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γ-Al2O3 has been widely studied as a very promising catalyst for the benzene alkyla-
tion reaction. In this study, the γ-Al2O3 support was prepared by the hydrothermal syn-
thesis method, and the Cu-γ-Al2O3 catalyst was prepared by loading Cu through the im-
pregnation treatment method with copper nitrate. Moreover, the Cu-γ-Al2O3 and γ-Al2O3 
catalysts were characterized by X-ray diffraction (XRD), Fourier transform infrared 
spectroscopy (FT-IR), specific surface area measurement (BET), ammonia adsorption-de-
sorption (NH3-TPD), and pyridine infrared spectroscopy (Py-FTIR). The characterization 
results indicate that, compared with the γ-Al2O3 catalyst, the specific surface area, the 
pore volume and pore diameter of Cu-γ-Al2O3 become smaller, the total acid amount 
decreases, the amount of Lewis acid (L acid) increases, and the synergistic effect be-
tween Brønsted acid (B acid) and Lewis acid is enhanced. Meanwhile, the cases where 
the mass ratio of Cu-γ-Al2O3 was 3 %, 5 %, 10 %, and 15 % were investigated. Among 
these catalysts, the Cu-γ-Al2O3 with a mass ratio of 5% exhibited the highest perfor-
mance in the benzene alkylation reaction. It is worth noting that compared with the pre-
viously reported Cu-Al-MCM-41, this catalyst showed a higher selectivity for diphenyl-
methane (94.8 % vs. 90.1 %).
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Introduction

Diphenylmethane is widely used as a solvent in 
reactions, dyes, flame retardants, and as an interme-
diate in pharmaceutical synthesis1–5. The most com-
monly used method for producing diphenylmethane 
currently is through the benzylation reaction of ben-
zene with benzyl chloride under acidic conditions. 
However, this reaction produces hydrochloric acid, 
which can cause equipment corrosion and environ-
mental pollution6–10. The alkylation reaction of ben-
zene and benzyl alcohol to synthesize diphenyl-
methane only produces water as a byproduct. 
However, the hydrogen on the benzene ring is not 
easily activated, resulting in a low yield of the prod-
uct11. Therefore, selecting a catalyst that can acti-
vate the hydrogen on the benzene ring and enhance 
the yield of the reaction between benzene and ben-
zyl alcohol to synthesize diphenylmethane is highly 
significant. Currently, there is limited literature on 
the reaction between benzene and benzyl alcohol. 
However, Lu Meihuan and colleagues prepared a 
CuO-modified H-Y zeolite catalyst for this reaction, 
which demonstrated good activity during the catal-

ysis process, achieving a diphenylmethane yield of 
over 85 % 12. Our research group attempted to syn-
thesize Cu-β-SBA-15 and Cu-Al-MCM-41 zeolites 
and applied them in the reaction of benzene with 
benzyl alcohol to synthesize diphenylmethane. The 
resulting Cu-β-SBA-15 zeolite catalyst showed 
some activity in the reaction, with water being the 
only byproduct; however, the yield of diphenyl-
methane synthesized was not as high as that report-
ed in the literature13–18. Research findings indicate 
that a larger surface area of the catalyst correlates 
with a higher number of active sites. However, a 
larger pore size is not necessarily better; excessive-
ly large pores can hinder effective collisions be-
tween reactants, negatively impacting the reaction 
performance. For the alkylation reaction of benzene 
and benzyl alcohol, having an excessive amount of 
strong acid in the catalyst is not necessarily benefi-
cial. Instead, a moderate amount of medium-strength 
acid, along with the synergistic effect between 
strong and weak acids, can enhance both the selec-
tivity and activity of the reaction. Therefore, our 
research group is summarizing our experiences and 
continuing to develop novel catalysts, with the aim 
of improving the yield of diphenylmethane from the 
reaction between benzene and benzyl alcohol.
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γ-Al2O3 exhibits excellent thermal stability and 
can maintain good catalytic activity under high tem-
perature and pressure conditions19,20. Additionally, 
γ-Al2O3 has a highly crystalline hexagonal phase 
structure, which provides high activity. It typically 
exists as nano-sized particles, offering excellent dis-
persion that exposes more active sites on the cata-
lyst surface to the external environment. This char-
acteristic allows hydroxyl and oxygen atoms to 
better adsorb the hydrogen on the benzene ring, 
thereby enhancing the catalytic activity21,22. More-
over, γ-Al2O3 possesses a mesoporous structure that 
provides an optimal pore channel configuration for 
the reactants, increasing the diffusion rate of the re-
actants and thereby enhancing the reaction rate23. 
γ-Al2O3 also possesses certain acid-base properties, 
allowing it to function as an acidic catalyst in pro-
ton transfer reactions and as a basic catalyst in elec-
tron transfer reactions24. This dual functionality en-
hances the interactions between benzene and benzyl 
alcohol, improving the selectivity of the reaction.

