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Abstract
Natural and synthetic zeolites arewell-knownmaterials sharing awide range of applications, such as
adsorbents, ion exchange, and catalysts. However, synthetic zeolites aremorewidely 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 aluminumhydroxide 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 ofRicinus communis oil. The rawmaterials, withmolar ratio of
SiO2:0.025Al2O3:0.165Na2O:25H2O,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-5was demonstrated by FTIR,
XRD, and SEM techniques, confirmed that the formation of ZSM-5 had taken place at 48 h
crystallization, with no significant changewith prolonged time. The PSA indicates the existence of two
clusters of particles, and the BET confirmed the existence of the zeolites as porousmaterials, with the
sample preparedwith 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 ofRicinus
communis oil.

1. Introduction

In general, zeolites are divided into twomajor groups:Natural zeolites and synthetic zeolites. These two types of
zeolite sharemany 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 aswell as pore size. Due to such pitfalls of natural zeolites, synthetic zeolites are now
morewidely used, as their characteristics can be tailored to suitmany specific applications, such as ion exchange
[6, 7], catalysts [8, 9], membranes [10], decontamination of air usingfluidized bed techniques [11], and
adsorbents [12].

Chemically, zeolites are known as aluminosilicates, in appreciation of theirmain components being alumina
and silica. Concerning these components, an array of synthetic zeolites has been preparedwith different
compositions, which aremore commonly defined in terms of the Si/Al ratio. In addition to the composition (Si/
Al) ratio, other focuses of research in thefield of synthetic zeolites are rawmaterials (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 a silica source, both commercial silica compounds and alternative sources have been utilized to synthesize
various zeolites. Themost widely used commercial silica compounds are tetraethyl orthosilicate (TEOS),
tetramethyl orthosilicate (TMOS), and colloidal silica (SiO2) [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 inmany recent studies. Some examples of non-commercial silica sources that have been
studied and used are rice husk [9, 16], kaolinite [17], coalfly ash [18], and paper industry waste [19].

Besides the search for rawmaterials, the development of a synthesis technique is another aspect which
remains a challenge for synthetic zeolites. At present, themost intensively used synthesismethod is the
hydrothermal [18, 20–22], although other techniques, such as direct synthesis [15], sol-gelmethods [9], and
microwave-assisted processes [23]have also been considered. At the industrial scale, themainmethod used to
prepare synthetic zeolites is a hydrothermal technique using rawmaterials dissolved in aqueous alkaline solvent
[24]. The advantages offered by this particularmethod 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].

Manyworkers have reported the preparation of ZSM-5 involving the use of an expensive organic template as
a structure-directing agent. Themostwidely used templates are tetra propyl ammoniumhydroxide (TPAOH)
[27], tetrapropyl ammoniumbromide (TPABr) [28], tetramethylammoniumhydroxide (TMAOH), tetra
ethylammoniumhydroxide (TEAOH), and tetra butyl ammoniumhydroxide (TBAOH) [29]. However, the
successful synthesis of ZSM-5without 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, inwhich
crystallization temperature, crystallization time, and the source of silica are themost 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 fromRHS andAl(OH)3 as raw
materials without the use of a template, with the composition by the general formula of
SiO2:0.025Al2O3:0.165Na2O:25H2O. Themain objective is to evaluate the influence of the crystallization
duration on the structure, themicrostructure, and the catalytic activity of the products, by using them as a
catalyst for transesterification reaction ofRicinus communis oil withmethanol to produce fatty acidmethyl esters
(FAMEs) or biodiesel. This particular reactionwas 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 themain feedstock currently used.

The shift fromhomogeneous 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 rawmaterial 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 sincemany types of non-edible oils can be obtainedwithmuch 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 usingNaX,NaY, ZSM-5, beta
zeolite, andmordenite [34], mustard oil using zeolite X andA [35], and sunflower oil [18]. Concerning the use of
a template, we also attempted to evaluatewhether ZSM-5 could be prepared from the rawmaterials used
without involving a template.

