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Abstract: Beta-caryophyllene is a sesquiterpene found in almost all plant essential oils that provide 

spacious biological activities. However, this compound is generally mixed with its isomers, leading to 

decreased caryophyllene purity. Rice husk offers a sustainable source of silica that can be doped with 

metal ions to increase the separation efficiency. This study aimed to synthesize metal ion-modified 

silica from rice husk and evaluate its effectiveness in separating beta-caryophyllene from its isomers. 

Silica was extracted and modified with metal ions (Al(NO3)3, CuSO4, FeNO3, and ZnNO3) using sol-

gel and reflux methods. The resulting materials were characterized by XRD, FTIR, and SEM-EDX. 

XRD analysis confirmed the amorphous nature of the silica, indicated by the presence of a peak at 

2theta 20-25°, while FTIR spectroscopy revealed the presence of characteristic silanol (O-H) and 

siloxane (Si-O-Si) groups. SEM-EDX analysis demonstrated successful metal ion doping and provided 

insights into the morphology and elemental composition of the modified silica, which indicated the 

presence of Al, Cu, Fe, and Zn with a round-ball form. The separation efficiency of the metal ion-

modified silica was assessed using thin-layer chromatography (TLC) and gas chromatography-mass 

spectrometry (GC-MS). Al(NO₃)₃-modified silica showed the most promising results as a stationary 

phase for beta-caryophyllene purification. Column chromatography using this material achieved a 99% 

purity of beta-caryophyllene, as confirmed by GC-MS analysis. This study demonstrates the potential 

of metal ion-modified silica derived from rice husk as an effective and sustainable material for the 

separation of natural product isomers.  
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1. Introduction 

The global demand for sustainable and eco-friendly materials has increased interest in 

agricultural waste valorization. Rice husk, a by-product of rice processing, presents a promising 

source of silica that can be modified for various applications [1]. Concurrently, the 

pharmaceutical and fragrance industries have shown a growing interest in separating and 

purifying natural compounds, particularly terpenes like beta-caryophyllene. Beta-

caryophyllene, a sesquiterpene found in various essential oils, exhibits diverse biological 

activities, including anti-inflammatory [2,3], antioxidant [4], anti-hyperuricemia [5], and 

anticancer properties [6-9]. However, its natural form often exists as a mixture of isomers, 

presenting challenges in isolation and purification. Efficient separation of these isomers is 

crucial for enhancing the compound's efficacy and expanding potential applications. 

Traditional separation methods often face limitations in terms of efficiency, cost, and 

environmental impact. For example, High-speed counter-current chromatography (HSCC) and 

metal ion-based counter-current chromatography (CCC) provide fairly good separation of 

isomeric compounds with a purity of 99% [10,11]. However, it is very difficult to maintain the 

liquid stationary phase in a steady state while the mobile phase flows through the stationary 

phase [12,13]. Additionally, HSCC and metal ion-based CCC are very difficult to use and 

require large amounts of samples [14]. Recent advancements in materials science have opened 

new avenues for developing novel adsorbents and separation media. Metal ion-modified silica 

has emerged as a promising material for selective adsorption and separation of organic 

compounds due to its tuneable surface properties and high specificity [15]. 

Modification of silica as a stationary phase for isomer separation generally uses silver 

ion-silica impregnation techniques. Li et al. [16] separated terpenoid and steroid compounds 

with a stationary phase of silver ion (Ag2+) impregnated silica. A similar study was also 

conducted by Setiawansyah et al. [17], who separated beta-caryophyllene from alpha-

caryophyllene and caryophyllene oxide using TLC and classical column chromatography with 

silica-AgNO3 as the stationary phase. This shows that the use of metals as silica modification 

materials has great potential. While extensive research has been conducted on silica-based 

adsorbents, synthesizing metal ion-modified silica from rice husk for isomer separation 

remains largely unexplored. Rice husks have a very high silica content, ranging from 85-99% 

[18–20]. Additionally, there have been no reports on using other metals in silica modification 

for isomer separation. 

Therefore, this study aims to bridge this research gap by synthesizing metal ion-based 

modified silica from rice husk using various metal sources and investigating its application in 

the isomer separation of natural beta-caryophyllene. By addressing the dual challenges of 

agricultural waste utilization and efficient isomer separation, this research contributes to 

developing sustainable materials and advanced separation techniques with potential 

implications for the pharmaceutical, fragrance, and materials industries. 
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2. Materials and Methods 

2.1. Chemicals and reagents. 

Rice husk was obtained from Bandar Lampung, and clove oil was purchased from 

Darjeeling Sembrani Aroma, Indonesia. Beta-caryophyllene (purity 99% by GC) was kindly 

given by Dr. Muhammad Ikhlas Arsul, Department of Pharmacy, Universitas Islam Negeri 

Alauddin. Analytical grade of chemicals and reagents were also used in this study, including 

CuSO4, FeNO3, Al(NO3)3, ZnNO3, methanol, NaOH, HCl, n-hexane, ethyl acetate, acetic acid, 

H2SO4, and distilled water. All chemicals and reagents were purchased from Merck, Germany. 

