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The effect of initial solution apparent pH (pHa) on nano-sized nickel in the catalytic hydrogenation of
p-nitrophenol to p-aminophenol was investigated in detail. Experimental results show that the catalytic
ccepted 28 July 2008

eywords:
pparent pH effect
ano-sized nickel

activity of the nano-sized nickel shows a strong dependence on the initial solution pHa, and is the highest
at the initial solution pHa 4.8. At lower or higher pHa values the nano-sized nickel will obviously deactivate,
but the deactivation mechanisms are fully different. With respect to the former, the nickel dissolution and
the strong adsorption of the complex compound of nickel ion and p-nitrophenol on the surface of nano-
sized nickel are the main reasons. The severe agglomeration of nickel particles also causes the deactivation
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. Introduction

p-Aminophenol is of great commercial importance as an inter-
ediate for the preparation of analgesic and antipyretic drugs

1–4]. In view of the growing demands for p-aminophenol,
irect catalytic hydrogenation of p-nitrophenol to p-aminophenol
ecomes important, because this could be an efficient and environ-
ental friendly process [5].
Up to now, some works have been reported on the liquid phase p-

itrophenol hydrogenation over Raney nickel [6], nano-sized nickel
6] and several noble metal catalysts such as Pt/C [5]. The catalytic
roperties of nano-sized nickel have been proven to be superior to
hose of Raney nickel in this reaction in our previous works [6]. The
ffects of the reactant concentration, pressure and reaction temper-
ture on the reaction rate have been also investigated [6]. However,
ore information on the influence of different parameters such as

H, mixing speed and catalyst concentration on the course of the
ydrogenation reaction is still needed to understand the behav-

or of the nano-sized catalysts. It is well accepted that the initial
olution pH can significantly affect the catalytic properties of metal

atalysts [7,8], and the influence trend is variant for different cat-
lytic reactions. Li et al. found in the catalytic wet air oxidation of
-chlorophenol (2-CP) over Ru/ZrO2 catalysts, the conversion of 2-
P and the TOC removal increased when increasing the initial pH

∗ Corresponding author. Tel.: +86 25 83587174; fax: +86 25 83300345.
E-mail address: npxu@njut.edu.cn (N. Xu).
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tion pHa 1.6. For the latter the main reasons are the formation of nickel
he decrease of p-nitrophenol adsorption on the hydrogenation sites.

© 2008 Published by Elsevier B.V.

rom 2 to 10, and the initial 2-CP conversion rate went on increas-
ng but the TOC abatement stayed almost constant as increasing
he initial pH from 10 to 12 [7]. It was found by Feng et al. in the
egradation of Orange II using two clay-based Fe nanocomposites
s catalysts that the activity of the catalysts decreased as the initial
olution pH increased [8]. Up to date, there are few reports on the
nvestigation of the effect of the initial solution pH on nano-sized
ickel catalysts in detail.

The present paper focuses on the initial solution pHa effect
n the catalytic hydrogenation of p-nitrophenol to p-aminophenol
sing nano-sized nickel as catalyst. After the reaction, the concen-
ration of nickel element in the mother solution was measured
y ICP. The used nickel catalysts were characterized by XRD, FTIR,
ESEM, BET and XPS. At the same time, the reasons of the deacti-
ation of nano-sized nickel at lower or higher initial solution pHa

ere discussed.

