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ABSTRACT 

Desilication of natural zeolite by alkali treatment to produce solketal was successfully prepared.  Natural zeolite from 

Tasikmalaya, West Java, Indonesia, has been used as a catalyst source. The natural zeolite source was mordenite type structure. 

The experimental condition was varied to study their effect on the catalyst efficiency. Several characterization methods, such as 

Thermogravimetric Analysis (TGA), Brunauer Emmett Teller (BET), X-ray Diffraction (XRD), Scanning Electron microscopy 

(SEM), etc., were used to analyze the physicochemical properties of the prepared catalyst. From the temperature-programmed 

desorption of NH3 (TPD analysis), the acidity of zeolite decreased from 0.597 to 0.444 by increasing NaOH concentration from 

0.1 to 0.7 M, respectively.  The result showed that alkali treatment did not change the phase structure of natural zeolite 

significantly. Here, the ratio of Si/Al decreased by increasing NaOH concentration, resulting in the decrease of acidity value. 

Interestingly, the efficiency of zeolite catalyst (HZ-01) shows the highest conversion and selectivity at around 98.73% and 

74.66%, respectively. This exciting result opens the possibility to develop an economic catalyst with high efficiency from the 

abundant Indonesian mineral resource.   
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1. Introduction 

  

Fuel from vegetable oil and biomass has been developed 

as renewable energy and a substitute for fossil fuels. The 

Indonesian Palm Oil Producers Association 

(IPOA/GAPKI) is projecting the country’s palm oil 

output to reach 49 million tons of Crude Palm Oil (CPO) 

in 2021. In Indonesia, the policy issues regarding palm 

oil and its waste as a substitute for fossil fuels have been 

issued by The Ministry of Energy and Mineral 

Resources with regulation No. 12/2015. Accordingly, 

palm oil and its derivatives as fuel have been widely 

developed, especially for biodiesel. However, the 

formation of side by-products from this process cannot 

avoid glycerol [1]. Therefore, how to utilize glycerol as 

a high-value chemical is an important concern.  

*Corresponding author: 

E-mail address: tursilo@gmail.com (S. Tursiloadi) 

The conversion of glycerol into high-value chemicals 

such as diglycerol isomer [2], glycerol carbonate [3], 2-

phenyl-1,3-di-oxan-5-ol [4], 1,3-dioxolane [5], solketal 

[6] were developed and proposed. Among these 

derivative products, solketal, known as 4-

hydroxymethyl-2,2-dimethyl-1,3-dioxolane, has a high 

potential as an additive to fuel due to its advantages. 

Because of its ability in enhancing the octane number, 

making solketal is believed to increase the ignitability 

and reduce the particle emissions [7-9]. Moreover, 

known as nontoxic solvents, suitable plasticizers, and 

suspending agents in pharmaceutical formulations [10] 

are other good potentials of solketal.   

Manjunathan et al [11] showed that H-Beta has good 

performance as a catalyst for glycerol conversion into 

solketal. They showed that the 1:2 mole ratio of glycerol 

and acetone was the optimum condition that produced 

86% and 98.5% of efficiency and selectivity, 

respectively. Sonar et al investigated that the conversion 
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of carbonyl aldehyde to solketal was successfully 

achieved over hierarchical H/BEA catalyst [12]. 

Modified mordenite natural zeolite from Bayah by acid 

and heating treatment as the catalyst for ketalization has 

been studied by Nuryoto et al [13]. They were 

successful in converting glycerol up to 70% at 60°C. 

Unfortunately, the catalyst performance of zeolite, 

which has been treated by this method, is still low. 

Therefore, other treatments to improve the performance 

of natural zeolite are inevitable. 

Some treatments of zeoilte to improve the performance 

catalytic activity and other applications have been 

developed. In general, zeolites are three-dimensional 

aluminosilicates containing exchangable cations that act 

as Lewis acid sites. Treatment of the natural zeolite with 

NaOH leads to the decreasing of silica content 

significantly, namely desilication [14]. By decreasing 

silica, zeolite will load more particles that causes an 

increase in catalytic activity [15]. Alkali treatment also 

increases the Na content by the formation of 

hydroxysodalite [16-18]. Furthermore, it shows that 

NaOH treatment alters the acidity of zeolite. Because of 

this phenomenon, alkali treatment of zeolite is believed 

to benefit the catalytic performance better than acid 

treatment. This comparison research was also proposed 

by previous researchers [19-21]. In addition, in the 

production of solketal, the presence of Lewis acid sites 

coordinates and activates the tertiary alcohol of the 

hemiketal. 

