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Abstract 

Glycerol in large quantities as a by-product of biodiesel production is a promising feedstock to be converted into more 

valuable products such as acetin. In this work, acetin converted from glycerol acetylation with acetic acid was 

performed over graphene oxide as a catalyst in a batch reactor. The study's objective was to evaluate the effect of 

sodium nitrate amount in the catalyst preparation on the catalyst's characteristics and catalytic performance. The 

graphene oxide (GO) catalysts were characterised by various tests, such as SEM-EDX for their morphology, the 

nitrogen adsorption capacity using Breneur-Emmet Teller (BET), structural analysis using XRD, functional group us-

ing FTIR, and catalytic activity on glycerol acetylation. The GO1, GO2, and GO3 catalysts were varied based on the 

NaNO3 amount in the modified Hummer method. The experiments found that the NaNO3 amount in catalyst 

preparation plays a vital role in GO structure formation. The GO2 catalyst has the highest performance, as indicated 

by the highest surface area, pore volume, and size. High glycerol conversion (94 %) and selectivity toward the interest 

products of triacetin (24 %) and diacetin + triacetin (83 %) were reached in 2 h of reaction using three wt.% catalysts, 

110 °C reaction temperature, and 1:9 molar ratio of glycerol to acetic acid. 
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1. Introduction 

Petroleum-based commodities provide almost 

85% of the world's energy [1]. Air pollution, 

harmful exhaust pollutants, and greenhouse gas 

emissions increase with conventional fuel use [2]. 

Energy from biomass is more sustainable and 

environmentally favorable than fossil fuels [3]. 

Using biomass to generate biofuels like methanol, 

ethanol, bio-crude, biodiesel, and methane to 

replace fossil fuels is popular. Renewable and 

environmentally friendly, biodiesel is a popular 

green energy source [4]. Biodiesel's 

biodegradability, lower greenhouse gas emissions 

than gasoline fuels, equivalent energy durability, 
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renewability, and low carbon monoxide and 

sulphur dioxide emissions are its key benefits 

[5−8]. Transesterification of triglycerides and low-

molecular-weight alcohols with an alkaline 

catalyst creates biodiesel. Triglyceride feed 

sources include vegetable, animal fat, waste 

cooking oil, microbial and algal oils [9−11], and 

fatty acids from the catalytic cracking of 

triglycerides [12]. A study found that global 

biodiesel output is rising, adding 10% glycerol 

[13]. 

The conversion of glycerol into value-added 

products is necessary to support the long-term 

growth of the chemical industry. By acetylating 

glycerol with acetic acid or acetic anhydride, 

glycerol could be transformed into mono-, di-, and 

tri-acetin [14,15]. The diverse industrial 
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applications of these acetate ester products range 

from cryogenics and cosmetics to effective fuel 

additives [15] that improve fuel viscosity and act 

as an anti-knock agent for biodiesel and increase 

the octane number of gasoline. The selectivity of 

this glycerol product is dependent on the catalyst 

employed. 

Acetylation of glycerol to acetin could be 

accomplished using either homogeneous or 

heterogeneous catalysts. Commonly used 

homogeneous catalysts include HCl, H2SO4, 

H3PO4, and ionic acid solutions such N-methyl-2-

pyrrolidinium hydrogen sulfate [16,17]. Because 

they are corrosive, homogeneous catalysts cause 

disposal problems. It is preferable to use 

heterogeneous catalysts because they are less 

harmful to the environment and make it easier to 

separate the reaction products from the catalyst 

itself. The main challenge of catalytic glycerol 

acetylation is the low selectivity of di- and tri-

acetin [18,19], and some solid catalysts are not 

commercially applicable in the industry [15]. The 

use of enzyme catalysts is very stable. It could be 

used for as many as 15 cycles, does not have an 

effect of corrosion on the reactor, and could be 

easily separated from the medium in which the 

reaction is taking place [20]. However, the use of 

enzyme catalysts still has some drawbacks, the 

most notable of which is a long reaction time, 

which can last up to twenty-four hours. As a 

result, the amount of energy that must be 

consumed is significant, and the enzyme is quickly 

rendered inactive due to the impurities present in 

glycerol. Amberlyst-35 [21], Amberlyst-15 [22], 

[23], zirconia [24,25], heteropolyacid based [26] 

and niobic acid [27], and zeolite [28,29] are some 

of the heterogeneous acid catalysts that have been 

developed. Carbon-based solid acid catalysts offer 

good catalysis in the esterification of methanol 

with acetic acid due to their high stability, 

activity, and selectivity [30] and demonstrate 

promising glycerol acetylation activity and 

selectivity [31].  