. Experimental

.1. Catalyst preparation and characterization

The nano-sized nickel catalysts were prepared by the improved
hemical reduction method in a continuous reactor according

o Du et al. [6]. X-ray powder diffraction (XRD) patterns were
btained on a Bruker D8 instrument with Ni-filtered Cu K� radi-
tion (� = 0.154 nm) at 40 kV and 30 mA, employing a scanning rate
f 0.05◦ s−1 in the 2� range from 20◦ to 80◦. The morphology and
article size of the samples were observed by field emission scan-

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:npxu@njut.edu.cn
dx.doi.org/10.1016/j.cej.2008.07.042
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ing electron microscopy (FESEM, LEO1530VP). BET surface areas
f the samples were measured by N2 adsorption on a BELSOR-
II adsorption apparatus. Before measurement, each sample was
egassed at 100 ◦C for 3 h. The XPS characterization was conducted
n a Thermo ESCALAB 250 system with a monochromatized Al K�
adiation (h� = 1486.6 eV) at 10 kV and 20 mA. The residual pressure
n the analysis chamber was about 10−6 Pa. The analyzer was oper-
ted in the constant analyzer energy (CAE) mode with a pass energy
f 20 eV at a 0.05 eV step. The C1s signal (284.6 eV) was used to cal-
brate the binding energies. The surface concentrations of Ni and

were determined with the integrated peak areas of the Ni2p and
1s adjusted by their sensitivity factors. FTIR spectra were recorded
ith a Nicolet 380 spectrometer. All the spectra were carried out

t room temperature after the samples were pressed to wafer with
he help of KBr.

.2. Hydrogenation experiments

The catalytic hydrogenation of p-nitrophenol to p-aminophenol
as carried out in a 300 mL stainless steel autoclave equipped with
magnetically driven impeller. After 0.5 g catalysts and 14 g p-

itrophenol in 163 mL ethanol–water mixture consisted of 143 mL
5% ethanol and 20 mL deionized water were introduced into the
utoclave, the mixture was stirred until the p-nitrophenol was dis-
olved, and then the initial pHa of the mother solution was adjusted
o a desired value in the range of 1.5–9.5 by adding the appropri-
te amount of HNO3 or NaOH. The pHa value of the mixture was
easured with a PHS-3C pH meter (Shanghai Precision & Scien-

ific Instrument Co., Ltd., Shanghai, China). Calibration employed
tandard buffer solutions (pH 4.0, 6.86 and 9.18) before each pHa

easurement. The preliminary experiments proved that the HNO3
r NaOH did not interfere with the p-nitrophenol to form other
aterials in the studied pHa range under the condition of no addi-

ion of nano-sized nickel into reaction solution. The reactor was
ealed and purged with hydrogen five times to remove the air,
nd then heated to a desired temperature under low mixing. After
he temperature reached the set value, hydrogen gas was intro-
uced into the reactor to a set level, and the contents were mixed
t 320 rpm. The preliminary experiments proved that the hydro-
enation reaction at mixing speed above 300 rpm is not influenced
y external diffusion. Last, the hydrogenation reaction was per-
ormed at 102 ◦C and 1.65 MPa. After 1-h reaction, the catalysts
ere separated from the reaction solution, thoroughly washed with

thanol and dried at room temperature for the followed characteri-
ations. The concentration of nickel element in the mother solution
as analyzed by inductively coupled plasma emission spectroscopy

ICP, Optima 2000DV). Specimens for ICP analysis were extracted
ith nitric acid for 10 min at a temperature of 200 ◦C and at a power

f 800 W on a CEM MARS instrument. The products were ana-
yzed by a HPLC system (Agilent 1100 Series, USA) equipped with a
iode array detector (DAD) and an auto-sampler. Chromatographic
eparations were performed at 35 ◦C using a ZORBAX Eclipse XDB-
18, 5 �m, 4.6 mm × 250 mm column. A mobile phase composed
f 80% methanol and 20% water at a flow rate of 1 ml min−1 was
sed. In this paper, the catalytic activity of the nano-sized nickel

s expressed by reaction rate defined as the amount of hydrogen
onsumed per minute and per gram of catalyst [6].

