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Abstract:
The catalytic hydrogenation ofp-nitrophenol to p-aminophenol
was investigated in a laboratory-scale batch-slurry reactor. Pt/C
catalyst (1%) was chosen for optimization of reaction conditions
and kinetic studies because of its higher catalytic activity
compared to that of other heterogeneous transition metal
catalysts. The average catalytic activity and initial rate of
hydrogenation was found to increase with increase in the solvent
polarity. To investigate the intrinsic kinetics of the reaction,
the effect of catalyst loading, agitation speed,p-nitrophenol
concentration, and hydrogen partial pressure on the initial rate
of hydrogenation was studied at different temperatures. The
analysis of initial rate data indicated that the mass-transfer
resistances were not significant under the prevailing reaction
conditions. A simple Langmuir-Hinschelwood (L-H)-type
model was found to represent the kinetics of hydrogenation of
p-nitrophenol to p-aminophenol satisfactorily. The apparent
energy of activation was found to be 61 kJ/mol.

Introduction
p-Aminophenol is an important intermediate in the

preparation of several analgesic and antipyretic drugs such
as paracetamol, acetanilide, phenacetin, and so forth.1 It is a
strong reducing agent and is used as a photographic
developer. It is also used as a corrosion inhibitor in paints
and anticorrosion-lubricating agent in fuels for two-cycle
engines. In the dye industry,p-aminophenol is used as a
wood stain, imparting a roselike color to timber, and as a
dyeing agent for fur and feathers.1 A major process for the
preparation ofp-aminophenol is via the hydrogenation of
nitrobenzene in the presence of strong acids such as sulfuric
acid. The initial hydrogenation of nitrobenzene leads to the
formation of intermediate phenylhydroxylamine, which rear-
ranges top-aminophenol in the presence of acid (Bamberger
rearrangement). Conventionally, the conversion of nitroben-
zene top-aminophenol has been carried out using a sto-
ichiometric amount of iron-acid reducing agent. The major
drawback of this process is the formation of an almost
equivalent amount of Fe-FeO sludge, which cannot be
reused and causes severe disposal problems.2 The transition

metal-catalyzed hydrogenation of nitrobenzene top-ami-
nophenol in the presence of aqueous acid obviates the sludge-
formation problem.3 However, the nitrobenzene hydrogena-
tion route forp-aminophenol, either conventional or catalytic,
has two major drawbacks: (1) the quantitative formation of
side products such as aniline via further hydrogenation of
the intermediate phenylhydroxylamine, and (2) the use of
highly corrosive mineral acid. In view of the growing
demands forp-aminophenol, there exists a scope for the
exploration of other efficient and greener catalytic routes.

The direct catalytic hydrogenation ofp-nitrophenol could
be an attractive route for the preparation ofp-aminophenol
(Scheme 1). The starting material for this route can be
obtained either by nitration of phenol or hydrolysis of
p-nitrochlorobenzene. Apart from the conventional Fe-acid
reduction route,4 several heterogeneous transition metal
catalysts containing Pd, Pt, Ni, Rh, and so forth have been
reported for this reaction in previous literature.5

However, the available information on the catalytic
hydrogenation ofp-nitrophenol top-aminophenol is rather
qualitative in nature, and there is no report on the systematic
study of the effect of various reaction parameters and intrinsic
reaction kinetics. Yao et al.6 investigated the liquid-phase
hydrogenation ofp-nitrophenol using colloidal Pd, Pt, Rh,
and Raney Ni catalysts and proposed an empirical rate
equation for the hydrogenation rate. In the only significant
report, Malpani et al.7 investigated the preliminary kinetics
of hydrogenation ofp-nitrophenol top-aminophenol using
1% Pd/C catalyst in ethanol solvent. In view of the
commercial importance ofp-aminophenol, the primary
objective of this work was to first identify a suitable
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Scheme 1. Catalytic hydrogenation of p-nitrophenol to
p-aminophenol
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heterogeneous catalyst for the efficient hydrogenation of
p-nitrophenol top-aminophenol. The second objective was
to investigate the intrinsic kinetics of this reaction using a
suitable catalyst with detailed analysis of mass-transfer
effects and to further develop rate equations that could be
useful for design applications.