Noble metals are typically used as co-catalysts 
due to their partially filled d-electron orbitals, which 
facilitate the adsorption of reactants with moderate 
strength. This characteristic is beneficial for the for-
mation of intermediate active compounds, signifi-
cantly accelerating the rate of chemical reactions25. 
In recent years, the prices of noble metals have re-
mained high, prompting efforts to seek non-noble 
metals to enhance catalyst performance due to cost 
considerations. Copper is a promising non-noble 
metal26–28. Wang29 and colleagues successfully pre-
pared a series of copper-promoted layered silicate 
nanotube (CuPSNT) catalysts, which were applied 
to the chemical synthesis of cyclohexane through 
the phenol HDO reaction. This work demonstrates 
that copper plays a key role in the phenol HDO pro-
cess. Loading metal copper onto γ-Al2O3 provides 
Cu ions with high chemical affinity, enabling them 
to form coordination bonds with the oxygen on the 
catalyst surface. These coordination bonds facilitate 
the adsorption and activation of reactant molecules 
on the catalyst surface, thereby improving catalytic 
efficiency30. Therefore, this experiment prepared the 
Cu-γ-Al2O3 catalyst, aiming to enhance the conver-
sion rate and selectivity of the reaction between 
benzene and benzyl alcohol. The results from the 
synthesis of diphenylmethane through the reaction 
between benzene and benzyl alcohol will be used to 
identify the optimal conditions for the preparation 
of the Cu-γ-Al2O3 catalyst.

Experimental

Materials

The main reagents used in this experiment 
were: Ammonia water (NH3∙H2O, 28 wt%); Alumi-
num sulfate octadecahydrate (Al2(SO4)3∙18H2O; 

99.5 %); Ammonium bicarbonate (NH4HCO3; 99 
%); Barium chloride (BaCl2; 99 %); Copper nitrate 
(Cu(NO3)2∙3H2O; 99 %); Benzene (C6H6; 99.5 %); 
Benzyl alcohol (C7H8O; 99 %), which were all pur-
chased from Shanghai Macklin Biochemical Co., 
Ltd. Deionized water (H2O) was self-made in the 
laboratory.

Sample characterizations

X-ray diffraction (XRD)

The XRD experiment was carried out using a 
Rigaku D/max-RB diffractometer (Japan) to mea-
sure the diffraction patterns. CuKa radiation was 
employed, and a graphite curved crystal monochro-
mator was placed in front of the scintillation count-
er. The tube voltage was 40 kV, tube current was 
100 mA, radius of the goniometer was 185 mm, and 
the diaphragm system was set at DS = SS = 1 mm 
and RS = 0.15 mm. Each sample was filled into a 
glass sample holder to a depth of 0.5 mm, and the 
surface was compacted with smooth flat glass. The 
continuous scanning mode of q~2q was adopted, 
with a step length of 0.02 mm and a scanning speed 
of 4 mm(2q)° min⁻¹.

Fourier transform infrared spectroscopy (FT-IR)

Infrared analysis was conducted using a Spec-
trum GX Fourier transform infrared spectrometer 
(Perkin-Elmer, USA) with the KBr pellet method. 
The spectral resolution was 4 cm⁻¹, the measure-
ment range was 4000 – 400 cm⁻¹, the scanning sig-
nals were accumulated 16 times, the OPD speed 
was 0.2 cm s⁻¹, and the gain was 1.

N2 adsorption-desorption (BET)

The ASAP-2010 nitrogen adsorption analyzer 
(Micromeritics, USA) was used for the adsorp-
tion-desorption analysis. During this process, 0.15 g 
of the sample was placed into a quartz tube and 
kept at 300 °C under a pressure of less than 1.3 Pa 
for 360 minutes to remove moisture. The isothermal 
adsorption curve can be used to calculate the specif-
ic surface area, total pore volume, and pore size dis-
tribution. The specific surface area was calculated 
by the Brunauer-Emmett-Teller (BET) formula, and 
the total pore volume and pore size distribution 
were obtained from the desorption curve of the iso-
therm using the DFT method.

Ammonia temperature-programmed desorption 
(NH3-TPD)

This analysis was performed on a TP-5000-Ⅱ 
adsorption analyzer (Tianjin Xianquan Instrument 
Co., Ltd.). The flow rate of the carrier gas N₂ was 
40 mL min–1. The temperature was increased from 
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120 °C to 600 °C at a rate of 10 °C min–1. After 
being kept at a constant temperature of 600 °C for 
30 minutes, it was decreased to 120 °C and kept 
constant. After adsorbing NH₃ for 30 minutes, it was 
purged with N₂ for 2 hours, and then the tempera-
ture was increased to 600 °C at a rate of 10 °C min–1.

Pyridine infrared spectroscopy (Py-FTIR)

The Py-FTIR analysis was performed using a 
Cary660 infrared spectrometer produced by (Agi-
lent Technologies, USA) combined with a self-de-
veloped oil-free glass vacuum adsorption in-situ 
infrared characterization system, designed by the 
Dalian Institute of Chemical Physics.