2. Experimental

2.1.Materials
All chemicals needed to carry out the experiments were of analytical grade. Nitric acid, sodiumhydroxide,
aluminumhydroxide,methanol, were obtained fromMerck. Rice huskwas collected froma local source in
Bandar Lampung, Indonesia. Oil was extracted fromRicinus communis beanswith a hydraulic pressmachine,
HJ-P05,manufactured by JingdezhenHuiju Technologies Co.

2.2. Silica extraction
Silica was extracted from rice husks using the alkali extractionmethodwith 1.5%NaOH solution, according to
the sol-gelmethod [36]. Extractionwas commenced bymixing the husk (50 grams) and 500 mlNaOH solution
(1.5%byweight) in an Erlenmeyer flask. Themixturewas heated to boil and kept for 30 min, then left at ambient
temperature overnight. To collect the filtrate, which contained dissolved silica (silica sol), themixturewas
filtered. Thefiltrate was neutralized using 10%HNO3 solution, in order to convert the sol into a gel. Using hot
distilledwater (60 °C–70 °C), the gel waswashed 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 XRFmethodwith the
instrument PANalytical Epsilon 3.
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2.3. Synthesis of zeolite
As per the hydrothermalmethod reported in previousworks [37, 38], amass of 13.2 gNaOHwas dissolved in
200 ml distilledwater. An aliquot of 160 ml of theNaOH solutionwas used to dissolve 60 g of the RHS (solution
A), while the rest (40 ml)was used to dissolve 3.9 g Al(OH)3 (solution B). The rawmaterials solutionswere
thoroughlymixed bymagnetic stirring for 3 h, over which 250 ml of distilled waterwas slowly added. The
mixturewas 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 andwashed, 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, ZSM-5/72, ZSM-5/96, andZSM-5/120, respectively.

2.4. Characterization of zeolite
2.4.1. FTIR analysis
The FTIR spectrumof the sample was obtained using a ThermoNicolet Avatar 360 type instrument. For the
FTIR analysis, a sample was prepared bymixing approximately 2 mg of zeolite with 300 mgKBr in amortar. The
mixturewas pressed to obtain a KBr pellet. The spectrumwas generated by scanning the sample in the
wavenumber range of 4000 cm−1 to 400 cm−1.

2.4.2. XRDanalysis
TheXRDdiffractogramof the sample was obtained using a PANalytical XpertMPD type instrument, operated
withCuKα radiation and using diffraction angle (2θ) from5° to 60°. The pattern of the sample was analyzed
using theMatch! Software (version 3.10.2.173), in order to identify the crystalline phases in the sample, and
confirmed by comparing the patternwith that of the ZSM-5 standard in the International Zeolite Association
(IZA) as a reference.

2.4.3. SEManalysis
Scanning electronmicrographs (SEM)were captured using a ZEISS EVOMA10 instrument, in order to
recognize themorphology 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, andTeller (BET)method using a 4LX instrument. The
instrument was operated usingN2 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 processingwas carried out using the
NOVAStationA instrument.

2.4.5. PSA analysis
The particle size distributionwas producedwith the aid of the PSA instrument BeckmanCoulter 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 ofRicinus communis oil (or castor oil) usingmethanol, to convert the oil intomethyl ester;
also known as biodiesel.Ricinus communis oil was selected, as it is a non-edible oil which naturally can growwell
without strict cultivation requirements, therefore avoiding competitionwith the food industry andminimizing
the cost of rawmaterials at the same time.