According to research by Khayoon and 

Hameed, sulfonated activated carbon possesses 

stable catalytic activity and a high degree of 

selectivity regarding glycerol acetylation 

reactions [32]. Graphene oxide (GO), which is 

made from graphite, has been shown to be a useful 

catalyst for acetylating alcohols and phenols, with 

high yields in a short reaction time and mild 

conditions [33]. GO has also attracted attention as 

a catalyst for biodiesel synthesis due to its unique 

characteristics [34]. To the best of our knowledge, 

there has yet to be an investigation into the 

utilisation of GO as a catalyst for the acetylation 

of glycerol. Previously, we reported the 

performance of GO prepared using the modified 

Hummer method for optimising glycerol 

acetylation [35]. GO could be created using the 

Hummers method and its modifications. The 

classic Hummers method uses sulphuric acid as a 

mixture of oxidising compounds, while the 

modified Hummers uses sulphuric acid and 

sodium nitrate [36]. It is estimated that the 

amount of sodium nitrate as an oxidising 

compound in the MWCNT oxidation process 

affects the characteristics of the resulting GO. 

This study focuses on evaluating the graphene 

oxide made of MWCNT as a catalyst for 

acetylation of glycerol to acetin, examining the 

amount of nitrate on the MWCNT oxidation 

process the physicochemical characteristics of 

graphene oxide catalysts, and its activity on the 

acetylation reaction of glycerol to acetin.  

 

2. Materials and Methods 

Three graphene oxide (GO) catalysts were 

developed using Hummer's method modification 

by varying NaNO3 in sulphuric acid as an 

oxidising compound in the MWCNT oxidation. 

The catalyst characterisation was realised using 

SEM-EDX, Breneur-Emmet Teller (BET), X-ray 

diffraction (XRD), and Fourier Transform 

Infrared (FTIR) Spectroscopy. All catalysts also 

were performed on glycerol acetylation. 

 

2.1 Materials 

The material used in the experiments was 

multi-walled carbon nanotubes (MWCNT) from 

Jiangsu XFNANO Materials China. The 

ingredients were sulphuric acid (98%) and 

hydrochloric acid (37%) from Mallinckrodt, 

potassium permanganate from VWR Life Science, 

phosphoric acid (85%), sodium nitrate (>99.5%), 

glycerol (85 %), acetic acid (>99.5%), chloroform 

(99.4%), periodic acid (99%), hydrogen peroxide 

(50%), potassium iodide (99.5%), sodium 

thiosulfate (99%), potassium dichromate (99.9%) 

from Merck, and ethanol (99.5%) from Ajax 

Finechem. 

 

2.2 Catalyst Preparation 

The process of catalyst preparation was 

carried out using a modified Hummer method. A 

total of 3 g of MWCNT powder was dissolved in 69 

mL 98 % H2SO4 and 0.5, 1.0, or 1.5 g of NaNO3 

according to the ratio to be tested. One hour was 

then spent stirring the mixture. The temperature 

was maintained between 0 and 20 °C for 4 h, while 

8 g of KMnO4 was added gradually to the mixture 

while stirring. The mixture turned into greenish-

black colour. The stirring process was continued 

for 20 h at 35 °C. The mixture then turned light 

brown in colour. The mixture was then washed 

with 200 mL of distilled water and stirred for 1 h. 

The mixture was added with 20 mL of 30 % H2O2 

to remove the remaining KMnO4. Subsequently, 

the mixture was washed with 80 mL of HCl and 
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distilled water repeatedly to neutralise the pH. 

When the pH became neutral, the solid material 

was dried at 110 °C for 12 h to obtain a GO 

catalyst. Furthermore, the catalysts were named 

GO1, GO2, and GO3 according to the amount of 

NaNO3. 

