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a  b  s  t  r  a  c  t

A  Cu10.3/SiO2 catalyst  was  prepared  for the  conversion  of  benzyl  alcohol  to  benzonitrile  through
amination-dehydrogenation  process.  The  catalyst  showed  high  activity  in the  reaction,  and  a  yield as
high  as 98.0%  was  reached  under  the  optimized  conditions.  The  catalyst  was  characterized  by  XRD,  TEM-
EDX,  TG-DSC,  N2 adsorption-desorption  and  IR of  absorbed  pyridine  methods.  The  characterization  results
disclosed  that  the  doping  of  copper  created  Lewis  acid  sites  in the  matrix  of  SiO2.  The doped  copper  in  the
fresh catalyst  was  present  in  CuO  state,  which  was  reduced  to elemental  Cu  by  H2 generated  in  situ  in  the
catalytic  run.  The  characterization  results  also  disclosed  that  the  catalyst  deactivation  was  mainly  caused
enzyl alcohol
mination-dehydrogenation
mmonia

by  the  carbonaceous  deposition  on the  surface  of the  catalyst  in  the  catalytic  reaction.  The  experimental
results  confirmed  that most  activity  of the catalyst  can be recovered  at 550 ◦C online  by blowing  air  into
the  reactor.  Partial  sintering  of  copper  particles  took  place  during  the catalytic  run,  which  led  to  the  slight
decreases of  Lewis  acidity  and  dehydrogenation  capacity,  therefore,  caused  deviation  of the  performance
of the  regenerated  Cu10.3/SiO2 catalyst  from  that  of  the  fresh  one.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Benzonitrile is an aprotic polar molecule with a dipole moment
f 4.18 D, and for this reason it has been extensively used in chem-

stry as solvent [1–4], and now is also used in dye sensitized solar
ells [5,6]. As other applications, benzonitrile is useful as a starting
aterial in production of plastics, pharmaceuticals, surface-active

ompounds, synthetic dyes and so on [7–9].
Benzonitrile is generally manufactured by ammoxidation of

oluene catalyzed by various catalysts (Eq. (1)) [10–15].

(1)

However, traces amount of hydrogen cyanide is generally gen-
rated in ammoxidation, which causes environmental pollution in
he production process. The other methods for synthesizing ben-
onitrile involve direct condensation of hydrogen cyanide with

enzene (Eq. (2)) [16,17], and cyanation of diazobenzene or phenyl

∗ Corresponding author.
E-mail address: zhaojq@hebut.edu.cn (J. Zhao).

ttp://dx.doi.org/10.1016/j.apcata.2016.04.031
926-860X/© 2016 Elsevier B.V. All rights reserved.
halides using cuprous cyanide or other salts of hydrogen cyanide
as cyano sources (Eq. (3)) [18–21].

(2)

(3)

X = F, Cl, Br, I, N2Cl
In these cases highly toxic hydrogen cyanide and its salts are

employed as starting materials, therefore, it is not recommendable
from the viewpoint of green chemistry. On the other hand aliphatic
nitriles, such as acetonitrile, can be synthesized from alcohols by
two approaches: amination-dehydrogenation [22,23] and ammox-
idation [24–26]. In the amination—dehydrogenation process, two
moles of hydrogen are released as shown in Eq. (4):

RCH2OH + NH3 → RCN + H2O + 2H2 (4)

Compared to ammoxidation process this process has the advan-
tage of without formation of hydrogen cyanide due to no oxygen

participation in the reaction. Meanwhile, the H2 formed as by-
product can be easily separated by pressure swing adsorption (PSA)
process and compressed as a product. Therefore this process can be
regarded as a green and safe technology.

dx.doi.org/10.1016/j.apcata.2016.04.031
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2016.04.031&domain=pdf
mailto:zhaojq@hebut.edu.cn
dx.doi.org/10.1016/j.apcata.2016.04.031
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In recent years, we successfully synthesized aliphatic nitriles
hrough the amination—dehydrogenation of corresponding alco-
ols [23,27–29] over a CoNi/�-Al2O3 catalyst; we also succeeded

n obtaining a ZnCr/�-Al2O3 catalyst being active in the synthesis
f phenylacetonitrile [30] and propionitrile [31] from styrene oxide
nd allyl alcohol through the amination—dehydrogenation, respec-
ively. Based on the CoNi/�-Al2O3 catalyst and the parameters
btained in laboratory, acetonitrile can be produced on a pilot scale
rom ethanol by us. Encouraged by the results we are engaged in
he synthesis of benzonitrile from the amination-dehydrogenation
f benzyl alcohol. A series of catalysts have been prepared and it
as been found that a Cu10.3/SiO2 catalyst is very efficient in the
onversion of benzyl alcohol to benzonitrile. Herein, we  report the
esults.

. Experimental

.1. Catalyst preparation

The metal nitrates Cu(NO3)2·3H2O (99%), Fe(NO3)2·9H2O
98.5%), Co(NO3)2·6H2O (99%), Ni(NO3)2·6H2O (98%),
n(NO3)2·6H2O (99%), Cr(NO3)3·9H2O (99%), Ca(NO3)2·4H2O
99%), Na2SiO3·9H2O (Na2O 22.8-23.5%, Na2O: SiO2 = 1.03) and
ther reagents used for preparation of the catalysts were obtained
rom KRS Chemical Reagent Cooperation, Tianjin, China. The

ordenite, H-ZSM-5 and sodium bentonite were acquired from
ankai University Catalyst Plant, Tianjin, China. TiO2 and �-Al2O3
ere obtained from the Tianjin Research and Design Institute of

hemical Industry, Tianjin, China.
Series of catalysts with different metal contents on various sup-

orts were prepared, which was denoted as Mx/S, where M, x and
 represent the type of transition metal, the metal content in the
atalyst and the type of support, respectively. Thus, the Cu/SiO2
atalysts were denoted as Cux/SiO2, where x represents the copper
ontent in the catalyst.

