as its high 

photodegradation activity, great chemical stability, cheap 

and non-hazardous. Various synthetic methodologies are 

utilized to obtain TiO2 nanoparticles such as physical, 

chemical and green synthesis method. The physical and 

chemical methods have a few downsides, including the need 

for expensive equipment, high temperatures and pressures, 

as well as the need for sufficient space to set up the reaction 

[1,4]. The use of toxic substances that are thought to be 

detrimental for the environment is frequently made by a 

chemical route synthesis and it also involves sophisticated 

process. 

          Biochemical in various plants can help in assisting the 

production of nanoparticles. It can be facilitated by a range 

of metabolites found in plant leaf extracts, which are 

convenient, safe to use, and easily accessible. Additionally, 

it is believed that extracts of plant leaf function as both 
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reducing and stabilizing agents to aid in the creation of 

nanoparticles [5]. The composition of the leaf extract affects 

how nanoparticles are formed. This is because different leaf 

extracts have variable quantities of biochemical reducing 

agents [6]. Additionally, some key phytochemicals 

implicated in the production of nanoparticles include 

amides, ketones, aldehydes, terpenoids and flavones [7]. The 

creation of nanoparticles using plant extracts is also quite 

novel and provides true green chemistry at a very cost-

effective way [8]. To minimize the agglomeration effect and 

reduce the average particle size for an overall improvement 

in performance, TiO2 nanoparticles can be synthesized with 

a variety of capping agents.  

          Bio-capping agents offer a one-step, cost-effective, 

synthesis of nanoparticles that is friendly which is 

sustainable and easy to scale up to industrial manufacturing. 

A range of synthetic processes, including eco-friendly, 

chemical, and physical can be used to create TiO2 

nanoparticles. Metal oxide nanoparticles’ synthesis has 

lately switched to green biological routes that use plant-

based capping agents in comparison with physical and 

chemical approaches which are costly and environmentally 

dangerous due to the use of hazardous chemicals, as well as 

require complex processes [9]. Previously, tea waste extracts 

containing phenolic and flavonoid as capping agent was 

used as alternative solvent for synthesis of ZnO using 

electrolysis method [10]. Thus, in this study the use tea 

wastes as plant extract in synthesis of TiO2 nanoparticles as 

the alternative method which highlighted the green method. 

The effect of tea wastes extract volume was studied on 

formation of TiO2 nanoparticles and their photoactivity was 

studied using 2,4-DCP under visible light irradiation.  

 

2. MATERIAL AND METHOD 

2.1 Materials 

 

 Tea wastes were obtained from cafeteria in Universiti 

Sains Malaysia in Penang, Malaysia. Titanium (IV) butoxide 

(TBOT) (97% purity), titanium P25 and 2,4-dichlorophenol 

(2,4-DCP) was purchased from Sigma-Aldrich (Greece). 

Ethanol (99.7% purity), hydrochloric acid (HCl) and sodium 

hydroxide (NaOH) were acquired from R&M Chemicals 

(Malaysia). All the materials were of an analytically pure 

quality and were used directly without any purification 

needed. 

 

2.2 Preparation of Tea Leaves Extract 

 

Tea waste extract was prepared using 100 g of tea 

leaves wastes in 200 ml of distilled water. The mixture was 

heated at 60°C and stirred for 10-15 minutes to ensure 

homogeneity. After that, the solution was left to cool before 

filtering the extract.   

 

 

 

 

2.3  Preparation of Catalyst  

The TiO2 nanoparticles were prepared by adding 50 

ml distilled water and 1 ml of tea waste extract. Then, NaOH 

was added dropwise into the solution until pH 12 was 

achieved before stirring for 30 minutes. After that, 0.3 ml of 

TBOT was added into solution and the mixture was left to 

stir at room temperature for another 3 hours follow by 

centrifuging the resulting suspension for 10 minutes at 3500 

rpm. The precipitate was filtered and washed with distilled 

water repeatedly followed by ethanol. The product was dried 

overnight at 90°C in an oven continued by calcination at 

550°C for 3 hours and the catalyst was denoted as TiO2-1. 

The same procedure was repeated by changing the volume 

of tea waste extract to 3 and 5 ml and denoted as TiO2-3 and 

TiO2-5, respectively. In this study, commercial TiO2 known 

as P25 was used as the control for synthesized catalysts. 

 

2.3  Material Characterization 

          The crystalline structures of each catalyst were 

determined using a Bruker Advance D8 X-ray powder 

diffractometer (XRD) with Cu Kα radiation (λ = 1.5418 Å). 

The bandgap of the catalysts was determined in the air at 

room temperature using a UV-Vis DRS (Perkin Elmer 

Lambda 900) spectrophotometer. The morphology of 

catalysts was observed using FEI Quanta FEG 650 Field-

Emission Scanning Electron Microscope (FESEM) 

(Holland). Fourier transfer infrared spectroscopy (FTIR) 

(Perkin Elmer Spectrum 2000 FT-IR) was used to observe 

and identify the chemical functional groups present in the 

catalysts. The surface area was determined using the 

Brunnauer-Emmett-Teller method (BET). 

2.3  Photocatalytic Degradation of 2,4-dichlorophenol 

          A 100 mL of 10 ppm 2,4-DCP solution was 

transferred into 250 mL beaker containing 0.019 g catalyst. 

The solution was stirred continuously in the dark for 1 hour 

to reach the adsorption-desorption equilibrium before being 

exposed under visible light irradiation for another 7 hours. 

The experiment was performed in a photoreactor 

accommodating 4 low-wattage fluorescent lamps (9 Watt, 

385 nm) as the sources of the visible light irradiation. The 

visible lamps light source was placed 10 cm around the 

solution. A 3 mL of sample solution was taken within 30 

minutes interval. Then, the samples were centrifuged at 9000 

rpm for 15 minutes before being analyzed using UV-Vis 

spectrophotometer at 284 nm. Every experiment was carried 

out in triplicate to improve accuracy. The degradation 

percentage was calculated using the following equation: 

Degradation efficiency (%) =  

Initial concentration−Final concentration

Initial concentration
 × 100%                    (1) 
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3. RESULTS AND DISCUSSION 

          Figure 1 shows the XRD patterns of P25 and TiO2 

nanoparticles synthesized using different volumes of tea 

waste extract. Peaks at 25.40°, 36.88°, 37.99°, 47.73°, 

54.03°, 55.30°, 62.70°, 67.23°, 70.29° and 75.04° which 

corresponded to (101), (004), (112), (200), (105), (211), 

(204), (116), (220) and (215) planes, respectively were 

observed for all catalysts indicated the peaks of TiO2 

anatase. All catalysts showed sharp peaks indicating that 

there is high crystallinity in their structures. Rutile peaks can 

only be observed for P25 (Figure 1a) at 29.11° and 55.30° 

corresponding to (110) and (220) planes, respectively. All 

synthesized catalysts only consist of anatase phase due to the 

calcination temperature in this study which was 550°C.  

Calcination temperature played an important role in 

determination of the catalysts’ phase. It was reported that 

anatase transformation to rutile phase started at 600°C [11]. 

Calcination not only helps to further accelerate the degree of 

crystallization, but it can also help to promote the order of 

structure in the catalysts [12].  

 

Figure 1. XRD diffractograms of (a) P25, (b) TiO2-1, (c) 

TiO2-3 and (d) TiO2-5 

Table 1. Textural analysis of the catalysts. 

Catalyst Polymorphic  

Phase 

aCrystallite 

Size (nm) 

Surface 

area 

(mg2 g-1) 

bBand 

gap 

(eV) 

P25 101 22.4 4.21 3.4 

TiO2-1 101 21.3 8.09 3.2 

TiO2-3 101 23.6 7.04  3.3 

TiO2-5 101 24.9 6.59 3.4 
aCrystallite size calculated using Debye–Scherrer equation at 2θ = 

25.4º 

bBand gap calculated using Tauc plot eV = 
ℎ𝑐

λ
   

Table 1 listed the textural properties of the catalysts. Among 

them, TiO2-1 illustrated the smallest crystallite size and band 

gap while the highest surface area compared to others. These 

results due to higher volume of tea waste extract caused 

agglomeration which increases the particle size 

consequently decreasing the surface area [13]. 

          Figure 2 shows the chemical properties of all catalysts 

in the range of 3500-550 cm-1. Bands at 3420 cm-1, 1269 

cm−1 and 1029 cm−1 were attributed to the O-H stretching of 

surface-adsorbed water, hydroxyl (OH) functional groups in 

alcohols and phenolic compounds and C–O stretching in 

amino acid, respectively. The strong band at 600 cm−1 and 

900 cm−1 showed the formation of Ti–O and Ti–O-Ti 

bending vibrations, respectively. The metal oxide bonds like 

Ti–O–Ti and Ti–O confirmed the existence of TiO2 in the 

prepared TiO2 nanoparticles [14]. The presence of the Ti–O–

Ti bond is due to the strong interaction (capped) of 

biomolecules with TiO2 nanoparticles which resulted in the 

presence of polyphenols including flavonoids, and 

catechins. These plant compounds were responsible in 

reduction process of TiO2 nanoparticles in green synthesis 

[15]. 

 

Figure 2. FTIR spectra of (a) P25, (b) TiO2-1, (c) TiO2-3 

and (d) TiO2-5 

          FESEM was used to study the surface morphology of 

the as shown in Figure 3. All catalysts seemed to be spherical 

and were non-uniform in shape and size like previous studies 

[16]. The FESEM images illustrated that increasing volume 

of tea waste extract caused the particles possibly to tend to 

agglomerate, and the solution started to form aggregates 

[17]. This agglomeration could happen because smaller 

particles diffuse through the solution. The diffusion that 

occurred added to the surface of other nuclei or nanoparticles 

which is regarded as growth by ripening [18]. 

Phytochemicals act as reducing and capping agent that helps 

to reduce agglomeration by controlling the morphology as 

well as protecting and stabilizing the catalyst. Oxygen atom 
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of phenolic hydroxyl group moiety bind with metal by 

chelating effect to form metal-phenolate hydroxyl complex 

[19].  Black tea's polyphenols, catechins, and caffeine are 

examples of water-soluble phytochemicals that are effective 

at reducing metal ions and forming stable, capped metallic 

nanoparticles [20]. From the figure, TiO2-1 shows the 

smallest particle size compared to TiO2-3 and TiO2-5 due to 

less amount of OH-. These findings were in correlation with 

results in Table 1. 

 

Figure 3. FESEM images of (a) P25, (b) TiO2-1, (c) TiO2-3 

and (d) TiO2-5. 

          The photocatalytic activity of the catalysts was tested 

using photodegradation of 2,4-DCP as shown in Figure 4. 

