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Abstract

Natural and synthetic zeolites are well-known materials sharing a wide range of applications, such as
adsorbents, ion exchange, and catalysts. However, synthetic zeolites are more widely used, due to
several limitations of natural zeolites, such as the presence of impurities and diverse compositions. In
this study, rice husk silica (97.86% purity) and aluminum hydroxide were utilized for the preparation
of ZSM-5, to study the effect of crystallization time on the physical characteristics and catalytic activity
in the transesterification of Ricinus communis oil. The raw materials, with molar ratio of
Si0,:0.025A1,03:0.165Na,0:25H,0, were subjected to crystallization at 180 °C for 48, 72, 96, and

120 h, completed by 6 h calcination at 600 °C. The formation of ZSM-5 was demonstrated by FTIR,
XRD, and SEM techniques, confirmed that the formation of ZSM-5 had taken place at 48 h
crystallization, with no significant change with prolonged time. The PSA indicates the existence of two
clusters of particles, and the BET confirmed the existence of the zeolites as porous materials, with the
sample prepared with crystallization time of 96 h had the largest surface area and smallest pore
diameter. This particular sample exhibited the highest activity, resulting in 96% conversion of Ricinus
communis oil.

1. Introduction

In general, zeolites are divided into two major groups: Natural zeolites and synthetic zeolites. These two types of
zeolite share many common applications, such as adsorbents [1], ion exchange [2, 3], and catalysts [4, 5].
However, natural zeolites are known to have disadvantageous characteristics that limit their application, such as
their low purity due to the presence of natural impurities, diverse compositions, and relatively low homogeneity,
in terms of particle size as well as pore size. Due to such pitfalls of natural zeolites, synthetic zeolites are now
more widely used, as their characteristics can be tailored to suit many specific applications, such as ion exchange
[6, 7], catalysts [8, 9], membranes [10], decontamination of air using fluidized bed techniques [11], and
adsorbents [12].

Chemically, zeolites are known as aluminosilicates, in appreciation of their main components being alumina
and silica. Concerning these components, an array of synthetic zeolites has been prepared with different
compositions, which are more commonly defined in terms of the Si/Al ratio. In addition to the composition (Si/
Al) ratio, other focuses of research in the field of synthetic zeolites are raw materials (the source of silica, in
particular), and the preparation technique, as they have been acknowledged as strong factors that determine the
characteristics of synthetic zeolites [ 13].

As asilica source, both commercial silica compounds and alternative sources have been utilized to synthesize
various zeolites. The most widely used commercial silica compounds are tetraethyl orthosilicate (TEOS),
tetramethyl orthosilicate (TMOS), and colloidal silica (SiO,) [14, 15]. However, due to limited availability and
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the relatively high price of commercial silica, the utilization of readily available and cheaper alternative sources
has also been explored in many recent studies. Some examples of non-commercial silica sources that have been
studied and used are rice husk [9, 16], kaolinite [17], coal fly ash [ 18], and paper industry waste [19].

Besides the search for raw materials, the development of a synthesis technique is another aspect which
remains a challenge for synthetic zeolites. At present, the most intensively used synthesis method is the
hydrothermal [18, 20-22], although other techniques, such as direct synthesis [15], sol-gel methods [9], and
microwave-assisted processes [23] have also been considered. At the industrial scale, the main method used to
prepare synthetic zeolites is a hydrothermal technique using raw materials dissolved in aqueous alkaline solvent
[24]. The advantages offered by this particular method are the production of high product yields, relatively low
crystallization temperature, and relatively short crystallization time. For these advantageous reasons, various
synthetic zeolites have been produced through the hydrothermal route; among them are zeolite-W [25],
mordernite-type zeolite [26], sodalite zeolite [23], zeolite-P and zeolite-X [18], and ZSM-5 [22].

Many workers have reported the preparation of ZSM-5 involving the use of an expensive organic template as
astructure-directing agent. The most widely used templates are tetra propyl ammonium hydroxide (TPAOH)
[27], tetrapropyl ammonium bromide (TPABr) [28], tetramethylammonium hydroxide (TMAOH), tetra
ethylammonium hydroxide (TEAOH), and tetra butyl ammonium hydroxide (TBAOH) [29]. However, the
successful synthesis of ZSM-5 without the use of a template has also been reported [30, 31].