H2SiO3 was employed as the precursor of SiO2 and prepared
s follows: 85.09 g of Na2SiO3·9H2O was dissolved in 198.55 g of
istilled water, then 30% (v/v) nitric acid was dropped slowly into
his solution under mechanical stirring at 40 ◦C until the pH reached
. The reaction mixture was stirred for 1 h, then filtered, and the
olid was washed with distilled water thoroughly until the pH of
he filtrate reached 7. Then the solid was dried at 110 ◦C for 3 h to
btain the H2SiO3.

The Cu/SiO2 catalysts were prepared by kneading a mixture of
2SiO3 with an aqueous solution of the corresponding transition-
etal nitrates, then extruded, dried and calcined. As an example,

he Cu10.3/SiO2 catalyst was  prepared as the following procedures:
.6 g of Cu(NO3)2·3H2O was added in a beaker, and a suitable
mount of distilled water was added to dissolve the nitrate, then
3.37 g of H2SiO3 was added to the solution. The mixture was
neaded for 3 h in a kneader and the resulting kneaded material
as processed in an extruder to obtain extrudates with a diameter

f 2 mm and a length of 2.5 mm.  The catalyst precursor was  dried
t 110 ◦C for 6 h and calcined at 550 ◦C for 6 h to yield the catalyst.

The catalysts with supports except for SiO2 and HZSM-5 were
repared by the impregnation- kneading-extruding method. As an
xample, the Cu10.2/�-Al2O3 catalyst was prepared as the following
rocedures: 7.6 g of Cu(NO3)2·3H2O was added in a beaker, and a
uitable amount of distilled water was added to dissolve the nitrate,
hen 18 g of �-Al2O3 was added to the solution. The mixture was

neaded for 3 h in a kneader and the resulting kneaded material
as processed in an extruder to obtain extrudates with a diameter

f 2 mm and a length of 2.5 mm.  The catalyst precursor was  dried
t 110 ◦C for 6 h and calcined at 550 ◦C for 6 h to yield the catalyst.
: General 522 (2016) 45–53

The Cu9.9/HZSM-5 catalyst was  prepared by the impregnation
method. 7.6 g of Cu(NO3)2·3H2O was  dissolved in 10.4 g of water,
and then 18 g of HZSM-5 with a diameter of 2 mm and a length of
2.5 mm was introduced into the solution. The mixture was vigor-
ously stirred at room temperature for 48 h and then dried at 110 ◦C
for 6 h and calcined at 550 ◦C for 6 h to obtain the catalyst.

2.2. Catalyst characterization

The metal content of the catalyst samples was determined by a
Perkin Elmer Opfima 7300 V type ICP-AES instrument. Before anal-
ysis, the accurately weighed sample was carefully added in a flask,
and then aqua regia (HNO3–HCl) and HF were added successively
to dissolve the sample. The obtained solution was  subjected for
analysis.

The X-ray diffraction (XRD) patterns of the samples were
recorded with a Bruker AXS GMBH D8 FOCUS X-ray diffractome-
ter using Cu K� radiation (40 kV, 40 mA)  in the range 2� = 10–90◦.
Transmission electron microscopy (TEM) was performed using a
using a JEM 2100F instrument which was equipped with an energy
dispersive X-ray (EDX) detector at an accelerating voltage of 200 kV.
The specimens for TEM analysis were prepared by ultrasonic dis-
persion in ethanol, and then a drop of the resultant suspension was
evaporated on a lacey carbon/Mo grid.

The surface areas, total pore volumes and pore sizes of the
samples were measured at 77 K by nitrogen adsorption using a
Micromeritics ASAP 2020 M + C Surface Area and Porosity Analyzer.

The IR spectra of adsorbed pyridine were recorded by a Thermo
Electron Corporation Nicolet Nexus 470 spectrometer equipped
with a heatable and evacuatable IR cell with CaF2 windows con-
nected to a gas dosing-evacuation system. The powdered samples
were pressed into self-supporting wafers with a diameter of 20 mm
and weight of 15 mg.  Prior to analysis, all samples were pretreated
at 400 ◦C for 1 h under high vacuum conditions (1 × 10−5 Pa), fol-
lowed by cooling to 200 ◦C. Then pyridine was adsorbed at this
temperature for 15 min. The physisorbed pyridine was removed
by evacuating at 200 ◦C for 15 min  under high vacuum conditions
(1 × 10−5 Pa). Then the infrared spectra were recorded.

Thermogravimetric-different scanning calorimetry (TG-DSC)
measurement was  carried out with a DuPont TA2000 thermogravi-
metric analyser from 20 to 800 ◦C with a rate of 10 ◦C min−1 under
air atmosphere. The air flow rate was controlled at 100 ml/min.

2.3. Catalytic tests

The catalytic experiments were performed in a continuous
fixed-bed reactor (i.d. = 15 mm;  length = 700 mm)  which was  placed
in an electric furnace consisting of four heating zones equipped
with four temperature controllers. The thermocouple was placed
in the center of the catalyst bed to measure the temperature in the
catalyst zone. The benzyl alcohol with a rate of 0.05 ml/min was
pumped into the reactor by a syringe pump, and the flow of ammo-
nia was  controlled by a PID cascade controller to keep the flow rate
as required. In the experiment, 15 ml  of the catalyst sample was
charged into the middle section of the reactor to create a catalyst
zone of approximately 85 mm,  and the catalyst zone was  heated
to the desired temperature. Controlled flows of benzyl alcohol and
ammonia were passed separately into a vaporizer (approximately
205 ◦C) in which the two reactants were preheated, vaporized and
mixed perfectly. The products were collected in a condenser, then
the liquid products were separated in a gas-liquid separator, and
the gaseous products generated were absorbed by passing through

a flask filled with a solution of sulfuric acid to remove the low boil-
ing point compounds and unreacted ammonia. A GC–MS (HP5971
GC–MS) equipped with a 30 m SE-30 capillary column was used to
identify the collected products.
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The products were analyzed quantitatively by a gas chromato-
raph equipped with a 30 m SE-30 capillary column. The selectivity
f each liquid product was calculated using the calibration curves
ith 2, 6-lutidine as an internal standard. The GC temperature pro-

ram was 140 ◦C for 10 min  and 40 ◦C/min up to 220 ◦C.