2.2. Synthesis of metal ion-modified silica from rice husk. 

The synthesis of metal-ion-modified silica was employed based on the methods 

described by Ngatijo et al. [21] and Setiawansyah et al. [17] with modifications. Initially, rice 

husks were burned at 700°C to produce Rice Husk Ash (RHA). A mixture of RHA (100 g), 

sodium hydroxide (80 g), and water (500 mL) was stirred and refluxed at 100C for 2 hours, 

then cooled and filtered. 2 M HCl was then added drop by drop carefully to the filtrate until 

the pH reached 9, forming a sol. This sol was aged for 3 days (3×24 hours) to form a silica gel. 

The silica gel was then washed until it reached a neutral pH, filtered, and dried at 70°C. 

Approximately 20 g of silica gel was mixed with 100 mL of metal-ion solution (10% CuSO4, 

20% FeNO3, 10% Al(NO3)3, 10% ZnNO3) in a round bottom flask. The mixtures were then 

refluxed at 80°C for two hours and dried at 105°C for 1 hour. 

2.3. Characterization of metal ion-modified silica. 

Metal ion-modified silica synthesized from RHA using various metal ion sources 

underwent comprehensive characterization. Several analytical techniques were employed: 

Scanning electron microscope-energy dispersive X-ray (SEM-EDX) HITACHI FLEXSEM 

100 identified the physical morphology along with chemical composition; Fourier-transform 

infrared spectrometry (FTIR) characterized organic bonds using a Fourier Transform – 1020 

Spectrometer (Shimadzu, Japan), recorded at 4000–400 cm-1; X-ray diffraction (XRD) 

determined the amorphous nature of silica using an X-ray diffractometer (LynxEye) with CuKα 

radiation at 40 kV, 35 mA, and a 2θ scanning range from 2° to 50°. 

2.4. Evaluation of isomer separation on metal ion-modified silica using TLC and column 

chromatography. 

TLC plates were constructed by adhering the metal ion-modified silica on a 5 x 10 cm 

aluminum plate using gypsum solution. The metal ion-modified TLC silica plates were then 

activated in an oven at 100°C for 30 minutes prior to sample application. 2 µL beta-

caryophyllene was applied as a 5 mm band on metal ion-modified TLC silica plates. 

Chromatographic separation was achieved through linear ascending development in a twin-

trough chamber under saturated conditions, utilizing an n-hexane-ethyl acetate-acetic acid 

(7:3:0.1) solvent system. Post-development, the plate was derivatized using 10% (v/v) H2SO4 

in methanol, then heated at 100°C for 1 minute. Subsequent visualization was performed under 

visible light to analyze the separated components comprehensively. 

The best metal ion-modified silica was further used for isolating beta-caryophyllene 

using classical column chromatography. A 50 g metal ion-modified silica was packed into a 
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column (length 20 cm, diameter 5 cm) using a wet packing technique. 1 g sample was then 

loaded into a packed column. The elution process was employed using n-hexane – ethyl acetate 

– acetic acid (7:3:0.1) as the mobile phase. The fractions were then collected and subjected to 

GC-MS analysis using GC–MS Agilent 7820A equipped with HP-5MS UI column silica (30 

m × 0.25 mm×0.25 µm) (Agilent Technology, USA). GC-MS operation conditions were 

performed with an initial oven temperature of 90°C and 2°C per minute, increasing the 

temperature until the temperature reaches 150°C. The temperature was held for 20 min at 

300°C. Elution was done using helium gas; the pressure was 166 kPa with 20 cms-1 linear 

velocities; injector temperature 250°C; detector temperature 300°C; and split ratio 1:80. 

3. Results and Discussion 

3.1. XRD analysis. 

In this study, XRD analysis was conducted to determine the phase formed after the 

manufacture of modified silica gel with metal ions. The results of the XRD analysis are shown 

in Figure 1. The XRD diffractogram shows the formation of an amorphous phase, and there is 

a wide peak at 2theta 20-25° [22]. The detected peak formed is a typical peak of amorphous 

SiO2. All samples show similar results. There is only a slight shift, but still in the same range 

[23]. The XRD diffractogram after modification with metal ions shows the same peaks. No 

metal peaks appear. This can be caused by the small metal concentration and even the 

distribution of metal ions. However, the XRD results show that silica gel has been successfully 

made [24,25]. 

 
Figure 1. XRD pattern of various metal ion-based modified silica. 
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3.2. FT-IR analysis. 

