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 Abstract: This research studied the preparation of SiO2-TiO2/Cu(II) by utilizing rice 
husk ash as the SiO2 precursor, and evaluated its efficiency as a heterogeneous catalyst in 
biphenyl synthesis through Kumada cross-coupling reaction, which is widely known as an 
important intermediate in pharmacology and agriculture manufacturing. In this study, 
the catalyst preparation was conducted by extracting SiO2 from rice husk ash, combining 
it with TiO2, and introducing Cu(II) onto its surface with CuCl2·2H2O as the precursor with 
various concentration of Cu(II). Comprehensive characterization using techniques such 
as IR, XRD, XRF, DLS, N2 isotherm adsorption-desorption, ICP-AES, STEM-EDS, TEM, 
and TGA was conducted to examine the catalyst properties. Catalyst activity was evaluated 
in the Kumada cross-coupling reaction, using phenylmagnesium bromide and 
bromobenzene as reactants under stirring-heating condition, and the products were 
analyzed using GC-FID method. The characterization results indicated that the 
preparation of SiO2-TiO2/Cu(II) materials was successfully conducted and Cu(II) was 
formed as Cu(OH)2. The catalyst considerably promoted the Kumada cross-coupling 
reaction with a biphenyl yield of 78.85% at 50 °C for 6 h under stirring-heating method. 
Furthermore, catalyst reusability test demonstrated that the catalyst sustained 
performance over three cycles without losing its activity significantly. Interestingly, SiO2-
TiO2 was observed to function primarily as support material and adsorbent, immobilizing 
Cu(II) and enhancing reactant reduction but not directly influencing biphenyl formation. 
Overall, this study contributes to the understanding of SiO2-TiO2/Cu(II) catalyst 
preparation and its application in biphenyl synthesis, offering insights into catalyst design 
and performance optimization for future applications in organic synthesis. 
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■ INTRODUCTION 

The synthesis of biphenyl and its application as an 
important intermediate in the development and design of 
high-affinity drugs has garnered significant interest among 
many chemists. This compound is extensively utilized in 
both academic and industrial research to produce 
pharmaceuticals, including highly active antihypertensive 
and anticancer agents [1]. In addition, it is often used in 
the development of functional materials and natural 
products [2]. A widely used method for synthesizing 

biphenyl is the Kumada carbon-carbon cross-coupling 
reaction, which typically involves homogeneous 
catalysts such as M(II)-phosphine complexes, where M 
can be metals like Pd, Co, Cu, Fe, and Ni [3-4]. The 
application of homogeneous catalysts in this reaction 
presents several challenges, such as difficulties in catalyst 
separation from the reaction mixture, limited 
reusability, and the potential for contaminating the final 
product. These issues are particularly problematic in the 
context of pharmacological synthesis [4-7]. 
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To overcome the drawbacks of homogeneous 
catalysts, this study proposed the use of heterogeneous 
catalysts by dispersing active metal ions on solid support 
materials. This method allows for straightforward 
separation of the catalyst from the reaction products. 
Specifically, we used Cu(II) ions as the catalytically active 
species, dispersed on a mesoporous silica-titania (SiO2-
TiO2) composite support. The selection of Cu(II) is based 
on its demonstrated efficiency in promoting the Kumada 
cross-coupling reaction, as highlighted in some previous 
research [8-11]. In this study, SiO2 was selected as a primary 
support material due to its numerous benefits, such as the 
ability to form a great framework, its abundance in nature 
and living organisms, high surface area, significant 
thermal stability, and robust mechanical strength [12]. 
SiO2 used in this research was derived from the extraction 
of rice husk ash, which is known to contain SiO2 with high 
purity levels, ranging from 90 to 99% [13-17]. 

SiO2, despite its widespread use as a support material 
for metals or metal ions, has a significant limitation, it 
exhibits poor compatibility with transition metals or 
metal ions which leads to weak interactions. As a result, 
the dispersion of transition metals or metal ions on the 

SiO2 surface tends to be suboptimal [12]. A promising 
approach to addressing the inherent weaknesses of SiO2 is 
to combine it with other support materials, such as TiO2. 
TiO2 possesses several beneficial properties that enhance 
and complement the capabilities of SiO2 as a support 
material. Importantly, TiO2 can form strong interactions 
with a variety of transition metals or metal ions, including 
gold, copper, nickel, manganese, palladium, cobalt, and 
ruthenium [18]. In composite systems, achieving optimal 
TiO2-metal interaction can enhance the SiO2-metal 
interaction. However, TiO2 also faces several challenges, 
including low surface area, limited thermal stability, 
reduced adsorption capacity, and high tendency to 
agglomerate [19-20]. Therefore, combining SiO2 and TiO2 
to become a composite is expected to result in a support 
material with high thermal stability, great surface area, 
and excellent ability to interact optimally with the metal 
or metal ion catalyst on its surface [21-22]. 