As control, photolysis was tested and the result showed that 

only 13% degradation of 2,4-DCP indicating the role of 

catalyst to this reaction. TiO2-1 shows the highest 

degradation with 85% compared with TiO2-3 (80%), TiO2-5 

(77%) and P25 (71%). The highest degradation was 

achieved with TiO2 nanoparticles prepared using 1 mL tea 

waste extract illustrated that 1 mL is a sufficient volume for 

reduction and capping. In addition, adsorption study using 

TiO2-1 was done for 8 hours with the absence of light 

resulting in only 15% degradation of 2,4-DCP indicating the 

importance of light source to this reaction. This result shows 

that variation in the biological materials is the main factor 

that greatly influenced the green synthesis of catalysts. The 

manipulation of quantity or volume of the plant extract used 

could alter the size and morphology of the nanostructure. 

Optimum quantity is needed as too low results in incomplete 

capping ability and too high can cause agglomeration. This 

statement is supported by FESEM analysis which increasing 

the amount of plant extract caused the nanoparticles to be 

agglomerated, which results in blocking of pore that lowered 

the surface area and limits the active sites for 

photodegradation. In addition, these results show that band 

gap, surface area and crystallite size have synergetic effects 

in photoactivity of the TiO2 nanoparticles. 

 

Figure 4. Adsorption and photocatalytic performances of 

the catalysts (C2,4-DCP = 10 ppm, pH = 3, W = 0.019 g, t = 8 

h). 

4. CONCLUSION 

          The TiO2 nanoparticles with different volumes of tea 

waste extract was successfully synthesized and used as a 

photocatalyst to degrade 2,4- DCP. The catalysts were 

characterized by XRD, FTIR, BET, UV-Vis DRS and 

FESEM. XRD analysis showed that all synthesized catalysts 

were in the anatase phase and crystallite size increased when 

the volume of tea waste extract increased. The bandgap 

energy of TiO2 increases when tea waste volume increases 

from 1 mL to 5 mL. In contrast, surface area decreases with 

increasing volume of tea waste. The agglomeration also 

occurred when the volume of tea waste extract increased. 

This phenomenon shows that the optimum volume of tea 

waste extract acts as reducing and capping agent is required 

to reduce agglomeration. The best photocatalytic 

degradation of 2,4-DCP was achieved using TiO2-1 (85%) 

compared with TiO2-3 (80%), TiO2-5 (77%) and P25 (71%). 

The results reflect the decrease value of the bandgap and 

crystallite size with increasing surface area plays an 

important role in TiO2 nanoparticles as photocatalyst. 
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ABSTRACT 

 

The widespread use of petroleum-based plastics in packaging has raised significant environmental 

concerns due to their non-biodegradability and detrimental ecological impacts. This study explores the 
development of an eco-friendly biocomposite material using sugarcane bagasse and cassava starch as 

potential alternatives for agro-industry packaging. The research objectives include characterizing the 

morphological properties of modified and unmodified sugarcane bagasse, analysing the thermal and 
physical properties of the resultant biocomposite, and evaluating its potential as a sustainable packaging 

material. A set of samples experiment were investigated using a constant ratio of distilled water to cassava 

starch which is 3:1 and 5 different ratios of acetic acid to bagasse. The morphological properties of 

biocomposite material which are sugarcane bagasse and cassava starch were examined using a Field-

Emission Scanning Electron Microscope and Fourier Transmission Infrared Spectroscopy. 

Thermogravimetric Analysis (TGA) and Tensile strength were used to analyse thermal and physical 
property. Subsequently, the assessment of environmental friendliness was conducted by biodegradability 

testing. The results indicate that the most optimal biofilm, in terms of flexibility, thermal stability, and 

decomposition speed, was achieved with a ratio of (2:1) and (3:1) of acetic acid to bagasse. The results 
obtained suggest that sugarcane bagasse, when combined with cassava starch, can serve as an effective, 

biodegradable packaging material, potentially mitigating the environmental impact of conventional 

plastics in the agro-industry. 
 

Keywords: biocomposite, biodegradable packing, thermal stability, sugarcane bagasse and cassava 

starch  
© 2024 Faculty of Chemical and Engineering, UTM. All rights reserved 

| eISSN 0128-2581 | 

 

1. INTRODUCTION 

The worldwide population depends on the agro 

industry to supply packaging material and other agricultural 

items. Most packaging materials produced were made used 

conventional packaging. Nevertheless, the agro-industry 

employment of conventional packaging materials offers 

several environmental challenges, such as waste and 

contamination. To tackle these difficulties and assured the 

agro-industry long-term development, sustainable 

packaging was essential [1]. Packaging materials that were 

sustainable, recyclable, biodegradable, and kind to the 

environment. Natural fibres and biodegradable polymers 

were combined to generate bio composite materials, which 

provided a feasible solution for traditional packaging 

materials [2].  

 A typical plastic packaging item was the manufacture 

of biocomposite materials for packaging that used modified 

starch and sugarcane bagasse. They were constructed of 

natural fibres and biodegradable polymers. Biocomposite 

materials gave a more environmentally friendly and 

sustainable solution for packaging than conventional 

packaging materials [3]. Biocomposite materials were an 

innovative class of materials developed through combining 

natural fibres or particles with a matrix. By utilising their 

inherent durability and ecologically advantageous features 

of natural resources, these materials may construct 

composites with exceptional mechanical attributes. 

Moreover, there were natural resources that been employed 
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as biocomposite material such as wheat straw-based 

composites, rice husk composites and kenaf fibre 

composites. Along with that flow of natural resources the 

utilisation of sugarcane bagasse and modified starch was a 

vital component in the production of bio composite materials 

was the main aim of this work [4]. 

 Considering this, sugarcane bagasse was a copious 

agro-industrial waste product that had been explored for 

employment in biocomposite materials designed for 

packaging applications due to its abundance as a resource, 

non-toxic, lightweight, ecological acceptable and a low cost 

by-product making it economically advantageous for large-

scale production [5]. Modified starch, on the other hand, was 

a biodegradable polymer that may be manufactured from 

starch, a renewable resource industry [6]. Characterization 

procedures for biocomposite materials are critical in 

selecting optimal biomaterials for specific applications, 

emphasising its importance in innovative packaging 

solutions [7]. Overall, the exploitation of biocomposite 

materials in packaging corresponds with the increased 

consumer and industry desired for greener, more sustainable 

packaging choices, makes it a significant area of research 

and development in the agroindustry and packaging sectors 

[8].  

 

2. EXPERIMENTS 

2.1 Preparation of sample 

 

 The sugarcane bagasse was properly cleansed and 

grinded into little pieces before the drying process began. 

The sugarcane bagasse was then dried in an oven at 105°C 

for 24 hours to eliminate the moisture content and water. 

After the drying process, the sugarcane bagasse was grinded 

using a grinder to put it into powder form. Next, the 

sugarcane bagasse powder was sieved into 250 microns. 

          Cassava starch was sourced from a nearby store. For 

biofilm formulation, a constant ratio of 60 ml distilled water 

to 30 grams starch, along with 3 ml glycerol, was used. 

Samples with different ratios of acetic acid to bagasse (Table 

1) were mixed in a beaker and heated on a hot plate with a 

magnetic stirrer at 85°C for 25 minutes until gelatinized. The 

thick solution was then poured onto a petri dish and left to 

dry.  

Table 1. Samples with different ratios 

Sample Ratio Acetic 

Acid 

(ml) 

Bagasse 

(gram) 

Glycerol 

(ml) 

A 1:1 1 1 3 

B 1:2 1 2 3 

C 2:1 2 1 3 

D 3:1 3 1 3 

E 1:3 1 3 3 

 

2.2 Morphological analysis of sugarcane bagasse and 

cassava starch 

 

2.2.1.   Field Emission Scanning Electron Microscope 

             (FESEM) 

           The surface morphology of the biocomposite material 

was determined by Field Emission Scanning Electron 

Microscopy (JOEL-7800F Prime). The biocomposite 

material of sugarcane bagasse and cassava starch was placed 

in a holder before being inserted into the Field Emission 

Scanning Electron Microscopy to examine the sample's 

shape, size, and relative particle sizes. The surface 

morphology was examined at various magnifications during 

the analysis. 

 

2.2.2.  Fourier Transform Infra-Red (FTIR) Analysis  

           Fourier transform infrared spectroscopy is an 

important analytical tool for determining the presence of 

functional groups associated with the adsorbent. The 

annotated spectrum of FTIR show the wavelength of light 

that is absorbed, indicating the chemical bond in the AC. The 

surface functional groups of the bagasse and cassava starch 

were identified via FTIR analysis using an FTIR 

spectroscope, where spectra were obtained from 4000 to 650 

cm-1. 

 

2.3 Thermal and physical property analysis 

2.3.1 Thermogravimetric Analysis (TGA) 

           Thermogravimetric Analysis (TGA) was a potent 

method for evaluating a material's heat-related properties. It 

offered important details regarding the material's thermal 

stability and breakdown characteristics. The TGA curve's 

shoulders or peaks could point to certain thermal 

phenomena. The typical temperatures of constituents, such 

as cellulose, hemicellulose, or starch, could be utilized to 

determine their state of decomposition. 

 

2.3.2    Universal Testing Machine (UTM) 

            The most significant mechanical characteristics of 

the bioplastic packaging material were its tensile strength 

and elongation at break, which were assessed using the 

UTM. Thus, it was favoured to describe the prepared 

biofilms in terms of their tensile strength and elongation at 

break. Tensile strength was described as the strength of 

material in terms of force per unit area of cross section while 

applying force in a straight direction. 

     

2.2.4    Evaluation of Eco-Friendliness 

            Biodegradability testing was a crucial aspect of 

assessing the environmental impact of sugarcane bagasse-

based packaging. The goal was to evaluate how well the 

material broke down into natural elements under different 

environmental conditions, particularly simulating scenarios 

like soil burial. 5 samples were prepared and exposed to 

identical soil conditions, with a uniform depth of 10 cm, and 

maintained at a constant ambient temperature of 27oC. This 
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experiment was conducted over a period of 7 days to assess 

the rate of degradation of different bioplastics. 

 

3. RESULTS AND DISCUSSION 

3.1 FTIR Characterization 

Figure 1 shows the FTIR spectra of bagasse and 

cassava starch feature distinct absorption bands that reveal 

the chemical structure of starch molecules. Both materials 

show similar peaks, with a prominent peak at 3300 cm-1 

indicating O-H stretching vibrations, suggestive of hydroxyl 

groups within the starch molecules [9]. An absorption band 

between 2000 to 1500 cm-1 corresponds to C=O stretching 

vibrations, typically found in esterified starches [10]. 