. Results and discussion

.1. Catalyst selection

The purpose of this work was to convert benzyl alcohol to ben-
onitrile over a catalyst through the amination-dehydrogenation
pproach. Because Co19.9Ni3.0/�-Al2O3 catalyst proved to be effi-
ient in the conversion of ethanol to acetonitrile [23,27,28], we
nitially run the reaction of benzyl alcohol to benzonitrile over
his catalyst. However, low selectivity towards benzonitrile was
chieved. It has been disclosed that the conversion of aliphatic
lcohols to the corresponding nitriles over Co19.9Ni3.0/�-Al2O3 cat-
lyst involves three elementary steps, which are dehydrogenation
f alcohols to their corresponding aldehydes, condensation of alde-
ydes with ammonia to imines, and dehydrogenation of imines to
itriles [23,27,28]. In addition to being a support, �-Al2O3 also acts
s an acid to promote the condensation of aldehydes with ammonia
o form imines; and the transition metals are the dehydrogena-
ion active components in the catalyst. It is in this context that
e began to prepare a series of catalysts from various supports

nd transition metals to obtain a catalyst with good performance
n the conversion of benzyl alcohol to benzonitrile. Because cop-
er was mostly reported to be active in the dehydrogenation of

mines, amines and alcohols [32,33], a series of catalysts with dif-
erent copper contents doped on to SiO2 were prepared firstly.
heir catalysis in the reaction was evaluated and the results are

isted in Table 1. As shown in Table 1, neat SiO2 had no activity in
he reaction (Table 1, entry 1). All the catalysts showed very high
ctivity in view of the benzyl alcohol conversion, but the selec-
ivity towards benzonitrile changed with the copper content. At
.1% of copper content, the conversion of benzyl alcohol was  92.2%,
nd the selectivity towards benzonitrile was 74.0%. In addition to
enzonitrile, dibenzylamine and tribenzylamine which are direct
mination products were formed in selectivity of 12.5% and 3.8%.

hen the copper content increased from 5.1 to 10.3%, both the con-
ersion of benzyl alcohol and the selectivity towards benzonitrile
ncreased, and the selectivity towards dibenzylamine and tribenzy-
amine decreased (Table 1, entries 2, 3). These results indicate that
ncreasing copper content enhanced the dehydrogenation capacity
f the catalyst. However, when the copper content was higher than
0.3%, the selectivity towards benzonitrile decreased with further

ncrease of the copper content due to the formation of benzene and
ethylbenzene (Table 1, entries 4, 5). When the copper content
as 24.9%, the conversion of benzyl alcohol was still close to 100%,

owever, the selectivity towards benzonitrile began to decrease
Table 1, entry 6), which may  be ascribed to the copper agglomera-
ion at overly high copper content, decreasing the dehydrogenation
ctivity of the catalyst. From above experimental results it can be
een that Cu10.3/SiO2 had good performance compared to the other
atalysts investigated.

Next, several catalysts from 10% of copper doped on to �-Al2O3,
-ZSM-5, ZrO2, TiO2, mordenite, CaCO3 and sodium bentonite
ere prepared. Their catalytic performances in the reaction were

ssessed, and the results are shown in Table 2 (Table 2, entries
–8). From Table 2 it can be seen that the catalytic performances of

he catalysts varied with the support, though the doped copper are
resent in CuO crystallites in all the catalysts (Fig. S1). Among all
he catalysts Cu10.3/SiO2 was the best one under the same reaction
onditions. The benzyl alcohol conversion over this catalyst was
: General 522 (2016) 45–53 47

99%, and the selectivity of benzontrile was higher than 89% under
atmospheric ammonia pressure at 320 ◦C. Catalyst Cu10.3/sodium
bentonite also showed good performance from the view points of
the conversion of benzyl alcohol and the selectivity of benzonitrile
in the first 2 h on stream, but it deactivated quickly after then. This
can be ascribed to the quick loss of its acidity during the catalytic
run, which was disclosed by the IR spectra of adsorbed pyridine (Fig.
S2). Cu10.4/CaCO3 showed the worst results among all the catalysts
screened, both the conversion of benzyl alcohol and the selectivity
towards benzontrile were low and the main product was  benzalde-
hyde. The IR spectra of adsorbed pyridine revealed that both the
fresh and used samples of Cu10.4/CaCO3 have very low acidity (Fig.
S2). Cu10.1/TiO2 and Cu10.3/ZrO2 also showed high activity in the
conversion of benzyl alcohol to benzonitrile. However, the selec-
tivity towards benzonitrile over Cu10.1/TiO2 and Cu10.3/ZrO2 was
lower compared to that over Cu10.3/SiO2. These could be ascribed to
the higher selectivities of toluene and benzylamine over Cu10.1/TiO2
and Cu10.3/ZrO2 respectively under the same reaction conditions
(Table 2, entries 7, 8). Because SiO2 is the best one among all the
selected inorganic supports, several other catalysts from SiO2 dop-
ing with about 10% of iron, cobalt, nickel, zinc and chromium were
then prepared respectively due to their activities in the dehydro-
genation of imines to nitriles [23,27,28,30]. Their performances on
the reaction were evaluated too, and the results are also listed in
Table 2. These catalysts showed poor catalytic results compared to
Cu10.3/SiO2 (Table 2, entries 9–13). Especially in the cases of Ni and
Cr as the doped metals, the conversion of benzyl alcohol was lower
than 5% (Table 2, entries 9, 12). The IR spectra of adsorbed pyridine
disclosed that both Ni10.2/SiO2 and Cr10.2/SiO2 have very low acidity
compared to Ni10.2/SiO2 (Fig. S3). Besides, NiO and Cr2O3 crystalline
phases were identified by XRD in Ni10.2/SiO2 and Cr10.2/SiO2 respec-
tively, and these crystalline phases were maintained in the used
samples (Fig. S4, S5). Therefore, the low acidity and the weak dehy-
drogenation capacities of NiO and Cr2O3 crystallites might be the
reasons that both Ni10.2/SiO2 and Cr10.2/SiO2 performed very poorly
in the conversion of benzyl alcohol to benzontrile. Based on the
above results it can be concluded that the performance of a catalyst
in the conversion of benzyl alcohol to benzonitrile is determined
by both the support and the metal doped. Cu10.3/SiO2 performed
best in all the prepared catalysts.