Experimental Section
Materials. p-Nitrophenol, ethanol, and other solvents

were purchased from SD Fine Chemicals, Mumbai (India).
The water content in ethanol was 10% as determined using
Karl Fischer method. Hydrogen gas was purchased from
Industrial Oxygen Limited, Pune (India) and directly used
from cylinder. The purities of hydrogen and nitrogen gases
were greater than 99.5%. The catalysts (1% Pt/C, 1% Pd/C,
1% Ru/C, 1% Rh/C, 1% Pt/Al2O3, 3% Pt/C) andp-
aminophenol were purchased from Aldrich Chemicals
(U.S.A.). Other supported catalysts were prepared using
standard literature procedures.

Experimental Setup. The hydrogenation experiments
were carried out in a 50-mL capacity stainless steel autoclave
(Parr Instruments Company, U.S.A.) fitted with a magneti-
cally driven impeller with a four-blade stirrer capable of
operations up to 1500 rpm. The temperature of the liquid in
the reactor was maintained at a desired value ((1 K) with
the help of a PID controller, which provided an alternate
heating and cooling arrangement. The reactor was also
equipped with an internal thermocouple and a digital pres-
sure transducer (with the precision of(1 psig) for temper-
ature and pressure monitoring, respectively. The relevant
safety features such as a rupture disk and a high tempera-
ture-pressure cutoff were also installed as a part of the
reactor setup. The schematic of the reactor setup is shown
in Figure 1.

Experimental Procedure. In a typical hydrogenation
experiment, predetermined quantities ofp-nitrophenol, cata-
lyst, and solvent were charged into a clean autoclave. The
autoclave was then closed, and the contents were flushed
first with nitrogen and then with hydrogen. The reactor was
then heated to a desired temperature under slow stirring (100

rpm). After the temperature equilibrated at the set point,
hydrogen gas was introduced into the reactor to a predeter-
mined level, and the contents were stirred vigorously (1000
rpm). A constant pressure was maintained throughout the
reaction course by supplying hydrogen from a reservoir ves-
sel through a constant pressure-regulator valve. The pressure
drop in the reservoir vessel was measured as a function of
time. After the expected amount of hydrogen was consumed,
the reactor was cooled to room temperature, and the excess
hydrogen was vented off. The reaction mixture was further
diluted by acetonitrile and analyzed by gas chromatography
for p-nitrophenol andp-aminophenol content.

Analytical Methods
The analysis of all liquid samples was carried out using

a Hewlett-Packard gas chromatograph (model HP 6890). The
analysis conditions were the following:

(1) column: HP-1 capillary column (30 m× 0.32 mm)
(2) oven temperature: 433 K
(3) injection temperature: 523 K
(4) detector (FID) temperature: 523 K
(5) carrier gas nitrogen (flow rate: 30 mL/min). Calibra-

tion factors were determined by analyzing liquid standards
having known compositions ofp-nitrophenol andp-ami-
nophenol. The quantitative analytical procedure was found
to have a relative error of 2-4%.

Results and Discussion
A. Catalyst Selection.The hydrogenation ofp-nitrophe-

nol to p-aminophenol (Scheme 1) was investigated in a
laboratory-scale batch-slurry reactor in which the concen-
tration-time and hydrogen consumption data were ob-
tained. To compare the activity performance of various
catalysts for the hydrogenation reaction, the experimental
results were expressed in terms of initial rate of hydrogena-
tion and average catalytic activity. The initial rate of
hydrogenation (RA) was calculated from the hydrogen
consumption-time data essentially under low-conversion
conditions (<10-20%). The average catalytic activity (N)
expressed as kmol/kg‚h, was defined as the amount of

Figure 1. Schematic of the reactor setup used for hydrogenation experiments.
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p-nitrophenol consumed per unit weight of the catalyst per
hour, based on the time required to achieve more than 99%
conversion ofp-nitrophenol.