Previous studies have reported the use of SiO2 and 
TiO2 as support materials for dispersing metal or metal 
ion catalysts in cross-coupling reactions for biphenyl 
synthesis, as listed in Table 1. Among the catalysts 
examined,  Ni and Pd metals or  metal ions are  the most  

Table 1. The use of SiO2 and TiO2 as support materials of heterogeneous catalyst in cross-coupling reactions for 
biphenyl synthesis 

Catalyst Reaction Ref. 
NiFe2O4@SiO2-BPMN-Ni Kumada [23] 
Pd-(EDTA)‐coated Fe3O4@SiO2 Suzuki and Sonogashira [24] 
Fe3O4@SiO2@NHC@Pd Suzuki-Miyaura [25] 
Pd/SiO2 Suzuki-Miyaura [26] 
Fe3O4@SiO2@NHC^SPh-Pd(II) Sonogashira and Stille [27] 
Fe3O4@SiO2-TCT-GA-Pd(0) Suzuki-Miyaura [28] 
Pd(II-0)@m-SiO2 Suzuki [29] 
Fe3O4@SiO2/GO–NH2–Co(II) Mizoroki-Heck [30] 
Fe3O4@SiO2@4-ABPT/Cu–Ni Sonogashira [31] 
BisPyP@bilayer-SiO2@NMP Suzuki and Stille [32] 
Cu@Fe3O4-TiO2-L-dopa Chan-Lam [33] 
Pd(II)[PTATAD]@TiO2 Sonogashira [34] 
TiO2-AA-Pd Suzuki-Miyaura [35] 
Ag/TiO2 Suzuki [36] 
CuL@TiO2@Fe3O4 Buchwald-Hartwig [37] 
NiFe2O4@TiO2-Pd Sonogashira [38] 
Ni/TiO2 Suzuki-Miyaura [39] 
TiO2@BDP-PdCl2 Suzuki-Miyaura [40] 
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frequently used, while Cu has been comparatively 
underutilized as catalysts in cross-coupling reactions for 
biphenyl synthesis. In this study, SiO2-TiO2 composite 
was designed to have mesoporous properties with pore 
sizes ranging from 2 to 50 nm. The reason for designing 
mesoporous composite in this case is because mesoporous 
materials have many advantages including their unique 
framework feature, large surface area, uniform pore size 
and shape, large pore volume, and ease of 
functionalization [41]. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were chemicals with 
pro-analysis quality purchased from Sigma-Aldrich, 
Merck, TCI Chemicals, and Wako including HCl 37%, 
NaOH, Ti(OCH(CH3)2)4 97%, C2H5OH 99%, C19H42BrN 
98%, CuCl2·2H2O 99.9%, C4H8O deoxygenated 99.5%, 
C6H5MgBr 16% in THF, C6H5Br 98%, and C14H30 99%. 
Other technical-grade chemicals were also used including 
Milli-Q water and rice husk ash (RHA) obtained from 
Yogyakarta, Indonesia. No additional purification was 
conducted for all the chemicals used. 

Instrumentation 

The instrumentations used for materials 
characterization in this research included X-ray 
fluorescence (XRF, NEXQC+, QUANTEZ), attenuated 
total reflectance-infrared spectroscopy (ATR-IR, 
NICOLET iS10 PIKE GladiATR, Thermo Scientific), 
powder X-ray diffractometer (XRD, D2 PHASER 2nd 
Generation, Bruker), scanning transmission electron 
microscope-energy dispersive X-ray spectroscopy (STEM-
EDS, HD-2000, HITACHI), thermogravimetric analyzer 
(TGA, Thermo plus TG 8120, Rigaku), N2 isotherm 
adsorption-desorption analyzer (BELSORP-mini II, 
Microtrac), transmission electron microscope (TEM, JEM-
2010, JEOL), dynamic light scattering (DLS, Zetasizer 
Pro, Malvern), and inductively coupled plasma-atomic 
emission spectroscopy (ICP-AES, ICPE-9000, Shimadzu). 

Procedure 

Preparation of mesoporous SiO2-TiO2 composite 
The experimental procedure was started by washing  

rice husk (RH) and then combusting it in an open space. 
Next, the obtained RHA from the first combustion was 
leached by dispersing it in 1 M HCl with a ratio of 1:10 
(m/v), stirring the mixture at room temperature for 2 h, 
and washing it with Milli-Q water. The leached RHA was 
then dried at 80 °C for 8 h before undergoing calcination 
at 550 °C for 5 h (analyzed using XRF). To extract silica, 
the calcined RHA was dispersed in 1 M NaOH with a 
ratio of 1:10 (m/v) and was stirred at 90 °C for 2 h, after 
which centrifugation at 4,000 rpm for 20 min was 
conducted to collect sodium silicate liquid as the SiO2 
precursor. The preparation of mesoporous SiO2-TiO2 
composite was then carried out by neutralizing the 
obtained sodium silicate with 1 M HCl. Subsequently, 
titanium(IV) tetraisopropoxide (TTIP) precursor, 
dispersed in absolute ethanol with a ratio of 1:10 (m/v), 
was incorporated into the SiO2 sol formed previously 
using a sonication system for 15 min. 
Cetyltrimethylammonium bromide (CTAB) as a 
template was then dissolved in 0.5 M aqueous NH3 1:10 
(v/v). After the complete dissolution of CTAB, SiO2-
TiO2 sol was added to the CTAB solution with a molar 
ratio between each component of SiO2:TiO2:CTAB of 
1:1:1 mol ratio. The mixture of SiO2, TiO2, and CTAB 
was stirred at room temperature for 6 h to produce a 
solid white gel. The gel was allowed to stand at room 
temperature for 12 h, collected by filtration, washed with 
Milli-Q water, and dried at 60 °C for 24 h. The template 
was then removed by conducting calcination at 600 °C 
for 3 h in air flow (10 mL min−1). 