. Results and discussion
.1. Effect of the initial solution pHa on the catalytic activity of
ano-sized nickel

The effect of the initial solution pHa on the hydrogenation of
-nitrophenol to p-aminophenol catalyzed by nano-sized nickel at

s
4

i
c

ig. 1. Effect of the initial solution pHa on the reaction rate of the catalytic hydro-
enation of p-nitrophenol to p-aminophenol using nano-sized nickel as catalyst.

concentration of 3.07 g L−1 is presented in Fig. 1. Apparently, the
nitial solution pHa can significantly influence the catalytic activ-
ty of the nano-sized nickel. The catalytic activity is the highest at
he initial solution pHa 4.8 (no addition of HNO3 or NaOH), and
ecreases at lower or higher pHa values. For examples, the cat-
lytic activity (expressed as the reaction rate at about 20 min) at
he initial solution pHa 2.5 is 85.2% of that at the initial solution
Ha 4.8; by increasing the initial solution pHa value from 4.8 to
.2, the catalytic activity (expressed as the reaction rate at about
0 min) decreases from 11.28 to 1.10 mmol min−1 g−1. It can also be
een, when HNO3 is added into the reaction solution the catalytic
ctivity decreases with a decrease of pHa value, and the catalytic
ctivity at the initial solution pHa 1.6 is very low and decreases close
o zero along with reaction proceeding, which indicates the nano-
ized nickel has been completely deactivated. The catalytic activity
lmost keeps stable when the initial solution pHa increases from 6.5
o 7.6 and then decreases obviously by further increasing the initial
olution pHa. These results show that the nano-sized nickel will
bviously deactivate at lower or higher pHa values and the feasible
nitial solution pHa value for the hydrogenation of p-nitrophenol to
-aminophenol over nano-sized nickel catalysts is from 2.5 to 7.6.

It is noted from Fig. 1 that with respect to the p-nitrophenol
ydrogenation at the initial solution pHa 2.5, 4.8, 6.5, 7.6, respec-
ively, the reaction rate first increases with time, then becomes
tabilized, and then decreases. The first stage corresponds to the
ctivation of nano-sized nickel. The second and third stages are
elated to the concentration of p-nitrophenol, namely that the reac-
ion rate is not affected by p-nitrophenol concentration except
t lower concentrations [5]. When the amount of NaOH added
nto the reaction solution increases, i.e. the initial solution pHa

alue increases from 4.8 up to 9.2, the initial reaction rate of p-
itrophenol hydrogenation gradually decreases, possibly due to
hat the increased hydroxyl ion could affect the activation of nano-
ized nickel. For instance, the initial reaction rate at the initial

olution pHa 9.2 is only 7.3% of that at the initial solution pHa

.8.
HPLC analysis results show that the initial solution pHa does not

nfluence significantly the selectively of the nano-sized nickel in the
atalytic hydrogenation of p-nitrophenol to p-aminophenol.
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ig. 2. Concentration of nickel ion in the mother solution at different initial solution
Ha.

.2. Investigation of deactivation mechanisms

In order to investigate the deactivation mechanisms of nano-
ized nickel, the used nickel catalysts were characterized by XRD,
TIR, FESEM, BET and XPS.

.2.1. Deactivation at lower initial solution pHa

Fig. 2 plots the concentration of nickel ion in the mother solution
s a function of the initial solution pHa value. Dissolution of nickel is

ignificant for pHa 1.6 and decreases obviously with an increase of
Ha value. As presented in Fig. 3, the reaction rate of p-nitrophenol
ydrogenation almost decreases linearly with a decrease of nickel
atalyst concentration in the studied experimental range. There-
ore, nickel dissolution should be one of the main reasons for the

ig. 3. Effect of catalyst concentration on the reaction rate (at about 20 min) of the
atalytic hydrogenation of p-nitrophenol to p-aminophenol at the initial solution
Ha 4.8.
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ig. 4. XRD patterns of the samples: (a) fresh Ni and Ni used at pHa from 1.6 to 4.8;
b) Ni used at pHa from 6.5 to 9.2.

ecrease of catalytic activity of nickel used at lower pHa. In the
tudy of Biella et al. [9], metal leaching was proved to be more con-
istent as pH decreased and corresponded to a gradual decrease in
ctivity. Besson and Gallezot [10] thought that catalyst leaching in
he reaction medium was the main cause of deactivation in liquid
hase reactions.