The activities of several heterogeneous transition metal
catalysts were investigated for the hydrogenation ofp-
nitrophenol top-aminophenol, and the results are presented
in Table 1. The initial rate of hydrogenation and the average
catalytic activity followed the order Pt> Pd> Ni > Rh >
Ru. Thus, the highest catalytic activity and hydrogenation
rate was observed for platinum catalyst (1% Pt/C), whereas
ruthenium catalyst had the least activity (only 10% conver-
sion in 5 h). The effect of catalyst support on the catalyst
activity was also investigated (Table 1, entries 5-8). It was
observed that the carbon-supported platinum catalyst had the
highest activity. Therefore, further experiments were carried
out using platinum-on-carbon catalyst. The initial rate of
hydrogenation as well as the average catalytic activity
increased with the platinum content in the catalyst (Table 1,
entries 5, 9-11).

The effect of various solvents on the initial rate of
hydrogenation and catalytic activity was also investigated
briefly, and the results are presented in Table 2. The solvents
used for this study included water, methanol, ethanol,
n-propanol, andn-butanol. It was observed that the average
catalytic activity and the initial rate of hydrogenation
increased with increase in the solvent polarity and were
highest in water. Such enhancement in the reaction rates with
increase in the solvent polarity has been previously observed

for hydrogenation of nitro compounds by Rajadhyaksha et
al.8 and was partly attributed to the increase in activity of
nitro compounds in polar solvents. Despite the highest
catalytic activity in water, we preferred ethanol as solvent
for further studies because of higher solubility ofp-
nitrophenol andp-aminophenol in ethanol compared to that
in water.

B. Kinetic Studies.The preliminary experiments on the
hydrogenation ofp-nitrophenol using 1% Pt/C catalyst
showed that the material balance, when based on the molar
amount of liquid-phase reactants (p-nitrophenol and hydro-
gen) consumed and the molar amount of the product (p-ami-
nophenol) formed were consistent with the stoichiometric
reaction given in Scheme 1 within 96-99% in all experi-
ments. The typical concentration-time profile at 353 K is
shown in Figure 2. No side products were detected in the
range of conditions studied. Also, no hydrogenation was
found to occur in the absence of the catalyst, which
confirmed the absence of any noncatalytic reaction. There-
fore, for all kinetic experiments, the change in hydrogen
pressure in the reservoir vessel with time was observed under
different reaction conditions. The activity of the catalyst
remained relatively unchanged even after repeated use (four
times), which indicated the constancy of catalytic activity
during a kinetic experiment. Several experiments were carried
out over a reasonably wide range of operating conditions,
which are summarized in Table 3.

(8) Rajadhyaksha, R.; Karwa, S.Chem. Eng. Sci.1986,41, 1765.

Table 1. Initial rate of hydrogenation and average catalytic
activity for various heterogeneous catalystsa

sr. catalyst
RA × 103

(kmol/m3‚s)
N

(kmol/kg‚h)

1 1% Pd/C 0.501 0.595
2 1% Ni/C 0.199 0.446
3 1% Rh/C 0.166 0.380
4 1% Ru/C 0.016 0.034
5 1% Pt/C 1.096 1.960
6 1% Pt/Al2O3 0.333 0.812
7 1% Pt/SiO2 0.109 0.185
8 1% Pt/HY 0.082 0.131
9 0.5% Pt/C 0.524 1.347
10 2% Pt/C 2.034 2.412
11 3% Pt/C 2.895 3.017

a Reaction conditions:p-nitrophenol, 0.479 kmol/m3; catalyst, 0.266 kg/m3;
ethanol, 30× 10-6 m3; hydrogen pressure, 2.72 MPa; temperature, 353 K;
agitation speed, 1000 rpm.