Introduction of Cu(II) onto SiO2-TiO2 surface 
Mesoporous SiO2-TiO2 composite (1 g) was 

dispersed into Milli-Q water with a ratio of 1:10 (m/v). 
Simultaneously, Cu(II) solution was made by dissolving 
CuCl2·6H2O in various concentrations (3, 5, 7, and 
10 mmol). The prepared Cu(II) solution was then added 
to SiO2-TiO2 suspension, and the mixture was stirred at 
room temperature for 24 h. The obtained solid material 
was filtered, washed three times with Milli-Q water, and 
dried at 60 °C for 24 h. The catalyst materials were then 
comprehensively characterized using ATR-IR, XRD, 
STEM-EDS, TEM, TGA, N2 isotherm adsorption-
desorption analyzer, DLS, and ICP-AES. 
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Catalytic activity evaluation 
The Kumada cross-coupling reaction was 

conducted as follows: phenylmagnesium bromide 
(1 mmol), bromobenzene (1 mmol), and 2 mL of 
deoxygenated tetrahydrofuran were added in a reaction 
tube. Additionally, 0.5 g of the catalyst material was added 
to the mixture. The reaction was performed under various 
reaction temperature (40, 50, 60, 70, and 80 °C) and time 
(1, 3, 6, and 9 h), using stirring and heating method. Upon 
completion of the reaction, the solid catalyst was 
separated by filtration with a syringe filter (pore size of 
0.1 μm). The resulting products were subjected to analysis 
using gas chromatography with flame ionization 
detection (GC-FID), using a DB-17 column, with 
tetradecane serving as the internal standard. The Eq. (1) 
was used to determine the biphenyl yield percentage; 

mmol of produced biphenylYield 100%
1 mmol

= ×  (1) 

To quantify the moles of biphenyl produced, we 
prepared a series of standard solutions. Each solution 
contained various amounts of biphenyl (0, 0.25, 0.50, 0.75, 
and 1.0 mmol) and a fixed amount of tetradecane 
(0.4 mmol), diluted to a total volume of 10 mL with THF. 
The standard solutions were analyzed using GC-FID, 
generating chromatograms with peak area data for both 
biphenyl and tetradecane. We calculated the 
biphenyl/tetradecane molar ratio for each solution and 
plotted it against the corresponding peak area ratio. This 
allowed us to derive a linear equation. This equation was 
then used in the GC-FID analysis of the liquid products 
from the catalytic reaction. By determining the peak area 

ratio in the product chromatogram, we could calculate 
the molar ratio of biphenyl/tetradecane and thus 
quantify the moles of biphenyl produced. 

Biphenyl isolation 
The isolation process was initiated by collecting the 

crude liquid produced, which was washed with a 5 mL 
mixture of Milli-Q water and ethyl acetate in a 1:2 (v/v) 
ratio. This procedure resulted in the formation of two 
different layers: an upper organic layer and a lower 
aqueous layer. The aqueous layer was washed three 
additional times with 5 mL of pure ethyl acetate. All 
organic layers were combined and dried over anhydrous 
Na2SO4. The dried organic phase was further purified by 
evaporating the solvent using a rotary evaporator at 
90 °C for 30 min. After completion of the evaporation, a 
small amount of white crystals, identified as 1,1'-
biphenyl, was obtained. These crystals were 
characterized using attenuated total reflectance-infrared 
spectroscopy (ATR-IR), proton nuclear magnetic 
resonance (1H-NMR), carbon nuclear magnetic 
resonance (13C-NMR), CHNS analysis, melting point 
determination, and thin-layer chromatography (TLC). 

■ RESULTS AND DISCUSSION 

Catalyst Materials Characterization 

The extraction of silica from RH was initiated by 
washing the husks using Milli-Q water to obtain clean 
RHA (Fig. 1(a)). These cleaned husks were then burned 
in an open space, producing black RHA. This initial 
combustion aimed to remove carbon components before 