In general, the formation of zeolite is acknowledged as a process influenced by several factors, in which
crystallization temperature, crystallization time, and the source of silica are the most important variables. For
preparation of ZSM-5, literature information suggests that crystallization temperatures are in the range of 100 to
190 °C[32, 33]. In this study, we aimed to synthesize ZSM-5 type zeolites from RHS and Al(OH); as raw
materials without the use of a template, with the composition by the general formula of
Si0,:0.025A1,05:0.165Na,0:25H,0. The main objective is to evaluate the influence of the crystallization
duration on the structure, the microstructure, and the catalytic activity of the products, by using them as a
catalyst for transesterification reaction of Ricinus communis oil with methanol to produce fatty acid methyl esters
(FAMEs) or biodiesel. This particular reaction was investigated considering the continuous demand for
biodiesel as a renewable energy source to substitute petrochemical derived diesel. Concerning the biodiesel
production technology, two aspects that remain challenging are the availability of heterogenous catalysts and
utilization of non-edible oils as a replacement of palm oil as the main feedstock currently used.

The shift from homogeneous catalyst into heterogeneous catalyst is driven by several advantages offered by
heterogeneous catalyst, such as the simplicity to separate the catalyst from the product, the opportunity to reuse
the catalyst, and the environmental-friendly nature of the catalyst. From raw material point of view, the use of
non-edible feedstocks is useful not only to avoid the competition between energy and food but also to reduce the
cost since many types of non-edible oils can be obtained with much less cost compared to edible oils. Several
types of heterogenous have been developed, and among them are zeolites, which have been used for
transesterification of various non-edible feedstocks, such as Jatropha curcas oil using NaX, NaY, ZSM-5, beta
zeolite, and mordenite [34], mustard oil using zeolite X and A [35], and sunflower oil [ 18]. Concerning the use of
atemplate, we also attempted to evaluate whether ZSM-5 could be prepared from the raw materials used
without involving a template.

2. Experimental

2.1. Materials

All chemicals needed to carry out the experiments were of analytical grade. Nitric acid, sodium hydroxide,
aluminum hydroxide, methanol, were obtained from Merck. Rice husk was collected from a local source in
Bandar Lampung, Indonesia. Oil was extracted from Ricinus communis beans with a hydraulic press machine,
HJ-P05, manufactured by Jingdezhen Huiju Technologies Co.

2.2. Silica extraction

Silica was extracted from rice husks using the alkali extraction method with 1.5% NaOH solution, according to
the sol-gel method [36]. Extraction was commenced by mixing the husk (50 grams) and 500 ml NaOH solution
(1.5% by weight) in an Erlenmeyer flask. The mixture was heated to boil and kept for 30 min, then left at ambient
temperature overnight. To collect the filtrate, which contained dissolved silica (silica sol), the mixture was
filtered. The filtrate was neutralized using 10% HNOj3 solution, in order to convert the sol into a gel. Using hot
distilled water (60 °C-70 °C), the gel was washed to remove the excess acid. The process was completed by drying
the gel at 110 °C for 8 h. To determine the purity, the silica was analyzed using the XRF method with the
instrument PANalytical Epsilon 3.
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2.3. Synthesis of zeolite

As per the hydrothermal method reported in previous works [37, 38], a mass of 13.2 g NaOH was dissolved in
200 ml distilled water. An aliquot of 160 ml of the NaOH solution was used to dissolve 60 g of the RHS (solution
A), while the rest (40 ml) was used to dissolve 3.9 g Al(OH); (solution B). The raw materials solutions were
thoroughly mixed by magnetic stirring for 3 h, over which 250 ml of distilled water was slowly added. The
mixture was placed in a stainless steel autoclave for 24 h aging, then subjected to the crystallization process at
180 °C for 48, 72, 96, and120 h. The products were filtered and washed, then dried at 80 °C for 6 h and, finally,
subjected to 6 h calcination at 600 °C. Following the crystallization time applied, the products were specified as
ZSM-5/48,7ZSM-5/72,ZSM-5/96, and ZSM-5 /120, respectively.

2.4. Characterization of zeolite

2.4.1. FTIR analysis

The FTIR spectrum of the sample was obtained using a Thermo Nicolet Avatar 360 type instrument. For the
FTIR analysis, a sample was prepared by mixing approximately 2 mg of zeolite with 300 mg KBr in a mortar. The
mixture was pressed to obtain a KBr pellet. The spectrum was generated by scanning the sample in the

wavenumber range of 4000 cm ™' to 400 cm .

2.4.2. XRD analysis

The XRD diffractogram of the sample was obtained using a PANalytical Xpert MPD type instrument, operated
with CuKa radiation and using diffraction angle (26) from 5° to 60°. The pattern of the sample was analyzed
using the Match! Software (version 3.10.2.173), in order to identify the crystalline phases in the sample, and
confirmed by comparing the pattern with that of the ZSM-5 standard in the International Zeolite Association
(IZA) as areference.