The XRD patterns of nickel used at the initial solution pHa 1.6, 2.5
nd 4.8 are presented in Fig. 4(a), and the result of fresh nickel is also
resented for comparison. For the nickel used at the initial solution
Ha 4.8, the composition is almost elementary nickel (2� = 44.5◦,
2.0◦ and 76.9◦, corresponding to the Miller index (1 1 1), (2 0 0),
2 2 0), respectively). When the initial solution pHa decreases to 2.5,
he main composition of used nickel is still elementary nickel and
t the same time some impurity peaks (2� = 23.8◦, 33.2◦ and 59.3◦)
ave been observed. With a further decrease of pHa, the impurity

eaks become obvious. The impurity adsorbed strongly on the sur-

ace of nano-sized nickel should be one of the main reasons for the
eactivation of nickel used at lower pHa. In order to probe into the
omposition of the impurity, the nickel sample used at the initial



374 R. Chen et al. / Chemical Engineering

s
t
p
a
N
a
t
a
r
s
b
t
s
r
1
p
t
b

T
a
p
t
i
d
t
c
i
i
b
p
b
a
t
i
a
o

n
i
8
a
B
p
w
n
n
s
a
t
t
o
f
o
u

s

Fig. 5. XRD pattern of Ni used at pHa 1.6 after calcined at 500 ◦C for 4 h.

olution pHa 1.6 was calcined in stagnant air at 500 ◦C for 4 h, and
hen characterized by XRD. As shown in Fig. 5, five characteristic
eaks are observed in the 2� ranges from 20◦ to 80◦, which are
ll consisted of those of NiO phase, proving the sole existence of
iO particles. The result shows the impurity can be burned away
t 500 ◦C, revealing it should be some organic compounds. To fur-
her investigate the impurity composition the nickel sample used
t the initial solution pHa 1.6 was characterized by FTIR, and the
esult is shown in Fig. 6. The FTIR spectrum of fresh nickel is also
hown in Fig. 6. Compared to the fresh nickel, some new adsorption
ands are observed. The band observed at 470 cm−1 can be assigned
o the out-of-plane CO vibration coupled with the phenyl ring tor-
ion [11]. The band at 648 cm−1 might be assignable to the in-plane
ing deformation coupled with NO2 scissoring vibration [11]. These

117, 1167, 1296 and 1488 cm−1 bands are ascribed to the CH in-
lane bending vibrations. The band at 1346 cm−1 corresponds to
he symmetric NO2 stretching vibration. The 1384 and 1587 cm−1

ands can be attributed to the C C aromatic stretching vibrations.

Fig. 6. FTIR spectra of the samples: (a) fresh Ni; (b) Ni used at pHa 1.6.
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he FTIR results indicate the impurity contains CO group, NO2 group
nd phenyl ring. On the other hand, no impurities form at higher
Ha values, as shown in Fig. 4(b). So we think the impurity might be
he complex compound of p-nitrophenol and nickel ion, and form
n the following way: at lower pHa values some nickel particles are
issolved to form nickel ion (as shown in Fig. 2) and subsequently
he nickel ion interact with the p-nitrophenol to form a complex
ompound. In addition, the recovered nickel particles after wash-
ng and drying used at the initial solution pHa 1.6 were black yellow
n color, and the impurity adsorbed on the nickel surface could not
e eliminated by thoroughly washing with ethanol, however, the
-nitrophenol adsorbed on the nickel surface could be eliminated
y thoroughly washing with ethanol, indicating that the impurity
dsorbed on the nickel surface was not the p-nitrophenol; while
he recovered nickel particles after washing and drying used at the
nitial solution pHa 4.8 were black in color like that of the fresh cat-
lyst particles. The phenomena were in agreement with the results
f FTIR and XRD.

