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ABSTRACT 

 

Sodium silicate synthesized from geothermal sludge of a geothermal power plant in 

Indonesia was applied as a solid catalyst to catalyze transesterification reaction of palm 

oil with methanol. In our previous study, it has been found that the catalyst deactivated 

due to hydrocarbon contamination on its surface. In the present work, 3 (three) different 

regeneration methods were studied for reactivation of the catalyst. The studied methods 

were: 1) calcination at 400oC for 3 hours with a ramp of 20°C/minutes, 2) 1x-washing 

with methanol at room temperature, and 3) 3x-washing with methanol at 60°C. The 

performance of the catalyst was studied by sequential reaction batches to monitor the 

reaction yield from time to time. The sequence consisted of 4 (four) transesterification 

reaction cycles, with a catalyst regeneration process before reused in subsequence cycle. 

Experimental results showed that although none of the regeneration processes regained 

catalyst activity as high as that of the freshly-activated catalyst, the third regeneration 

method, i.e. 3x-washing with methanol at 60°C regained higher catalyst activity 

compared to the other two studied methods. The method could maintain the reaction 

conversion at about 50% after four cycles of reaction and regeneration, Furthermore, the 

kinetics of the catalytic transesterification reaction was studied by fitting the experimental 

data with calculated yield obtained from mathematical modelling. It was found that 

among the first, second, and third order reaction kinetics, the experimental data was best 

fitted by the calculated results from the first order reaction kinetics. Results from this 

work suggested that even though 3x-washing regeneration of sodium silicate catalyst with 

methanol at 60C offered relatively high reactivation, further study for improvement is 

still needed.    

 

Keywords: Geothermal sludge; sodium silicate; transesterification; deactivation; 

regeneration.  

 

INTRODUCTION 

 

In the last few years, many efforts have been done to find potential materials that provide 

renewable energy as the substitute for fossil fuel [1-4]. Biodiesel is among the potential 

materials that attracts the interest of many researchers due to the abundant availability of 

its raw materials such as vegetable oil, animal fat, and algae [2-6]. Most of biodiesel 

synthesis requires the use of catalyst to obtain high yield. In the case of transesterification 

synthesis route, homogeneous base catalysts prepared from alkali and earth alkaline 

groups are generally utilized. This type of reaction offers a high yield, however, 

complicated and cost-demanding separation and purification of products. In this context, 
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heterogeneous base catalyst is a better alternative, in which solid alkali or earth alkaline 

based catalysts such as CaO [7-9], Ca(OCH3)2 [10], and Na2SiO3 [11, 12] can be used in 

the transesterification reaction. In particular, sodium silicate (Na2SiO3) is solid base 

catalyst that is suitable for biodiesel production through transesterification reaction 

because it can avoid soap formation and it can be easily separated from the reaction 

mixture [11, 13].  

The synthesis of sodium silicate from different silica (SiO2) sources such as clay 

[14] and coal fly ash [15] has been reported in literature. Another highly potential source 

is geothermal sludge that contains a high amount of silica [16-19]. The existence of 

numerous volcanoes in Indonesia has made the country rich in geothermal sources for the 

production of electrical power. One of operating geothermal power plants in Indonesia is 

PT. Geo Dipa Energi at Dieng, which produces 60 MW electricity. Despite the high 

potency of geothermal resource to generate electricity, it is frequently found that the 

geothermal fluid brings up a high amount of silica-containing brine from the earth that 

can precipitate and causes massive scaling problems in the pipelines [16-19]. Controlled 

precipitation, extraction, and utilization of silica from geothermal sludge is therefore an 

attractive solution in order to eliminate and, at the same time, increase the value of 

“wastes” resulted from the geothermal power plant. The synthesis of sodium silicate 

catalyst from silica extracted from geothermal sludge has been previously reported [13]. 

The resulting sodium silicate was then used as a solid base catalyst for transesterification 

reaction between triglycerides from palm oil and methanol. The catalyst was however 

found to deactivate during reactions. Similar deactivation of heterogeneous catalyst was 

also reported [20-22].  