2.4.3. SEM analysis
Scanning electron micrographs (SEM) were captured using a ZEISS EVO MA 10 instrument, in order to
recognize the morphology of the zeolites.

2.4.4. BET analysis

The Surface characteristics of the sample, including the specific surface area, total pore volume, and average pore
size, were obtained according to the Brunauer, Emmett, and Teller (BET) method using a 4LX instrument. The
instrument was operated using N, gas adsorbent at a temperature of 77.3 K, degassing temperature at 300 °C for
3 h, and an adsorption/desorption equilibrium time of 60,/60 s. Data processing was carried out using the
NOVA Station A instrument.

2.4.5. PSA analysis
The particle size distribution was produced with the aid of the PSA instrument Beckman Coulter LS 13 320 type.

2.5. Zeolite catalytic activity test

The activity of the synthesized ZSM-5 samples as heterogeneous catalysts were then evaluated through the
transesterification of Ricinus communis oil (or castor oil) using methanol, to convert the oil into methyl ester;
also known as biodiesel. Ricinus communis oil was selected, as it is a non-edible oil which naturally can grow well
without strict cultivation requirements, therefore avoiding competition with the food industry and minimizing
the cost of raw materials at the same time.

Each zeolite was tested as a catalyst for the transesterification of Ricinus communis oil with methanol. The
reaction was run in a 500 ml round-bottom flask with a reflux condenser. An oil/methanol volume ratio of 1:6
was used and the experiment was run at 70 °C for 7 h, with a catalyst load of 10% of the mass of the oil. After the
reaction was complete, the reaction mixture was allowed to cool and then filtered into a separatory funnel. The
separatory funnel was let to stand for 24 h, during which two layers formed in the funnel. The upper (biodiesel)
and lower (remaining oil) layers were collected separately, and the excess methanol was removed from the upper
layer by evaporation. The percentage of conversion of the oil to methyl ester was calculated using the following
equation

. — Vi
Y%conversion =

x 100, (D

where V; is the initial volume of oil (ml) and V¢is the volume of unreacted oil (ml). The percentage of conversion
was used to compare the catalytic activities of the zeolites.
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Figure 1. FT-IR spectra of different crystallization time zeolites.

Table 1. Chemical composition of the RHS.

Oxides Relative percentage
Sio, 97.863
P,0s 0.904
ALO; 0.540
MgO 0.313
CaO 0.246
K,0 0.005
Others (relative percentage < 0.005) 0.129

2.6. Analysis of transesterification product

Analysis of transesterification product by Gas Chromatography-Mass Spectroscopy (GC-MS) was carried out
usinga GCMS-QP2010 SE SHIMADZU instrument. The GC column used was a 30 m long HP SMS column
with internal diameter of 0.32 mm. The instrument was run at 70 EV in the FI mode, with helium as the carrier
gas and nitrogen as a make up gas, with a total flow rate of 60 ml min~'. Before analysis, the sample was filtered

through Whatman 0.45 filter paper, followed by degassing to remove any gas from the samples.

Identification of FAME:s in the transesterification product was conducted by comparing the mass spectrum
of the sample with standard spectra in the MS Library System NIST62 and Wiley 7 databases. The relative

quantity of each component was calculated by dividing its peak area by the total peak area.

3. Results and discussion

3.1. Chemical composition of rice husk silica
Chemical composition of the RHS as determined by XRF technique is shown in table 1.

As can be seen in table 1, the purity of the RHS produced is 97.863%, implying that the RHS can be accepted
as puresilica. The purity of RHS silica produced in this study is comparable to the results by others who reported
the purity of 93% [39], the purity of 96.7% [40], but higher purity (99%) was resulted by acid treatment followed

by controlled combustion [41].

3.2. Characterization of zeolite

Characterization of samples using FTIR spectroscopy produced the spectra shown in figure 1. The FTIR spectra
of the samples shown in figure 1 are characterized by the existence of several absorption bands, acknowledged as
the characteristic vibrations of zeolite functional groups. The band located at 796 cm ™" is due to the symmetric
stretching mode of inter tetrahedral linkages, while that at 457 cm ™' corresponds to the bending modes of T-O-
T and O-Si-O, where T represents Al or Si. Internal asymmetric stretching of Si-O-T is characterized by the band
at 1089 cm ™', The absorption band at 546 cm ™' is associated with pentacyl ring framework vibration, which is

4
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Figure 2. XRD patterns of zeolites prepared at different crystallization times.