The FESEM micrographs with different amplified factor of the
ickel used at the initial solution pHa 1.6 are shown in Fig. 7(a). It

s noted from the FESEM micrograph with an amplified factor of
0,000 compared to the nickel used at the initial solution pHa 4.8
s shown in Fig. 7(b), the particle size of nickel is obviously smaller.
iella et al. [9] also found that when metal leaching increased the
article size decreased. As observed from the FESEM micrograph
ith an amplified factor of about 2500, in comparison with the
ickel used at the initial solution pHa 4.8, the agglomeration of
ickel particles is obvious, possibly because of the smaller particle
ize [12] and adsorbed impurity. This is also verified by BET analysis,
s shown in Table 1. The specific surface area of the nickel used at
he initial solution pHa 1.6 is 6.8 m2 g−1, only about 31% that of
he nickel used at the initial solution pHa 4.8. The agglomeration
f nickel particles is responsible for lowering the catalytic activity
or the hydrogenation reaction at the initial solution pHa 1.6. No
bvious difference occurs in the specific surface area of the nickel
sed at the initial solution pHa 2.5 and 4.8.

The XPS characterization results of the nickel used at the initial
olution pHa 1.6 are shown in Table 1 and Fig. 8(a). In compari-
on with the nickel used at the initial solution pHa 4.8, the Ni2p
pectrum peaks intensity and the surface O/Ni atomic ratio of the
ickel used at the initial solution pHa 1.6 are lower, possibly because
ith respect to the former no impurity adsorbed on the nickel sur-

ace during the reaction, and the O species was mainly from the
ickel oxide formed during the after-treatment, while with respect
o the latter the complex compound of nickel ion and p-nitrophenol
ould form during the reaction and adsorb on the nickel surface,

nd the O species was mainly from the complex compound.
According to above analysis, it may be concluded that the deac-

ivation of nano-sized nickel used at lower pHa is a combination
ffect of the nickel dissolution and the strong adsorption of impu-
ity on the surface of nano-sized nickel; the severe agglomeration
f nickel particles also causes the deactivation of nickel used at the
nitial solution pHa 1.6.

.2.2. Deactivation at higher initial solution pHa

The XRD patterns of nickel used at the initial solution pHa 6.5,
.6, 8.4 and 9.2 presented in Fig. 4(b) show that these used nickel
atalysts are chiefly composed of elementary nickel and no impu-
ities exist on their surface due to no nickel ion in the mother
olutions (as shown in Fig. 2).
It is found by comparing the FESEM micrographs of nickel used
t the initial solution pHa 4.8 and 9.2 shown in Fig. 7(b) and (c),
o obvious difference exists. Table 1 shows that the specific sur-

ace area of the nickel used at the initial solution pHa 9.2 is almost
he same as that of the nickel used at the initial solution pHa 4.8.
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Fig. 7. FESEM of the samples: (a) Ni used at pH

hese results indicate the agglomeration of nickel particles changed
lightly when NaOH was added into the reaction solution and would
ot cause the deactivation of nano-sized nickel.

Fig. 8(c) and Table 1 show the XPS characterization results of

he nickel used at the initial solution pHa 9.2. Compared to the
ickel used at the initial solution pHa 4.8, the Ni2p spectrum of the
ickel used at the initial solution pHa 9.2 has basic similar profile, as
hown in Fig. 8(b) and (c), however the peaks intensity is obviously
ower, indicating the lower nickel amount on the surface of the

s
i
n
[
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(b) Ni used at pHa 4.8; (c) Ni used at pHa 9.2.