 

2.3 GO Catalyst Characteristics 

The morphological characteristics and 

elemental composition of MWCNT and GO 

catalyst were evaluated using images acquired 

using a JEOL JSM 7500F scanning electron 

microscope equipped with an energy dispersive X-

ray analyser which operated at 10-20 kV. The 

Breneur-Emmet Teller (BET) test was carried out 

to ascertain the surface characteristics, such as 

the surface area (m2/g), pore diameter (nm), and 

pore volume (cm3/g). An isotherm was determined 

for the absorption and desorption of nitrogen gas 

on the surface at a temperature of 77 K. The 

information was acquired through the use of 

Quantachrome TouchWin version 1.11. 

An XRD test was carried out to ascertain the 

crystal structure and crystal size of a solid 

material. An X'Pert Pro diffractometer from 

PANalytical type PW 3040/60 was used to 

measure the X-ray diffraction pattern using Cu-

K radiation at 0.154 nm, 30 mA, and 40 kV. 

Samples were observed continuously at 2 around 

5 – 90. Identification of the sample phase utilised 

Match v.1.1. An FTIR analysis was conducted to 

identify the functional groups responsible for 

forming bonds with the catalyst. Perkin Elmer 

Spectrum IR Software Version 10.6.1 was utilised 

to record the spectrum at vibrations ranging from 

400 to 4000 cm-1. 

 

2.4 GO Catalyst Activity Test 

The acetylation reaction of glycerol with 

acetic acid was carried out in a three-neck flask 

that was fitted with a condenser. This flask was 

used to carry out the GO catalyst activity. Glycerol 

with a volume of 19.13 mL and a GO catalyst of 3 

% glycerol mass was put into a three-neck flask 

and heated to a reaction temperature of 110 ⁰C 

and with a magnetic stirrer speed of 800 rpm. The 

acetic acid that had been preheated to a 

temperature of 100 ⁰C was put into a three-neck 

flask with a ratio of glycerol: acetic acid = 1:9. The 

temperature was maintained at a steady 110 °C 

throughout. Every 15 min, a sample was taken to 

determine the remaining unreacted glycerol in 

mass percentage, using iodometric titration and 

calculated by Equation (1) [37,38]. The standard 

approach entails the oxidation of glycerol and the 

subsequent measurement of the resulting 

released iodine, which is subsequently titrated 

using sodium thiosulfate. The glycerol conversion 

and acetin selectivity are calculated respectively 

using equations (2) and (3), where B is volume of 

Na2S2O3 solution in blank titration (mL), S is 

volume of Na2S2O3 solution in sample titration 

(mL), N is normality of Na2S2O3 solution, W is 

sample weight (g). 

 

( )2,302
(% )

B S N
Glycerol content m

W

−
=  (1) 

(%) 100%
the reacting glycerol mass

X
the initial glycerol mass

=   (2) 

(%)

100%

S

mass of produced mono or di or triacetin

the reacting glycerol mass

=


 (3) 

 

The reaction product solution was tested 

using GCMS (Shimadzu QP2010 SE, Rtx-5MS 

column (30 m, 0.25 mm, 0.25 m) to determine the 

composition of acetin. 

 

3. Results and Discussion 

The synthesis and characterisation of 

graphene oxide catalysts for glycerol acetylation 

Figure 1. The SEM images of (a) MWCNT and (b) GO2. 
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Elements 
MWCNT  GO2 

Mass % Atom %  Mass % Atom % 

C 96.14 97.07  64.02 70.01 

O 3.85 2.93  35.60 29.25 

S 0.00 0.00  0.35 0.14 

 

 

 

Catalysts 
(002)  (100) 

2θ d-spacing (Å)  2θ d-spacing (Å) 

MWCNT 25.84 3.445  43.96 2.058 

GO1 25.81 3.450  43.58 2.075 

GO2 25.44 3.498  43.96 2.058 

GO3 25.74 3.458  43.48 2.079 

have been studied experimentally. The 

morphology analysis with SEM-EDX, analysis of 

the surface area, volume, and pore size with BET, 

structural analysis with XRD, functional group 

analysis with FTIR, and catalytic activity on 

glycerol acetylation was used to characterise three 

variants of graphene oxide (GO) catalysts. The 

following are the main findings and the advanced 

discussion. 