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy was em-
ployed to qualitatively and quantitatively analyze 
the elemental composition on the surface of materi-
als, atomic valence states, and the energy state dis-
tribution by analyzing the electron binding energy. 
In this study, a K-Alpha X-ray photoelectron spec-
trometer (Thermo Fisher Scientific) was used with 
the following test parameters: a monochromatic  
Al Kα light source with an energy of 1486.6 eV, 
and an acceleration voltage of 15 kV.

Sample preparation

Preparation of γ-Al2O3 molecular sieve

To prepare γ-Al2O3, 44 g of Al2(SO4)3∙18H2O 
and 30 g of NH4HCO3 were weighed and dissolved 
separately to form two solutions. At 75 °C, both 
solutions were simultaneously added at a flow rate 
of 4 mL min–1 into a three-neck flask maintained at 
75 °C with continuous stirring. The pH of the sys-
tem was adjusted to alkaline using ammonia water. 
After the reaction was completed, the system tem-
perature was adjusted down to 70 °C and left to age 
for 1 h. Vacuum filtration was then performed, and 
the solid was washed with deionized water until no 
SO4

2– was detected using BaCl2. The washed sample 
was oven-dried at 110 °C for 12 hours, yielding the 
γ-Al2O3 precursor, designated as A1.

A1 was dispersed in a 1.25 mol L–1 NH4HCO3 
solution and stirred thoroughly. The mixture was 
aged at 70 °C for 2 h. After aging, the precipitate 
was filtered and washed until neutral. The washed 
sample was oven-dried at 110 °C for 12 hours, and 
then calcined at 450 °C for 5 h in a muffle furnace, 
producing A2.

A2 was subsequently dispersed in a 1.25 mol L–1 
NH4HCO3 solution, stirred at a controlled rate  
for 1.5 h at 50 °C, and then aged at 70 °C for 1 h. 
After aging, the precipitate was filtered and washed 

until neutral. The washed sample was oven-dried at 
110 °C for 12 hours and calcined for 5 h at 600 °C 
in a muffle furnace to obtain γ-Al2O3.

Preparation of Cu-γ-Al2O3 catalyst

The incipient wetness impregnation method 
was used to prepare a catalyst with a mass ratio of 
Cu to γ-Al₂O₃ of 1:20. Based on the desired Cu 
loading, an appropriate amount of Cu(NO₃)₃ was 
weighed and dissolved in a sufficient quantity of 
deionized water to form a solution. At room tem-
perature, γ-Al₂O₃ was added to the solution and 
stirred thoroughly to mix. The mixture was allowed 
to stand at room temperature for 12 h. It was then 
oven-dried at 110 °C for 12 hours and calcined at 
600 °C for 5 h in a muffle furnace. The resulting 
sample was labeled as Cu-γ-Al₂O₃.

Catalyst performance tests

The catalytic activity of the catalyst was evalu-
ated in a microreactor with an inner diameter of 10 
mm. A total of 3.0 grams of catalyst, corresponding 
to a volume of 6 mL, was loaded into the reactor. 
All the experimental data for the evaluation of the 
catalyst performance were obtained under the fol-
lowing reaction conditions: reaction temperature of 
110 °C, mass ratio of benzene to benzyl alcohol of 
1:4, and the reactants were pumped continuously 
into a fixed-bed reactor for continuous reaction at a 
mass hourly space velocity of 1.5 h⁻¹, with nitrogen 
introduced as the carrier gas to maintain the reac-
tion pressure at 1 MPa. After the reaction, the prod-
ucts underwent two-stage condensation and cooling. 
The outlet products were analyzed using an HP4890 
gas chromatograph. The chromatographic detection 
conditions were as follows: an OV-101 polar chro-
matographic column with a specification of 0.25 
mm × 50 m and a hydrogen flame ionization detec-
tor were used. The vaporization temperature was 
200 °C, the detector temperature was 280 °C, and 
the initial temperature was 40 °C. Temperature pro-
gramming was employed. Nitrogen served as the 
carrier gas, and the area normalization method was 
applied to calculate the conversion rate (X) of ben-
zyl alcohol, the selectivity (S) of diphenylmethane, 
and the yield (Y) of diphenylmethane. The calcula-
tion formulas are as follows:
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where W0 is the molar mass of benzyl alcohol in the 
reactant; Wt is the molar mass of benzyl alcohol af-
ter reaction, and Wt’ is the molar mass of benzyl 
alcohol consumed to synthesize diphenylmethane.