Here, the modification of Indonesian natural zeolites by 

NaOH treatment is proposed to enhance the zeolite 

catalyst for glycerol conversion. The influence of 

reaction conditions such as reaction time, catalyst 

amount, and a molar ratio of acetone to glycerol was 

investigated to study their effect on the catalyzation of 

glycerol. The result showed that the alkali treatment 

process could enhance the conversion efficiency by 

almost 100%. Unlike the previous research, natural 

zeolite from Tasikmalaya, West Java, Indonesia has 

been used, showing that our Country has abundant 

mineral resources that can be used as an economic 

catalyst.   

2. Experimental 

2.1 Materials  

The followingmaterials have been used in this research: 

Natural zeolites from Tasikmalaya, West Java, 

Indonesia (PT. Gemilang Sejahtera Yasothama), NaOH 

(Merck), NH4Cl (Merck), AgNO3 (Merck), glycerol 

(Merck), and acetone (Merck). 

  

2.2 Catalyst Preparation 

Twenty grams of natural zeolite (ZA) were dissolved in 

400 mL NaOH under different Molar: 0.1 M, 0.3 M, 0.5 

M, and 0.7 M, denoted HZ for treated-zeolite: HZ-0.1, 

HZ-0.3, HZ-0.5, and HZ-0.7, respectively. The mixture 

was stirred with a magnetic stirrer for 2 hours at 75°C, 

and then separated by using a vacuum filter. The next 

step was to rinse the prepared catalyst with H2O at pH 7 

and dry at 110 °C for 12 hours. The prepared dry catalyst 

was then diluted into 150 mL of 0.1 M NH4Cl, heated 

under reflux at 80°C for 8 hours, and filtered. To remove 

the Cl- ions, the catalysts were rinsed in distilled water. 

For the last step, after drying at 110°C for 12 hours, the 

prepared catalyst was calcined at 500 °C for 4 hours. 

This method was referred to in the previous research 

[22-24]. 

2.3 Characterization 

The thermogravimetric (TGA, Linseis STA PT 1600 

analyzer) was used to analyze the natural zeolite's 

temperature decomposition. The crystal structure has 

been identified by X-ray diffraction (XRD, PW-1710 

diffractometer Cu Kα radiation at 40 kV and 30 mA, and 

a secondary graphite monochromator). A scanning 

electron microscope (SEM, Carl Zeiss AG, Jena, 

Germany) was used to determine the catalyst 

morphology. The Brunauer–Emmett–Teller (BET, 

Micromeritics TriStar II 3020 instrument) was used to 

calculate the specific surface area.  The micropore 

surface area and micropore volume were evaluated 

using t-plot. The Barrett–Joyner–Halenda (BJH) 

method verified the pore size distributions from 

desorption branches. The temperature-programmed 

desorption of NH3(NH3-TPD, Tp-5080 Xianquan 

Industrial and Trading Co., Ltd, Tianjin, China) was 

applied to determine the strength of acid sites. Before 

NO3-TPD analysis, the prepared catalyst was degassed 

at 400 °C for 1 h followed by ammonia adsorption at 

50°C. Next, the NH3-adsorbed zeolites were purged in 

N2 flow gas for another 1h at 50°C to minimize NH3 

physisorption. Then, the TPD signals were recorded by 

heating the samples at a 10 °C/min rate in a helium flow 

to the target temperature (800°C). The total acidity or 

strength of the acid site was calculated by summarizing 

a weak acid and strong acid site. 

2.4 Catalytic test 

The prepared catalyst (0.5 – 3 %w) was diluted into 20 

mL glycerol and acetone (1:2 mole) in a reflux reactor 

with a temperature condition of 60 °C at various reaction 

times, ranging from 2 to 8 hours. To obtain the solketal 

optimum yield, the mole ratio of glycerol/acetone was 

varied from 1:1 to 1:3. The main reaction products were 
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identified by gas chromatography-mass spectrometry 

analyses (GC-MS, Shimadzu MS-QP 2010 mass 

spectrometer instrument operating at 70 eV coupled 

with Shimadzu 2010 GC). The conversions and solketal 

yielding were calculated from calibration curves 

obtained with glycerol and solketal pure samples.  