 
Fig 1. (a) Leached RHA, (b) calcined RHA, and (c) extracted SiO2 
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subsequent high-temperature calcination. Once the black 
RHA obtained from the first combustion, it was then 
dispersed into a 1 M HCl solution at a ratio of 1:10 (w/v). 
This acid leaching process helped eliminate alkali metals 
such as calcium, sodium, and magnesium, as well as other 
transition metal oxides present in the ash. The reduction 
of these metal components in the ash increased the 
relative SiO2 content, achieving a purity of over 90%. As 
shown in Table 2, after the initial combustion and HCl 
treatment, the RHA contained a higher SiO2 content 
(6.91%) compared to other metal oxides, although the 
carbon content remained high due to the moderate initial 
combustion temperature. The subsequent step involved 
calcining the RHA produced from the previous steps, 
including the first burning and HCl washing (acid 
leaching). The calcination aimed to further remove 
carbon components from the ash, resulting in high-purity 
SiO2, indicated by the color change from black to white 
(Fig. 1(b)). Table 2 also demonstrates the increase in SiO2 
content and the decrease in carbon content after 
calcination, indicating that most of the carbon had been 
successfully burned to CO2, thus relatively increasing the 
SiO2 content. In this study, calcination was performed at 
550 °C for 5 h. Naturally, SiO2 exists in an amorphous 
phase, but this structure can transform into a crystalline 
form depending on the thermal conditions during 
extraction. The transformation from amorphous to 
crystalline SiO2 with increasing temperature will reduce 
silanol functional groups on the surface necessary for 
subsequent modification. Therefore, to maintain the 
amorphous structure, calcination was conducted at 
550 °C for 5 h. Lower temperatures (300–450 °C) were 
not used because they could result in incomplete carbon 
combustion [42-43], producing coke that would reduce 
the purity and surface area of the SiO2. The final step in 
silica extraction from calcined RHA was dispersing the 
white ash in a 1 M NaOH solution at a ratio of 1:10 (w/v). 
The mixture was stirred at 90 °C for 2 h, and the resulting 
sodium silicate supernatant was neutralized with 1 M HCl 
until pH 7 was reached. At neutral pH, silica gel was 
formed, allowed to stand for 24 g, washed with Milli-Q 
water, and dried at 60 °C for 12 h to yield white SiO2 solid, 
as shown in Fig. 1(c).  The chemical reactions  involved in 

Table 2. XRF analysis result of extracted RHA 

Component 
Mass (%) 

Before calcination After calcination 
SiO2 8.64 98.72 

Fe2O3 0.16 0.24 
C 90.75 0.14 

K2O 0.27 0.48 
CaO 0.10 0.26 
TiO2 0.08 0.16 

these processes are presented in Eq. (2) and (3) [44-47]; 
2(s) (aq) 2 3(aq) 2 (l)SiO (RHA) 2NaOH Na SiO H O+ → +  (2) 

2 3(aq) (aq) 2(s) (aq) 2 (l)Na SiO 2HCl SiO (gel) 2NaCl H O+ → + + (3) 
The study continued with the preparation of SiO2-

TiO2 composites using CTAB as a surfactant and the 
immobilization of Cu(II) ions on the composite surface 
with CuCl2·2H2O as the precursor. CTAB was chosen for 
its strong capability to prevent agglomeration of SiO2-
TiO2 particles and its cost-effectiveness [48]. After the 
preparation process, the materials were characterized 
using ATR-IR, and XRD, TGA. In the IR spectra of SiO2-
TiO2 and SiO2-TiO2/Cu(II) composites (Fig. 2(a)), the 
SiO2-TiO2 composite showed characteristic vibration 
bands including O–H stretching at 3000–3500 cm−1, O–
H bending at 1635 cm−1, Si–O–Si bending or O–Ti–O 
stretching at 462 cm−1 [49-51], symmetric stretching of 
Si–O–Si at 790 cm−1, asymmetric stretching of Si–O–Ti 
at 945 cm−1, and asymmetric stretching of Si–O–Si at 
1075 cm−1. There were no significant changes in the 
spectra of SiO2-TiO2 after Cu(II) immobilization, 
indicating that Cu(II) was likely dispersed on the 
external surface of the composite, thus not altering the 
main SiO2-TiO2 framework and its internal bonds. 

The diffraction pattern presented in Fig. 2(b) 
reveals that SiO2-TiO2 composite showed amorphous 
properties inherent to the composite phase. It is known 
that TiO2 typically forms a crystalline anatase phase at 
room temperature [52-54], however, this did not occur 
in our study. This suggests that the presence of SiO2 as a 
matrix in SiO2-TiO2 composite may inhibit the 
crystallization of TiO2 which implies that TiO2 was 
highly dispersed within the SiO2 framework [55]. 
However,  upon the  immobilization of  Cu(II) ions onto  
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Fig 2. (a) IR spectra, (b) diffraction pattern, and (c) TG curve of SiO2-TiO2 and SiO2-TiO2/Cu(II) 

 
SiO2-TiO2 surface, new diffraction peaks were observed. 
These peaks at 2θ values of 16, 18, 32, and 38° (JCPDS No. 
13-420) correspond to bulk Cu(OH)2 [56-57]. The 
formation of Cu(OH)2 on SiO2-TiO2 surface was related 
to the solubility product (Ksp) of the hydroxide 
compound. Cu(OH)2 has a Ksp of 2.2 × 10−20 at 25 °C 
which indicates that Cu(II) ions precipitate easily. To 
further understand the behavior of hydroxide formation 
in Cu(II) metal ion, an experiment was conducted where 
the pH of a CuCl2·2H2O solution was adjusted using 
NaOH(aq), and the changes in the solution appearance 
were monitored. The initial pH of the CuCl2·2H2O 
solution was 3.2, and the solution was observed to be clear 
blue (Fig. 3). Upon the gradual addition of NaOH(aq), 
hydroxide formation  was noted when the  pH reached 3.5.  