3.2. Performance of the Cu10.3/SiO2 catalyst under different
reaction conditions

The influence of the reaction temperature on the performance of
the Cu10.3/SiO2 catalyst was  investigated in the temperature range
of 290–400 ◦C under atmospheric ammonia pressure, molar ratio
of ammonia to benzyl alcohol of 10:1 and GHSV of 178 h−1. The
results shown in Table 3 indicated that the conversion of benzyl
alcohol was  close to 100% in the investigated temperature range.
The selectivity towards benzonitrile increased with the temper-
ature increase from 290 ◦C to 340 ◦C (Table 3, entries 1–6). The
selectivity towards benzonitrile reached its maximum of 95.9%,
at 340 ◦C (Table 3, entry 6). Above that temperature, the selec-
tivity decreased with further increase of the temperature. Overly
high reaction temperature, for instance 400 ◦C, led to more benzyl
alcohol hydrogenation to toluene (Table 3, entry 10), and decompo-
sition to gaseous molecules and carbonous compound deposition
on the catalyst.

The influence of the molar ratio of ammonia to benzyl alcohol
on the reaction was first investigated under atmospheric ammonia
pressure and GHSV of 178 h−1 at 340 ◦C. The results are presented

in Table 4. As shown in the table, the conversion of benzyl alcohol
was close to 100% under all investigated molar ratios of ammo-
nia to benzyl alcohol, and the selectivity towards to benzonitrile
increased with an increase in the molar ratio of ammonia to ben-
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Table  1
Effect of copper content on the performances of the catalysts on the conversion of benzyl alcohol to benzonitrile.

Entry Catalyst Conversion (%) Selectivity (%) Carbon balance (%)

Ben Tol Bal Benn Dba Tba

1 SiO2 0 0 0 0 0 0 0
2  Cu5.1/SiO2 92.2 0 0.7 0.9 74.0 12.5 3.8 93.5
3  Cu10.3/SiO2 99.4 0.1 0.5 3.3 89.9 1.5 1.1 95.3
4  Cu14.9/SiO2 99.1 0.9 1.5 3.4 86.3 0.6 0.2 94.0
5  Cu20.1/SiO2 99.2 0.9 1.4 3.3 85.7 1.6 1.1 94.4
6  Cu24.9/SiO2 98.8 0.9 1.4 3.4 83.0 1.6 1.1 92.5

Ben: Benzene, Tol: Toluene, Bal: Benzaldehyde, Benn: Benzonitrile, Bena: Benzylamine, Dba: Dibenzylamine, Tba: Tribenzylamine.
Reaction conditions: catalyst dosage 15 ml,  reaction temperature 320 ◦C, atmospheric pressure, ammonia/benzyl alcohol molar ratio 10:1, GHSV 178 h−1, time on stream 2 h.

Table  2
Performance of the prepared catalysts on the conversion of benzyl alcohol to benzonitrile.

Entry Catalyst Conversion(%) Selectivity (%) Carbon balance (%)

Ben Tol Bal Benn Dbe Bena Dba Tba

1 Cu10.3/SiO2 99.4 0.1 0.5 3.3 89.9 0 0 1.5 1.1 95.3
2  Cu10.2/�-Al2O3 98.6 0 5.8 4.3 70.2 11.4 0 1.4 0.9 94.2
3  Cu10.2/mordenite 97.9 0 2.2 2.2 70.9 11.6 0 5.5 2.2 95.7
4  Cu9.9/HZSM-5 98.6 0.2 8.1 0 62.9 12.1 0 7.8 3.5 94.0
5  Cu10.3/sodium bentonite 97.4 0.1 1.3 2.2 87.2 0 0 2.3 1.2 94.5
6  Cu10.4/CaCO3 66.3 0.4 1.2 46.4 37.0 0 0 5.0 2.6 93.6
7  Cu10.1/TiO2 97.4 0 13.4 0.1 77.7 0 0 0.4 0.5 94.2
8  Cu10.3/ZrO2 98.2 0 2.2 0 74.6 0 18.0 0 0 95.3
9  Ni10.2/SiO2 4.3 1.1 3.8 12.8 28.8 0 0 49.5 0 95.5
10  Fe10.3/SiO2 72.6 0 15.9 5.5 5.0 1.4 0 6.3 26.5 67.6
11  Zn10.0/SiO2 55.7 0 5.3 0 2.2 5.7 1.3 10.9 50.1 85.6
12  Cr10.3/SiO2 4.0 0 9.8 12.9 14.9 0 0 62.8 0 97.3
13  Co9.9/SiO2 24.8 2.2 3.3 1.7 26.2 0 0 46.7 18.1 98.3

Ben: Benzene, Tol: Toluene, Bal: Benzaldehyde, Benn: Benzonitrile, Dbe: Dibenzylether, Bena: Benzylamine, Dba: Dibenzylamine, Tba: Tribenzylamine.
Reaction conditions: catalyst dosage 15 ml,  reaction temperature 320 ◦C, atmospheric pressure, ammonia/benzyl alcohol molar ratio 10:1, GHSV 178 h−1, time on stream 2 h.