Table 2. Effect of solvent on the rate of hydrogenation and
average catalytic activitya

sr. solvent (ε)
RA × 103

(kmol/m3‚s)
N

(kmol/kg‚h)

1 water 78.5 1.325 3.066
2 methanol 32.6 1.170 2.160
3 ethanol 24.3 1.096 1.960
4 n-propanol 20.1 0.776 1.790
5 n-butanol 17.8 0.406 0.342

a Reaction conditions:p-nitrophenol, 0.479 kmol/m3; catalyst (1% Pt/C), 0.266
kg/m3; solvent, 30× 10-6 m3; hydrogen pressure, 2.72 MPa; temperature, 353
K; agitation speed, 1000 rpm. The values of dielectric constant (ε) were taken
from CRC Handbook.9

Figure 2. Typical concentration-time profile for hydrogena-
tion of p-nitrophenol. Reaction conditions: p-nitrophenol, 0.479
kmol/m3; catalyst (1% Pt/C), 0.266 kg/m3; ethanol, 30× 10-6

m3; hydrogen pressure, 2.72 MPa; temperature, 353 K; agita-
tion speed, 1000 rpm.

Table 3. Range of operating conditions for kinetic studies

1 temperature 308-353 K
2 hydrogen pressure 1.36-6.80 MPa
3 catalyst loading 0.133-0.399 kg/m3

4 p-nitrophenol concentration 0.119-0.958 kmol/m3

5 agitation speed 600-1200 rpm
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C. Analysis of Initial Rate Data. The analysis of initial
rate data provides a first approach to understand the
dependency of reaction rates on the individual parameters
and also in the evaluation of the significance of mass-transfer
effects. Therefore, the effect of catalyst loading, agitation
speed,p-nitrophenol concentration, and hydrogen partial
pressure on the initial rate of hydrogenation was investigated,
and the results are presented in Figures 3-6. The initial rate
of hydrogenation varied linearly with respect to catalyst
loading (Figure 3) and had a zero intercept, suggesting that
the gas-liquid mass-transfer resistance may not be signifi-
cant. This conclusion was further supported by the effect of
agitation speed on the hydrogenation rate (Figure 4). The
initial rate of hydrogenation was independent of agitation
speed above 600 rpm, confirming the kinetic regime. Further

kinetic experiments were therefore conducted at an agitation
speed of 1000 rpm. The effect ofp-nitrophenol concentration
on the initial rate of hydrogenation (Figure 5) showed zero-
order dependence except at lower concentrations (less than
0.4 kmol/m3). The effect of hydrogen partial pressure on the
initial rate of hydrogenation was investigated in the range
of 1.36-6.80 MPa, and the results are shown in Figure 6.
The hydrogenation rate increased with increase in the
hydrogen pressure until 4.08 MPa and thereafter remained
almost unaffected. The general trend of zero-order depen-
dence of hydrogenation rate with respect to nitro aromatics10

and a fractional order with respect to hydrogen11 is consistent

(9) Weast, R., Ed.Handbook of Chemistry and Physics, 53rd ed.; The Chemical
Rubber Co.: Cleveland, Ohio, 1973.

(10) Rode, C.; Chaudhari, R.Ind. Eng. Chem. Res.1994,33, 1645.

Figure 3. Effect of catalyst loading on the initial rate of
hydrogenation. Reaction conditions:p-nitrophenol, 0.479 kmol/
m3; ethanol, 30 × 10-6 m3; hydrogen pressure, 2.72 MPa;
agitation speed, 1000 rpm.

Figure 4. Effect of agitation speed on the initial rate of
hydrogenation. Reaction conditions:p-nitrophenol, 0.479 kmol/
m3; catalyst (1% Pt/C), 0.266 kg/m3; ethanol, 30 × 10-6 m3;
hydrogen pressure, 2.72 MPa.