Each zeolite was tested as a catalyst for the transesterification ofRicinus communis oil withmethanol. The
reactionwas run in a 500 ml round-bottom flaskwith 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 themass of the oil. After the
reactionwas complete, the reactionmixture was allowed to cool and thenfiltered into a separatory funnel. The
separatory funnel was let to stand for 24 h, duringwhich two layers formed in the funnel. The upper (biodiesel)
and lower (remaining oil) layers were collected separately, and the excessmethanol was removed from the upper
layer by evaporation. The percentage of conversion of the oil tomethyl ester was calculated using the following
equation

( )=
-

´conversion%
V V

V
100, 1i f

i

whereVi is the initial volume of oil (ml) andVf 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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2.6. Analysis of transesterification product
Analysis of transesterification product byGasChromatography-Mass Spectroscopy (GC-MS)was carried out
using aGCMS-QP2010 SE SHIMADZU instrument. TheGC columnusedwas a 30 m longHPSMS column
with internal diameter of 0.32 mm. The instrumentwas run at 70 EV in the EImode, with helium as the carrier
gas and nitrogen as amake up gas, with a totalflow rate of 60 ml min−1. Before analysis, the samplewas filtered
throughWhatman 0.45filter paper, followed by degassing to remove any gas from the samples.

Identification of FAMEs in the transesterification product was conducted by comparing themass spectrum
of the samplewith standard spectra in theMSLibrary SystemNIST62 andWiley 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 byXRF 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 pure silica. The purity of RHS silica produced in this study is comparable to the results by otherswho 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 infigure 1. The FTIR spectra
of the samples shown infigure 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−1 is due to the symmetric
stretchingmode of inter tetrahedral linkages, while that at 457 cm−1 corresponds to the bendingmodes of T-O-
T andO-Si-O, where T represents Al or Si. Internal asymmetric stretching of Si-O-T is characterized by the band
at 1089 cm−1. The absorption band at 546 cm−1 is associatedwith pentacyl ring framework vibration, which is

Figure 1. FT-IR spectra of different crystallization time zeolites.

Table 1.Chemical composition of the RHS.

Oxides Relative percentage

SiO2 97.863

P2O5 0.904

Al2O3 0.540

MgO 0.313

CaO 0.246

K2O 0.005

Others (relative percentage<0.005) 0.129
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characteristic of the ZSM-5 zeolite [20, 42]. The absorption band at 3456 cm−1 is associatedwith stretching
vibration of the –O–Hgroup of thewatermolecules adsorbed by the zeolite frame-work. The adsorbedwater is
supported by the absorption band located at 1640 cm−1, which is assigned to the bending vibration of the
molecule [30]. The existence of absorption bands representing functional groups associatedwith 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 theMatch! software (version 3.10.2.173), the phases composing the samples were
identified, as included infigure 2.

The formation of ZSM-5was also supported byXRD analysis, which indicated that ZSM-5 had been
produced at 48 h and observed that the effect of crystallization timewas 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
infigure 2, for comparison. For further confirmation, the diffraction data of the samples synthesizedwere
comparedwith those of the ZSM-5 standard, according to the International Zeolite Association (IZA) database,
as shown 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 (2θ)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 theMatch! Software, as previously discussed. The results obtained regarding the formation of
ZSM-5 as seen byXRDare 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 gainmore insight on the effect of crystallization times, the crystallinity of the samples was calculated
adopting themethod reported by others [47, 48] and the results are presented in table 3.

Figure 2.XRDpatterns of zeolites prepared at different crystallization times.

Table 2.Comparison of the peaks of the sampleswith IZAdata of ZSM-5 in
the absence of an organic template.

Sample 2θ (°)

IZA 2θ (°) 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
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The data presented in table 3 demonstrated that the crystallinity of the sample increasedwith 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 is in the range of temperature commonly used [32, 33]. Another factor is the composition of the raw
material, but in this study, the compositionwas fixed and set by the general formula of ZSM-5
(SiO2:0.025Al2O3:0.165Na2O:25H2O).