Additionally, a peak at 1000 cm-1 signifies the anhydro 

glucose ring O-C stretch, a trait of cassava starch.  

 

Fig. 1. FTIR of spectrum sugarcane bagasse and starch 

Figure 2 shows the combined spectrum of sugarcane 

bagasse, starch, and glycerol includes peaks for cellulose at 

1160 cm-1, hemicellulose at 1740 cm-1, and lignin between 

1500-1600 cm-1 [11]. Cassava starch shows peaks for O-H 

stretching at 3300 cm-1, C=O stretching around 1740 cm-1, 

and C-O stretching at 1080 cm-1. Glycerol's spectrum 

includes O-H stretching between 3200-3600 cm-1, C-H 

stretching at 2900 cm-1, and C-O stretching between 1100-

1300 cm-1 [12]. 

 

Fig. 2. FTIR spectrum of sugarcane bagasse, starch, glycerol 

 

3.2     Field Emission Scanning Electron Microscope  

          (FESEM) 

          For morphology analysis, FESEM images of 

unmodified and modified sugarcane bagasse were obtained 

as shown in Fig. 3. The smooth surfaces of unmodified 

sugarcane bagasse were observed due to the presence of 

hemicelluloses and lignin (Fig. 3A) [11]. After modification, 

a rough surface was observed signifying the elimination of 

hemicelluloses and lignin form sugarcane bagasse (Fig. 3B) 

e. The FESEM image reveals that the modified sugarcane 

bagasse is well-bound with starch, acetic acid and glycerol, 

which is consistent with the FTIR results.  

 

Fig. 3. FESEM images of (A) unmodified sugarcane 

bagasse and (B) modified sugarcane bagasse at x1000 

magnification: 

3.3      Tensile Strength and Elongation at break 

          To obtain strength test results, three sets of samples 

were prepared, each with five samples and varying ratios. 

The constant ratio used was 3 parts distilled water to 1 part 

cassava starch (60 ml water to 30 grams starch) along with a 

constant amount of glycerol. Among the three sets, the best 

sample was chosen based on the bioplastic thickness. Figure 

4 shows the Force (N) vs Displacement (mm) results for 

bagasse and cassava starch packaging material tested at 10 

mm/min at room temperature. The slope before the 

maximum point is the elastic slope, indicating the range in 

which the material can return to its original dimensions after 

unloading. The slope after the maximum point is the fracture 

slope, where the material does not return to its original 

dimensions once the load is removed [13]. Sample C, with a 

2:1 ratio, exhibited the highest applied force of 17.9 N and a 

A

B
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thickness of 0.94 mm, indicating its superiority over the 

other samples. 

 

Fig. 4. Tensile strength of all the sample 

 

3.4     Thermogravimetric Analysis 

          Figure 5 illustrates the thermal behaviour of five 

samples, showing a consistent pattern of gradual mass loss 

in distinct phases, as indicated by the TGA curves. The 

initial weight decreases between 80-150°C is due to the 

evaporation of water and volatile substances, known as the 

drying stage. The significant weight reduction occurs in the 

second phase, with temperatures ranging from 197-400°C 

for sample A (1:1), 193-390°C for sample B (1:2), 195-

413°C for sample C (2:1), 220-415°C for sample D (3:1), 

and 200-398°C for sample E (1:3), primarily due to 

pyrolysis. Any further weight loss beyond 500°C is 

attributed to the decomposition of remaining carbonaceous 

materials. 

Fig. 5. Thermogravimetric Analysis 

3.5     Derivative Thermogravimetric Analysis 

          Figure 6 shows prominent DTG peaks at 312.73°C, 

311.99°C, 312.90°C, 313.46°C, and 310.33°C for samples A 

(1:1), B (1:2), C (2:1), D (3:1), and E (1:3), respectively, 

indicating the temperatures of maximal breakdown. 

Comparing the TGA and DTG curves of the five biofilm 

samples reveals that the temperatures for maximum 

decomposition rate (DTG) and thermal stability (TGA) do 

not follow a consistent pattern due to varying acetic acid to 

sugarcane bagasse ratios. Sample D, with a 3:1 ratio, shows 

the highest DTG value of 313.46°C and TGA values ranging 

from 220-415°C. Figures 5 and 6 suggest that sample D is 

more thermally stable than the other samples. However, 

while the high degree of acetic acid enhances thermal 

stability, it may limit flexibility and further weaken 

mechanical strength, which is consistent with the tensile 

strength results shown in Fig. 4 [14].  

 

Fig. 6. Derivative thermogravimetric analysis of all the 

sample 

 

3.6     Biodegradability Analysis 

          Figure 7 shows the soil burial process was used to 

assess the biodegradability of various bioplastics and 

significant degradation was noted by day 2, with sample A 

degrading 11.37%, sample B 2%, sample C 2.12%, sample 

D 1.74%, and sample E 1.13%.  

Fig. 7. Biodegradability analysis of all the sample 

By day 4, sample A degraded by 30.43%, while samples B, 

C, D, and E degraded by 29.20%, 25.45%, 32.17%, and 

23.31%, respectively. On the 7th day, weight loss ranged 

from 41% to 50%, with sample D showing the highest 

weight loss at 50%. These results indicate that sample D, 

with a 3:1 ratio of acetic acid to bagasse, degraded more 

rapidly than the other samples. 
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4. CONCLUSION 

This work effectively created and examined biocomposite 

materials by using sugarcane bagasse and modified starch 

for prospective packaging uses in the agroindustry. The 

structural changes between modified and unmodified 

bagasse were observed by morphological characterization 

using FTIR and FESEM. Thermal and physical property 

study, such as Thermogravimetric study (TGA) indicates 

that an acetic acid to bagasse ratio of 3:1 is more thermally 

stable compared to the other samples and Universal Testing 

Machine (UTM), indicated that an acetic acid to bagasse 

ratio of 2:1 had the highest mechanical strength. The 

biodegradability testing has verified the environmentally 

favourable characteristics of the biocomposite. In summary, 

the combination of sugarcane bagasse and modified starch 

has great potential as a sustainable and efficient packaging 

material in the agricultural business. 
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ABSTRACT 

 

The high crystallinity of poly(ethylene oxide) (PEO) has urged the need for adding salt or nanofiller to 

explore the electrochemical performance of solid polymer electrolytes (SPEs). The effect of the glass 
transition temperature (Tg) and intermolecular interaction of PEO upon the addition of salt or nanofiller 

has become a debatable topic due to the lack of understanding of the role of salt or nanofiller in PEO. 

Hence, the evaluation of the Tg and intermolecular interaction of PEO with the addition of lithium 
perchlorate (LiClO4) salt or/and titanium dioxide (TiO2) nanofiller is presented and discussed. The solid 

polymer electrolytes with the addition of nanofiller are prepared by solution casting technique. The 

optimum composition of PEO and LiClO4 salt is used as the host matrix and TiO2 as the nanofiller. The 
Tg and intermolecular interaction of the polymer-based electrolytes have been studied by Differential 

Scanning Calorimeter (DSC) and Fourier Transform Infrared spectroscopy (FTIR), respectively. PEO-

LiClO4 serves as the classical model of polymer-salt systems with good polymer-salt molecular 
interaction at low salt concentrations (WS ≤ 0.107) whereas TiO2 without any surface treatment when 

added to PEO, serves as a classical model of polymer-nanofiller systems with weak polymer-nanofiller 

molecular interaction. Results have shown that LiClO4 salt has a notable effect on the Tg and 
intermolecular interaction of PEO. Whereas, TiO2 does not provide a substantial effect on the Tg and 

intermolecular interaction of PEO-based polymer electrolytes. This work provides a better understanding 

and knowledge of the effect of the addition of salt or/and nanofiller in the Tg and intermolecular interaction 
of the PEO systems. 
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1. INTRODUCTION 

           Solid polymer electrolytes (SPE) have garnered 

significant interest in recent decades owing to their potential 

applications in solid-state batteries, fuel cells, 

supercapacitors, sensors and etc. [1–9]. SPE is prepared by 

dissolving the alkali metal salt in a polymer host [10–12]. 

These electrolytes provide several appealing benefits 

compared to their liquid counterparts, including leakage-

free, safe, lightweight, and easy to synthesize in desirable 

thickness and area [2,13]. PEO-based solid polymer 

electrolyte is extensively studied due to its lower lattice 

energy [14], high solvating power for alkali metal salts [15], 

good electrochemical stability [16], and appropriate 

structure for facilitating rapid ion transport [17]. PEO 

contains Lewis base ether oxygen, which coordinates with 

the cations and thus helps to dissolve the inorganic salts 

[1,17,18]. The main drawback of PEO-based solid polymer 

electrolyte is its high crystalline phase below the melting 

temperature which renders it unsuitable for application in 

batteries or other practical electrochemical devices. It has 

been revealed that the neat semicrystalline PEO has ~70% 

of the crystalline phase [19,20]. 

           To address this issue, researchers have explored 

various strategies to enhance the overall performance of 

PEO-based electrolytes. These strategies include the 

incorporation of plasticizers to disrupt the crystalline 

structure [21,22], the use of nanofillers to enhance ion 

transport pathways [23,24], and the optimization of 

polymer-salt interactions. Furthermore, advances in material 

processing techniques and composite formulations are being 

investigated to reduce the crystallinity and improve the 

electrochemical properties of PEO-based electrolytes. 

Ongoing research aims to balance the mechanical stability, 
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ionic conductivity, and thermal stability of these materials, 

paving the way for their broader application in next-

generation energy storage and conversion technologies.  

          For concept-proof, a lithium salt is chosen to be added 

to the PEO matrix for the application of SPE due to the high 

solvating property of PEO with the inorganic salt [11,25]. 

However, due to the high crystallinity of PEO, this may limit 

the application of the binary mixture of PEO with a salt as 

SPE [26]. The dissolution of salt only occurs in the 

amorphous region of the polymer matrix, where it plays the 

percolation pathway for the conductivity of dipolar entities 

of salt and PEO [27]. Meanwhile, inert nanofiller titanium 

dioxide (TiO2) may offer excellent characteristics for the 

improvement of lithium-ion batteries [22,28,29]. However, 

inconsistent implications were deduced from the previous 

studies on how the nanofiller affects the properties and 

enhances the conductivity of the SPEs [30,31]. To date, the 

correlation of Tg-intermolecular interaction is crucial for 

regulating the performance of SPEs especially on the 

molecular interaction between the active surface of the 

nanofiller and the polymer chains, for which this attributing 

factor may be oversimplified [32,33]. 