Results and discussion

Influence of Cu-γ-Al2O3 preparation conditions 
on the reaction of diphenylmethane synthesis

Effect of γ-Al2O3 prepared at different pH levels on 
diphenylmethane synthesis

At an aging time of 1 h at a temperature of 70 
℃, and a roasting time of 5 h at a temperature of 
600 ℃, the effects of γ-Al2O3 prepared at different 
PH values on the synthesis of diphenylmethane 
from benzene and benzyl alcohol were investigated. 
The results are shown in Fig. 1(a). As seen in Fig. 
1(a), increasing the pH value from 7.5 to 8.5, en-
hanced the yield of diphenylmethane from 30.5 % 
to 36.04 %. This was because, when the benzyl al-
cohol molecules diffused onto the surface of 
γ-Al2O3, the interaction between the opposite 
charges generated an electrostatic attraction at the 
basic sites, forming hydrogen bonds31,32. Additional-
ly, the γ-Al2O3 surface contained basic sites, such as 
Al–OH or Al–O–, which could accept H+, further 
facilitating the formation of stable hydrogen bonds. 
These hydrogen bonds enhanced the adsorption ca-
pacity of benzyl alcohol molecules on the catalyst 
surface, increasing their reactivity. As a result, the 
hydroxyl groups in the benzyl alcohol molecules 
became more active and more likely to participate 
in the reaction33, leading to the production of di-
phenylmethane and other products34. However, 
when the pH value exceeded 8.5, the conversion 
rate and selectivity of the reaction decreased. This 
was because, at relatively high pH values, γ-Al2O3 
exhibits stronger basicity. At this point, the concen-
tration of hydroxide ions on the catalyst surface in-
creased, promoting the hydroxyl alkylation reaction 
of benzene molecules to form benzoic acid and ben-
zyl alcohol. Therefore, the optimal pH for γ-Al2O3 
is 8.5, and the yield of diphenylmethane is 36.04 %.

Effect of aging time of γ-Al2O3 catalysts on 
diphenylmethane synthesis

The effects of γ-Al2O3 aging time on diphenyl-
methane synthesis was investigated at a roasting 
time of 5 h, aging temperature of 70 ℃, roasting 
temperature of 600 ℃, and pH of 8.5. The results 
are shown in Fig. 1(b). As seen in Fig. 1(b), increas-
ing the aging time from 0.5 h to 1 h, increased the 
yield of diphenylmethane on γ-Al2O3 from 28.3 % 
to 36.04 %. However, beyond 1 h, the conversion 
and selectivity of the reaction began to decline. This 

was because grains of an appropriate size provided 
more surface active sites, increasing the contact 
area between reactants and active sites, thereby im-
proving catalytic efficiency35. However, with pro-
longed aging, the grain boundary length of adjacent 
grains exceeded the critical value due to grain 
growth, leading to an enhanced grain boundary 
blocking effect36, restricting contact between reac-
tants and active sites, thereby reducing catalytic ac-
tivity. Therefore, the optimal aging time of γ-Al2O3 
is 1 h, with a diphenylmethane yield of 36.04 %.

Effect of aging temperature of γ-Al2O3 on 
diphenylmethane synthesis

The effects of γ-Al2O3 aging temperature on di-
phenylmethane synthesis were investigated at a 
roasting time of 5 h, aging time of 1 h, a roasting 
temperature 600 ℃, and pH 8.5. The results are 
shown in Fig. 1(c).

As seen in Fig. 1(c), increasing the aging tem-
perature from 60 ℃ to 70 ℃, improved the di-
phenylmethane yield from 28.5 % to 36.04 %. 
However, at the aging temperature of 75 ℃, the 
conversion and selectivity of the reaction began to 
decline. This was because, during the aging process 
of γ-Al2O3, increased temperature promoted the 
growth of grain and expanded the lattice defects37, 
which served as active sites for adsorption of reac-
tant molecules38. However, as the aging temperature 
increased further, oxygen molecules adsorbed to the 
oxygen vacancies, reducing the number of active 
sites on the catalyst surface39, thereby reducing the 
catalytic performance of γ-Al2O3. Therefore, the op-
timal aging temperature is 70 ℃, with a yield of 
diphenylmethane of 36.04 %.

Effect of copper loading on γ-Al2O3 on 
diphenylmethane synthesis

The effects of mCu:mγ–Al2O3
 = 3 %, 5 %, 10 %, 

and 15 % on the synthesis of diphenylmethane were 
investigated at a roasting time of 5 h, aging time of 
1 h, roasting temperature of 600 ℃, pH of 8.5, and 
aging temperature of 70 ℃. The reaction results are 
shown in Fig. 1(d). As shown in Fig. 1(d), both the 
conversion rate and selectivity of Cu-γ-Al2O3 is 
higher than those of Cu(3 %)-γ-Al2O3 after γ-Al2O3 
was loaded with Cu. This was because an appropri-
ate loading of copper provided more active sites, 
enhancing interactions between reactant molecules 
and the catalyst, thereby increasing reaction activi-
ty40. However, with higher copper loadings, both 
the conversion rate and selectivity of the reaction 
decreased due to the aggregation or accumulation of 
metal particles, which reduced the effective surface 
area and catalyst activity41. Therefore, an optimal 
copper loading enhanced the activity of γ-Al2O3 and 
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improved the selectivity for the desired product. As 
shown in Fig. 1(d), with the ratio of mCu:mγ–Al2O3

 of  
5 %, the Cu-γ-Al2O3 catalyst demonstrated the best 
performance in synthesizing diphenylmethane.