Another well known characteristic of zeolites thatmake themvaluablematerials is stability. In a previous
study [51], the stability of Linde TypeA (LTA) zeolite was evaluated by comparing the XRDdiffractogramof the
sample after 4 days and that of the sample after 12months and found that no significant difference between the
diffractograms, suggesting that zeolite was stable up to 12months after preparation. In anotherwork, Sun et al
[52] evaluated the stability ofHZSM-5 by comparing the catalytic activity of the zeolite for liquid phase
dehydration ofmethanol to dimethyl ether (DME) and reported that during long term test (998 to 6788 h) the
zeolite retained the selectivity ofmore than 99.9%,which demonstrated the existence of zeolite as a highly stable
material.

Figure 3 showsmicrographs of the synthesized samples. As can be observed infigure 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. Themicrographs also displayed
surface fractures, whichwas likely due to the samples being preparedwithout the use of an organic template,
which functions to control themorphology of the crystals [56].

Figure 3.Micrograph of samples at different crystallization times.

Table 3.Crystallinity of the zeolites
synthesizedwith 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%
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Themicrographs infigure 3, display accumulation of particles is quite significant. Particle accumulation is
acknowledged to affect the catalytic activity of the zeolite, and therefore someworkers have reported themethod
used to suppress this phenomenon. In a previous study [57] synthesis of T-type zeolite was carried outwith 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 nmofmeso ZSM-5 synthesized
by solid crystallization approach.

Particle size distributions of the samples, as revealed by the PSA technique, are presented infigure 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 thefinal sample (ZSM-5/120), the two clusters
overlapped, suggesting that particle agglomerationwasmore significant in this particular sample. Thefirst
cluster is composed of particles with diameters between 0.077 and 0.954 μm,while the second cluster has
particle diameters between 0.954 and 2.920 μm.

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

The data in table 4 illustrate that the zeolites synthesized in this studywere classified as extra-large pore
zeolites, as they have pore diameter>7.5 Å [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
(20.2456m2/g) and porous volume (0.0178 cm3/g).

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 2θ (°)

Parameters ZSM-5/48 ZSM-5/72 ZSM-5/96 ZSM-5/120

Surface area (m2 g−1) 7.7358 6.5689 20.2456 5.1450

Total pore volume (cm3 g−1) 0.0104 0.0096 0.0178 0.0052

Average pore diameter (Å) 53.932 53.932 35.164 40.302
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3.3. Zeolite catalytic activity test
Of the four ZSM-5 samples synthesized, three of themwere found to exhibit appreciably high activity: ZSM-5/
72, ZSM-5/96, andZSM-5/120, with percentage of conversions of 80%, 96%, and 88%, respectively. For ZSM-
5/48, the percent of conversion achievedwas only 60% and, therefore, the biodiesel obtainedwith this particular
zeolite was not analyzed further. The transesterification products obtainedwith three zeolites were analyzed by
theGC-MSmethod; the chromatograms are given infigure 5.

The chromatograms infigure 5 present similar patterns, with fourwell-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 andNIST 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 ofRicinus communis oil withmethanol
was amixture ofmethyl esters, withmethyl ricinoleate appearing as themain component. The existence of

Figure 5.GCchromatograms ofRicinus communis oil transesterification products obtained using ZSM-5/72, ZSM-5/96, andZSM-
5/120 as catalyst.

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

Peak number Retention time (min) Molecular formula Compound name

1 33.147 C17H34O2 Methyl palmitate

2 36.515 C19H34O2 Methyl linolelaidate

3 37.059 C19H38O2 Methyl stearate

4 40.027 C19H36O3 Methyl ricinoleate

8
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ricinoleic acidmethyl ester confirmed that the conversion ofRicinus communis had been achieved, as ricinoleic
acid is the specific andmajor component ofRicinus communis (or castor) oil [61].

4. Conclusions

ZSM-5 zeolites were successfully synthesized fromRHS andAl(OH)3 using a hydrothermalmethod in the
absence of organic templates. Considering the relatively high price and toxicity ofmany organic templates, this
study also contributes to amore cost-effective and safermethod 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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