 

3.1 SEM-EDX  

The SEM images of the untreated MWCNT 

and selected sample of GO2 particles at a 

magnification of 10000x are presented in Figure 

1, and the elemental composition is listed in Table 

1. The tubular structure of untreated MWCNT is 

depicted in Figure 1(a), while the image of the 

GO2 catalyst is shown in Figure 1(b). The GO2 

catalyst has a flake-like structure with wrinkled 

surfaces, which can be attributed to the formation 

of oxygen-containing functional groups and Sp3 

carbons in the basal planes [39] and indicates a 

high oxidation level [40]. When oxygen-containing 

groups are introduced, MWCNT can expand 

significantly perpendicular to the carbon layer 

plane, increasing the thickness of the resulting 

GO nanosheets; as seen in the SEM image, GO2 

looks thicker than MWCNT. 

The oxygen content of the GO2 catalyst is 

significantly higher than that of the MWCNT. The 

atomic C:O ratio identifies the degree of oxidation. 

Because of the presence of oxygen-containing 

functional groups on the edge and basal planes, a 

highly oxidised MWCNT has a low atomic C:O 

ratio [41]. The elemental composition of the GO2 

catalyst is presented in Table 1, revealing that the 

C:O ratio is dramatically lower (2.4:1) than that of 

MWCNT (33.1:1).  

 

3.2 BET Analysis 

The specific surface area was determined 

using BET analysis and multilayer nitrogen 

adsorption, which was measured as a function of 

relative pressure and covered the outer area of the 

solid as well as the area of the pores. Barret-

Joyner-Halenda (BJH) analysis was used to 

determine the pore area and specific pore volume 

using adsorption and desorption techniques. This 

technique was also used to characterise the pore 

size distribution. Table 2 displays the BET surface 

area, volume, and pore size measurements for GO 

and MWCNT catalysts. Figure 2 depicts the 

profile of the N2 gas isotherm adsorption-

desorption catalyst tested.  

During the process of treating the carbon, the 

porous structure of the oxidised carbon is created. 

It is possible to close pores by isolating them from 

one another. Alternatively, pores can be connected 

Table 1. The elemental composition of MWCNT and GO2. 

Table 2. Diffraction peaks and d-spacing MWCNT and GO catalysts at 2θ (002) and (100) planes. 

Figure 2. The adsorption-desorption of N2 

isotherm on GO and MWCNT. 
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Property 
Catalyst 

MWCNT GO1 GO2 GO3 

Pore Volume (cm3/g) 0.529 0.346 1.425 0.220 

Pore Size (nm) 3.900 8.020 13.060 8.040 

BET Surface Area (m2/g) 457.01 104.86 186.68 64.00 

so that their sizes and shapes are the same or 

different [42]. The resultant GO catalyst increases 

the pore size from 3.9 nm for MWCNT to about 8 

– 13 nm, while the pore volumes of GO1 and GO3 

decrease compared to MWCNT, but GO2 

increases. According to the dominance of pore size 

in the range of 3.9 – 18 nm, the IUPAC classifies 

it as a solid with a mesoporous structure [42]. 

According to the IUPAC classification and as 

demonstrated in Figure 2, all of the catalyst 

samples (MWCNT and GO) show a type IV 

isotherm with a hysteresis loop for GO H1 and 

MWCNT H3. Monolayer-multilayer adsorption by 

porous materials with well-defined cylinder-like 

pore channels or agglomerates of uniform planes 

is associated with the H1 hysteresis loop. While 

the hysteresis circle H3 is related to slit-shaped 

pores, as shown by the fact that its pore size is 

smaller than that of the GO catalyst, the GO 

catalyst has larger pores.  

Generally, the surface area decreased 

dramatically from the initial material MWCNT 

(457.01 m2/g) to graphene oxide (varying from 64 

to 186.68 m2/g). The change in the surface area of 

the catalyst is significantly influenced by the mole 

ratio of sulphuric acid to sodium nitrate used in 

the reaction. Both sulphuric acid and sodium 

nitrate play the role of solvents, making it possible 

for protonated carbon to be oxidised by KMnO4 in 

straightforwardly [43]. Equation 4 describes the 

reaction between sulphuric acid and sodium 

nitrate. 