Effect of roasting time of Cu-γ-Al2O3 catalyst on 
diphenylmethane synthesis

The influence of the Cu-γ-Al₂O₃ catalysts syn-
thesized under different roasting times on the syn-
thesis reaction of diphenylmethane was investigated 
at the aging time of 1 h, roasting temperature of 600 
°C, pH value of 8.5, aging temperature of 70 °C, 
and mass ratio of mCu:mγ–Al₂O₃ of 5 %. The results are 
shown in Fig. 1(e).

As shown in Fig. 1(e), extending the roasting 
time of the Cu-γ-Al2O3 catalyst from 4 h to 5 h in-
creased the yield of diphenylmethane from 54.5 % 
to 94.03 %. However, further extending the roasting 
time to 5.5 h resulted in a decrease in yield to 74.7 
%. This trend can be attributed to the influence of 
roasting time on Cu-γ-Al2O3 catalyst particle size42. 
Suitable particle size exhibits better diffusion and 
transport properties while reducing inter-particle in-
teractions, thereby improving the surface activity of 
the catalyst43. Additionally, the appropriate roasting 
time can induce surface restructuring of the cata-
lyst, during which some Cu ions or oxygen atoms 
may rearrange and form new structures, creating 

F i g .  1 – Effect of catalyst preparation conditions on the synthesis of diphenylmethane
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more active sites on the catalyst surface44. However, 
when the roasting time exceeded 5 h, the Cu-γ-Al2O3 
particles increased in size leading to extended diffu-
sion pathways and mass transfer limitations, there-
by reducing the catalytic efficiency45, and the yield 
of diphenylmethane. Thus, a roasting time of 5 h 
provided the most favorable reaction conditions for 
the Cu-γ-Al2O3 catalyst to achieve the best perfor-
mance for the reaction between benzene and benzyl 
alcohol, resulting in the highest diphenylmethane 
yield of 94.03 %.

Effect of roasting temperature of Cu-γ-Al2O3 catalyst 
on diphenylmethane synthesis

The effect of roasting temperature on diphenyl-
methane synthesis was investigated under the fol-
lowing conditions: aging time of 1 h, pH 8.5, aging 
temperature of 70 ℃, mCu:mγ–Al2O3

 of 5 %, and a 
roasting time of 5 h. The results are shown in Fig. 
1(f).

As shown in Fig. 1(f), increasing the calcina-
tion temperature of Cu-γ-Al2O3 catalyst from 550 
℃ to 600 ℃ improved the yield of diphenylmeth-
ane, reaching 93.2 %. However, further increasing 
the calcination temperature to 650 ℃ reduced the 
yield of diphenylmethane to 75.3 %. This was be-
cause at calcination temperatures below 600 °C, the 
crystal structure remains underdeveloped, which 
negatively affects the reactant adsorption and cata-
lytic performance. Incomplete calcination at low 
temperatures prevents the proper formation of pore 
structures, restricting reactant access to the active 
sites and thereby reducing catalytic activity. More-
over, inadequate decomposition of catalyst precur-
sors can result in fewer active centers, thus resulting 
in lower catalyst activity. At an optimal calcination 
temperature, the grain growth and elimination of 
grain boundaries are promoted, thereby increasing 
the surface area of the catalyst. A larger surface area 
allows for the adsorption of reactants and enhances 
the catalytic reactions, thus improving catalytic per-
formance46. Additionally, calcining at a suitable 
temperature may result in smaller and uniformly 
distributed Cu particles on the support47. Smaller 
particle sizes contribute to a higher exposure of Cu 
on the catalyst surface, further boosting the reaction 
activity. When the roasting temperature exceeds 
600 ℃, roasting accelerates grain growth, leading 
to a decrease in surface area and a reduction in the 
number of available active sites on the catalyst, ul-
timately lowering its activity48. Therefore, the Cu-γ-
Al2O3 catalyst exhibited the best catalytic activity at 
a calcination temperature of 600 ℃.

The findings of this study provide theoretical 
support and information references for the industrial 
production of diphenylmethane from benzene and 
benzyl alcohol. Table 1 lists the types of catalysts 

used for the synthesis of diphenylmethane from 
benzene and benzyl alcohol in recent years along 
with their catalytic performances, and compares 
them with the present work. Obviously, Cu-γ-Al2O3 
showed better performance.

Based on the experimental analysis, the opti-
mal reaction conditions for the Cu-γ-Al2O3 catalyst 
in the reaction between benzene and benzyl alcohol 
were as follows: γ-Al2O3 aging time of 1 h, aging 
temperature of 70 ℃, pH of 8.5, and Cu to γ-Al2O3 
ratio of 5 %. The roasting temperature for Cu-γ-Al2O3 
was 600 ℃, and the roasting time was 5 h. Under 
these conditions, the Cu-γ-Al2O3 catalyst exhibited 
the best performance, achieving a reaction conver-
sion rate of 99.2 %, selectivity of 94.0 %, and a 
diphenylmethane yield of 94.03 %. The following 
sections present the characterization analysis of the 
synthesized γ-Al2O3 and the Cu-γ-Al2O3 catalyst 
under these conditions. 