Table  3
Effect of the temperature on the performance of the Cu10.3/SiO2 catalyst.

Entry Temperature (◦C) Conversion (%) Selectivity (%) Carbon balance (%)

Ben Tol Bal Benn Dba Tba

1 290 97.6 0.4 0.5 5.6 78.1 4.2 3.1 92.1
2  300 99.1 0.2 0.5 4.4 84.2 3.2 2.8 93.0
3  310 99.1 0.1 0.4 4.1 89.7 1.6 1.1 93.2
4  320 99.2 0.1 0.5 3.3 89.9 1.5 1.1 95.3
5  330 99.3 0.3 0.6 0.8 94.7 1.8 1.2 96.1
6  340 99.4 0.2 0.3 0.4 95.9 0.6 0 98.3
7  350 99.4 0.1 0.8 0 95.4 0.7 0 97.3
8  360 99.8 0.1 1.0 0 94.9 1.6 1.1 95.9
9  380 99.9 0.4 2.1 0.5 89.7 1.6 1.4 94.4
10  400 100 0.4 3.5 1.9 84.1 1.7 1.9 93.5

Ben: Benzene, Tol: Toluene, Bal: Benzaldehyde, Benn: Benzonitrile, Bena: Benzylamine, Dba: Dibenzylamine, Tba: Tribenzylamine.
Reaction conditions: atmospheric pressure, ammonia/benzyl alcohol molar ratio 10:1, GHSV 178 h−1, time on stream 2 h.

Table  4
Effect of molar ratio of ammonia to benzyl alcohol on the performance of the Cu10.3/SiO2 catalyst.

Entry nA/nB GHSV (h−1) Conversion (%) Selectivity (%) Carbon balance (%)

Ben Tol Bal Benn Dba Tba

1 12:1 178 99.4 0.1 0.2 0.3 95.2 0.3 0 96.4
2  11:1 178 99.4 0.1 0.3 0.3 95.8 0.3 0 97.3
3  10:1 178 99.4 0.2 0.3 0.4 95.9 0.4 0 97.7
4  9:1 178 99.2 0.5 0.5 0.7 95.5 0.6 0 97.8
5  8:1 178 99.3 0.6 0.6 1.4 95.4 0.7 0 98.7
6  6:1 178 99.3 0.6 0.8 1.7 94.4 1.0 0.2 98.8
7  4:1 178 99.1 1.1 1.1 2.4 91.4 1.4 0.6 98.3
8  10:1 445 100 0.1 0.5 0 98.0 0.7 0 99.3
9  8:1 445 99.1 0.6 0.6 0.4 95.6 0.7 0 98.1
10  6:1 445 99.1 0.6 0.8 0.7 93.6 1.0 0 96.7

nA/nB: Ammonia/Benzyl alcohol, Ben: Benzene, Tol: Toluene, Bal: Benzaldehyde, Benn: Benzonitrile, Bena: Benzylamine, Dba: Dibenzylamine, Tba: Tribenzylamine.
Reaction conditions: atmospheric pressure, reaction temperature 340 ◦C, time on stream 2 h.
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ig. 1. The conversion benzyl alcohol and the yield of benzonitrile with reaction
ime.

yl alcohol from 4:1 to 10:1 and reached its maximum of 95.9% at a
olar ratio of 10:1 (Table 4, entry 3). The reason may be that appro-

riately excessive ammonia can suppress the formation of toluene,
ibenzylamine and tribenzylamine, and promote the condensation
f benzaldehyde to imine with ammonia. With further increases in
he molar ratio of ammonia to benzyl alcohol the electivity towards
o benzonitrile decreased slightly due to the formation of some
nidentified compounds. After obtaining these results, the reac-
ion was further investigated under GHSV of 445 h−1 at the molar
atio of ammonia to benzyl alcohol of 10:1, 8:1 and 6:1, respectively
Table 4, entries 8–10). It was revealed again that the highest yield
f benzonitrile was achieved at the molar ratio of 10:1 (Table 4,
ntry 8).

The influence of GHSV on the catalytic performance of the cat-
lyst was investigated under atmospheric ammonia pressure and

 molar ratio of ammonia to benzyl alcohol of 10:1 at 340 ◦C. The
esults shown in Table 5 indicated that the conversion of benzyl
lcohol was close to 100% in the GHSV range of 178 h−1 to 946 h−1.

ith the decrease of GHSV from 946 h−1 to 445 h−1, the selectiv-
ty towards benzonitrile increased from 93.1% to 98.0% (Table 5,
ntries 4–9). However, with further decrease of GHSV the selectiv-
ty towards benzonitrile decreased gradually.

From the investigation of parameter effects on the conversion of
enzyl alcohol to benzonitrile, an optimized process for the synthe-
is of benzonitrile over the Cu10.3/SiO2 catalyst was obtained, which
s running the reaction at 340 ◦C under atmospheric ammonia pres-
ure while keeping the ammonia/alcohol molar ratio of 10:1 and
HSV of 445 h−1, respectively. Under the optimized conditions the
ield of benzonitrile reached 98.0% at the time that the catalyst was
n stream for 2 h.

.3. Lifetime and regeneration of the Cu10.3/SiO2 catalyst

The lifetime of the Cu10.3/SiO2 catalyst was investigated under
he optimized conditions and the results are shown in Fig. 1. The
onversion of benzyl alcohol was always close 100%; the selectivity
owards benzonitrile was higher than 97% in the first 32 h, then it
ecreased gradually with the time that the catalyst was on stream.
he selectivity of benzonitrile dropped from 98.0% to 88.6% after
he catalyst was on stream for 40 h. The catalyst was  regenerated

◦
y calcination in air for 6 h at 550 C, then the reaction was  carried
ut again using the regenerated catalyst. Both the conversion of
enzyl alcohol and the selectivity towards benzonitrile over the
egenerated catalyst are close to those over the fresh catalyst during
Scheme 1. Pathways for the formation of benzonitrile and main by-products.

the first 16 h. The lifetime of the regenerated catalyst was  shorter
than that of the fresh one. The reasons leading to the deactivation
of the catalyst and deviation of the regenerated catalyst from the
fresh one will be discussed in the characterization section.