          Since there are limited reports on the effects of the 

addition of nanofiller into the SPEs that may lead to an 

enhancement in their performance for applications in 

batteries and other electrochemical devices, this work will 

explore the relationship between thermal properties and 

intermolecular interactions when PEO is added with salt 

and/or nanofillers. Differential Scanning Calorimeter (DSC) 

and Fourier Transform Infrared spectroscopy (FTIR) 

technique is employed to study the glass transition 

temperature (Tg) and to elucidate specific polymer–salt, 

polymer-nanofiller and polymer-salt-nanofiller 

intermolecular interaction of PEO with the addition of salt 

or/and nanofiller, respectively [34,35]. This will include a 

detailed discussion on the shifting of wavenumbers, changes 

in band shapes and intensities, and alterations in other band 

properties. The Tg of PEO and its molecular interactions 

with salts and nanofillers play crucial roles in determining 

the performance of PEO-based solid polymer electrolytes. 

By understanding and manipulating these factors, 

researchers can design electrolytes with optimized 

properties for various applications in energy storage and 

conversion technologies. 

 

2. EXPERIMENTAL SECTION 

2.1  Materials 

          Three systems, i.e., (1) polymer-salt, (2) polymer-

nanofiller and (3) polymer-salt-nanofiller systems were 

studied in this work. PEO as the polymer host, LiClO4 as the 

salt, and TiO2 as the nanofiller were employed in this work. 

In this work, the rutile form of TiO2 with a particle size of < 

100 nm (99.5% trace metal basis) was selected due to its 

structural stability at various temperatures, high chemical 

stability, excellent optical transparency [36] and more 

surface active than other fillers [2,37] which offers various 

fields of potential applications for example photocatalysis 

[38], pharmaceuticals [39], electronic devices [40], etc. 

Therefore, TiO2 was chosen as the conceptual model for this 

study in order to explore the effect of incorporating TiO2 into 

a polymeric system. This will facilitate a more 

comprehensive understanding of the applicability of TiO2 to 

be used as a nanofiller in polymeric systems. 

          PEO was purified by dissolution in chloroform 

(CHCl3) (Merck, Darmstadt, Germany) and precipitation in 

n-hexane (Merck, Darmstadt, Germany) before the addition 

of salt or nanofiller. The salt and nanofiller were dried at 120 

°C for at least 24 h prior to sample preparation. The 

characteristics of the polymer, salt, and nanofiller used in 

this work are tabulated in  

 

Table 1.  

 

Table 1. Characteristics of materials used in this work 

Constituent PEO TiO2 LiClO4 

Mη
a  

(g mol-1) 

300,000 - - 

Mw
b  

(g mol-1) 

- 79.87 106.4 

Tm (°C) 65c - 236d 

Tg
e (°C) -53 - - 

 

Molecular 

structure 

 
 

 

 

Supplier Sigma-

Aldrich 

(St. Louis, 

MO, USA) 

Sigma 

Aldrich 

Chemical 

Co. (USA) 

Acros 

Organics 

Co, Geel, 

Antwerp, 

Belgium 
aViscosity-average molar mass estimated by the supplier; 
bMolar mass calculated by the supplier; cMelting 

temperature adapted from ref [19]; dMelting temperature 

adapted from ref [41]; eGlass transition temperature 

estimated from DSC as determined in this work 

2.2      Sample Preparation 

          A solution-casting technique was used to prepare the 

free-standing polymer-salt, polymer-nanofiller and 

polymer-salt-nanofiller films. The PEO was added with 

different salt fraction (WS) in the range of 0 to 0.17, or 

nanofiller fraction (WF) in the range of 0 to 0.065 for 

preparation of polymer-salt or polymer-nanofiller films, 

respectively. The equation to determine the mass fraction of 

salt and nanofiller is as follows 

𝑊i =
𝑚i

𝑚PEO+𝑚i 
                                                               (1) 

where quantity mi and mPEO represent the mass of component 

i and PEO, respectively. The component i can be noted as 

the salt or nanofiller used in this work. For polymer-salt 

systems, the PEO was dissolved in tetrahydrofuran (THF) 
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(Merck, Darmstadt, Germany) and was stirred for at least 24 

h at 50 C. The polymer-salt mixture was poured onto the 

Teflon dish and was left to dry without undergoing extra 

stirring. Unlike the polymer-salt mixture, the polymer-

nanofiller system was dissolved in acetonitrile (ACN) 

(Merck, Darmstadt, Germany) and was stirred for at least 24 

h at 50 C. ACN was used to prepare the polymer-nanfiller 

solutions due to the higher polarity and interaction of ACN, 

which promotes better dispersion of a highly agglomerated 

TiO2 filler in the polymer solution. Further stirring using 

T18D Ultra-Turrax homogenizer (IKA, Staufer, Germany) 

for 15 min at a speed of 5000 rpm was done for the polymer-

nanofiller mixture in order to reduce the agglomeration of 

the nanofiller. Meanwhile, for the preparation of polymer-

salt-nanofiller systems, the composition of salt is fixed based 

on the optimum composition of salt obtained from the 

polymer-salt system (i.e., WS = 0.107) with increasing 

nanofiller fraction (WF) in the range of 0 to 0.043. The range 

of composition of nanofiller before the agglomeration of 

nanofiller (i.e., obtained from polymer-nanofiller systems). 

The polymer-salt-nanofiller system was dissolved in ACN 

and was stirred for at least 24 h at 50 C and further stirred 

using homogenizer for another 15 min at a speed of 5000 

rpm.   

          Then, the polymer-salt, polymer-nanofiller and 

polymer-salt-nanofiller mixture was poured slowly onto the 

Teflon dish and left to evaporate until a dried film was 

formed. After drying, all systems were heated at 80 C under 

a nitrogen atmosphere for 30 min (to erase the thermal 

history during the sample preparation) before being further 

dried in a vacuum oven for 24 h at 25 C. All samples were 

kept in desiccators before further characterization. 

 

2.3.     Instruments 

2.3.1   Differential Scanning Calorimetry (DSC) 

          Thermal properties of polymer-salt, polymer-

nanofiller and polymer-salt-nanofiller systems were studied 

using DSC TA Q200 (TA Instrument, New Castle, USA) 

equipped with RCS90 cooling system (TA Instrument, New 

Castle, USA). Before the analysis, calibration using indium 

and sapphire standards was done. Around 10 to 15 mg of the 

sample was used for each analysis. The sample was placed 

in a standard aluminium sample pan (i.e., sealed hermetic 

pan) before starting the thermal procedure for DSC analysis. 

The sample was cooled to −90 ºC and heated up to 80 ºC at 

a rate of 10 ºC min-1. Nitrogen gas was purged throughout 

the analysis at a rate of 50 mL min-1 to avoid the thermo-

oxidative degradation of the sample in the DSC furnace. The 

quantity of Tg of the sample was extracted from the first 

heating cycle of DSC thermogram. The Tg was extrapolated 

at the mid-point of the change in heat capacity (Cp) or by 

using Moynihan’s method for a more precise estimation of 

Tg especially for the sample with the existence of relaxation 

endotherm in the glass transition[42–44] 

2.3.2 Fourier Transform Infrared (FTIR)  

          The intermolecular interactions of the film samples 

with a thickness of 0.2 – 0.4 mm were examined by FTIR 

spectroscopy. The FTIR spectrum of each polymer-salt, 

polymer-nanofiller and polymer-salt-nanofiller systems 

were recorded using an attenuated total reflectance (ATR) 

accessory with a diamond crystal window on Nicolet iS10 

FTIR (Thermo Scientific, Madison, Wisconsin, USA). The 

dried film was pressure-clamped to ensure that the film was 

in adequate contact with the ATR crystal. The spectra were 

collected in absorbance mode in the range of wavenumber 

600 - 4000 cm-1 by averaging 16 scans at a maximum 

resolution of 2 cm-1 at 25 °C. The sample was analyzed at 

three locations with a minimum of six FTIR measurements 

to ensure that the FTIR analysis was based on a 

representative region of the polymer-salt, polymer-

nanofiller and polymer-salt-nanofiller systems, respectively. 

The spectrum obtained was subjected to background 

subtraction and auto-baseline correction to attain the final 

spectrum. 

3. RESULTS AND DISCUSSION 

3.1 Glass Transition Temperature 

          Tg is one of the important properties of polymers, 

which describes the temperature at which the polymer chains 

start to move. Below Tg, the polymer chains are rigid and 

have very little mobility. The Tg is influenced by the 

molecular structure of polymers [45,46], molar mass 

[44,47], crystallinity and thermal history [48]. Lowering the 

Tg can increase the polymer chains' mobility and 

consequently increase the conductivity [49,50]. This is due 

to the enhanced flexibility of the polymer chains and faster 

segmental motion. Since the conductivity of SPEs at room 

temperature is still low, strategies have been conducted in an 

attempt to lower the Tg far below room temperature and 

enhance the conductivity.  

           Figure 1 shows the Tg of amorphous PEO for PEO-

LiClO4, PEO-TiO2 and PEO-LiClO4-TiO2 systems. There is 

a linear increase in Tg with elevating salt content up to WS = 

0.0909 for the PEO-LiClO4 systems but not in the PEO-TiO2 

and PEO-LiClO4-TiO2 systems. This shows that the salt has 

a significant effect on the amorphous region of the 

semicrystalline PEO than the nanofiller. In other words, the 

salt possesses better interaction with PEO than the 

nanofiller. One can see that the variation in Tg for the 

polymer-based nanofiller systems is insignificant as each Tg-

nanofiller composition is within the percentage error. 

Besides, it is also well-known that the salt is more soluble in 

PEO, unlike the ceramic nanofiller, where phase separation 

takes place in the binary (or ternary) mixture, even with 

surface modification of the nanofiller [51–55]. This is 

because the ceramic nanofiller does not dissolve in the 

polymer.  