3. Results and Discussion 

3.1 Characterization of catalysts 

TGA/DSC analysis result of natural zeolite is presented 

in Fig. 1. This analysis determines the weight 

characteristic of natural zeolite during the heating 

process. In general, the result reveals that a continuous 

weight loss procedure was observed for zeolite-treated 

alkaline. 

The Figure has two distinct lines, i.e., a black line for 

TGA analysis and a red line for DSC analysis. For the 

black line, the decreasing weight in the temperature 

range from 50 to 200 °C was attributed to the weakly 

bond water and dehydration reaction. The loss of 

ignition is determined to be almost 8% mass, showing 

the water removal from the natural zeolite. The curve 

continuously decreased, suggesting that maximum 

dehydroxylation occurs at 700 °C. In the range of 300 to 

500 °C, almost 15% mass was lost due to the 

decomposition of molecular and organic bonds [23,25]. 

It is known that the pores structures in the natural zeolite 

accommodate several cations. Accordingly, at the 

higher temperature (over 500 °C) during the TGA 

process, that not only increasing the water loss but also 

possibly causing the structure cracking resulted in the 

decreasing of zeolite size [26]. The DSC analysis result 

is presented in the red line showing the endothermic and 

exothermic effect resulting from energy consumption. 

The endothermic process occurred at 100 °C and over 

700 °C, which was associated with weight loss. An 

exothermic reaction followed the endothermic reaction 

at 100 °C until it reached a peak temperature at 500 °C. 

This was due to the increase of water bond as the 

material dehydrates.  

Fig. 2 shows the N2 adsorption and desorption from 

BET analysis results. The results showed that all of the 

prepared catalyst has the IV isotherm characteristics 

type revealed mesoporous structures.  BJH analysis was 

also conducted to ensure detailed information of porous 

structure. The alkali treatment effect towards all 

prepared catalysts was summarized in Table 1.  

The amount of NaOH influenced the characteristics of 

porous catalysts, although the amount of alkali did not 

change the SSA value significantly. The lowest SSA is 

shown by ZA 12.911 m2g-1 with the pore size at 19.75 

nm. Alkali treatment succeeded in removing the 

impurities on the zeolite surface, enhancing the specific 

surface area. The most significant SBET value was 

shown by HZ-01 and HZ-07 of around 19 nm m2g-1 with 

the mesopore structures volume of 0.09 cm3g-1. In the 

case of HZ-03 and -05, mesoporous volume occurrence 

was due to the instability of the zeolite framework, and 

the structure quickly restructured during alkaline 

treatment. This result was also reported by Xiao et al. 

[23]. 

 
Fig. 1. TGA/DSC curve of a natural zeolite.  

 

 
Fig. 2. N2 adsorption and desorption isotherms before (ZA) 

and after alkali treatment (HZ 0.1 -0.7).  
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Table 1. Summaryof BET and BJH analysis of zeolite catalysts 

Sample 
SBET  

(m2.g-1) 

Vtotal 

(cm3.g-1) 

Vmicro  

(cm3.g-1) 

Vmeso  

(cm3.g-1) 

Pore Size 

(nm) 

ZA 13.9112 0.0686 0.0004 0.0682 19.75  

HZ-0.1 19.6636 0.0923 0.0003 0.0920 18.79 

HZ-0.3 17.9379 0.0883 0.0008 0.0875 19.40 

HZ-0.5 18.9384 0.0807 0.0013 0.0794 17.05 

HZ-0.7 19.1115 0.0912 0.0008 0.0903 19.09 

The XRD patterns of the prepared catalyst are presented 

in Fig. 3. All the XRD patterns exhibited similar peaks 

referred to JCPDS no. 73-1138 represent the mix of 

clinoptilolite and mordenite structure [27], with the 

main peak in the range of 22o to 30o. However, the 

dominant structure was mordenite, due to the peak of 

clinoptilolite after 40o could not be found. The different 

intensity of each peak (from 20 to 25 o) was due to the 

alkali treatment. However, the phase structure remained 

similar. The Scherrer equation has been used to evaluate 

the effect of alkali treatment on the zeolite crystallinity 

by measuring the highest peak (2θ = 26°) for each 

sample [28-31]. Besides the difference in peak intensity, 

the number of alkalis also did not influence the 

crystallinity ominously. The crystal size of ZA without 

alkali treatment was around 39 nm. By increasing the 

concentration of alkali, the crystallite size of alkali 

increased up to 50 nm.  Based on the XRD analysis 

results, it can be inferred that alkali treatment will 

enhance the crystallinity and some of the peaks of 

zeolite due to the removal of impurities. 