3.4. Pathways for product generation

For screening the pathway of benzyl alcohol conversion to ben-
zonitrile the reaction was run at a large GHSV of 2838 h−1 (Table 5,
entry 10). The composition of the reaction mixture was  analyzed
by GC–MS. In this case, the conversion of benzyl alcohol was  89.5%,
lower than those at low GHSV. Meanwhile, benzaldehyde with a
selectivity of 16.1% was  observed. Same as that acetaldehyde is an
intermediates in the conversion of ethanol to acetonitrile [23,32],
benzaldehyde is a key intermediate in the conversion of benzyl
alcohol to benzonitrile. Besides, benzylamine, dibenzylamine and
tribenzylamine as by-products were also detected. Taking into
account the catalytic results shown in Table 5, the pathways pro-
posed for the transformation of ethanol to acetonitrile [23,32], and
synthesis of amines in literature [34–36], we  are able to propose
pathways for benzyl alcohol conversion to the products (Scheme 1).

During the catalytic conversion of benzyl alcohol, dehydro-
genation occurred on the catalyst’s active sites of hydrogenation-
dehydrogenation, producing benzaldehyde and hydrogen. Ben-
zaldehyde condensed with ammonia on the acid sites to generate
the intermediate benzyleneimine, which was  dehydrogenated to
give benzonitrile. Meanwhile, amination of benzyl alcohol on
the acid sites generate benzylamine, which immediately con-
densed with benzaldehyde to give the intermediate N-benzyl
benzyleneimine or was  transformed to benzyleneimine by dehy-
drogenation. N-benzyl benzyleneimine underwent hydrogenation
to afford dibenzylamine. Two possible pathways might be present
to form dibenzylamine. One is the direct amination of benzyl alco-
hol with dibenzylamine on the acid sites, and the other is reductive
amination of benzaldehyde with dibenzylamine on the catalyst’s
active sites of hydrogenation-dehydrogenation.

3.5. Catalyst characterization

The catalysts were characterized by XRD, ICP, TEM-EDX, N2
adsorption–desorption, and IR spectra of adsorbed pyridine. Fig. 2
shows the XRD patterns of samples of the catalysts. For all the
samples, the peaks representing the support SiO2 were observed.
In addition, the XRD patterns of the fresh Cu5.1/SiO2, Cu10.3/SiO2,
Cu14.9/SiO2 and Cu24.9/SiO2 exhibited peaks ascribed to CuO crys-
talline phase. And the peak strength increased with the increase of
copper content in the catalysts, which indicated that high copper
loading led to big size of CuO crystalline phase. However, a Cu crys-
talline phase, instead of CuO crystalline phase, was  found in the

patterns of the sample of used Cu10.3/SiO2. We  supposed that CuO
was reduced to Cu by in suit generated H2 during the catalytic run
as shown in Eq. (5) [37,38], and the real active species of dehydro-
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Table  5
Effect of GHSV on the performance of the Cu10.3/SiO2 catalyst.

Entry GHSV
(h−1)

Conversion
(%)

Selectivity (%) Carbon
balance (%)

Ben Tol Bal Benn Dba Tba

1 178 99.4 0.2 0.3 0.4 95.9 0.6 0 97.5
2  267 100 0.1 0.6 0 96.2 1.8 0 98.8
3  356 100 0.1 0.5 0 96.9 1.2 0 98.7
4  445 100 0.1 0.5 0 98.0 0.7 0 99.3
5a 445 100 0.16 0.72 0 97.9 0.58 0 99.2
6  534 100 0.1 0.5 0 96.8 0.9 0 98.4
7  623 100 0.1 0.5 0 95.7 1.1 0 97.3
8  712 100 0.2 0.6 0.7 94.9 1.2 0 97.7
9  946 100 0.4 0.5 0.8 93.1 2.1 0 96.9
10  2838 89.5 0.3 0.4 16.1 71.9 1.6 2.2 92. 6

Ben: Benzene, Tol: Toluene, Bal: Benzaldehyde, Benn: Benzonitrile, Bena: Benzylamine, Dba: Dibenzylamine, Tba: Tribenzylamine.
Reaction conditions: atmospheric pressure, reaction temperature 340 ◦C, ammonia/benzyl alcohol molar ratio 10:1, time on stream 2 h.

a The catalyst was pre-reduced by H2.
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Table 6
Textural properties of the SiO2, the fresh, used and regenerated Cu10.3/SiO2.

Catalyst Sa
BET (m2 g−1) Vb (cm3 g−1) dp

c (nm)

SiO2 225 0.188 2.91
Cu10.3/SiO2 (fresh) 198 0.147 2.82
Cu10.3/SiO2 (used) 25 0.065 7.26
Cu10.3/SiO2 (regenerated) 193 0.114 2.77

a BET surface area.
b BJH cumulative desorption pore volume.
c BJH cumulative desorption mean pore diameter.

Table 7
The amount of pyridine adsorbed on the catalysts and the crystallites diameters of
Cu  species in the catalyst samples.