Catalyst characterization

XRD analysis

Fig. 2 presents the XRD patterns of the γ-Al2O3 
and Cu-γ-Al2O3 samples. Before and after loading 
Cu on γ-Al2O3, the diffraction peaks corresponding 
to the (311), (222) and (400) crystal planes appear 
at 2θ = 38°, 46° and 67°, respectively, which are 
consistent with literature reports55. This indicates 
that the synthesized support was a pure phase, and 
the γ-Al2O3 crystal phase possessed high purity and 
cleanliness. Additionally, the crystal structure of 
γ-Al2O3 did not undergo significant changes before 
and after Cu loading. The slightly lower intensity of 
the characteristic peaks after Cu loading compared 
to γ-Al2O3 is likely due to some degree of lattice 
distortion caused by the interaction between Cu2+ 
and the γ-Al2O3 surface. The decrease in the inten-
sity of the (311) diffraction peak for Cu-γ-Al2O3 and 
the reduction in lattice parameters are related to lat-
tice distortion56. The absence of characteristic Cu 
peaks in the XRD pattern indicates that CuO was 
highly dispersed on the γ-Al2O3 surface.

Ta b l e  1 	– 	Properties of different catalysts used in diphenyl-
methane synthesis

Sample Conversion 
rate/% Selectivity/% Yield/% References

CBV20A 45.9 16.3 7.48 36

FAPO4-5 69.5 98.8 29.67 37

AlSBA-15(45) 99.99 76.79 54.87 38

5Mo-FeP-NT 59 93 54.87 39

Fe-ZSM-5 95.2 85.23 81.13 40

Hβ 33.3 89.1 29.67 41
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SEM analysis

Fig. 3 presents the SEM images of γ-Al2O3 and 
Cu-γ-Al2O3. Fig. 3(a) shows that γ-Al2O3 consists of 
uniform nanoscale rod-shaped crystals with consis-
tent morphology and uniform dimensions. Fig. 3(b) 
shows that the Cu-γ-Al2O3 particles were larger and 
possessed relatively loose structure. The Cu-γ-Al2O3 

sample, prepared via the equal-volume impregna-
tion method, exhibited good dispersion without sig-
nificant agglomeration.

N2 adsorption-desorption analysis

Fig. 4 shows the N2 adsorption-desorption iso-
therms and DFT pore size distribution curves of 
γ-Al2O3 and Cu-γ-Al2O3 catalysts, while Table 2 
presents the textural properties of γ-Al2O3 before 
and after Cu loading.

According to IUPAC classification, the N2 ad-
sorption-desorption isotherms of both samples were 
of type IV 57. The N2 adsorption amount of each 
sample increased gradually at relative pressures be-
low 0.6, indicating the presence of microporous 
structures in the catalysts. In the relative pressure 
range of 0.6 to 1.0, the adsorption amount increased 
rapidly, suggesting the presence of mesoporous 

F i g .  2  – XRD spectra of the catalyst

F i g .  3  – SEM images of the catalysts (a) γ-Al2O3 ;  
(b) Cu (5 %)-γ-Al2O3

Ta b l e  2 	– 	Textural properties of the catalyst

Sample S/(m2 g–1) V/(cm3 g–1) D/nm

γ-Al2O3 536.05 0.88 7.42

Cu(5 %)-γ-Al2O3 487.96 0.71 4.32

F i g .  4 	–	 N2 adsorption-desorption isotherms and DFT pore size 
distribution curves of γ-Al2O3 and Cu-γ-Al2O3 catalysts
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structure with larger pore sizes in the samples58. 
γ-Al2O3 exhibited an H1-type hysteresis loop at  
P/P0 = 0.6. After Cu loading, the hysteresis loop 
appeared at P/P0 = 0.7. This shift occurred because, 
during the Cu loading process, the Cu particles 
blocked the pores, reducing the number of accessi-
ble pores for nitrogen adsorption. Consequently, the 
hysteresis loop for Cu-γ-Al2O3 shifted to a higher 
relative pressure59.

From Fig. 4 and Table 2, it can be observed 
that the pore size distribution mainly falls between 
4 and 45 nm, with a relatively larger number of 
mesopores in the 4 to 20 nm range. Fig. 4 and Table 
2 also show that the specific surface area, pore vol-
ume, and pore size of γ-Al2O3 decrease after Cu 
loading. This is because the Cu loading occupies 
part of the pore space leading to a reduction in pore 
size60. Although the pore size of Cu-γ-Al2O3 catalyst 
was smaller than that of γ-Al2O3, the molecular di-
ameter of benzol was approximately 0.96 nm. 
Smaller pore sizes can better restrict the diffusion 
rate of reactant molecules and increase the local 
concentration of reactant molecules, thereby en-
hancing the effective collision frequency of reac-
tants on the catalyst61. This allows the reactants to 
be adsorbed better onto the active sites of the cata-
lyst. After Cu loading with, the specific surface area 
and pore volume of the catalyst decreased, but the 
density of the active sites on the catalyst increased. 
This enhanced the adsorption of reactants on the 
catalyst surface, thereby improving the mass trans-
fer rate of the catalyst62.