 
Fig 3. Cu(OH)2 formation in CuCl2·2H2O solution after 
the addition of NaOH at pH of 3.2 (left) and 3.5 (right) 

This indicates that Cu(OH)2 precipitates readily, even at 
relatively low pH levels. Furthermore, the basic hydroxyl 
groups present on SiO2-TiO2 surface caused an increase 
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in the pH of the CuCl2·6H2O solution when SiO2-TiO2 was 
added. Thus, Cu(II) was precipitated and Cu(OH)2 was 
formed. 

Thermal profile and mass reduction data as a 
function of temperature for SiO2-TiO2 and SiO2-
TiO2/Cu(II) materials, as illustrated in Fig. 2(c), reveal 
three distinct thermal phenomena for SiO2-TiO2. Firstly, 
physically adsorbed water molecules were released from 
SiO2-TiO2 surface within the temperature range of 30–
150 °C. Secondly, between 150–250 °C, chemically 
adsorbed water molecules within SiO2-TiO2 framework 
and water molecules resulting from the condensation of 
silanol and titanol groups were released. Lastly, the 
combustion of residual organic components from CTAB 
occurred in the temperature range of 250–600 °C after the 
template removal process. For SiO2-TiO2/Cu(II) material, 
a reduction in the number of physically adsorbed water 
molecules on the composite surface was observed, 
indicating that the presence of Cu(OH)2 on the surface 
inhibited interaction with water molecules, thereby 
reducing water adsorption. Furthermore, there was a 
decrease in the amount of residual organic CTAB after 
calcination, which was likely due to the partial dissolution 
of CTAB during the Cu(II) immobilization process. 

Fig. 4 and 5 illustrate STEM images and elemental 
mapping of SiO2-TiO2 and SiO2-TiO2/Cu(II) materials, 
respectively. The particles of these materials generally 
exhibited a quasi-spherical shape. Initially, SiO2-TiO2 
surface appeared to be quite rough, but it became 
smoother upon Cu(II) immobilization, likely due to the 
presence of Cu(OH)2 precipitates covering the surface. 

Elemental mapping using EDS confirms the detection of 
constituent elements in both materials, including Si, Ti, 
O, and Cu, with uniform distribution observed across 
the particle surfaces. Fig. 6 illustrates TEM images of 
SiO2-TiO2 and SiO2-TiO2/Cu(II) materials. As depicted, 
SiO2-TiO2 showed quasi-spherical particle structures. 
Following Cu(II) immobilization, dark-colored particles 
were observed on SiO2-TiO2 surface, likely representing 
Cu(OH)2 species covering the material entirely. 

The N2 adsorption-desorption isotherms and 
accompanying data, such as the BET surface area, total 
pore volume, and average pore diameter of both SiO2-
TiO2 and SiO2-TiO2/Cu(II) materials, are presented in 
Fig. 7 and Table 3, respectively. As listed in Table 3, the 
immobilization   of  Cu(II)  metal  ions   onto  SiO2-TiO2  
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Fig 5. EDS spectra of (a) SiO2-TiO2 and (b) SiO2-
TiO2/Cu(II) 

 
Fig 4. STEM images of (a) SiO2-TiO2 and (b) SiO2-TiO2/Cu(II) 
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Fig 6. TEM images of (a) SiO2-TiO2 and (b) SiO2-TiO2/Cu(II) 

 
surface led to a reduction in the BET surface area, total 
pore volume, and average pore diameter. This 
phenomenon can be attributed to the presence of Cu(II) 
ions as Cu(OH)2 precipitates on SiO2-TiO2 surface, which 
effectively covered nearly all external and internal active 
sites and clogged the pore. In addition, the increase in 
Cu(II) dosage during the immobilization process caused 
bigger decline in those parameters as the pore surfaces 
became more covered and clogged. Furthermore, as 
illustrated in Fig. 7, N2 adsorption-desorption isotherms 
of both samples exhibited hysteresis loop with type IV 
starting from P/P0 > 0.4. This suggests that both materials 
had well mesoporous character. Fig. 8 and Table 4 show 
Cu2+ doses sequentially introduced during the 
preparation process of SiO2-TiO2 and SiO2-TiO2/Cu(II), 
along with the actual concentrations detected by ICP-AES 
instrument. Fig. 8 shows that the concentrations of metal 
ions and Cu2+ generally increase with dose increments, yet 
the actual concentrations consistently remain lower than 
the doses introduced during preparation. This indicates 
that only a portion of these metal ions successfully 

immobilize on SiO2-TiO2 surface, likely due to the 
limited number of oxygen atoms from O–H groups on 
composite surface which serve as binding sites. 
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Fig 7. N2 isotherm adsorption-desorption of SiO2-TiO2 
(●,○), SiO2-TiO2/Cu(II) 3 mmol/g (●,○), 5 mmol/g (●,○), 
7 mmol/g (●,○), and 10 mmol/g (●,○). Closed and opened 
symbols are adsorption and desorption plot, respectively 