Table 2. Comparison of the peaks of the samples with [ZA data of ZSM-5 in
the absence of an organic template.

Sample 26 (°)
1ZA20(°) ZSM-5/48 ZSM-5/72 ZSM-5/96 ZSM-5/120
9.72 9.73 9.73 9.73 9.75
6.51 6.51 6.52 6.57 6.53
13.49 13.49 13.48 13.51 13.49
25.71 25.66 25.66 25.76 25.73
8.66 8.62 8.62 8.63 8.67
22.32 22.29 22.25 22.34 22.30

characteristic of the ZSM-5 zeolite [20, 42]. The absorption band at 3456 cm ™ is associated with stretching
vibration of the —O—H group of the water molecules adsorbed by the zeolite frame-work. The adsorbed water is
supported by the absorption band located at 1640 cm ™', which is assigned to the bending vibration of the
molecule [30]. The existence of absorption bands representing functional groups associated with Si, O, Al, and
the pentacyl ring frame-work in the spectra suggest that the reaction between silica and alumina took place
during the crystallization period, in order to produce the ZSM-5 structure.

The structure of the samples investigated using XRD technique produced diffractograms are compiled in
figure 2. With the aid of the Match! software (version 3.10.2.173), the phases composing the samples were
identified, as included in figure 2.

The formation of ZSM-5 was also supported by XRD analysis, which indicated that ZSM-5 had been
produced at 48 h and observed that the effect of crystallization time was significant in promoting the formation
of the ZSM-5 structure. As can be observed, in addition to ZSM-5, chabazite and analcime phases were also
identified. For this reason, the characteristics peaks for ZSM-5, chabazite, and analcime standards are included
in figure 2, for comparison. For further confirmation, the diffraction data of the samples synthesized were
compared with those of the ZSM-5 standard, according to the International Zeolite Association (IZA) database,
asshown in table 2.

As indicated in table 2, six characteristic peaks of the ZSM-5 standard, according to the IZA database, were
observed in the synthesized samples. Although a small difference in the position (26) was observed for some of
the peaks, the difference had an acceptable value and, therefore, the data were in agreement with the results
produced by the Match! Software, as previously discussed. The results obtained regarding the formation of
ZSM-5 as seen by XRD are comparable to the results reported by others using other silica sources, such as kaolin
[43], ludox [44], natural zeolite [45], and rice husk silica [46].

To gain more insight on the effect of crystallization times, the crystallinity of the samples was calculated
adopting the method reported by others [47, 48] and the results are presented in table 3.
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Figure 3. Micrograph of samples at different crystallization times.

Table 3. Crystallinity of the zeolites
synthesized with different crystallization

times.

Sample Degree of Crystallinity
ZSM-5/48 54.42%
ZSM-5/72 69.16%
ZSM-5/96 72.56%
ZSM-5/120 89.34%

The data presented in table 3 demonstrated that the crystallinity of the sample increased with crystallization
time, implying a quite significant effect of the time in the formation of crystal structure. The effect of
crystallization time on the crystallinity of the samples observed in this study is in agreement with the findings
reported by others [42, 49, 50]. In addition to crystallization time, crystallization temperature is another
important factor in the formation of zeolite structure. For preparation of ZSM-5, literature information suggests
that 180 °C s in the range of temperature commonly used [32, 33]. Another factor is the composition of the raw
material, but in this study, the composition was fixed and set by the general formula of ZSM-5
(5i0,:0.025A1,05:0.165Na,0:25H,0).

Another well known characteristic of zeolites that make them valuable materials is stability. In a previous
study [51], the stability of Linde Type A (LTA) zeolite was evaluated by comparing the XRD diffractogram of the
sample after 4 days and that of the sample after 12 months and found that no significant difference between the
diffractograms, suggesting that zeolite was stable up to 12 months after preparation. In another work, Sun et al
[52] evaluated the stability of HZSM-5 by comparing the catalytic activity of the zeolite for liquid phase
dehydration of methanol to dimethyl ether (DME) and reported that during long term test (998 to 6788 h) the
zeolite retained the selectivity of more than 99.9%, which demonstrated the existence of zeolite as a highly stable
material.

Figure 3 shows micrographs of the synthesized samples. As can be observed in figure 3, the samples have a
heterogeneous surface, in terms of the shape and size of the particles; however, the existence of a hexagonal shape
which is a characteristic shape for ZSM-5 particle [36, 53] is quite obvious.

The surface was also characterized by the presence of trapezohedral (characteristic of the analcime phase
[54]) and cubic/pseudo-cubic (indicating the chabazite phase [55] forms. The micrographs also displayed
surface fractures, which was likely due to the samples being prepared without the use of an organic template,
which functions to control the morphology of the crystals [56].