           It can be seen that PEO-LiClO4 systems are only 

miscible up to a certain composition as the Tg increase 

linearly up to saturation point (WS > 0.107), before it drops 

until reaching near the Tg of neat PEO (𝑇g
o), indicating the 

occurrence of phase separation in the amorphous region. In 
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other words, above the saturation point at WS > 0.107, PEO-

LiClO4 systems undergo a phase separation forming the salt-

rich and salt-poor phases. Salt-rich and salt-poor phases refer 

to the pure salt phase (salt precipitation due to excessive 

amount of salt in PEO) and the phase of highly diluted salt 

solution in the PEO, respectively. This phase can be 

observed from the micrograph from the polarized optical 

microscope (POM) that has been reported in previous work 

[20,56]. It is well noted that an increase in Tg elucidates the 

increase in rigidity of the polymer chain, which may also 

imply the interaction between the constituents in the mixture 

[57–59]. Hence, from the presented data, the increase in Tg 

observed in PEO-LiClO4 systems implies the interaction 

between PEO and LiClO4 salt. Consequently, it leads to a 

decrease in the degree of freedom of molecular chains of 

PEO with elevating salt fraction unlike the TiO2 nanofiller, 

where little to no effect on the degree of freedom of PEO 

chains. This observation is absent for the PEO-TiO2 and 

PEO-LiClO4-TiO2 systems which expresses the 

immiscibility of TiO2 and PEO. 
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 Figure 1. Glass transition temperature of amorphous PEO 

for () PEO-LiClO4, (●) PEO-TiO2 and (■) PEO-LiClO4-

TiO2 systems. The error bar represents the standard 

deviation of the Tg values with an error of less than 3%. 

 

          The molecular dispersion of salt in the PEO might be 

possible due to the complex interaction of salt molecules and 

PEO segments but it is impossible for the PEO with 

incorporation of TiO2 nanofillers. Molecular chains of PEO, 

as well as the TiO2, behave like hard spheres to each other 

as they dislike each other, hence, phase separation takes 

place in the amorphous phase of PEO. The TiO2 nanofiller 

agglomerates and forms micro-particles with an elevating 

mass fraction of TiO2 that may lead to severe phase 

separation [19,20]. Thus, leads to the insignificant difference 

in Tg for the immiscible system as indicated by the constancy 

of Tg of PEO with increasing of nanofiller content for PEO-

TiO2 and PEO-LiClO4-TiO2 systems.  

 

 

3.2 Intermolecular Interactions 

 FTIR is a powerful vibrational spectroscopic method 

that is widely used to study the intermolecular interactions 

between components of a polymer mixture [2,60,61]. FTIR 

is a useful characterization tool as it provides information on 

the complexation between salt and polymer, nanofiller and 

polymer, and salt, nanofiller and polymer systems. In 

general, the shifting in wavenumbers or/and the changes in 

the intensities of the characteristic absorption peaks of 

polymer complexes using FTIR give an insight into the 

interactions that occur between the components of the 

complex system which may allow one to elucidate the 

structure of the complex system. 

 The characteristics of the neat PEO, PEO-LiClO4, 

PEO-TiO2 and PEO-LiClO4-TiO2 systems were checked 

using FTIR. The FTIR analysis is discussed here to highlight 

the absorption bands of neat PEO, PEO-LiClO4, PEO-TiO2 

and PEO-LiClO4-TiO2 systems. Therefore, the change in the 

IR absorption bands of PEO upon the addition of salt or 

nanofiller or salt and nanofiller can be highlighted. Figure 2 

shows the full range of FTIR spectra (i.e., wavenumber 

range from 4000 to 650 cm-1) of neat PEO, PEO-LiClO4, 

PEO-TiO2 and PEO-LiClO4-TiO2 systems. The assignment 

of characteristic IR bands of PEO is based on the previous 

work by other researchers are listed in Table 2. The 

characteristic of IR bands of neat PEO in this study is found 

to be substantially similar to the characteristic IR bands 

extracted from the literature. 

 The most important vibrational modes and 

wavenumbers exhibited by neat PEO are CH2 bending [vs 

(CH2)], CH2 wagging [ω(CH2)] and C–O–C stretching [v(C-

O-C)] modes. Generally, the characteristic ω(CH2) mode of 

PEO shows a sharp doublet at 1360 and 1342 cm-1 

representing the crystalline phase of PEO. The centre peak 

of v(C-O-C) mode appears as a triplet at 1095 cm-1 that 

corresponds to the amorphous part of PEO, while the two 

shoulders represent the crystalline phase of PEO at 1145 and 

1060 cm-1, respectively [60].  

 With the addition of LiClO4 (i.e., WS = 0.0099) to the 

PEO matrix, the absorbance bands of PEO show a slight 

difference in peak wavenumber shifting as compared to the 

neat PEO. Meanwhile, with incorporation of TiO2 (i.e., WF 

= 0.0099) into the PEO matrix reveals that the FTIR 

spectrum of the PEO-TiO2 system closely resembles that of 

the neat PEO except for a little change in the intensities of a 

few peaks which are peaks of the v(C−O−C) modes. 

Besides, the FTIR spectra for PEO-LiClO4-TiO2 at WS = 

0.107, WF = 0.009 show relatively fewer changes in the 

wavenumber and peak intensities of the vibrational bands of 

PEO-LiClO4-TiO2 with the addition of nanofiller as 

compared to PEO-TiO2 systems.  The vibrational modes of 

CH2 stretching, CH2 wagging and C-O-C stretching were 

shifted to higher wavenumbers. The shape of all CH2 modes 

changed with decreased intensity. 
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Figure 2. FTIR spectra of (a) neat PEO, (b) PEO-LiClO4 at 

WS = 0.0099, (c) PEO-TiO2 at WF = 0.0099 and (d) PEO-

LiClO4-TiO2 systems at WS = 0.107, WF = 0.009, 

respectively. 

 

Figure 3 (a) and (b) show the enlarged view of the 

absorption bands of CH2 stretching and CH2 wagging of 

PEO-LiClO4 systems, respectively. The peak intensity at a 

wavenumber of 1342 and 2884 cm-1 are reduced as the 

amount of the addition LiClO4 increasing indicates that the 

addition of LiClO4 disrupted the ordering of the polymer 

chains of PEO and increased the amorphous of PEO [69]. 

However, the wavenumbers of PEO-LiClO4 systems at all 

salt compositions do not shift significantly.  

Figure 3 (b) depicts two sharp absorption bands at 

1360 and 1342 cm-1 representing the crystalline phase of 

PEO [60,63–66]. There is no shifting of the wavenumber of 

the absorbance bands at 1342 cm-1 with the addition of 

LiClO4, but the absorbances of these bands reduce as the 

content of LiClO4 in the PEO matrix increases, which 

indicates qualitatively proportionate to the lower content of 

the crystalline phase in the PEO [70]. 

Furthermore, another three important absorption IR 

bands of PEO are also observed to represent C-O-C 

stretching mode of the band [c.f.  

Figure 3 (c)]. The middle peak of v(C−O−C) mode 

observed at 1095 cm-1 corresponds to the amorphous phase 

of PEO, while the two shoulders representing the crystalline 

phase of PEO are observed at 1060 and 1148 cm-1 [60,62–

65]. There is a slight shifting of absorbance bands of 

v(C−O−C) mode of the amorphous phase of PEO to lower 

frequency (i.e., from 1095 to 1078 cm-1) and becomes 

broadened in shape. This is confirmed that there is the 

interaction between LiClO4 with the amorphous phase of 

PEO. As for the shoulders, no clear shifting of the 

absorbance bands is observed. This is true since the LiClO4 

did not interact with the crystalline region of PEO [19,20]. 

However, the intensity of the absorbance peak becomes 

lower upon the addition of LiClO4. 

The band of 623 cm−1 is assigned as the perchlorate 

“free” anion vibrations (ClO4
−) [27,35]. This band is 

frequently used to analyze ion–ion interactions in PEO-

LiClO4 systems [70]. The v(ClO4
−) mode of PEO in  

Figure 3 (d) shows insignificant shifting in the 

wavenumber with ascending LiClO4 content in the PEO 

matrix implying ions dissociation within the range of the salt 

content [27].  However, the intensity of the band increases 

with the increase of the salt content. This may suggest that 

there is an increment in the amount of free ClO4
− anion or 

the dissociation of Li cation is also increased. Hence, it is 

confirmed by FTIR spectra that PEO-LiClO4 systems have 

good polymer-salt intermolecular interaction at low salt 

content but weak polymer-salt intermolecular interaction at 

high salt content. 

Figure 4 illustrates the FTIR spectra of ω(CH2) and 

v(C-O-C) of PEO-TiO2 systems. The composition of 

nanofiller is kept low (i.e., WF ≤ 0.0654) because TiO2 starts 

to agglomerate in the amorphous region of PEO and forms 

micro-size particles at high composition of nanofiller 

[19,20,40,71,72]. The doublet of ω(CH2) that represents the 

crystalline phase of PEO remains unchanged in both position 

and intensity at all nanofiller compositions [c.f., Figure 4 (a) 
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and (b)]. This implies that the crystallinity of PEO has no or 

little interaction with the addition of nanofillers [19,73,74]. 

Normally, good molecular interactions lead to 

 

Figure 3. FTIR spectra of (a) CH2 stretching, (b) CH2 

wagging, (c) C-O-C stretching and (d) ClO4
- of PEO-LiClO4 

systems 

largely modifying the shape of the bands and their peak 

positions [71].  In other words, the PEO matrix is not 

affected by the addition of TiO2. However, it can be noted 

from the enlarged view presented in Figure 4 (c), there are 

no significant changes neither in intensity nor in positions of 

the triplet of absorbance bands of v(C−O−C) mode at 1060, 

1096 and 1147 cm-1 for PEO-TiO2 systems even increasing 

the nanofiller content up to WF = 0.0654. These results 

confirm that there are weak intermolecular interactions 

between the PEO functional group and TiO2 in the PEO-

nanofiller system because intermolecular interactions 

significantly alter the shape of the bands and their peak 

positions [71,75]. In this scenario, the presence of TiO2 

primally functions as a physical confinement for PEO chains 

which potentially causes changes in their molecular 

arrangement and crystalline structures as reported by 

reference [61,71]. Hence, it is confirmed that the addition of 

TiO2 without any surface treatment into the PEO matrix did 

not have substantial effects on the molecular interaction 

between PEO and nanofiller in PEO-TiO2 systems. It serves 

as a classical model of polymer-nanofiller systems with 

weak polymer-nanofiller molecular interaction. 

The enlarged view of a doublet of ω(CH2) for PEO-

LiClO4-TiO2 systems at a fixed amount of salt, WS = 0.107 

which represents CH2 stretching and CH2 wagging are 

depicted in Figure 5 (a) and (b), respectively. The peak 

intensity of a doublet of ω(CH2) and their wavenumbers at 

all nanofiller compositions of PEO-LiClO4-TiO2 systems 

remain unchanged as the amount of TiO2 increases 

indicating that the crystalline phase of PEO is unaffected 

with the addition of nanofiller. In addition, no difference is 

observed when the addition of TiO2 as low as WF = 0.009 in 

PEO-LiClO4-TiO2 systems for absorbance bands of v(C–O–

C) mode where the peak intensity and the wavenumber (i.e., 

1094, 1059 and 1146 cm-1) are insignificant changes. 