The effect of alkali treatment was thought to affect the 

zeolite morphology. Scanning electron microscopy was 

conducted to analyze the zeolite morphology with 

results shown in Fig. 4. In general, the morphology of 

natural zeolite before and after alkali treatment was very 

similar. Fig. 4a shows the natural zeolite before alkali 

treatment as a reference. Some small particles were 

distributed on the zeolite surface, indicating the possible 

presence of impurities. Fig. 4b-4e shows the treated 

zeolite under various alkali concentrations. Compared 

to Fig. 4a, the surface morphology of treated zeolite is 

clearer. To determine the effect of alkali treatment on 

the zeolite composition, EDX analysis has been 

conducted. The summary of EDX analysis is shown in 

Table 2. The result shows that all-natural zeolite 

contained Silica (Si) and Aluminum (Al) as a basic 

element of zeolite [32-34]. However, the alkali 

treatment decreased the ratio of Si/Al concentration. 

This phenomenon occurred because at the higher NaOH 

concentration, the Si atom was more easily extracted 

than the Al atom, called desilication. A similar 

phenomenon was also reported by Akgul et al. [35]. 

Fig. 5 shows the TPD-NH3 profiles of the pure- (ZA) 

and treated-zeolite (HZ-). In general, all the prepared 

zeolites have two desorption peaks. At the low-

temperature peak range (100-400°C), the peak 

corresponds to NH3 adsorbed on non-acidic –OH groups 

and NH4+. On the other hand, a higher temperature range  

 
Fig. 3. X-ray diffraction pattern of the natural zeolite, before 

(ZA) and after alkali treatment (HZ 01-07). 
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Fig. 4. SEM micrographs of (a) ZA (b) HZ- 0.1 (c) HZ-0.3 (d) HZ-0.5 (e) HZ-0.7 

 

Table 2. Si/Al ratio of natural zeolite before and after 

treatment 

Sample Si/Al Ratio 

ZA 5.15 

HZ-0.1 5.02 

HZ-0.3 4.80 

HZ-0.5 4.43 

HZ-0.7 4.33 

 

(500-600°C) corresponds to NH3 absorbed on authentic 

acid sites. The HZ-01 showed the highest peaks, 

showing that alkali treatment influences the acidity of 

treated zeolite.   

The summary of zeolite surface acidity as the effect of 

alkali treatment is shown in Table 3. The analysis was 

conducted by TPD analysis.  

The result showed that the acidity of the treated zeolite 

decreased by increasing the concentration of NaOH, 

indicating dealumination occurred during the alkali 

treatment. This result was similar to that in Table 2, 

where the alkali treatment was causing the decreasing of 

Al atom on the zeolite. Therefore, based on the specific 

surface area and total acidity, the HZ-01 catalyst was the 

best catalyst for synthesizing solketal. Here, the Si/Al 

ratio in the alkaline-treated zeolite was lower than that 

of the natural zeolite. This number influenced the 

number of potential Brønsted acid sites per unit weight, 

providing the configuration of aluminum tetrahedral 

[36-38]. 

  
Fig. 5. TPD-NH3 graph on natural zeolites 
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Table 3. Total acidity data of natural zeolite catalysts 

Sample Total acidity (mmol/g) 

ZA 0.5385 

HZ-0.1 0.5968 

HZ-0.3 0.5805 

HZ-0.5 0.4288 

HZ-0.7 0.4439 

 

3.2 Catalytic Activity 

The catalyst activity test was carried out using reflux 

with variations in the mole ratio of glycerol and acetone 

(1:1, 1:2, and 1:3), varied reaction times of 2, 5, and 8 

hours, and catalyst concentrations of 0.5, 1, and 3%. The 

effect of variations in the mole ratio of glycerol and 

acetone in the catalyzed reaction to solketal using 

natural zeolites for 2 hours, at a catalyst concentration 

of 1% and a temperature of 60°C is presented in Fig. 6. 