Table 3. N2 isotherm adsorption-desorption data of the prepared materials 

Material BET surface area 
(m2 g−1) 

Pore total volume 
(cm3 g−1) 

Pore average 
diameter (nm) 

SiO2-TiO2 236.43 0.35 15.93 
SiO2-TiO2/Cu(II) 3 mmol/g 163.29 0.28 10.30 
SiO2-TiO2/Cu(II) 5 mmol/g 108.22 0.24 9.09 
SiO2-TiO2/Cu(II) 7 mmol/g 93.49 0.21 8.19 

SiO2-TiO2/Cu(II) 10 mmol/g 86.69 0.22 7.00 
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Table 4. Dosage and actual amount of Cu(II) in each sample detected by ICP-AES 
Material Dosage (mmol/g) Actual amount (mmol/g) 

SiO2-TiO2/Cu(II) 3 mmol/g 3 4.20 
SiO2-TiO2/Cu(II) 5 mmol/g 5 5.23 
SiO2-TiO2/Cu(II) 7 mmol/g 7 4.82 

SiO2-TiO2/Cu(II) 10 mmol/g 10 6.35 
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Fig 8. Dosage and actual amount of Cu(II) in each sample 
detected by ICP-AE 

Fig. 9 depicts the particle size distribution of both 
SiO2-TiO2 and SiO2-TiO2/Cu(II). It is seen that the 
average particle size of SiO2-TiO2 composite is around 
200 nm. CTAB made a crucial contribution in preventing 
agglomeration of SiO2-TiO2 particles during the 
preparation process. Initially, CTAB molecules 
underwent a self-assembly process to form micelles, in 
which the polar ends of CTAB molecules oriented 
outward to interact with water molecules, while the non-
polar ends gathered internally. Subsequently, SiO2-TiO2 
precursors continuously filled the internal spaces of these 
micelles through a mechanism known as co-assembly. In 
the template removal with calcination method, CTAB 
molecules were removed, leaving behind finely sized 
SiO2-TiO2 particles. Despite the addition of CTAB as a 
surfactant and capping agent to prevent agglomeration, 
the obtained particle size remained relatively large, falling 
outside the nano-dimension. This is due to the higher 
tendency for agglomeration of amorphous SiO2 and TiO2 
compared to their crystalline phases, resulting in larger 
composite particle sizes [58-60]. Furthermore, the 

average particle size increased with the immobilization 
of Cu(II) on the SiO2-TiO2 composite surface. This is 
due to Cu(II) being immobilized as Cu(OH)2 
precipitates, which naturally have larger sizes. 
Increasing Cu(II) dosage also led to an increase in the 
average particle size, as more Cu(OH)2 accumulated on 
the composite surface. Fig. 10 presents the zeta potential 
values of SiO2-TiO2 and SiO2-TiO2/Cu(II). SiO2-TiO2 
exhibited a negative zeta potential originating from 
either silanol or titanol O–H groups on its surface which 
carried partial negative charges. In contrast, SiO2-
TiO2/Cu(II) showed a more positive zeta potential 
compared to SiO2-TiO2, due to the natural positive 
charge of the immobilized Cu(II) ions. This zeta 
potential became increasingly positive with the 
concentration of Cu(II) metal ions. 

Based on the characterization data and subsequent 
discussions, we propose the structures of SiO2-TiO2 and 
SiO2-TiO2/Cu(II), as shown in Fig. 11. Cu(II) was 
immobilized onto SiO2-TiO2 surface and was formed as 
Cu(OH)2  precipitates,  which  likely  interacted  with the  
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Fig 9. Particle size distribution of the prepared samples 
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Fig 10. Zeta potential of the prepared samples (a) SiO2-
TiO2 and SiO2-TiO2/Cu(II) (b) 3, (c) 5, (d) 7, and (e) 10 
mmol/g 

 
Fig 11. Plausible structure of (a) SiO2-TiO2/Cu(II), (b) 
interaction between SiO2-TiO2 and Cu(II) as Cu(OH)2 on 
the surface 

surface predominantly through dipole-dipole interactions 
between partially positive Cu(II) species and partially 
negative oxygen of O–H groups of SiO2-TiO2, as well as 
hydrogen interactions between O–H groups attached to 
Cu(II) species and O–H groups on composite surface. 