Figure 5. Effect of p-nitrophenol concentration on the initial
rate of hydrogenation. Reaction conditions: catalyst (1% Pt/
C), 0.266 kg/m3; ethanol, 30× 10-6 m3; hydrogen pressure, 2.72
MPa; agitation speed, 1000 rpm.

Figure 6. Effect of hydrogen pressure on the initial rate of
hydrogenation. Reaction conditions:p-nitrophenol, 0.479 kmol/
m3; catalyst (1% Pt/C), 0.266 kg/m3; ethanol, 30 × 10-6 m3;
agitation speed, 1000 rpm.
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with previous reports on hydrogenation of other nitro
aromatics.

D. Analysis of Mass-Transfer Effects.The catalytic
hydrogenation ofp-nitrophenol is an example of a multiphase
catalytic reaction, and therefore, it was important to ensure
that the mass-transfer and hydrodynamic factors were
eliminated or accounted for when determining the intrinsic
reaction kinetics. For a typical gas-liquid-solid reaction,
like the present one, various mass-transfer resistances such
as gas-liquid, liquid-solid, and intraparticle diffusion are
likely to exist. The effect of catalyst loading and the agitation
speed on the initial rate of hydrogenation suggested the
absence of gas-liquid mass transfer under the prevailing
reaction conditions. To analyze the contribution of different
mass-transfer steps, quantitative criteria suggested by Ram-
chandran and Chaudhari12 were also used, which for the
absence of mass-transfer effects are:

Gas-Liquid Mass Transfer

Liquid-Solid Mass Transfer

Intraparticle Diffusion

The factorsR1, R2, andφexp which represent the ratios of the
observed rate of reaction to the maximum possible rate of
gas-liquid, liquid-solid, and intraparticle mass-transfer
rates, respectively, were evaluated from the initial rate data
for all temperatures. The values of gas-liquid (kLa) and
liquid-solid (kS) mass-transfer coefficients and diffusivity
of hydrogen required in eqs 1-3 were estimated using the
correlations described by Chaudhari et al.,13 Sano et al.,14

and Wilke and Chang,15 respectively. The tortuosity and
porosity of the catalyst were assumed to be 3 and 0.6,
respectively.16 The value of particle diameter used in the
calculation of intraparticle diffusion was 10µm. The
solubility of hydrogen in 90% ethanol was measured
experimentally using absorption technique (Table 4). Since
the calculated values ofR1, R2, andφexp were less than 0.1,
0.1, and 0.2 respectively for all the rate data, the gas-liquid,
liquid-solid, and intraparticle diffusion resistances were
assumed to be negligible.

E. Rate Equations and Kinetic Parameters. The
observed rate data were fitted to several forms of rate
equations. Rate equations corresponding to models I and II
were purely empirical, whereas that corresponding to model
III was derived by assuming that the species A and B
(hydrogen andp-nitrophenol, respectively) compete for the
single-site adsorption. The list of rate equations and the
corresponding final optimized model parameters are given
in Table 5.

The indicated model parameters were evaluated by a
nonlinear regression analysis using an optimization routine
based on the Marquardt’s method.17 For this purpose, the
objective function was chosen as follows

The nonlinear regression analysis was performed to
estimate the kinetic parameters such that the objective
functionψ has minimum value. Since the magnitude of the
ψ value for all models was more or less in the same range,
further model discrimination was performed on the basis of
physicochemical constraints. It should be noted that since
the estimation of kinetic parameters is done purely on the
mathematical basis, they do not account for any thermody-
namic significance. According to the physicochemical con-
straints, the kinetic parameters have to satisfy a few
conditions derived from the thermodynamic considerations
as summarized below.18-20