There are several causes of deactivation such as sintering or aging that changes 

the structure of the catalyst, coking or fouling due to deposition of coke on catalyst 

surface, and poisoning due to the irreversible chemisorption of impurities. The 

deactivation of sodium silicate catalysts has been studied by Guo and co-workers [11] 

using commercial sodium silicate as well as found in our previous studies using sodium 

silicate from silica gel [23] and geothermal sludge. To the best of our knowledge, there 

have been no reports so far regarding regeneration of sodium silicate catalysts, in 

particular those prepared from geothermal sludge.  

The present work thus presents a systematic study on the regeneration of 

geothermal sludge-based sodium silicate catalyst that leads to reactivation of the catalyst 

for the transesterification reaction between palm oil and methanol. It has been reported 

that calcining deactivated catalysts may burn out the deposited carbon on the catalyst 

surface leading to its reactivation [24-26]. Many authors have also reported successful 

reactivation of different heterogeneous catalysts using mechanical and/or chemical 

washing methods [27-31]. The present work reported 3 (three) different regeneration 

methods, i.e.  calcination at 400°C, washing treatment at room temperature, and washing 

treatment at 60oC. By monitoring the reaction yield from time to time at different reaction 

cycles, the most suitable regeneration treatment could be determined. Furthermore, the 

kinetics of transesterification reaction using the catalyst that had been regenerated with 

the most suitable method was evaluated.      
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METHODS AND MATERIALS 

 

Materials  

Materials used in this work were geothermal sludge from geothermal power plant PT Geo 

Dipa Energy at Dieng, Indonesia, sodium hydroxide (NaOH) (Merck, 99.9%, pro 

analytic), methanol (Merck, 98%, pro analytic) and palm oil (Tropical). 

 

Transesterification reaction 
Preparation of sodium silicate catalyst and transesterification procedure were performed 

following previously reported works [13]. The sodium silicate was prepared from NaOH 

and silica extracted from geothermal sludge using gelation method. The catalyst was then 

activated by calcination at the temperature of 400°C for 3 hours with a temperature 

increase of 20°C/minute. 

In the transesterification reaction, palm oil (200 g) was added into a beaker glass 

and heated to 60°C. Meanwhile, sodium silicate catalyst (6 g) was added into methanol 

(260 ml) in a three-necked flask equipped with reflux condenser, mercury stirrer and 

thermometer. The mixture was heated to 60°C and then stirred for 60 min to activate the 

methanol adsorbed on catalyst. After 60 min of stirring, palm oil at 60°C was added into 

the methanol-sodium silicate mixture, and reaction time was counted as t = 0. Three flasks 

with similar mixture were prepared to fulfill the necessity of variation of catalyst 

regeneration methods studied in this work. The transesterification was conducted for 60 

min with a stirring speed of 410 rpm, while the temperature was maintained steady at 

60°C. From each reaction flask, 5 ml sample was taken at t = 5, 7, 10, 15, 20, 25, 40 and 

60 min, added into a test tube, and the pH was measured. Each sample was then 

centrifuged for 5-10 minutes with a speed of 200 rpm and left until 2 (two) liquid phases 

was formed. The heavier phase (1 g) was then taken for glycerol analysis using standard 

iodometry method. For all transesterification reactions during the entire study, the mass 

ratio between methanol/palm oil/catalyst was kept constant. The reaction was repeated 

for 4 (four) cycles, with a catalyst regeneration in between two consecutive cycles. 

 

Regeneration of catalyst 

There were 3 (three) methods of catalyst regeneration studied in this work, i.e. calcination, 

one-time (1x) washing at room temperature, and three-times (3x) washing at 60oC. The 

transesterification reaction and catalyst regeneration processes were performed in a 

sequential process. The first step was synthesis and activation of sodium silicate catalyst 

that resulted in freshly-activated catalyst. The catalyst was then used in transesterification 

reaction cycle 1. The next step was regeneration of the catalyst using one of the three 

above-mentioned methods followed by transesterification reaction cycle 2. This cycle 

was continued by regeneration of the catalyst using the same method. The process was 

repeated until transesterification reaction cycle 4. 