Table 5 shows the optimization data of Kumada 
cross-coupling reaction under different temperatures. 
The data reveal that biphenyl yield increased alongside 
the increase in reaction temperatures, reaching an 
optimum at 50 °C. This increase in yield was due to the 
higher energy available at higher temperatures, which 
enhanced the Kumada cross-coupling reaction. Higher 
temperatures provided more thermal energy converted 
into kinetic energy, causing reactant molecules to move 
faster, and increasing the probability of collisions 
between them. However, catalytic activity began to 
decline when the reaction temperature exceeded 50 °C, 
due to the leaching probability of Cu(II) or Cu(OH)2 
serving as active site on the catalyst surface. Previous 
studies have also reported that high temperatures in 
cross-coupling reactions can lead to side reactions, 
destabilization of reactants, and degradation of products 
[61-63]. To support these observations, a Kumada cross-
coupling reaction was conducted at 80 °C under the 
same conditions as before. After the reaction was 
completed, the catalyst was recovered, washed, dried, 
and reused in a reaction at 50 °C. The biphenyl yield in 
this second reaction was similar to that obtained at 
80 °C, indicating that at the higher temperature of 80 °C, 
active metal species were leached from the catalyst 
surface, thus significantly reducing its catalytic activity. 
Based on the temperature optimization results, it was 
determined that the optimum temperature for the 
catalytic Kumada cross-coupling reaction in this study 
was 50 °C. 

Fig. 12 displays the optimization data for the 
reaction time in the Kumada cross-coupling reaction 
under the specified conditions. The biphenyl yield 
showed a gradual increase up to 6 h (78.85%), after which 

Table 5. Catalytic activity of SiO2-TiO2/Cu(II) with different Cu(II) dosages under different reaction temperatures 

Catalyst 
Yield of biphenyl (%) at temperature (°C) 

40 50 60 70 80 
SiO2-TiO2/Cu(II) 3 mmol/g 14.88 10.48 10.71 9.06 9.94 
SiO2-TiO2/Cu(II) 5 mmol/g 20.67 24.01 17.55 11.11 8.73 
SiO2-TiO2/Cu(II) 7 mmol/g 33.44 31.02 18.39 10.04 8.75 

SiO2-TiO2/Cu(II) 10 mmol/g 39.20 39.43 26.16 12.30 7.38 
Reaction condition: catalyst, 50 mg; reactants, PhMgBr and BrPh, 1 mmol for each; solvent, 
deoxygenated THF, 2 mL; time, 3 h; and method, stirring-heating 
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Fig 12. Catalytic activity of SiO2-TiO2/Cu(II) with 
different Cu(II) dosages at different reaction times. 
Reaction condition: catalyst, 50 mg; reactants, PhMgBr 
dan BrPh, 1 mmol for each; solvent, deoxygenated THF, 
2 mL; temperature, 50 °C; and method, stirring-heating 

it significantly decreased when the reaction time was 
extended to 9 h. This trend suggests that while longer 
reaction times initially allowed more reactants to 
participate in the reaction, excessive reaction time led to 
strong adsorption of the formed products on the catalyst 
surface. This strong adsorption likely hindered their 
release, resulting in a decreased biphenyl yield. 

Fig. 13 shows the activity of various materials 
prepared in this study. SiO2-TiO2 as support material 
showed no catalytic activity in the Kumada cross-
coupling reaction, as no biphenyl was produced. This lack 
of activity was due to the absence of catalytic active sites 
on the support material, specifically Cu(II) ions. The 
efficiency of SiO2 and TiO2 as support materials (with the 
same for Cu(II) was also evaluated, revealing that 
TiO2/Cu(II) exhibited higher catalytic activity than 
SiO2/Cu(II). As highlighted in the Introduction, SiO2 has 
a lower ability to interact with metal ions compared to 
TiO2, which resulted in fewer metal ions being dispersed 
on the surface of SiO2 than on TiO2 [12,18]. Interestingly, 
when SiO2 and TiO2 were combined, the catalytic activity 
increased, likely due to the synergistic interaction 
between SiO2 and TiO2. This synergistic effect enhanced 
the dispersion of metal ions on SiO2-TiO2 surface by 
increasing the number of surface O–H groups that 
interacted with the metal ions. Furthermore, SiO2 may act 
as a dispersion matrix for TiO2, preventing the 

agglomeration of TiO2 particles and thereby increasing 
the surface area available for Cu(II) immobilization. 

A reusability test was conducted for the SiO2-
TiO2/Cu(II) catalyst under optimized conditions. After 
the reaction finished, the catalyst was filtered, washed 
sequentially with tetrahydrofuran, ethanol, and Milli-Q 
water (3 × 5 mL each), dried at 60 °C for 24 h, then 
reused for the next cycle. The results of the reusability 
test are presented in Fig. 14, showing a decrease in 
catalytic activity with each successive cycle. To 
investigate the reasons behind the decline in catalytic 
activity upon reuse, the spent catalyst after the third 
cycle was characterized using IR, XRD, and N2 isotherm 
adsorption-desorption. These results were compared 
with those of the fresh catalyst, as shown in Fig. 15. The 
IR spectra and XRD patterns of the fresh and spent 
catalysts revealed no significant differences, indicating 
that catalyst main structure remained unchanged after 
repeated use in the Kumada cross-coupling reaction. 
However, N2 isotherm adsorption-desorption data 
showed an increase in BET surface area from the fresh to 
the spent catalysts. This increase was likely due to the 
leaching of Cu(II) as Cu(OH)2 from the catalyst surfaces, 

 
Fig 13. Catalytic activity comparison of the prepared 
materials. Reaction condition: catalyst, 50 mg; reactants, 
PhMgBr dan BrPh, 1 mmol for each; solvent, 
deoxygenated THF, 2 mL; time, 6 h; temperature, 50 °C; 
and method, stirring heating. The mol/mass ratios 
between Cu(II) and each support material were made 
the same, where 10 mmol of Cu(II) was immobilized in 
1 g of each support material 
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Fig 14. Reusability test for SiO2-TiO2/Cu(II). Reaction 
condition: catalyst, 50 mg; reactants, PhMgBr dan BrPh, 1 
mmol for each; solvent, deoxygenated THF, 2 mL; time, 6 
h; temperature, 50 °C; and method, stirring heating 

which may reduce the number of available active sites, 
thereby diminishing the catalytic activity for biphenyl 
production. 