Normally, the interactions among PEO, LiClO4 and TiO2 are 

associated with the changes in intensity, shape and position 

of these stretching modes [70]. Hence, this observation may 

indicate weaker or no interaction of LiClO4 and PEO after 

the addition of TiO2. However, the loose boundary region 

may exist at the interface of TiO2 and PEO. As a result, it 

may allow the attraction of charged entities to the loose 

boundary of TiO2 which possibly helps in the facilitation of 

the charged entities at the interface of TiO2 and PEO [76]. 

Moreover, the band of 623 cm−1 shows an 

insignificant shift in the wavenumber with an ascending 

concentration of TiO2 [c.f., Figure 5 (d)].  This may suggest 

that there is no significant variation in the amount of free 

ClO4
− anion or dissociation of Li cation when a small 

amount of TiO2 is added. This is due to the charged entities 

may be attracted more to the loose interfacial region around 

the surface of TiO2 [76], thus weakening the interaction of 

PEO and LiClO4. Hence, it led to insignificant changes for 

the free anion and dissociated cation of the PEO-LiClO4-

TiO2 ternary systems. 
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Figure 4. FTIR spectra of (a) CH2 stretching, (b) CH2 

wagging and (c) C-O-C stretching of PEO-TiO2 systems 

 

  

 

 

Figure 5. FTIR spectra of (a) CH2 stretching, (b) CH2 
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Table 2. Characteristics IR bands for neat PEO, PEO-salt, PEO-nanofiller and PEO-salt-nanofiller systems 

No Assignment 

Neat PEO 
PEO-LiClO4 system 

(WS = 0.0099) 

PEO-TiO2 

system 

(WF = 0.0099) 

PEO-LiClO4-

TiO2 system 

(WS = 0.107, WF 

= 0.009) 

Wavenumber 

(cm-1) 
Refs. 

Wavenumber 

(cm-1) 
Refs. 

Wavenumber 

(cm-1) 

Wavenumber 

(cm-1) 

(1) 
CH2 

stretching, vs 

(CH2) 

2886 [60,62–64] 2884 [60,62–64] 2880 2881 

(2) 
CH2 

scissoring, 

δas(CH2) 

1466 [60,62–64] 1467 [60,62–65] 1466 1466 

(3) 

CH2 

wagging 

doublet, 

ω(CH2) 

1342, 1360 [60,63,64,66] 1342, 1360 [60,63–66] 1341, 1360 1342, 1360 

(4) 
CH2 

twisting, 

ω(CH2) 

1240, 1280 [35,60,63,64] 1240, 1279 [35,60,63–65] 1240, 1281 1240, 1281 

(5) 

Symmetric 

C-O-C 

stretching, 

v(C−O−C)] 

1060, 1095, 

1145 
[60,62–64] 

1060, 1096, 

1148 
[60,62–65] 

1060, 1096, 

1147 

1059, 1094, 

1146 

(6) 

CH2 

symmetric 

rocking, 

ρs(CH2) 

962 [35,60,63,64] 961 [35,60,63–65] 961 962 

(7) 

CH2 

asymmetric 

rocking, 

ρas(CH2) 

842 [35,60,64,67] 841 [35,60,64,65,67] 841 842 

(8) v(ClO4
-) n.a  623 [35,65,68] n.a 623 

 

4. CONCLUSION 

This work focuses on the effect of the addition of salt or/and 

nanofiller on the Tg and intermolecular interactions of PEO-

LiClO4, PEO-TiO2 and PEO-LiClO4-TiO2 systems. The 

values of Tg for the amorphous phase of PEO increased with 

ascending salt content before starting to decrease at a higher 

salt fraction, WS ≥ 0.107. The values of Tg for PEO-TiO2 and 

PEO-LiClO4-TiO2 systems do not change significantly with 

an increment of nanofiller fraction. This indicates that there 

is little or no effect of the addition of TiO2 to the PEO and 

PEO-salt systems. 

Besides, the FTIR study revealed there is a slight 

shifting of absorbance bands of asymmetric and symmetric 

C-O-C stretching mode of the amorphous phase of PEO to 

lower frequency and becomes broad in shape for PEO-

LiClO4 systems. The peak intensity of the absorption bands 

of CH2 stretching and CH2 wagging of the crystalline phase 

of PEO reduces as the amount of the addition of LiClO4 

increases which indicates that the addition of LiClO4 

disrupted the ordering of the polymer chains of PEO and 

increases the amorphous of PEO. However, the 

wavenumbers of PEO-LiClO4 systems at all salt 

compositions are insignificantly shifting but the absorbances 

of these bands reduce as the content of LiClO4 in the PEO 

matrix increases, which indicates qualitatively proportionate 

to the lower content of the crystalline phase in the PEO. 

Nevertheless, the addition of nanofiller into PEO 

and PEO-salt systems only has substantial effects on the 

intermolecular interactions. The absorbance band of 

asymmetric and symmetric C-O-C stretching, CH2 

stretching and CH2 wagging modes in terms of the peak 

intensity and their wavenumbers at all nanofiller 

compositions of PEO-TiO2 and PEO-LiClO4-TiO2 systems 

remain unchanged as the amount of TiO2 increases indicates 

that the crystalline phase of PEO is unaffected with the 

addition of nanofiller. Hence, it is confirmed that the 

addition of TiO2 without any surface treatment into the PEO 

matrix did not have substantial effects on the molecular 

interaction between PEO and nanofiller in PEO-TiO2 and 

PEO-LiClO4-TiO2 systems. It serves as a classical model of 

polymer-nanofiller systems with weak polymer-nanofiller 

molecular interaction. For future prospects, more studies on 

the surface modifications of TiO2 are needed to improve the 

dispersion and interaction with the PEO matrix. Good 

dispersion and interaction between the TiO2 filler and PEO 
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matrix will determine the performance of this composite and 

their practical applicability.  
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ABSTRACT 

 

Lignocellulosic biomass is widely studied to produce alkyl levulinate through acid catalyst catalysed 

alcoholysis, which potentially used as a biofuel additive. However, the poor properties of homogeneous 
catalyst have prompted this study to focus on enhancing the yield of alkyl levulinate by using sulfonated 

activated carbon (AC-S) doped with different metals as a heterogeneous catalyst with co-existence of 

Brønsted and Lewis acidic sites. The activated carbon (AC) precursor was modified via sulfonation and 
impregnated with iron (Fe), copper (Cu) and cobalt (Co) metals, which were further characterised to 

evaluate their physicochemical properties as a catalyst. Their catalytic activity was then evaluated for 

glucose alcoholysis in a stainless-steel batch reactor at 180 ˚C for 4 h, by charging 0.6 g of glucose, 40 
mL of alcohol (methanol and ethanol) and 0.3 g of catalyst. According to the results, the catalysts’ 

catalytic activity was improved after sulfonation and metal doping. Among the employed heterogeneous 

catalysts, AC-S-Cu exhibited the highest catalytic activity, which was contributed mainly by its co-
existence of Brønsted and Lewis acidic sites with significant Brønsted acidity, higher thermal stability 

with minimum weight loss up to 200 ˚C (<2 wt%), better morphology, and larger surface area (928 m2/g) 

compared to other metal-doped AC-S. The maximum alkyl levulinate yield (15.04 wt%) was obtained for 
ethyl levulinate production under conditions of 180 ̊ C, 4 hr, 0.6 g of glucose, 0.3 g of AC-S-Cu and 40mL 

of ethanol. The outcome of this study provides an insight on the potential of AC-S-Cu in facilitating the 

direct alcoholysis of glucose to alkyl levulinate.   
 

Keywords: alkyl levulinate; Brønsted-lewis; alcoholysis; sulfonated activated carbon; metal doping 
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1. INTRODUCTION 

Climate change, energy security, and heavy 

dependence on fossil fuels are among global issues that 

require immediate attention. Biofuels have emerged as a 

sustainable alternative energy source via the use of biomass 

as a promising feedstock. Biomass mainly consists of 

cellulose, hemicellulose and lignin, often being utilized in 

the conversion of high value products such as levulinic acid 

(LA) and alkyl levulinate (AL) [1]. AL is a promising 

renewable fuel additive used to improve engine performance 

and produce greener emissions.  

Due to the high chemical cost and complex synthesis 

route involving multiple steps from the easily accessible 

levulinic acid (LA) and furfuryl alcohol (FA) through 

esterification, the single-step approach of direct conversion 

of lignocellulose-derived sugars into AL has attracted 

interest [2]. As a result, monosaccharides like glucose is 

commonly used as a representative material for biomass 

conversion studies as it is easier to be converted compared 

to polysaccharides and biomass which have stronger and 

more complex hydrogen bonds and Van Der Waals forces 

[3]. 

The direct AL production involves the esterification 

of monosaccharides with alcohol by employing acidic 

catalysts to promote the AL yields. Despite the cost-

effectiveness and efficiency of the commonly used 

homogeneous catalyst such as sulfuric acid and hydrochloric 

acid, these acids present significant drawbacks related to 

environmental concerns such as lower recyclability and 

corrosion issues [4]. As an alternative, heterogeneous 

catalyst was introduced to tackle these issues. Various 

heterogenous catalysts such as metal sulphates, sulphated 

metal chlorides, heteropolyacids, zeolites and resins have 

been previously employed in monosaccharides conversion 

to AL. However, those heterogenous catalysts have 

drawbacks such as poor surface properties and fast catalyst 

deactivation [4]. As researches lately work towards 
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establishing green conversions, activated carbon (AC) is an 

emerging carbon-based heterogeneous catalyst. Activated 

carbons are well-known for their large surface area and 

adjustable surface functional groups providing specific 

properties, encouraged many researchers to employ it in the 

conversions of biomass to AL [5,6]. 

Many research projects have aimed to produce AL 

via heterogeneous acid catalyst with the combination 

approach of Brønsted-Lewis acids as they found that the 

combined effect of both acids have enhanced the reaction 

process by the following the pathway shown in Figure 1 [7]. 

The Brønsted-Lewis dual-acidity facilitates the glucose 

conversion to AL in such a pathway that requires lesser 

energy and hence enhances the AL yields [8]. This is in 

agreement with Tempelman et al. 2023 [5] which proved 

that the dual acidic tin-doped sulfonated activated carbon 

(Sn-Fn-AC) showed high activity towards the production of 

5-HMF from glucose-fructose-sucrose aqueous solution as 

compared to the mono-acidic catalyst, where 30 mol% 5-

HMF yield was obtained using Sn-Fn-Ac, while less than 5 

mol% 5-HMF yield was reported using mono-acidic Fn-

AC.. 