      

Calcination 

The remaining reaction mixture inside the flask was transferred into a porcelain cup. Due 

to density difference, the mixture spontaneously created three layers, i.e. methanol in the 

upper, oil in the middle, and catalyst at the bottom phase. The methanol and oil were 

taken carefully using drop pipette, leaving the catalyst at the bottom of the porcelain cup. 

The catalyst was calcined in a furnace at 400°C for 3 hours with a temperature ramp of 

20°C/minute. The catalyst was then weighed using digital analytical scale, and was reused 

for the next transesterification reaction cycle.  
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One time (1x)-washing at room temperature 

The remaining reaction mixture inside the flask was transferred into a centrifuge tube and 

centrifuged for 10 minutes with a rotation speed of 200 rpm. The precipitated catalyst 

was then separated from the oil and methanol layers. Fresh methanol (260 ml) was added 

to and mixed with the catalyst. The mixture of methanol and catalyst was added into palm 

oil in a three-necked flask for the next transesterification reaction.  

 

Three time (3x)-washing at 60°C  

The remaining reaction mixture inside the flask was transferred into a beaker glass and 

was allowed for natural separation of methanol, oil, and the catalyst. The oil and methanol 

layers was then carefully taken from the beaker using drop pipette. The remaining catalyst 

with a minimum amount of remaining methanol and oil was then mixed with fresh 

methanol (50 ml). The mixture was heated up and continuously stirred with a magnetic 

stirrer at 60°C for 10 min. Afterwards, the mixture was again allowed for natural 

separation. Repeating the first washing step, the methanol was pipetted out, leaving the 

catalyst at the bottom of the beaker. The third washing step was done following identical 

procedure   as the first two. After the third washing step, the catalyst was heated in an 

oven at 80°C for 30 minutes, cooled down at room temperature, weighed, and reused for 

the next transesterification reaction cycle.  

 

The kinetics study of catalytic transesterification reaction 

The kinetics of transesterification reaction (Equation 1), assuming the system is pseudo-

homogeneous, was studied using simplified model of first, second and third order 

reactions with respect to triglyceride concentration [32, 33].  

 

 Triglycerides +  Methanol →  Methylesters + Glycerol                  (1) 

 

A mass balance developed on triglyceride in a batch reactor results in a correlation 

between yield (x) and time (t) for each order of reaction as follows: 

 

 First order :  − 𝑙𝑛 𝑙𝑛 (1 − 𝑥)  = 𝑘1. 𝑡         (2) 

 Second order :  
𝑥

1−𝑥
= 𝑘2. 𝐶𝐴0. 𝑡          (3) 

 Third order :  
1

2(1−𝑥)2 −
1

2
= 𝑘3. 𝐶𝐴0. 𝑡         (4) 

 

For further simplification, the form of linear correlations in equation (2), (3) and (4) can 

be written as follows: 

𝑝 = 𝐴𝑞 + 𝐵           (5) 

where: 

k1, k2, k3: apparent reaction rate constant of first, second, and third order reaction, 

respectively. 

CA0: initial concentration of triglycerides. 

In this study, calculated results were compared with experimental data to obtain 

the most appropriate kinetics model. Only transesterification reaction using the catalyst 

that had been regenerated with the most suitable method was evaluated.      
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RESULTS AND DISCUSSION 

 

As described previously, three different regeneration methods of sodium silicate catalyst 

were investigated in the present work i.e. regeneration with calcination, 1x-washing and 

3x-washing at 60°C. The reaction yield as a function of time at each cycle in the 

transesterification of palm oil using calcination-regenerated catalyst is shown in Figure 

1.  

 

 
 

Figure 1. Reaction yield as a function of time in the transesterification of palm oil using 

freshly-activated catalyst (cycle 1) and calcination-regenerated catalyst (cycle 2 and 3). 

 

It is seen in Figure 1 that the yield increases as a function of reaction time at cycle 1, with 

the most significant increase observed in the first ten minutes of reaction. This 

phenomenon indicates that the reaction can occur considerably fast with the use of 

freshly-activated catalyst. A complete (100%) conversion of palm oil can be achieved in 

the given experimental reaction time in this study (60 min). Following the completion of 

the reaction, the catalyst was separated, underwent calcination regeneration process, and 

was reused for the next cycle. 