Based on the characterization data and catalytic 
activity tests, we proposed a reaction mechanism for the 
Kumada cross-coupling catalyzed by SiO2-TiO2/Cu(II), 
as shown in Fig. 16. The Kumada cross-coupling reaction 
occurring at Cu(II) active site initiated with the addition 
step (number 1), where halobenzene was bound to 
Cu(II) then formed a Cu(II)PhX complex. Subsequently, 
the halide previously attached to Cu(II) was replaced by 
the phenyl group from the Grignard reagent through the 
transmetalation step (number 2), resulting in the 
formation of a Cu(II)Ph2 complex. The final step was 
elimination (was 3), where the two phenyl groups 
previously bonded to Cu(II) detached to form biphenyl. 
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Fig 16. Proposed mechanism of biphenyl synthesis via 
Kumada cross-coupling reaction catalyzed by SiO2-
TiO2/Cu(II) 

This mechanism continued until all reactant molecules 
were completely converted. Finally, we isolated the 

biphenyl compound produced from the Kumada cross-
coupling reaction catalyzed by SiO₂-TiO₂/Cu(II) under 
the optimized conditions. To confirm that the isolated 
white crystalline solids were biphenyl, characterizations 
were performed using FTIR, 1H-NMR, 13C-NMR, CHNS 
analysis, and melting point analysis. Fig. 17(a) shows the 
IR spectra of the isolated biphenyl compound. The 
spectra exhibit characteristic vibration corresponding to 
biphenyl structure including the bands at 3050 cm−1 
(Csp2–H stretching), below 2000 cm−1 (benzene 
overtones), 1500–1600 cm−1 (C=C aromatic stretching), 
1080 cm−1 (Csp2–H in-plane bending), and 720 cm−1 
(monosubstituted benzene). Fig. 17(b) and 17(c) show 
the 1H-NMR (500 MHz, chloroform-D) and 13C-NMR 
(126 MHz, chloroform-D) spectra of the isolated 
biphenyl, respectively. The 1H-NMR spectra exhibited 
chemical shifts at δ 7.32–7.35 (m, 2H), 7.41–7.44 (m, 
4H), and 7.58–7.59 ppm (m, 4H), while the 13C-NMR 
showed 4 signals at δ 127.2, 127.2, 128.7, and 141.2 ppm.  
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Fig 17. (a) IR, (b) 1H-, and (c) 13C-NMR spectra of the isolated biphenyl 



Indones. J. Chem., 2025, 25 (3), 680 - 697    

 

Dewi Agustiningsih et al. 
 

693 

Table 6. CHNS analysis data of the isolated biphenyl 
(sample mass = 1.993 mg) 

Element Percentage (%) Mass (mg) Mol (mmol) 
Carbon 93.47 0.00186 0.000155 

Hydrogen 6.40 0.00012 0.000127 
Mol ratio C/H = 1.217; Empirical formula = (C12H10)n; Molecular 
formula = C12H10 

Table 7. Melting point analysis data of the isolated biphenyl 
Trial Observed melting point (°C) 

1 69 
2 70 
3 69 

These spectra confirm the high purity of the isolated 
biphenyl, although it still contained a trace amount of 
water. The purity of the isolated biphenyl was further 
confirmed by CHNS (Table 6) and melting point analysis 
(Table 7), which indicate that the isolated biphenyl had a 
molecular formula of C12H10 and an average melting point 
of 69.3 °C. The molecular formula and average boiling 
point were found to be consistent with standard biphenyl 
compound [64]. 

■ CONCLUSION 

In summary, this research showed a novel approach 
for catalyst preparation by utilizing RHA as the precursor 
of SiO2. The extracted SiO2 was then combined with TiO2 
and the composite was used as support material for Cu(II) 
immobilization. Through comprehensive material 
characterization methods, the successful preparation of 
SiO2-TiO2/Cu(II) materials were confirmed, with Cu(II) 
predominantly existing as Cu(OH)2 on the catalyst 
surface. The catalyst exhibited remarkable activity in 
promoting the Kumada cross-coupling reaction, resulting 
biphenyl yield of 78.85% under optimized conditions. 
Notably, the catalyst demonstrated excellent reusability 
over multiple cycles, underscoring its potential for 
practical applications. The produced biphenyl could be 
isolated with high purity proven by the results of organic 
compound characterizations reported in this study. 
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