NH3-TPD analysis

Fig. 5(a) shows the NH3-TPD characterization 
of Cu-γ-Al2O3 and γ-Al2O3, while Table 3 outlines 
the acid properties of both samples. As seen in Fig. 
5(a), each sample exhibited an NH3 desorption peak 
between 150~200 ℃ and 400~450 ℃, correspond-
ing to the weak acid centers and strong acid centers, 

F i g .  5 	–	 Py-FTIR pattern of γ-Al2O3 and Cu(5 %)-γ-Al2O3: 
(a) 150 ℃, (b) 400 ℃, (c) NH3-TPD pattern of catalysts

Ta b l e  3 	– 	Acid properties of the catalysts

Sample γ-Al2O3 Cu(5 %)-γ-Al2O3

150 ℃

L 0.375 0.401

B 0.002 0.001

L/B 187.5 401

450 ℃

L 0.046 0.099

B 0.001 0

L/B 46 –

Weak acid quantity/mmol g–1 1.103 1.166

Strong acid content/mmol g–1 1.710 1.625

Total acid content/ mmol g–1 2.813 2.791

respectively. A further comparison of the data in Ta-
ble 3 indicated that, although the total acid amount 
of the catalyst slightly decreased with the introduc-
tion of Cu, the types of acid centers on the catalyst 
surface remained unchanged63. This might be due to 
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the interaction between the active sites on the sur-
face of Cu particles and the surface hydroxyl groups 
of γ-Al2O3 during the loading process64, resulting in 
partial charge transfer to the hydroxyl groups. Con-
sequently, some acid sites lose their activity, leading 
to a reduction in the overall acid amount. As seen 
from Table 3, the addition of Cu altered the surface 
acidity and the distribution of acid sites on the cata-
lyst.

Py-FTIR analysis

Fig. 5(a) shows the Py-FTIR characterization 
of the two molecular sieves Al-MCM-41 and Cu(5 
%)-Al-MCM-41, while Table 3 presents the acidity 
distribution parameters of the two molecular sieves. 
In Fig. 5(b) and Fig. 5(c), the peak at 1450 cm–1 
corresponds to the L-acid sites, the peak at 1545 
cm–1 corresponds to the B-acid sites, and the peak at 
1490 cm–1 corresponds to the B+L acid sites65. By 
comparing the total acid distribution at 160 ℃ with 
the strong acid distribution at higher temperatures, 
it can be observed that, compared to Al-MCM-41, 
the Cu(5 %)-Al-MCM-41 molecular sieve shows an 
increase in both the peak intensity and peak area of 
the absorption peak at 1450 cm–1, which corre-
sponds to the L-acid sites. The peak area represents 
the amount of acid, indicating an increase in the 
L-acid amount in the catalyst. However, the absorp-
tion peak intensity and peak area at 1545 cm–1, cor-
responding to the B-acid sites decrease, indicates a 
reduction in the B-acid amount. Moreover, the re-
duction in the amount of B-acid is less than the in-
crease in the amount of L-acid. This can be ob-
served in the change in the peak area at the 
absorption peak position of 1490 cm–1, indicating 
that the addition of copper increased L-acid sites 
while reducing B-acid sites. This change in the L/B 
ratio led to improved selectivity and diphenylmeth-
ane yield, and enhanced the catalytic activity. This 
suggests that the more L-acid sites present in the 
molecular sieve, the more favorable the catalytic re-
action for the production of diphenylmethane, cor-
roborating the reaction mechanism.

FT-IR analysis

Fig. 6(a) shows the infrared spectra of γ-Al2O3 
and Cu-γ-Al2O3. Both samples exhibited absorption 
peaks at 3480 cm–1, attributed to the stretching vi-
bration of –OH. This indicates that both samples 
contained surface hydroxyl groups66. The absorp-
tion peaks between 500–1800 cm–1 for γ-Al2O3 be-
fore and after Cu loading show minimal variation, 
indicating that the surface properties of the samples 
remained unchanged after Cu loading. Among 
these, the absorption peaks at 1629 cm–1 and 1514 
cm–1 are attributed to the bending vibration of the 

–OH group in water67. The absorption peaks at 857 
cm–1 and 622 cm–1 in both samples correspond to 
the asymmetric stretching vibration of Al–O–Al and 
Al–O within the aluminum-oxygen cluster. For Cu-
γ-Al2O3, the peak at 857 cm–1 shifted to a higher 
wavenumber compared to γ-Al2O3 and the charac-
teristic peak changed from a sharp peak to a broad 
peak. This was because the introduction of Cu par-
ticles interacted with the Al–O or Al–OH bonds in 
γ-Al2O3, leading to the formation of stronger chem-
ical bonds between the metal and these oxygen or 
hydroxyl groups. Consequently, the characteristic 
peak broadened and the corresponding vibration 
frequency shifted to a higher wavenumber68. Thus, 
this peak was attributed to the lattice vibration peak 
of copper oxide. The FT-IR characterization of the 
catalyst further confirmed that the synthesized sam-
ples were γ-Al2O3 and Cu-γ-Al2O3.