 

Figure 1. Roles of Brønsted and Lewis acid in facilitating 

AL conversions 

 

Although several studies have employed AC-S in the 

biomass conversion to AL, research works on the 

employment of dual-acidity AC-S as a catalyst in direct 

glucose conversion to AL is scarcely reported. To the best of 

our knowledge, the synthesis of dual-acidity AC-S catalyst 

by metal doping with copper, cobalt and iron sulfates; and 

employing them in the direct glucose conversion AL have 

not been reported in literatures. Accordingly, this study aims 

to evaluate AL yield from direct glucose conversion through 

alcoholysis reaction catalyzed by newly developed catalysts. 

Sulfonation and metal doping were performed on the AC 

precursor to provide the joined acidities of Brønsted-Lewis. 

The catalysts were then characterized and employed in the 

conversion of glucose to two different ALs, namely methyl 

levulinate (ML) and ethyl levulinate (EL). 

 

2. METHODOLOGY 

          All materials were purchased from Sigma Aldrich, 

VChem and Merck, ensured are analytical grade and were 

used as received. Commercialized activated carbon, 

concentrated sulfuric acid (H2SO4, 95-97 %), iron (II) sulfate 

heptahydrate (FeSO4·7H2O), copper sulfate pentahydrate 

(CuSO4·5H2O), cobalt sulfate heptahydrate (CoSO4·7H2O) 

were used for the synthetization of heterogeneous catalyst. 

Meanwhile, pyridine was used for the catalyst 

characterization. The conversion of glucose to AL was 

conducted using methanol (CH3OH), ethanol (C2H5OH, 

95%), and glucose (C6H12O6).  

2.1 Catalyst Preparation 

 

 In this study, five different AC catalysts were 

prepared. In order to prepare AC-S, 10.0 g of AC was mixed 

with 100 mL of H2SO4 in 150 mL round bottom flask 

equipped with a magnetic stir bar and condenser. The 

mixture was then stirred at 300 rpm with heating at 373 K 

for 5 h. After the treatment, the mixture was diluted by 

adding 2 L of distilled water prior to vacuum filtration in a 

Büchner flask until the cleaning water pH was 

approximately 7. The sample was placed in a crucible and 

oven dried at 110 ˚C for 24 h. The dried sample was labelled 

as AC-S.  

 Next, the AC-S was further mixed with 10 g of 

FeSO4.7H2O which was pre-dissolved in 100ml distilled 

water in a 1 L beaker under 500 rpm stirring at room 

temperature for 2 h. The mixture was then filtered under 

suction and dried in the oven for 110 ˚C overnight before 

further calcined for 5 h at 300 ˚C. The dried sample was 

designated as AC-S-Fe. The same procedure was used to 

prepare AC-S-Cu and AC-S-Co using CuSO4·5H2O and 

CoSO4·7H2O respectively. 

 

2.2 Catalyst Characterization 

 

           The thermal stability and degradation of the prepared 

catalysts were determined by Thermogravimetric Analysis 

(TGA) using TGA Q500 V20.13 Build 39 through inert 

heating from 30 to 950 ˚C with a heating rate of 10 ˚C/min. 

The presence of functional groups of catalyst was confirmed 

by Fourier transform infrared (FTIR) spectroscopy from 

Perkin Elmer Spectrum using KBr pellets in the IR range of 

370 - 4000 cm-1. Next, the catalyst’s phase structure and 

crystallinity were studied via X-ray diffraction (XRD) 

analysis, which ranges from 3 ° to 100 ° 2θ with a step size 

of 0.02 ° and step time of 60 s, operated at 40 kV and 30 mA 

with a fixed 2/3° incident slit on the X-ray diffractometer 

(D/teX Ultra 250 Rigaku SmartLab with an attachment of 

ASC robot- reflection) via Cu Kα radiation. 

The elemental analysis and morphology of the 

samples were carried out using energy-dispersive X-ray 

(EDX) spectrometry coupled with Scanning Electron 

Microscopy (SEM) (Hitachi SU3500). The surface area and 

pore distribution were measured using Micromeritics 3-Flex 

instrument. The samples were degassed under vacuum at 

200 ˚C for 6 h before conducting standard nitrogen (N2) 

adsorption and desorption at -196 ˚C. The Brunauer-Emmett 

Teller (BET) method was used to calculate the total surface 

area, whereas Barrett-Joyner-Halenda (BJH) and t-plot 

methods were utilized to differentiate between the 
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micropores and mesopores volume associated with the 

surface area. 

The acidity of the catalysts were determined by 

Ammonia-Temperature Program Desorption (NH3-TPD) 

analysis. The analysis was conducted using Chemisorption 

Analyzer Micromeritics Autochem II, and degassing 

temperature was set at 150 °C. For the determination of 

acidity type for Brønsted-Lewis acid, the characterization 

was carried out using FTIR with pyridine as a probe. 50 mg 

of sample was dried at 115 ˚C for 1 h and cooled to room 

temperature, then 0.5 mL of pyridine was directly added into 

the sample in a glass vial and left for 1 h for a complete 

adsorption. The pyridine added sample was dried at 120 ˚C 

for 1 h then the sample was allowed to cool until room 

temperature. The dried sample was analyzed in the spectral 

region between 1400 and 1700 cm-1 using alkali halide 

(KBr) pellets. The ratio of Brønsted to Lewis acid sites can 

be computed using Equation (1). 

 

 Ratio of Brønsted to Lewis Acidity = 
𝐴𝐵×𝐶𝐿

𝐴𝐿×𝐶𝐵
                    (1) 

  

Where, AB and AL are the areas of Brønsted and Lewis 

acidity from FTIR (cm-1), respectively, CB and CL is the 

coefficient of Brønsted and Lewis acidity (188 cm/mmol) 

and (142 cm/mmol). 

 

2.3  Direct Alcoholysis of Glucose to AL 

The alcoholysis of glucose was carried out in a 150 

mL stainless steel batch reactor. The reactor was charged 

with 0.6 g of glucose, 0.3 g of AC and 40 mL of ethanol. The 

solution was then heated to 180 °C and stirred at 200 rpm for 

4 h. Once the reaction was completed, the reactor was cooled 

to room temperature. The resulting reaction mixture was 

then filtered through a syringe filter (PTFE, 0.45 μm, VWR) 

prior to Gas Chromatograph-Flame Ionization Detector 

(GC-FID) analysis. Similar steps were taken for all AC-S, 

AC-S-Fe, AC-S-Cu and AC-S-Co to determine its catalytic 

activity. The experiment was repeated using methanol as 

solvent. 

 

2.4  Product Analysis 

           To calculate the AL yields in the sample product, the 

resulting liquid undergoes analysis using GC-FID. The AL 

peak areas were identified using an Agilent Technology 

7820A GC-FID system equipped with a DB-Wax column 

(30 m × 0.25 mm × 0.25 μm). The analysis conditions used 

were as follows: N2 as the carrier gas with 1.0 mL/min of 

flow rate, the injection port temperature of 250 ˚C, the 

detector temperature of 270 ˚C, and the oven temperature 

programmed from 50 to 170 ̊ C (5 ̊ C/min), followed by 170-

240 ˚C (15 ˚C/min). Standard calibration curve of AL 

standard solution was constructed to derive the equation for 

ALs concentration calculation in the product sample. The 

ALs yields were calculated using Equation (2). 

 
 

ALs Yield (wt %) =  

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐴𝐿𝑠 (
𝑔

𝑚𝐿
)× 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑚𝐿)

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐺𝑙𝑢𝑐𝑜𝑠𝑒 (𝑔)
 x 100%             (2) 

 

3. RESULTS AND DISCUSSION 

3.1 Catalyst Characterization 

    The TGA/DTG curve is shown in Figure 2a. 

Activated carbon exhibits lowest thermal stability due to its 

lower activation energy for oxidation of amorphous structure 

[1], whereby its thermal stability increases after sulfonation 

as AC is affected by strong acid on the carbon structure. 

Further modification of AC-S with metal doping increases 

the thermal stability of the sample, which was contributed 

by the high thermal stability of metals itself [7]. It is 

observed that 2.5 wt% weight loss in the 270–330 °C 

temperature region, which could be attributed to 

decomposition of the –SO3H groups [5]. Since the 

alcoholysis reaction was carried out at 180°C, all the metal 

doped sulfonated activated carbon showed good thermal 

stability up to 400 °C and are suitable to be employed in the 

conversion process as there is no drastic weight loss 

indicated in TGA curves below 180 °C. 

 

Figure 2. (a) TGA-DTG thermographs and (b) FTIR 

spectra of AC, AC-S, AC-S-Fe, AC-S-Cu and AC-S-Co 

(a) (b)
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 Figure 2b represents the FTIR spectra of the catalysts. 

A distinct vibration is evident between 3800 cm-1 and 3500 

cm-1, indicating O-H stretching and the generation of 

hydroxyl groups, along with adsorbed water on the surface 

of the carbon [9]. The existence of S=O stretching and 

−SO3H bonding in the range of 1350 cm-1 and 1020 cm−1 

corresponds to the introduction of SO3H groups, which 

signifies the effective attachment of −SO3H groups onto the 

activated carbon surface in all the catalysts except AC. For 

samples doped with metal, a noticeable peak appears within 

the range of 570 cm-1 to 400 cm-1. Two additional small 

peaks at 384 cm-1 and 400 cm-1 were identified indicating the 

presence of Fe-O and Co-O bonds respectively following the 

impregnation process [2,10].  

 The crystallinity of prepared catalysts was observed 

using XRD analysis and the spectrum derived is depicted in 

Figure 3a. All the synthesized carbon materials display two 

well-defined diffraction peaks at 2θ angles around 23° and 

42°, with varying intensities, which indicated a disordered 

activated carbon sheet structure. There are minor crystal 

peaks in the range of 30° to 40° associated with iron oxide 

(FeO). This is attributed to the interaction between the Fe 

species and the AC-S structure, resulting in reduced 

crystallinity of the amorphous peak which agrees with the 

literature data [7]. 

 

Figure 3. (a) XRD and (b) Pyridine-FTIR spectra of AC, 

AC-S, AC-S-Fe, AC-S-Cu and AC-S-Co (B: Brønsted, L: 

Lewis) 

 However, the small peak of metal elements was not 

clearly observed by both FTIR and XRD spectrums, which 

could be due to the presence of low Fe, Cu and Co species 

on the AC-S structure. The existence of -SO3H and metal 

elements on the surface of the activated carbon was 

confirmed through EDX analysis, as tabulated in Table 1. 

The presence of sulfur (S) in the AC-S sample confirmed the 

successful sulfonation of the activated carbon. The trace 

amount of sulfur in the AC sample may be attributed to 

contamination during sample preparation. Additionally, the 

detection of Fe, Cu, and Co elements in the AC-S-Fe, AC-

S-Cu, and AC-S-Co samples respectively indicates the 

effective and uniform doping of each metal onto the 

activated carbon surface. 