sed nickel. This would make the catalytic activity decrease to some
xtent. The surface O/Ni atomic ratio of the nickel used at the initial
olution pHa 9.2 is higher than that of the nickel used at the initial
olution pHa 4.8 possibly due to that the nickel hydroxide surface

pecies would form on the nickel surface when NaOH was added
nto the reaction solution and the O species was mainly from the
ickel hydroxide [13]. According to the study of Hernández et al.
13], the isoelectric point (IEP) of nickel was at 3.5–4, and above
he IEP the nickel hydroxide surface species would form. Therefore,
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Table 1
Characterization results of used nickel samples

Samples Ni used at
pHa 1.6

Ni used at
pHa 4.8

Ni used at
pHa 9.2

Binding energy of Ni2p3/2 (eV) 855.50 855.35 855.35
Surface O/Ni atomic ratio 1.67 1.98 2.18
Specific surface area (m2 g−1) 6.8 22.0 24.1
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ig. 8. XPS spectra of Ni2p for different samples: (a) Ni used at pHa 1.6; (b) Ni used
t pHa 4.8; (c) Ni used at pHa 9.2.

n this work, when the initial solution pHa was higher, the nickel
ydroxide species would form on the nickel surface. At the same
ime, under the studied reaction conditions, the reduction of nickel
ydroxide to metallic nickel might be difficult, and as a result the
ickel hydroxide species would occur on the nickel surface.

Solution pH influences the ionization state of the Ni surface. At
H values lower than about 3.5, which are the point of zero charge
or Ni [13], the Ni surface becomes positively charged, while at pH
alues greater than about 3.5 it becomes negatively charged. p-
itrophenol is a weak acid and has a dissociation constant (pKa)
alue of 7.15 [14]. Thus, in alkaline conditions p-nitrophenol is
redominantly present in the dissociated form, and increase in
H causes increase in the dissociation of p-nitrophenol. There-
ore, alkaline conditions would make the electrostatic repulsion
etween the negatively charged Ni surface and the anions, result-

ng in decreased adsorption of p-nitrophenol on the hydrogenation
ites and consequently in decreased catalytic activity. Bangun and
desina [15] found that the degradation rate of sodium oxalate
sing commercial titania as the catalyst dropped almost expo-
entially with increase in slurry pH. They also thought this was
ttributed to the increased density of negatively charged sites at
igh pH values.

Through above analysis we think that the deactivation of nano-
ized nickel used at higher pHa is mainly caused by the formation of
ickel hydroxide surface species and the decrease of p-nitrophenol
dsorption on the hydrogenation sites.

. Conclusions
In this work, the effect of initial solution pHa on nano-sized
ickel in p-nitrophenol hydrogenation was studied in a laboratory-
cale batch-slurry reactor. It has been demonstrated that the initial
olution pHa can significantly influence the catalytic activity of the

[

[

Journal 145 (2009) 371–376

ano-sized nickel, and almost has no influence on its selectivity.
he nano-sized nickel shows the highest catalytic activity at the
nitial solution pHa 4.8 (no addition of HNO3 or NaOH). When HNO3
s added into the reaction solution the catalytic activity decreases

ith a decrease of pHa value, and the nano-sized nickel has been
ompletely deactivated at the initial solution pHa 1.6. The deac-
ivation of nano-sized nickel used at lower pHa is a combination
ffect of the nickel dissolution and the strong adsorption of the
omplex compound of nickel ion and p-nitrophenol on the surface
f nano-sized nickel; the severe agglomeration of nickel particles
lso causes the deactivation of nickel used at the initial solution pHa

.6. When NaOH is added into the reaction solution, the catalytic
ctivity almost keeps stable at the initial solution pHa varying from
.5 to 7.6 and then decreases obviously by further increasing the ini-
ial solution pHa. The formation of nickel hydroxide surface species
nd the decrease of p-nitrophenol adsorption on the hydrogena-
ion sites are the main reasons of the deactivation of nano-sized
ickel used at higher pHa. Our study clarifies that the feasible ini-
ial solution pHa value for the hydrogenation of p-nitrophenol to
-aminophenol using nano-sized nickel as catalyst is from 2.5 to
.6.
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