XPS analysis of two molecular sieves

The elemental composition of the surface of 
the Cu (5 %)-γ-Al2O3 catalytic material were ana-
lyzed using XPS with Gaussian fitting, and the re-
sults are shown in Fig. 6(b). This spectrum includes 
two main peaks, Cu 2p1/2 and Cu 2p3/2, as well as 
one satellite peak. Through peak deconvolution, the 

F i g .  6 	–	 (a) FT-IR spectra of the catalyst; (b) XPS spectra of 
surface elements of Cu-γ-Al2O3
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two main peaks can be further divided into compo-
nents corresponding to Cu²⁺ and Cu0. Cu²⁺ is gener-
ally Lewis acid, capable of accepting electron pairs 
and activating the benzene ring, which is beneficial 
for electrophilic substitution. The high reducing 
ability of Cu0 can provide electrons to the σ-com-
plex, facilitating its transformation into diphenyl-
methane, thereby improving the selectivity of the 
reaction69. The synergistic effect of Cu²⁺ and Cu0 
endows the catalyst with enhanced catalytic perfor-
mance and selectivity, which is consistent with the 
pyridine infrared results.

Benzylation reaction mechanism of benzene with 
benzyl alcohol

Based on experimental findings, a plausible me
chanism for benzene alkylation by Cu (5 %)-γ-Al2O3 
is proposed, as presented in Fig. 7. The alkylation 
reaction of benzene with benzyl alcohol follows the 
carbocation mechanism70. The electron pair trans-

fers between the benzyl alcohol and the Lewis acid 
sites on the catalysts to form benzyl carbocation 
(PhCH2+). Then, the electrophilic carbocation at-
tacks the benzene ring absorbed on the active site of 
catalyst to form a σ-complex71. Finally, the σ-com-
plex regains stability by releasing H+, resulting in 
the formation of diphenylmethane. Simultaneously, 
the benzyl carbocation can react with another ben-
zyl alcohol to produce dibenzyl ether (DBE). The 
ether bond on DBE has strong electronegativity due 
to the unpaired electrons of oxygen atom, so the 
C–O bond of DBE could be polarized when ab-
sorbed to Lewis acid sites of catalyst with subse-
quent benzyl carbocation formation. An electron 
pair from the benzene ring subsequently attacks 
PhCH2+ to produce diphenylmethane72. In this study, 
Cu-γ-Al2O3 played multiple crucial roles in the en-
tire mechanism process. Its acidic sites provided the 
necessary chemical environment for the polariza-
tion of the benzene ring and the stabilization of the 
carbocation intermediate, promoting the directional 
progress of the reaction. Meanwhile, the Cu2+ sites 
participated in the activation process of the alkylat-
ing reagent. Through the interaction with the reac-
tant molecules, they changed the electron cloud 
structure and reactivity of the reactants, and cooper-
ated with the acidic sites to jointly promote the 
smooth progress of the benzylation carbocation 
mechanism, thereby improving the reactivity and 
selectivity of the reaction.

Conclusion

γ-Al2O3 and Cu-γ-Al2O3 were synthesized via 
the hydrothermal and impregnation methods. The 
effects of γ-Al₂O₃ preparation conditions and cop-
per loading on the yield of diphenylmethane were 
investigated. The obtained materials were character-
ized using XRD, SEM, BET, NH3-TPD, XPS, Py-
FTIR, and FT-IR techniques. Characteristics such as 
crystal structure, particle morphology, pore struc-
ture, acid sites, and chemical bonding before and 
after Cu loading, the promoting effect of Lewis acid 
sites, and the synergistic effect of Cu²⁺ and Cu⁰, 
were demonstrated. The catalytic performance of 
γ-Al2O3 and Cu-γ-Al2O3 was evaluated using the 
synthesis of diphenylmethane from benzene and 
benzyl alcohol as a reaction probe. Cu-γ-Al2O3 
achieved the best diphenylmethane yield. It is worth 
noting that, compared to the previously reported 
Cu-Al-MCM-41, the Cu-γ-Al2O3 catalyst exhibited 
higher efficiency (94.03 % vs. 90.1 %), primarily 
due to its stronger acidity.

F i g .  7 	–	 Catalytic reaction mechanism for the synthesis of 
diphenylmethane from benzene and benzyl alcohol
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