Catalyst sample Ca (mmol/g) db (nm)

CuO Cu
Cu5.1/SiO2 228.06 13.7 –
Cu10.3/SiO2 (fresh) 287.36 16.3 –
Cu10.3/SiO2 (regenerated) 262.28 – 26.0
Cu10.3/SiO2 (used) 230.55 20.2 –
Cu24.9/SiO2 362.34 24.3 –

a

ig. 2. XRD patterns of the catalyst samples. (a) SiO2, (b) Cu5.1/SiO2, (c) Cu10.3/SiO2,
d)  Cu14.9/SiO2, (e) Cu24.9/SiO2 (f) Cu10.3/SiO2 (regenerated), (g) Cu10.3/SiO2 (used),
h) Cu10.3/SiO2 (reduced).

enation in the conversion of benzyl alcohol to benzonitrile might
e Cu.

uO + H2 → Cu + H2O (5)

To confirm this inference, fresh Cu10.3/SiO2 was placed on hydro-
enation stream at 340 ◦C for 2 h to reduce CuO to Cu. The XRD
atterns of the reduced sample were almost same as those of the
sed one (Fig. 2g and h). And the reduced catalyst demonstrated
lmost same catalytic performance as that of the fresh Cu10.3/SiO2
Table 5, entries 4, 5). These results support the supposition above.

In the patterns of the sample of the regenerated Cu10.3/SiO2, no
eaks representing the Cu crystalline phase were observed, instead,
he peaks representing CuO crystalline phase appeared again, indi-
ating that Cu was converted to CuO through calcination at 550 ◦C
or 6 h (Table 6).

The crystallites diameters of Cu species in the fresh, used and
egenerated Cu10.3/SiO2 were calculated by using Scherrer formula
nd the results are summarized in Table 7. The average diame-
ers of the CuO crystallites in the fresh and regenerated samples of

he Cu10.3/SiO2 catalyst were calculated to be 16.3 nm and 20.2 nm,
espectively. Besides, the average diameter of Cu crystallites in the
ample of the used catalyst was 26.0 nm.  The changing in diameter
f the CuO crystallites indicated that CuO was sintered during the
The amount of pyridine adsorption per gram of catalyst.
b The crystallites diameters of Cu species calculated using Scherrer equation from

the XRD patterns.

catalytic process. Therefore, we can conclude that the sintering of
CuO might be one reason that the performance of the regenerated
catalyst deviated from that of the fresh one (Fig. 1). On the other
hand, the average diameter of the CuO crystallites in the regen-
erated sample is smaller than that of Cu crystallites in the used
sample. This is due to the redispersion of the active phase dur-
ing oxidation treatment of the sample in air at 550 ◦C, which is a
common phenomenon in the regeneration of Cu/SiO2 catalysts [39].

The specific surface areas and porous structure of the SiO2,
the fresh, used, and regenerated Cu10.3/SiO2 were analyzed by N2
adsorption-desorption. The adsorption-desorption isotherms are
shown in Fig. 3. Except for the used one, all of the other sam-
ples exhibited a type IV Langmuir isotherm according to the IUPAC
classification, which indicated the existence of mesopores in the
catalysts. The sample of the used catalyst exhibited a type I Lang-
muir isotherm, which indicated the existence of micropores in the
catalyst. The results revealed that some substances deposited in the
pores of the catalyst during the catalytic run.

Table 6 summarizes textural properties of the SiO2, the fresh,
used, and regenerated Cu10.3/SiO2. The fresh Cu10.3/SiO2 catalyst

showed a slightly lower surface area compared to the SiO2, and
the pore volume decreased from 0.188 cm3g−1 to 0.147 cm3g−1,
indicating deposition of CuO crystalites in the pores of the SiO2.
Compared to the fresh catalyst, the used catalyst exhibited a sharp
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ig. 3. Adsorption-desorption isotherms of catalyst samples. (a) SiO2, (b) Cu10.3/SiO2

fresh), (c) Cu10.3/SiO2 (regenerated), (d) Cu10.3/SiO2 (used).

ecrease of surface area in combination with a big decrease of pore
olume and a big increase of pore diameter. The drop in the pore
olume could be the result of the deposition of a certain amount of
arbon and other nonvolatile materials in the pores of the catalyst

uring the catalytic run. Table 6 also shows that the regenerated
atalyst had a slightly lower surface area and pore volume than
hose of the fresh one, which can be ascribed to the fact that the CuO
as partly sintered during the catalytic run and regeneration pro-

Fig. 4. TEM images of the catalyst samples and EDX spectra at points 1, 2 and 3. 
: General 522 (2016) 45–53 51

cess. This can be confirmed by XRD and TEM investigations. Besides,
the mean pore diameter of the used catalyst increased largely com-
pared to that of the fresh catalyst, which can be attributed to that
the pores with small diameters were blocked due to the deposition
of carbon and other non-volatile materials.

Fig. 4 shows the TEM images of the samples of the fresh, used
and regenerated Cu10.3/SiO2 catalyst. The TEM image of the sam-
ple of the fresh catalyst revealed that CuO particles well dispersed
on the surface of the pores. After catalytic run, the CuO or Cu
particles sintered. The particle sizes of the fresh, used, regener-
ated Cu10.3/SiO2 samples are located about 5 nm,  10–15 nm and
7–12 nm,  respectively. The diameter changing trend revealed by
the TEM is in line with that disclosed by XRD. The sintering of CuO
crystallites might be one reason that the performance of the regen-
erated catalyst deviated from that of the fresh catalyst. It was  found
that amorphous substances covered on the surface of the catalyst
by comparing the image of the used catalyst with that of the fresh
one, which led to the CuO particles were not clearly displayed. This
was supported by the EDX analysis (Fig. 4d). The carbon contents
are 10.3%, 16.6%, and 11.2% at the points 1, 2 and 3, respectively.
The TEM and EDX analysis results indicated that the deactivation
of the catalyst was mainly caused by carbon deposition.

Fig. 5 shows the TGA-DSC plots of the samples of the fresh, used
and regenerated Cu10.3/SiO2 catalyst. The fresh and regenerated
samples respectively show an endothermic stage in the tempera-
ture range of 25–200 ◦C and 25–100 ◦C, with a weight loss of about

3% and 3.3%, attributed to desorption of physisorbed water and
other small molecules. The used sample exhibits one slow weight
loss of about 3% in the temperature range of 25–350 ◦C without
obvious endothermic process, and another weight loss of about 5%

(a) Cu10.3/SiO2 (fresh), (b) Cu10.3/SiO2 (used), (c) Cu10.3/SiO2 (regenerated).
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Fig. 5. TG-DSC analysis of the fresh, used and regenerated Cu10.3/SiO2 catalyst. (a)
Cu10.3/SiO2 (fresh), (b) Cu10.3/SiO2 (regenerated), (c) Cu10.3/SiO2 (used).