FTIR analysis was performed to see the functional groups present in the materials in 

the wavenumber range of 4000-400 cm-1. Figure 2 shows the FTIR results of silica gel and 

silica modified with various metal ions. The bands around 3500 cm-1 show the O-H stretching 

of the silanol group (Si-OH) and absorbed water vapor. The peak around 1640 cm-1 shows the 

O-H vibration of the water molecules absorbed [26]. The asymmetric stretching vibration of 

the siloxane group (Si-O-Si) appears at peaks around 1100 and 804 cm-1. The peak at around 

940 cm-1 indicates the asymmetric stretching vibration of the Si-O group [27]. FTIR results 

show that after modification of silica with metal ions, the peaks only showed a slight shift. The 

shift can be caused by the oxidation of functional groups and complex reactions between 

functional groups and metal ions [28]. 

 
Figure 2. FTIR spectra of various metal ion-based modified silica. 

3.3. SEM-EDX analysis. 

Analysis with SEM-EDX was carried out to see the morphology formed and the 

composition of the elements contained in the material. Figure 3 shows an SEM image that 

shows similar morphology in all samples. The morphology of all materials is round, like a ball, 

and is evenly distributed [29]. The only difference is that the silica gel is smoother than the 

others because it's not modified by metal ions [30]. The silica gel sample modified by metal 

ions shows a round morphology, but the size is uneven, and metal is visible on the material's 

surface [31]. The difference in size and shape occurs due to the influence of the -OH group 

contained in the material. The more -OH groups there are, the smaller and rounder the uniform 

particles obtained. This is because the -OH group can bind to -Si- and reduce the carbon content 

[32]. 
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Figure 3. SEM images of (a) silica gel; (b) Al(NO3)3/Silica; (c) CuSO4/Silica; (d) FeNO3/Silica; (e) 

ZnNO3/Silica. 

Particle size analysis was performed using ImageJ software based on SEM images. The 

particle size analysis results are shown in Figure 4, which shows inhomogeneous particle sizes. 

It can be seen that the particle size of silica gel is smaller than that of metal ion-modified silica 

gel [33]. This can be caused by agglomeration that occurs when doping with metal ions. The 

average particle size of metal ion doped silica is 10-50 µm, with silica gel having a particle size 

between 10-30 µm [34]. 
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Figure 4. Particles sizes of (a) silica gel; (b) Al(NO3)3/Silica; (c) CuSO4/Silica; (d) FeNO3/Silica; (e) 

ZnNO3/Silica. 

EDX analysis was conducted to determine the presence and composition of elements 

contained in metal ion-modified silica. The results of the EDX analysis are shown in Figure 5, 

which shows the EDX spectra, and in Table 1, which shows the elemental composition. The 

EDX results show the presence of all target elements present in the material. Metal peaks were 

detected in all spectra, and the elemental composition indicates the success of silica 

modification with metal ions [35]. The difference in the composition of each element can be 

caused by EDX displaying the composition according to the surface photographed in the SEM 

image, so it cannot show the elemental composition accurately. However, the results of the 

analysis with EDX can be used as a reference to state that the silica material has been modified 

with metal ions because of the appearance of peaks and the presence of target metals (Al, Cu, 

Fe, and Zn) in the material [36]. 

Table 1. EDX analysis of Element composition of metal ion-based modified silica. 

Materials 
Element Composition (%wt) 

Si O N Na Al Cu Fe Zn S 

Silica Gel 57.82 42.18 - - - - - - - 

Al(NO3)3/Silica 49.20 46.68 1.09 - 3.04 - - - - 

CuSO4/Silica 48.09 46.73 - - - 3.26 - - 1.92 

FeNO3/Silica 48.88 41.47 1.30 - - - 8.35 - - 

ZnNO3/Silica 45.51 43.42 1.57 4.52 - - - 4.98 - 
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Figure 5. EDX element composition of (a) silica gel; (b) Al(NO3)3/Silica; (c) CuSO4/Silica; (d) FeNO3/Silica; 

(e) ZnNO3/Silica. 

3.4. Evaluation of isomer separation on metal ion-modified silica using TLC and column 

chromatography. 

Beta-caryophyllene was initially isolated from clove leaf essential oil using classical 

column chromatography. The GC-MS analysis of the initial isolate illustrated the obtained 

beta-caryophyllene was in low purity (50.71%), contaminated by its isomer, including alpha-

caryophyllene (20.92%), caryophyllene oxide (13.90%), alpha-copaene (7.33%), and cadinene 

(7.14%) (Figure 6). TLC analysis in various metal ion-modified silica plates showed diverse 

results, in which the Al(NO3)3 metal ion-modified silica stands as the most efficient stationary 

phase in separating beta-caryophyllene from the isomers. Even though other metal ion-

modified silica provides separation, the isomers were not well-separated. Compared to other 

metal-ion modified silica, such as those using CuSO4, ZnNO3, and FeNO3, Al(NO3)3 modified 

silica demonstrates superior separation capabilities, evidenced by the observation of four well-
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separated spots as opposed to just two (Figure 7). This made Al(NO3)3 modified silica subjected 

as column chromatography stationary phase for purification of beta-caryophyllene. A total of 

25 fractions were obtained, in which fractions 4 – 9 were considered beta-caryophyllene 

fractions. GC-MS analysis (Figure 8) revealed that fractions 4 – 9 contained high-purity beta-

caryophyllene (99%) that was free from its isomer. 