Figure 1 shows a significant decrease in reaction yield at both cycles 2 and 3 

compared to that at cycle 1, although the yield at cycle 2 is relatively higher compared to 

that at cycle 3. Gui et al. [34] also reported similar results that the activity of catalyst 

without further purification and activation dropped significantly at the third cycle.   This 

observed phenomena strongly show that the catalyst experiences deactivation, despite the 

calcination step using a regeneration method. In addition, the catalyst after calcination 

was visually darker compared to that before calcination. This visual appearance indicates 

that the catalyst was poisoned by either glycerol or glycerides in palm oil. The presence 

of these hydrocarbon compounds adsorbed on the catalyst might then lead to the 

formation of unburned carbon on the catalyst during calcination. The catalyst experienced 
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a more severe poisoning at cycle 4 (data not shown), in which the catalyst became 

completely inactive and visually black. In addition, deactivation of sodium silicate 

catalyst can also be due to sodium leached by reaction mixture [32]   

The reaction yield as a function of time at each cycle in the transesterification of 

palm oil using 1x-washing (with methanol at room temperature)-regenerated catalyst is 

shown in Figure 2. It is seen that the yield increases with time, but decreases with the 

cycle number. The 1x-washing regeneration method, however, can slightly increase the 

yield in comparison to the calcination regeneration method. In this case, the methanol can 

partly remove hydrocarbon compounds that remain on the catalyst surface from the 

previous cycle, leading to more available active sites on the catalyst surface for the 

reaction. However, it seems that the attachment of the hydrocarbons on the surface is 

relatively strong, so that 1x-washing at room temperature is not sufficient to remove a big 

fraction of the hydrocarbons. In the next experimental section, both the number of 

washing steps and the temperature were increased. 

 

 
Figure 2. Reaction yield as a function of time in the transesterification of palm oil using 

freshly-activated catalyst (cycle 1) and 1x-washing (with methanol at room temperature)-

regenerated catalyst (cycle 2, 3, and 4). 

 

The reaction yield as a function of time at each cycle in the transesterification of 

palm oil using 3x-washing (with methanol at 60°C)-regenerated catalyst is shown in 

Figure 3. In comparison with the other previous regeneration methods, at identical 

reaction cycle number, the reaction yield tends to improve significantly. At the fourth 

reaction cycle, about 50% reaction yield after 60 min was still achievable. This observed 

phenomenon suggests that a larger fraction of adsorbed hydrocarbon compounds that 

remain on the catalyst surface after reaction can be removed at high temperature in 

methanol, leading to even more active surfaces for the transesterification reaction in the 

next cycle.  
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Figure 3. Reaction yield as a function of time in the transesterification of palm oil using 

freshly-prepared catalyst (cycle 1) and 3x-washing (with methanol at 60oC)-regenerated 

catalyst (cycle 2, 3, and 4). 

 

As described above, among three regeneration methods studied in this work, 

regeneration with 3x-washing at 60°C offers the largest recovery from catalyst 

deactivation. However, it is observed that the catalyst still experiences deactivation 

phenomena to some extent, indicative from a systematic decrease of reaction yield as 

number of reaction cycle increases (Figure 4). It is therefore important to quantitatively 

determine the activity of the regenerated catalyst in correspond to the number of reaction 

cycles. 
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Figure 4. Reaction yield after 60 min of reaction time in the transesterification of palm 

oil using freshly-activated catalyst (cycle 1) and 3x-washing (with methanol at 60oC)-

regenerated catalyst (cycle 2, 3, and 4). 

 

Using the data at cycle 2 in Figure 3, the kinetics model (described in Materials 

and Methods section) for the transesterification reaction was developed. Figure 5 shows 

the calculation results based on the developed kinetics models in comparison to the 

experimental data. It is seen that the highest degree of fit between calculated and 

experimental data was obtained from the first order reaction model. This fact suggests 

that in the presence of methanol excess, transesterification of palm oil is only dependent 

on the concentration of triglycerides that interact with surface methoxides preliminary 

formed during (re)activation step of the catalyst with methanol. 
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Figure 5. Reaction kinetics model fitted with experimental data. 