 

2NaNO3 + H2SO4 → 2HNO3 + Na2SO4 (4) 

 

The nitric acid produced by this reaction acts 

as an oxidising agent. The mole ratio of sulphuric 

acid to sodium nitrate determines the amount of 

nitric acid produced, which influences the 

strength of the carbon protonation. The 

protonation of carbon bonds that are too strong 

can lead to the collapse of the pore walls, leading 

to agglomeration and a reduction in the pore 

volume. This was demonstrated by the fact that 

GO3 has a relatively low pore volume and surface 

area. Carbon Nano Tubes (CNTs) that had been 

covalently bonded with functionalised sulphonic 

acid polymer compounds were found by Liu et al. 

to have experienced a significant reduction in both 

their surface area and pore volume [44]. However, 

the protonation strength of the oxidizing agent 

alone does not solely determine the surface area of 

GO. The overall strength of the oxidation process 

and the exact conditions under which it occurs are 

also vital factors. The amount of exfoliation, the 

interlayer spacing, and the introduction and 

density of functional groups all affect these 

parameters, which taken together define the 

accessible surface area of GO. 

 

3.3 XRD Analysis 

MWCNT and GO catalyst microstructure was 

investigated through XRD in a series of 

experiments. Figure 3 shows the XRD diffraction 

patterns of both the MWCNT and GO catalysts. 

The diffraction pattern identifies two distinct 

peaks of carbon at values of 2 around 25 and 43, 

which correspond to the crystallographic planes 

(002) and (100), respectively [44]. According to the 

diffraction pattern, the 2 value of (002) MWCNT 

peak shifts to the left from 25.84 to 25.81, 25.44 

and 25.74 at GO1, GO2, and GO3, respectively. 

Diffraction shifts to the left, and d-spacing 

increases (Table 3) due to the unzipping and 

exfoliation of MWCNT. The widening and shifting 

of the diffraction peaks (002) are what determine 

the percentage of successful GO formation that 

results from MWCNT exfoliation [45]. Almost the 

same pattern occurs at the peak of the 

Table 3. The catalyst texture. 

Figure 3. XRD diffractogram graph of MWCNT 

and GO. 
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crystallographic plane (100). The amorphous 

carbon in GO1 and GO3, which consists of 

randomly oriented polycyclic aromatic carbon 

sheets, is associated with a decrease in diffraction 

intensity at 2 around 25 in those two compounds 

[46]. The absence of the characteristic peak 

around 11° 2θ in XRD patterns of GO samples 

may be attributed to the lower level of oxidation, 

which affects the structure of GO. The high 

diffraction intensity at two around 43 in MWCNT 

and GO2 indicates a high content of crystalline 

carbon. In contrast, the low crystalline carbon 

content in GO1 and GO3 is indicated by the fact 

that GO1 and GO3 contain less of it. Moreover, the 

crystallite sizes of MWCNT and GO2 are around  

3-13 nm, while those of GO1 and GO3 are less 

than 5 nm, which are calculated using the 

Scherrer equation. 

 

3.4 FTIR Analysis 

The Fourier transform infrared spectroscopy 

(FTIR) was utilised to identify compounds and 

detect functional groups in a sample. The FTIR 

spectrum of MWCNT and GO catalyst at wave 

numbers 400 – 4000 cm-1 is depicted in Figure 4. 

GO has a hexagonal carbon structure, but it also 

includes such as hydroxyl groups (−OH), epoxy 

(C−O−C), carbonyl (C=O), and carboxylic acids 

(−COOH) [47]. The hydroxyl group can be easily 

identified on the catalyst GO, which is 

represented by the band that can be found 

between 3000 cm-1 and 3800 cm-1 [48]. The 

presence of carboxylic groups (−COOH) in GO can 

be identified based on multiple peaks that can be 

found at wave numbers between 1700 and 1750 

cm-1 for C=O stretching vibration, at wave number 

1400-1440 cm-1 for O−H bending vibration, and at 

wave number around 1200-1300 cm-1 for C−O 

strecthing vibration.  In GO, the intensity of the 

vibration of the C=C group at around 1575-1625 

cm-1 is found to be greater than in MWCNT. A 

higher degree of oxidation in the basal plane of 

graphene due to the isolation of more aromatic 

rings is indicated by an increase in the vibration 

intensity of the C=C bond [49]. The peak at 1100-

1300 cm-1 in the vibration extension mode 

indicates the presence of C−O stretching vibration 

as corrreponding epoxy and carboxyl group.  