F
C

b
c
D
p
r

C
a
t
t
c
i
S
v
S
l
w
o
a
(
l
g

ig. 6. IR spectra of pyridine adsorbed on the catalysts. (a) SiO2, (b) Cu5.1/SiO2, (c)
u10.3/SiO2(fresh), (d) Cu24.9/SiO2, (e) Cu10.3/SiO2(regenerated), (f) Cu10.3/SiO2(used).

etween 200 and 600 ◦C with strong exothermic process due to the
ombustion of carbonaceous deposits. The difference of TGA and
SC plots among the samples indicates that carbonaceous com-
ounds deposited on the pores of the catalyst during the catalytic
un, and the carbonaceous deposits can be removed by combustion.

Fig. 6 shows the IR spectra of absorbed pyridine of the SiO2,
u5.1/SiO2, Cu10.3/SiO2, Cu24.9/SiO2, used Cu10.3/SiO2 and regener-
ted Cu10.3/SiO2 samples in the region 1700–1400 cm−1. Generally,
wo peaks at 1545 cm−1 and 1450 cm−1 ascribed to the characteris-
ic absorptions of pyridine adsorbed on the Brønsted and Lewis acid
enters respectively are observed if both the acid sites are present
n a catalyst [40–42]. Neither peak appeared in the spectrum of
iO2, indicating that neat SiO2 has no acidity. Therefore, no con-
ersion of benzyl alcohol to benzonitrile was observed over neat
iO2 (Table 1, entry 13), because the acid centers provide the cata-
yst with the ability to catalyze the condensation of benzaldehyde

ith ammonia to benzyleneimine. The doping of copper into SiO2
nly created Lewis acid centers on the matrix of SiO2 because only
 peak at 1450 cm−1 was observed in the spectra of the catalysts
Fig. 6). The quantification of the amount of acid sites of the cata-
yst samples determined by the IR spectra of absorbed pyridine is
iven in Table 7. From the table we can see that the Lewis acidity of
: General 522 (2016) 45–53

the catalyst increased with the doping amount of copper. Because
the condensation reaction took place over the Lewis acid centers in
the catalyst, high doping amount of copper was in favor of the con-
densation. However, the yield of benzonitrile was not in proportion
to the acidity of the catalysts. Cu10.3/SiO2 performed best among all
the catalysts, which indicated that acidity of the catalyst is not the
sole factor in determining the catalysis of the catalyst. The sizes
of the CuO particles and the surface areas of the catalysts are also
important factors in determining the performance of the catalysts.
In fact, over-doping of copper led to big sizes of the CuO particles
(Table 7), and small surface areas of the catalysts, which were detri-
mental to the dehydrogenation of benzyl alcohol and intermediate
benzyleneimine (Scheme 1), and the overall reaction. Therefore,
the Cu24.9/SiO2 performed worse compared to Cu10.3/SiO2 in the
conversion of benzyl alcohol to benzonitrile, though its acidity is
higher than that of Cu10.3/SiO2.

The spectrum of the used Cu10.3/SiO2 catalyst is different from
that of the fresh one. Besides the peak at 1450 cm−1 an additional
peak around 1495 cm−1 was  observed, which indicated that some
substances deposited on the surface of the catalyst in the catalytic
run. This peak disappeared in the spectrum of the regenerated cata-
lyst and the strength of the peak at 1450 cm−1 was weaker in some
degree than that in the spectrum of the fresh catalyst. From Table 7
we can clearly find that the amount of acid sites of the used sample
decreased compared to that of the fresh one. After regeneration,
the acidity of the catalyst increased but did not reach the value of
the fresh one, and the sizes of the CuO particles were larger than
those in the fresh one. These results indicate that sintering of copper
particles during the catalytic run not only reduced the active sites
of dehydrogenation, but also decreased the acidity of the catalyst.
Therefore, the performance of the regenerated catalyst deviated
from that of the fresh one.

Finally, the copper contents of the samples of the fresh and
regenerated catalyst were 10.3% and 10.2% respectively. The con-
tent of copper almost maintained constant, which indicated that
deviation of the performance of the regenerated catalyst from that
of the fresh one was  not caused by the leaking of copper during the
catalytic run.

4. Conclusions

A Cu10.3/SiO2 catalyst was prepared, which showed activ-
ity for the conversion of benzyl alcohol to benzonitrile through
amination-dehydrogenation process. The parameters that affected
the catalyst performance were investigated carefully, and an opti-
mized process for synthesizing benzonitrile from benzyl alcohol
and ammonia over Cu10.3/SiO2 catalyst was  obtained. Under the
optimized conditions, the yield of benzonitrile reached 98.0%. The
characterization results indicated that the doping of copper created
Lewis acid sites in the matrix of SiO2, which were the active cen-
ters of condensation reaction involved in the conversion of benzyl
alcohol to benzonitrile. The doped copper in the fresh catalyst was
present in CuO state, which was reduced to elemental Cu by H2 gen-
erated in situ in the catalytic run. Elemental Cu was the real active
species for the amination–hydrogenation process in the synthesis
of benzonitrile. The characterization results also disclosed that the
catalyst deactivation was mainly caused by the carbonaceous depo-
sition on the surface of the catalyst in the catalytic reaction. The
experimental results confirmed that most activity of the catalyst
can be recovered at 550 ◦C online by blowing air into the reactor.

The partial sintering of copper particles and the slight decrease of
Lewis acidity caused by the sintering of copper particles, were the
main causes that the performance of the regenerated Cu10.3/SiO2
catalyst deviated from that of the fresh one.
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