 

Using the first order of kinetics as the most suitable model, the activity of sodium 

silicate catalyst in transesterification of palm oil with methanol in several sequential 

reaction cycles was evaluated. The catalyst was regenerated using 3x-washing (with 

methanol at 60°C) method. Linear correlations of the first order kinetics for each cycle 

are depicted in Figure 6. It is shown that the model can fit all cycles in a relatively good 

agreement with the experimental data. The rate constant (k) of the transesterification 

reaction (Equation 1) can thus be determined as the slope of the linier lines and shown in 

Table 1.    
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Figure 6. Linear correlation of kinetics model between yield and reaction time for each 

cycle 

 

Table 6 shows that the reaction rate constants tend to decrease as number of reaction cycle 

increases. Due to poisoning effect of hydrocarbon compounds on the surface of catalyst, 

the number of active sites available for the reaction declines. The activity of the catalyst 

is determined by the availability of the sites where sodium is located in the catalyst. These 

sodium sites will adsorb methanol molecules during (re)activation steps to form 

methoxide compounds that later interacts with triglycerides in palm oils. However, the 

presence of other compounds such as hydrocarbon adsorbed on the sodium sites can 

hinder the formation of methoxides that eventually inhibit its interaction with 

triglycerides to form methyl esters. 

  

Table 1. Reaction rate constants at cycle 1, 2, 3, and 4 in the transesterification of palm 

oil using 3x-washing (with methanol at 60oC)-regenerated catalyst. 

 

Number of 

cycle 

Reaction rate constant 

(k1), min-1 

1 0.0538 

2 0.0515 

 3 0.0255 

4 0.0113 

  

 

In the present work, it is found that even though washing with methanol at 

elevated temperature can increase the activity of the used catalyst, the activity of the 

catalyst cannot be completely recovered from deactivation. Even though theoretically 

sodium silicate is insoluble in methanol, there was an indication that methanol can slightly 
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dissolve the sodium from the catalysts. Roschat et al. also reported that some sodium 

might be leached by reaction mixture [32].   

It was indicated that the methanol with sodium silicate catalyst present showed 

high basicity. However, a decrease of pH was observed from around 12 to 10 when the 

catalyst was used in sequence from reaction cycle 1 to 4. Numbers of washing with 

methanol during reactivation can also potentially reduce the amount of sodium in the 

catalyst which actually plays as active sites for the reaction. Further careful study is still 

required to investigate how the deactivation of the sodium silicate catalysts should be 

more effectively overcome.    

 

CONCLUSIONS 

 

The study shows that in principle, catalyst regeneration using both calcination and 

washing methods can be applied to sodium silicate that is used in transesterification 

reaction of palm oil with methanol. Both methods, however, result in different degree of 

catalyst reactivation, in which calcination results in a lower degree of reactivation 

compared to washing method. Furthermore, the washing method with methanol can be 

significantly improved by increasing the washing cycle from one to three times, as well 

as the temperature of the methanol from room temperature to 60oC. The visually darker 

and darker catalyst after several calcination process indicated that a larger amount of 

hydrocarbons were still trapped in the catalyst surfaces and were not burned out during 

the calcination, leading to catalyst deactivation. The significantly lower 

transesterification reaction yield observed from the experimental data validates this 

explanation. Interestingly, washing with methanol instead of calcination as the 

regeneration process significantly increased the reaction yield that was done after catalyst 

regeneration. Hypothetically, some fractions of trapped hydrocarbon residues on the 

catalyst surfaces were replaced by methanol molecules, which is one of the 

transesterification reactants, leading to enhanced reaction at the next cycle. More 

hydrocarbons could be replaced by the methanol molecules by repeating the washing step 

to 3x and increasing the temperature to 60oC. The study thus sheds light on the process 

and parameter selections in sodium silicate catalyst regeneration, in order to prolong its 

lifetime in the application of transesterification reaction of palm oil with methanol. 

Moreover, the kinetics study shows that the catalytic transesterification reaction follows 

the first order reaction, with a reaction rate constant that decreases as the number of 

reaction cycle increases. This kinetics data should contribute to facilitate scale up design 

and feasibility study. Further comprehensive investigation, however, is still needed to 

gain insights on the parameters to further increase the catalyst reactivation degree. 
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