Although, all the three models satisfied the above criteria,
a closer look at Table 5 reveals that the kinetic parameters
for models I and III do not follow any general trend (either
decreasing or increasing) with temperature and therefore can
be rejected leaving only model II. Although the value of
adsorption equilibrium constants for model II increases with
increase in temperature, which is contrary to the normal
observation, it must be noted that these constants were
evaluated by mathematically fitting the experimental data
to a model, and therefore, these values should be considered
as empirical constants. Such an observation, although rare,
has been reported previously.21 The apparent energy of
activation and heats of adsorption for hydrogen andp-

(11) Rajshekharam, M.; Nikalje, D.; Jaganathan, R.; Chaudhari, R.Ind. Eng.
Chem. Res.1997,36, 592.

(12) Ramchandran, P.; Chaudhari, R.Three Phase Catalytic Reactors; Gordon
and Breach Science Publishers: New York, 1983.

(13) Chaudhari, R.; Gholap, R.; Emig, G.; Hofmann, H.Can. J. Chem. Eng.
1987,65, 744.

(14) Sano, Y.; Yamaguchi, N.; Adachi, T.J. Chem. Eng. Jpn.1974,1, 255.
(15) Wilke, C.; Chang, P.AIChE J.1955,1, 264.
(16) (a) Satterfield, C.Mass Transfer in Heterogeneous Catalysis; MIT Press:

Cambridge, MA, 1970. (b) Komiyama, H.; Smith, J.AIChE J.1975,21,
670.

(17) Marquardt, D.J. Soc. Ind. Appl. Math.1963,11, 431.
(18) Boudart, M.AIChE J.1972,18, 465.
(19) Vennice, M.; Hyun, S.; Kalpackici, B.; Liauh, W.J. Catal.1979,56, 358.
(20) Kapteyn, F. Ph.D. Dissertation, University of Amsterdam, Amsterdam, The

Netherlands, 1986.

R1 )
RA

kLaBA*
< 0.1 (1)

R2 )
RA

kSaPA*
< 0.1 (2)

φ exp )
dP

6 [ FPRA

wDeAA*]0.5

< 0.2 (3)

Table 4. Henry’s constant for hydrogen in 90% ethanol at
different temperatures

temperature (K) H × 102 (kmol/m3‚MPa)

308 3.399
323 3.511
338 3.624
353 3.734

ψ ) ∑
i)1

q

(rexp - rmod)i
2 (4)

Rule 1.k > 0 (k should be positive)

Rule 2.Ea > 0 (the energy of activation should be positive)
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nitrophenol as calculated using the Arrhenius equation
(Figure 7) for model II was 60.98, 28.40, and 32.31 kJ/mol,
respectively. The standard deviation in fitting the lnk curves
for k1, KA, andKB was 0.43, 0.24, and 0.27, respectively.

To assess the adequacy of the rate model II and the
accuracy of the kinetic parameters, the results of the fittings
were also analyzed using the statistical criteria suggested by
Kitrell 22 and Froment and Bischoff.23 Thus, the results
obtained using model II were subjected for the residual
analysis in which a relative residuals (RR) defined as

were plotted as a function of hydrogen partial pressure and
p-nitrophenol concentration. It was observed that the relative
residuals were distributed with almost zero means and

exhibited no trend as a function of any independent variable.
A further comparison of the experimental and predicted rate
data (using model II) is shown in Figure 8. In view of the
excellent agreement between the experimental and predicted
rate values, it could be concluded that model II satisfactorily
represents the intrinsic kinetics of the hydrogenation of
p-nitrophenol top-aminophenol using 1% Pt/C catalyst. Also,
the results obtained using this model satisfy the thermody-
namic as well as the statistical constraints.