 

3.5 Catalyst Performance on Glycerol Acetylation 

Acetylation of glycerol into acetin using GO 

catalyst was carried out at a temperature of 110 

°C, and the amount of catalyst was 3% of the 

reacted glycerol mass. The performance of GO 

catalysts on the acetylation reaction can be seen 

in Figure 5. In general, the glycerol conversion 

increases by increasing the reaction time. The 

highest performance is shown by the GO2 

catalyst, which during the reaction time of 120 

min, achieves up to 94% glycerol conversion. The 

GO2 performance may have something to do with 

the character of the surface area, volume and pore 

size of the GO2 catalyst, which is the highest 

among other catalysts. The large surface area of 

the catalyst allows the reactants to be well 

adsorbed, thereby increasing the reaction rate. 

The XRD testing also supports GO2's performance 

against glycerol acetylation reaction. The GO2 

catalyst indicates that the value of 2 from the 

crystallisation plane (002) shifts to the far left 

compared to other catalysts. This indicates 

intercalation in the tube (intratube) between 

sulfate and nitrate ions with better coaxial 

graphene cylinders. The FTIR test confirms these 

Figure 4. FTIR spectrum of MWCNT and GO. 
Figure 5. Glycerol conversion as a function of time 

and type of catalyst. 
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Acetin Compound Molecular weight (g/mol) Peak Selectivity (%) 

Mono- 134 
1 14.87 

16.60 
4 1.72 

Di- 176 
2 13.00 

57.15 
5 44.15 

Tri- 218 
6 20.08 

26.25 
7 6.17 

TOTAL   100 100 

Catalyst 

Reaction Condition 
X 

(%) 

S 

(%) 
Ref. T 

(oC) 

Mole 

Ratio 
% catalyst t (min) 

Carbon from biomass 120 1:6 10 180 99 22-35 [46] 

Cr base metal organic/ activated C 110 1:9 4 300 100 5.2 [50] 

UiO-66/activated C 90 1:6 5 180 n.a. 17.9 [51] 

Y2O3/ Palm Kernel Shell derived C 130 1:12 10 300 99.8 29.6 [52] 

Plastic waste derived C 110 1:6 9 60 95 20 [53] 

Graphene Oxide 110 1:9 3 120 94 26 This Work 

results, where the presence of a carbonyl group 

(C=O) shows a higher vibration intensity than the 

GO1 and GO3 catalysts, which represents the 

success of MWCNT oxidation. The carbonyl group 

bounded in this GO might have a vital role in the 

mechanism of the glycerol acetylation reaction. 

A test using GCMS was carried out to identify 

the composition of acetin. Figure 6 shows the 

chromatogram of the reaction products, and Table 

4 reports the components and composition of 

acetin. The figure shows seven dominant peaks 

representing acetin. The first and fourth peaks of 

the chromatogram are for monoacetin, the second 

and fifth peaks are for diacetin, and the sixth and 

seventh peaks are for triacetin. The GCMS 

analysis proves diacetin dominates at 

approximately 57 % and 26 % for triacetin.  

The performance of GO catalysts can be 

compared with the performance of other carbon 

catalysts (Table 5), with some even showing better 

performance. Some carbon catalysts are reported 

to require a longer time, higher temperature, and 

higher amount of catalyst but the conversion 

value and selectivity of triacetin obtained were 

similar. However, further testing is needed to 

improve the performance of this GO catalyst. 

 

4. Conclusion 

Multi-walled carbon nanotubes (MWCNT) 

have been successfully synthesised as a carbon 

source into graphene oxide (GO) using the 

modified Hummers method. It could be 

summarised that the ratio of sulphuric acid and 

sodium nitrate as a solution facilitated the 

protonation of MWCNT when the oxidation 

process using KMnO4 affected the crystal 

structure of GO. The presence of a carbonyl group 

that might be required during the catalysis 

Table 4. Selectivity of glycerol into mono, di and triacetin. 

Table 5. The comparison of glycerol acetylation catalyst performance.  

Figure 6. The GC-MS chromatogram of GO2 catalyzed reaction products. 
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process occurred. Glycerol conversion reached 

about 94 % during the 2-hour reaction time. Thus 

the GO catalyst is feasible to be developed as a 

solid catalyst for the glycerol acetylation reaction 

to produce acetin. 
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