Effect of reaction time on the ketalization reaction using 

HZ-01 catalyst are 2, 5, and 8 hours with a reactant ratio 

of 1:2, at 60°C and a catalyst concentration of 1% are 

presented in Fig. 7. At 5 hours, the highest glycerol 

conversion and solketal selectivity were 98.73% and 

74.6% respectively. The low reaction time was 

encouraging the increase of kinetic reaction causing the 

exothermic reaction to occur. By increasing the reaction 

time gradually, the kinetic reaction increased to reach 

the equilibrium yield. After reaching the equilibrium 

point, the conversion and selectivity decreased even 

though the reaction time still increased. Unfortunately, 

the solketal selectivity only reached 74.7%, much lower 

compared to conversion efficiency. It was probably due 

to the low boiling point of acetone (56°C), making the 

number of acetone was not sufficient to solketal 

selectivity until 100%. A similar phenomenon was also 

proposed by previous research [39,40].  

The effect of various catalyst concentrations on glycerol 

conversion and solketal selectivity is shown in Fig.8. 

The system was set under a reactant ratio of 1:2 and 

reaction temperature at 60°C for 5 hours. The result 

showed that by increasing the catalyst ratio from 0.5 to 

1.0 %w, the glycerol conversion increased from 80 to 

100%, and solketal selectivity increased from 60 to 

75%, respectively. Thus, the enhancement of 

conversion and selectivity phenomenon was caused by 

the active site area of the catalyst that interacted with the 

acetone directly. However, the exceeding amount of 

catalyst resulted in a decrease in both glycerol 

conversion and solketal selectivity. In addition, because 

of a large number of catalysts, the catalyst will 

agglomerate and reduce the interaction space. In other 

words, the catalyst's active site decreased, weakening 

conversion and selectivity ability.  In general, the 

catalyst reaction between the zeolite structure to 

glycerol conversion and solketal selectivity was 

proposed as follows. First, glycerol and acetone interact, 

forming a hemiketal (3-(2-hydroxypropan-2-

yloxy)propane-1,2-diol) for the first step. This process 

was followed by a carbenium ion that is stabilized and 

activated for a nucleophilic attack from one of the 

alcoholic groups of glycerol, leading to the formation of 

solketal or the six-membered ring ketal (2,2-dimethyl-

1,3-dioxan-5-ol). This process was dependent on 

Brönsted acid sites or Lewis acid sites [9,40-42]. The 

presence of Lewis acid sites coordinates and activates 

the tertiary alcohol of the hemiketal. For the final step, 

the intramolecular reaction with one of the alcoholic 

groups leads to the formation of solketal and the isomer. 

 
Fig. 6. Effect of the mole ratio of glycerol and aceton on 

glycerol conversion and solketal selectivity. 

 
Fig. 7. Effect of reaction time on glycerol conversion and 

solketal selectivity 
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Fig. 8. Effect of catalysts concentration on glycerol conversion and solketal selectivity 

 

Table 4. Summarized of comparison result studies 

Catalysts Ratio 

(Gly : Ace) 

%Catalysts 

(%w) 

Reaction time 

(hour) 

Conversion 

(%) 

References 

p-toluenesulfonic acid 1:6 1 12 82.7 [43] 

FeCl3(1-NO2) 1:4 1.39 0.16 92 [44] 

Fe(NO3)3.9H2O 1:20 0.3 0.16 100 [41] 

Zr-S-600 1:6 0,6 0.16 88 [9] 

[Eu2(H4nmp)2(H2O)2 

(SO4)]·H2O 

1:10 5 6 84 [45] 

H-BEA 1:4 5 3 85 [46] 

Current result (natural zeolite) 1:2 1 5 98.73  

Comparison results between the current result with 

previous research have been proposed in Table 4. The 

result showed that the current catalyst has almost the 

highest efficiency in conversion glycerol, where the 

catalyst mass and reaction time was relatively low.   

4. Conclusions 

Desilication of natural zeolites of Tasikmalaya, West 

Java, Indonesia, has been successfully prepared by 

alkali treatment. The characteristics of natural zeolite 

were significantly different after the treatment. By 

increasing the alkali concentration, the crystallinity of 

zeolite increased up to 50 nm due to the removal of 

impurities. Meanwhile, the specific surface area and 

acidity decreased. The condition affected the yield of 

solketal and glycerol conversion. The optimum ratio of 

acetone concentration resulted in the highest efficiency 

conversion and selectivity of around 98.73% and 

74.66%, respectively. This interesting research result 

provides good information related to the utilization of 

natural zeolite from Indonesia for a promising catalyst.  
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