6
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Figure 4. Particle size distribution of samples: (a) ZSM-5/48, (b) ZSM-5/72, (c) ZSM-5/96, and (d) ZSM-5/120.

Table 4. The surface area and porosity characteristics of different crystallization time zeolites.

Sample 26 (°)
Parameters ZSM-5/48 ZSM-5/72 ZSM-5/96 ZSM-5/120
Surface area (m?> g b 7.7358 6.5689 20.2456 5.1450
Total pore volume (cm® g~ ") 0.0104 0.0096 0.0178 0.0052
Average pore diameter (A) 53.932 53.932 35.164 40.302

The micrographs in figure 3, display accumulation of particles is quite significant. Particle accumulation is
acknowledged to affect the catalytic activity of the zeolite, and therefore some workers have reported the method
used to suppress this phenomenon. In a previous study [57] synthesis of T-type zeolite was carried out with the
use of a structure-directing agent and produced the zeolite with particle sizes in the range of 120-200 nm. In
another work, Wang et al [58] reported the particle sizes in the range of 400-500 nm of meso ZSM-5 synthesized
by solid crystallization approach.

Particle size distributions of the samples, as revealed by the PSA technique, are presented in figure 4. Figure 4
displays similar profiles for the particles in all samples, characterized by the existence of two clusters of particles,
indicating the existence of particle aggregates in the sample. It was also observed that, in the first three samples,
the two clusters of particles were well-separated; however, in the final sample (ZSM-5/120), the two clusters
overlapped, suggesting that particle agglomeration was more significant in this particular sample. The first
cluster is composed of particles with diameters between 0.077 and 0.954 ;um, while the second cluster has
particle diameters between 0.954 and 2.920 pm.

Other physical characteristics of the samples investigated in this study, including surface area, total pore
volume, and average pore diameter, were obtained using the BET method. The data are presented in table 4.

The data in table 4 illustrate that the zeolites synthesized in this study were classified as extra-large pore
zeolites, as they have pore diameter > 7.5 A [59, 60]. The crystallization time during the hydrothermal process
affects the surface area of the zeolites. The results showed that the ZSM-5/96 sample had the highest surface area
(20.2456 m*/g) and porous volume (0.0178 cm’/g).
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Figure 5. GC chromatograms of Ricinus communis oil transesterification products obtained using ZSM-5/72, ZSM-5/96, and ZSM-
5/120 as catalyst.

Table 5. The components of Ricinus communis oil transesterification product obtained using ZSM-5/72, ZSM-5 /96, and ZSM-5/120 as
catalyst.

Peak number Retention time (min) Molecular formula Compound name
1 33.147 Cy7H340, Methyl palmitate
2 36.515 C1oH3,0, Methyl linolelaidate
3 37.059 C1oH350, Methyl stearate

4 40.027 Ci9H3603 Methyl ricinoleate

3.3. Zeolite catalytic activity test

Of the four ZSM-5 samples synthesized, three of them were found to exhibit appreciably high activity: ZSM-5/
72,ZSM-5/96, and ZSM-5/120, with percentage of conversions of 80%, 96%, and 88%, respectively. For ZSM-
5/48, the percent of conversion achieved was only 60% and, therefore, the biodiesel obtained with this particular
zeolite was not analyzed further. The transesterification products obtained with three zeolites were analyzed by
the GC-MS method; the chromatograms are given in figure 5.

The chromatograms in figure 5 present similar patterns, with four well-separated peaks at different retention
times, indicating the existence of four chemical components in the sample. With the aid of the Library System
WILEY 299 LIB and NIST 62 LIB databases, the components were identified; the results are tabulated in table 5.

As presented in table 3, the product of the transesterification reaction of Ricinus communis oil with methanol
was a mixture of methyl esters, with methyl ricinoleate appearing as the main component. The existence of

8
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ricinoleic acid methyl ester confirmed that the conversion of Ricinus communis had been achieved, as ricinoleic
acid is the specific and major component of Ricinus communis (or castor) oil [61].

4, Conclusions

ZSM-5 zeolites were successfully synthesized from RHS and Al(OH); using a hydrothermal method in the
absence of organic templates. Considering the relatively high price and toxicity of many organic templates, this
study also contributes to a more cost-effective and safer method for the production of ZSM-5 zeolites with the
potential to be extended to other types of synthetic zeolites. The high catalytic activity of the ZSM-5 zeolites
synthesized is another important finding of the current study, considering the need for a heterogeneous catalyst
to support the biodiesel industry.
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