Table 1: Composition of element contained in AC, AC-S, 

AC-S-Fe, AC-S-Cu and AC-S-Co  

Catalyst 
Element Weight (%) 

C O S Fe Cu Co N 

AC 87.0  12.1  0.8  - - - 0.1  

AC-S 87.7  10.1  2.2  - - -    

AC-S-Fe 68.6  11.7  2.0  17.7  - - 0.1  

AC-S-Cu 83.9  6.2  1.4  - 8.2  - 0.3  

AC-S-Co 86.4  8.1  1.3  - - 3.9  0.3  

 

 

Figure 4. SEM images of AC, AC-S, AC-S-Fe, AC-S-Cu 

and AC-S-Co 

(a) (b)

(a) (b)
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 Figure 3b shows the pyridine-FTIR spectra of the 

prepared catalysts. An absorption peak near 1450 cm-1 

indicates the presence of Lewis acidic sites, whereas an 

absorption peak near 1540 cm-1 represents Brønsted acidic 

sites [14,15]. The Brønsted to Lewis ratios of AC, AC-S, 

AC-S-Fe, AC-S-Cu and AC-S-Co were calculated to be 

0.48, 1.51, 0.73, 0.81 and 0.66. The introduction of sulfonic 

acid increases the B/L ratio due to the contribution of 

Brønsted acid sites increases. The B/L ratio decreases after 

metal doping attributed to the significant presence of strong 

Lewis acidic metals. 

 The surface morphology of prepared catalysts is 

presented by SEM images in Figure 4. The irregular particles 

with a rough surface are observed for all samples suggested 

that activated carbon exhibited numerous micropores on the 

surface, ultimately contributing to an increased material 

surface area. The high acid treatment during sulfonation 

process leads to some development of tiny pores, which 

exposes a larger surface area for reactions. In addition, the 

metal doped ACs showed better morphology than AC due to 

the more open structure for the reaction with the formation 

of acid sites. 

 

 

Figure 5. N2 adsorption-desorption isotherms and BJH pore 

size distributions of AC, AC-S, AC-S-Fe, AC-S-Cu and AC-

S-Co 

 Surface area and porosity of the catalyst are other 

major factors influencing catalytic activity in providing high 

EL yield. Figure 5 displays the N2 adsorption-desorption 

isotherms and pore size distribution. The isotherms obtained 

for the synthesized catalysts fit the II-type adsorption and 

correspond to an H4-type hysteresis loop based on the 

IUPAC classification as expected from literature data [11]. 

This indicates the formation of microporous structures and 

the existence of aggregates of plate-like particles, leading to 

the creation of slit-shaped pores with irregular sizes and 

shapes. Table 2 and 3 summarizes the surface area and 

porosity of the catalysts. The parent material (AC) contains 

a BET surface area of 881 m2/g, which decreases to 114 m2/g 

after sulfonation and increases again after introduction of 

metals. This decrease indicates SO3H groups were added not 

only to the surface of the AC material but also occupied 

some of the pore openings, as proved by the previous 

findings [4,12]. A subsequent increment in SBET and Vpore 

was observed after metal doping. The addition of metals in 

the forms of nanoparticles after metal-doping prevents the 

agglomeration of carbon particles, resulting in a more 

dispersed structure by having increased volume of 

micropores, and thus the surface area increases [6,13]. 

Catalyst with higher surface area is always preferred for 

catalytic reactions as they have more available active sites 

for the reaction to take place, and thus more reaction can 

occur simultaneously leading to higher product yields. This 

trend was aligned with the SEM result, where the metal-

doped AC-S was more porous, which exposed more active 

sites and favors the reaction. 

Table 2: Surface area and porosity of AC, AC-S, AC-S-Fe, 

AC-S-Cu and AC-S-Co 

Catalyst 
Surface Area (m2/g) 

SBET
a SMeso

b SMicro
c 

AC 881 213 667 

AC-S 114 27 87 

AC-S-Fe 243 52 191 

AC-S-Cu 929 237 691 

AC-S-Co 939 248 692 

a BET surface area was obtained from the N2 adsorption isotherm. 
b Surface areas of mesopore were obtained from the t-plot method. 
c Surface areas and pore volume of micropore were obtained from 

the t-plot method. 

 

Table 3: Porosity of AC, AC-S, AC-S-Fe, AC-S-Cu and AC-S-Co 

Catalyst 
Pore volume (cm3/g) Pore diameter (nm) 

VPores
a VMeso

b VMicro
c DMean

d 

AC 0.39 0.12 0.27 1.75 

AC-S 0.05 0.02 0.03 1.78 

AC-S-Fe 0.11 0.03 0.08 1.75 

AC-S-Cu 0.43 0.15 0.28 1.84 

AC-S-Co 0.44 0.16 0.28 1.86 
a Pore volume was obtained from the single-point desorption 

method. 
b Volume of mesopore = (Vpores - Vmicro). 
c Estimated from the adsorption average pore diameter (4 V/A by 

BET). 
d Estimated from the BJH desorption average pore diameter (4 

V/A). 

 

 The NH3-TPD profiles of the five different catalysts 

is depicted in Figure 6 and their acidity values are shown in 

Table 4.  The desorption temperature and the intensity of the 

peaks is associated with the catalysts’ acidic number and 

strength. Desorption peak below 200 °C indicates the 

presence of weak acidic sites, 200-600 °C indicates the 
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presence of moderate acidic sites, while desorption peak 

above 600°C indicates presence of strong acidic sites. AC 

has the lowest acidity with low intensity peaks observed. 

AC-S has slightly higher acidity, with higher intensity peak 

at weak and moderate acidic sites regions. The sulfonation 

performed on AC had contributed to the increase in catalyst 

acidity but still weak. Interestingly, upon metal-doping the 

cataysts’ acidities greatly enhanced with AC-S-Co and AC-

S-Cu reported the highest acidity of 2.81 and 2.69 mmol/g, 

respectively.  Highest intensity peaks under all regions were 

observed in the NH3-TPD profiles of the metal-doped 

catalysts. The metal doping had successfully enhanced the 

catalyst acidity contributed by the joined Brønsted and 

Lewis acidity, as hypothesized. According to the acidity 

values reported in Table 4, the order of catalyst acidity can 

be arranged as AC-S-Co  AC-S-Cu > AC-S-Fe > AC-S > 

AC. 

 

Figure 6. AC based catalysts’ acidity based on NH3-TPD 

profiles. 

Table 4. Acidity values of AC based catalysts 

Catalysts Weak 

acidity 

(mmol/g) 

Moderate 

acidity 

(mmol/g) 

Strong 

acidity 

(mmol/g) 

Total 

acidity 

(mmol/g) 

AC 0.09 0.33 0.65 1.08 

AC-S 0.42 0.58 0.62 1.62 

AC-S-Fe 0.36 0.49 0.84 1.68 

AC-S-Cu 0.29 1.93 0.48 2.69 

AC-S-Co 0.06 0.19 2.56 2.81 

 

3.2      Direct Alcoholysis of Glucose to AL 

 The AL yields obtained from glucose using these five 

catalysts are illustrated in Figure 7. Activated carbon acting 

alone as a catalyst, presented poor catalytic activity in the 

glucose conversion to ALs. The poor catalytic activity of AC 

is attributed to the absence of acidic sites in the catalyst, 

which is one of the main factors to facilitate ALs production 

from biomass carbohydrates. Fortunately, upon sulfonation 

the AC’s catalytic activity has greatly enhanced with 

reported ML and EL yields of 9.87 wt% and 4.21 wt%, 

respectively. Brønsted acidic sites was introduced in the AC 

upon sulfonation, which favors the dehydration and 

esterification reactions that will accelerate the yielding of 

targeted ALs. 

 

Figure 7. Alkyl levulinate yields obtained from different 

activated carbon catalysts (180 °C, 4 h, 0.6 g glucose, 0.3 g 

AC catalyst, 40 mL alcohol) 

 Interestingly, incorporation of metals in the AC-S 

had improved the AL yields for AC-S-Cu (ML: 14.67 wt%; 

EL: 15.04 wt%) and AC-S-Co (ML: 12.48 wt%; EL: 11.28 

wt%), but reduced for AC-S-Fe (ML: 5.76 wt%; EL: 0.35 

wt%). The addition of metals in the AC-S had formed 

catalysts with Bronsted-Lewis dual acidities, which further 

promoted the AL yields. AC-S-Cu exhibited the highest 

catalytic activity among all which was mainly due the 

combination of Brønsted-Lewis acidic sites with the 

significant Brønsted acidity, supported by the higher surface 

area and porosity, had increased the selectivity of AL 

production and further contributed to the higher AL yields 

[16,17]. In comparison between AL yields obtained from 

AC-S and AC-S-Fe, the AL yields reduced when AC-S-Fe 

was employed as catalyst, contradict to the hypothesis made 

where Brønsted-Lewis dual acidity could enhance the AL 

yields. As can be observed in Table 4, AC and AC-S-Fe have 

almost similar total acidities, however the weak and 

moderate acidic sites of AC are much higher compared to 

AC-S-Fe. Very strong acidity could shift the reaction 

pathway of glucose conversion to other by-products and 

cause high etherification of alcohol leading to solvent loss, 

and thus resulting in a lower yield [18]. Similar trend can be 

observed between AC-S-Cu and AC-S-Co, where although 

AC-S-Co has higher total acidity, AC-S-Cu’s higher 

moderate acidic sites were more favourable for AL 

production. This elucidates that although acidic sites are 

required for AL production from biomass carbohydrates, it 

is important to properly tune the catalyst acidity as very high 

or very low acidity could lead to low AL yields. According 

to the observations made in this study, the glucose 

conversion to AL is preferable using catalyst with moderate 

acidity.  
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4. CONCLUSION 

           The highest AL yields (ML: 14.67 wt%, EL: 15.04 

wt%) obtained from glucose conversions were using 

Brønsted-Lewis AC-S-Cu under conditions of 180 ˚C, 4 h, 

0.6 g of glucose loading, 40 mL of ethanol and 0.3 g of AC-

S-Cu. The Brønsted-Lewis dual acidity with significant 

Brønsted acid value of AC-S-Cu as detected in pyridine 

FTIR analysis, had greatly contributed to its high catalytic 

activity. The larger surface area and porosity are also a major 

factor in providing high AL yield. Thus, it can be deduced 

that AC-S-Cu is a potential catalyst that had exhibited its 

prominence in the direct alcoholysis of glucose to AL. 
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