Conclusions
The hydrogenation ofp-nitrophenol top-aminophenol was

investigated in a laboratory-scale batch-slurry reactor. Pt/C
(1% (w/w)) was identified as a suitable catalyst among the
several heterogeneous transition metal catalysts because its
catalyst activity is the greatest. A brief investigation on the
effect of solvent on the hydrogenation rate and average
catalytic activity was also carried out. The hydrogenation
rate as well as the catalytic activity was found to increase
with an increase in the solvent polarity. The effect of catalyst
loading, agitation speed, hydrogen pressures, and initial

(21) (a) Chaudhari, R.; Parande, M.; Ramchandran, P.; Brahme, P.; Vadgaonkar,
H.; Jaganathan, R.AIChE J.1985,31, 1891. (b) Broderick, D.; Gates, B.
AIChE J.1981,27, 663.

(22) Kittrell, J. AdV. Chem.1970,8, 97.
(23) Froment, G.; Bischoff, K.Chemical Reactor Analysis and Design, 2nd ed.;

John-Wiley & Sons: New York, 1990.

Table 5. Rate equations and kinetic parameters

model rate equationa
temperature

(K)
k1

(m3/kg)(m3/kmol‚s)
KA

(m3/kmol)
KB

(m3/kmol)(m3/kmol) Ψmin × 109

I RA ) wk1AB/(1+ KAA)(1 + KBB) 308 2.026× 10-2 5.741 4.262 2.367
323 3.086× 10-2 6.232 4.394 6.970
338 4.501× 10-2 4.487 6.166 1.250
353 17.090× 10-2 7.249 7.476 51.17

II RA ) wk1AB/(1+ KAA + KBB) 308 3.090 2.606× 103 9.837× 102 2.385
323 4.842 2.843× 103 1.077× 103 7.374
338 14.774 5.453× 103 2.824× 103 1.763
353 64.484 1.029× 104 4.321× 103 100.8

III RA ) wk1AB/(1+ KAA + KBB)2 308 1.927× 10-2 3.890 1.489 1.625
323 3.048× 10-2 4.166 1.623 4.339
338 3.771× 10-2 3.396 1.704 2.106
353 15.880× 10-2 5.529 2.300 2.824

a A: liquid-phase concentration of hydrogen, kmol/m3; B: liquid-phase concentration ofp-nitrophenol, kmol/m3.

Figure 7. Temperature dependence of kinetic rate and adsorp-
tion equilibrium parameters for model II.

RR)
rexp - rmod

rexp
(5)

Figure 8. Comparison of experimental and predicted hydro-
genation rates.
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p-nitrophenol concentration on the initial hydrogenation rate
was investigated at different temperatures. The analysis of
initial rate data showed that the gas-liquid, liquid-solid,
and intraparticle mass-transfer resistances were not signifi-
cant. A kinetic model based on Langmuir-Hinshelwood
mechanism was found to represent the hydrogen kinetics
well. The apparent energy of activation was found to be 61
kJ/mol.

NOTATION
aB effective gas-liquid interfacial area, m2/m3

aP effective liquid-solid interfacial area per unit
volume of slurry, m2/m3

A,A* dissolved concentration of hydrogen, kmol/m3

B liquid-phase concentration ofp-nitrophenol,
kmol/m3

dP particle diameter, m

DeA effective diffusivity of hydrogen in liquid
phase, m2/s

H Henry’s constant for hydrogen in ethanol,
kmol/m3‚MPa

k1 kinetic constant, (m3/kg)(m3/kmol‚s)

kL gas-liquid mass-transfer coefficient, m/s

ks liquid-solid mass-transfer coefficient, m/s

KA adsorption equilibrium constant for hydrogen,
m3/kmol

KB adsorption equilibrium constant forp-nitrophe-
nol, m3/kmol

N average catalytic activity, kmol/kg‚hr

rexp observed rate of hydrogenation, kmol/m3‚s

rmod predicted rate of hydrogenation, kmol/m3‚s

RA rate of hydrogenation, kmol/m3‚s

w catalyst loading, kg/m3

Greek Letters

ε dielectric constant

Fp particle density, kg/m3
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