 
Figure 6. GC chromatogram of unpurified beta-caryophyllene. 

 
Figure 7. Illustration of TLC chromatogram in various TLC plates derivatized with 10% v/v H2SO4 in methanol 

under visible light. Note: A, unpurified beta-caryophyllene; and BCP, pure beta-caryophyllene. 

The enhanced performance of Al(NO3)3-modified silica can be attributed to the unique 

physicochemical properties of Al(NO3)3 and its interactions with the silica surface. The 

specificity of Al(NO3)3 modified silica in separating beta-caryophyllene from alpha-

caryophyllene, caryophyllene oxide, alpha-copaene, and cadinene showcases the complex 

interplay of various molecular interactions in chromatographic separations.  

 
Figure 8. GC chromatogram of purified beta-caryophyllene 

Al3+ ions, characterized by their small ionic radius, high charge density, and strong 

Lewis acidity, likely form more stable and diverse coordination complexes with the oxygen-

https://doi.org/10.33263/BRIAC153.041
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containing functional groups of caryophyllene compounds [37]. This interaction is particularly 

relevant for caryophyllene oxide, which contains an epoxide group. The surface morphology 

resulting from Al(NO3)3 modification may create a more suitable environment for 

differentiation between these structurally similar molecules, possibly due to a combination of 

factors, including pore size distribution, surface area, and the specific arrangement of Al3+ ions 

on the silica surface [38,39]. 

Hydrophobic interactions play a crucial role in the separation process, especially for 

beta- and alpha-caryophyllene, which are hydrophobic sesquiterpenes. The Al(NO3)3 

modification likely creates regions of varying hydrophobicity on the silica surface, allowing 

for differential retention of the caryophyllene isomers based on their slight structural 

differences, as visualized in Figure 9 [13]. The four-ring structure of caryophyllene compounds 

also facilitates π-π interactions, which can contribute significantly to the separation 

mechanism, in which the number of double bonds influences the interaction that occurs [40,41]. 

The presence of Al3+ ions may induce polarization in the π-electron systems of the 

caryophyllene molecules, enhancing π-π interactions with the modified silica surface or with 

other caryophyllene molecules, leading to more nuanced separation [42]. The selectivity of 

Al(NO3)3 modified silica might stem from its ability to simultaneously engage in multiple types 

of interactions - coordination with Al3+, hydrophobic interactions, and π-π interactions - 

creating a unique separation environment. The observation of four spots suggests that this 

combination of interactions allows the Al(NO3)3 modified silica to distinguish subtle structural 

differences among the caryophyllene compounds, including potential conformational isomers 

or varying degrees of oxidation.  

 
Figure 9. Schematic illustration of separation mechanism of beta-caryophyllene isomers on Al(NO3)3 modified 

silica. 

4. Conclusions 

Extraction and modification of silica with metal ions have been successfully carried out 

using sol-gel and reflux methods. The success of the extraction of metal ion-doped silica was 

confirmed by the characterization results using XRD, FTIR, and SEM-EDX. The XRD results 

showed a typical diffractogram of amorphous silica with a peak at 2theta 20-25°. The FTIR 

results indicated the formation of silica material with typical silanol (Si-OH) and siloxane (Si-

O-Si) peaks. The SEM-EDX results showed the success of metal ion doping with 

morphological forms and elemental compositions, indicating the presence of Al, Cu, Fe, and 

https://doi.org/10.33263/BRIAC153.041
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Zn. The effectiveness of metal ion-modified silica for beta-caryophyllene purification has been 

tested using TLC and column chromatography techniques. Among the metal ion modifications, 

Al(NO3)3-modified silica showed superior performance as a stationary phase for beta-

caryophyllene purification, achieving 99% purity. These findings highlight the potential of 

agricultural waste valorization for producing advanced materials with practical applications in 

natural product chemistry. Future research directions could include optimizing synthesis 

conditions to enhance separation efficiency, exploring the material's effectiveness with other 

natural product isomers, investigating scale-up potential for industrial applications, and 

conducting comprehensive sustainability assessments. These future directions aim to advance 

sustainable materials synthesis and their applications in separation science, potentially leading 

to more efficient and environmentally friendly processes in the pharmaceutical and natural 

product industries. 
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