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Hydrogenation of Nitrobenzoic Acid 
Aqueous solutions of pnitrobenzoic acid were hydrogenated in the presence 

of Pt/C and Pd/C catalysts in a slurry reactor. External as well as internal mass 
transport steps were studied using a membrane Hzelectrode and a metal probe 
electrode. After the influence of the mass transport effects was corrected for, it 
was possible to obtain corrected values of the kinetic characteristics of the overall 
chemical reaction. The mechanism was studied using potential and polarization 
methods. 

BENGT ANDERSSON 

Department of Chemical Reaction 
Engineering 

Chalmers University of Technology 
Goteborg, Sweden 

SCOPE 

Kinetic studies in liquid phase hydrogenations to obtain true 
kinetic characteristics of the chemical steps as activation energy 
and reaction orders are difficult to perform due to the influence 
of mass transport limitations in the phase interfaces and in the 
pore system of the catalyst. Since it is very difficult to eliminate 
these transport hindrances, the best way to study the kinetics 
of this system should be to determine directly the substrate 
concentration or to estimate the concentration decreases due 
to the transport effects. Owing to its low concentration in liquid 
phase, hydrogen is more affected by transport limitations than 
other reactants, so a direct measurement of the hydrogen con- 

centration is of primary importance. 
Recently a Hz-membrane electrode was constructed and 

tested (Anderson and Berglin, 1981a) for hydrogen concentra- 
tion determinations under liquid phase hydrogenation condi- 
tions. A corresponding metal probe electrode was also tested 
(Anderson, 1981) for the determination of local catalyst po- 
tentials and, subsequently, also for the hydrogen activity of the 
catalyst. By using these two electrodes it was possible to study 
the chemical kinetics and the mechanism of nitrobenzoic acid 
hydrogenation in aqueous medium in more detail. 

CONCLUSIONS AND SIGNIFICANCE 

Much effort has been made to minimize errors in the kinetic 
parameters due to the influence from mass transfer. The diffi- 
culty in estimating the gas-liquid mass transfer resistance was 
eliminated by measuring the hydrogen concentration in the 
liquid phase with the hydrogen membrane electrode. The liquid 
to particle and the intraparticle mass transport resistances were 
minimized by using very small catalyst particles with a mean 
diameter less than 1.5 pm. The intraparticle resistance could 
not be eliminated completely, but since the effective diffusivity 
was measured and the particle size distribution could be ob- 
tained, this resistance was estimated and compensated for in 
the kinetic evaluation. The liquid to particle mass transfer was 
estimated from an assumed Sherwood number. This resistance 
was very small and consequently, the value of the assumed 
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Sherwood number was not critical. 
The hydrogenation of nitrobenzoic acid showed a first order 

dependence with respect to hydrogen concentration and zero 
order with respect to the concentration of nitrobenzoic acid. The 
activation energy was found to be 36 kJ/mol both for 1% Pd/C 
and 5% Pd/C with the same dispersion, even though the reac- 
tion on 5% Pd/C was strongly influenced by an intraparticle 
mass transfer resistance. This result showed that the intrapar- 
ticle mass transport is correctly estimated. 

Wagner (1970) outlined some electrochemical methods which 
were used in this mechanistic study of the hydrogenation of 
nitrobenzoic acid. By studying the catalyst potential it was 
found that most of the available Gibbs’energy was used in ad- 
sorption and dissociation of hydrogen and it seems reasonable 
to assume that the dissociation of hydrogen is the rate deter- 
mining step. Polarographic measurements on Pt reveal that 
nitrobenzoic acid and its reaction intermediates cover 8040% 
of the active surface of the catalyst. 
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THEORY 

Rate Determining Steps in Liquid Phase Hydrogenation 

The rate determining steps in liquid phase hydrogenation of 
nitrobenzoic acid in a slurry reactor are mass transport steps and 
chemical steps. In the present investigation, the product of the 
substrate concentration and its diffusivity was much higher than 
that of dissolved hydrogen, so substrate and product mass transfer 
were considered insignificant. The main mass transport steps will 
then be the transport of hydrogen from the gas phase through the 
liquid to the active metal on the support. The first slow step in this 
sequence is transport of hydrogen through the liquid film sur- 
rounding the gas bubble. The rate of this transport can be 
written 

Na = kLa (2 - cb) mol/s m3 

The transport through the film surrounding the catalyst particle 

(2) 

The rate of hydrogen transport through the pores of the catalyst 
particle coupled with the simultaneously occuring chemical re- 
action follows the equation 

may be written 

NSm = k,S(cnb - c,)rn, mol/s m3 

with 

k,  = A exp(-E,/RT) 

In Eq. 3 the effectiveness factor 17 summarizes the influence of 
the pore effect on chemical kinetics. The effectiveness factor can 
be expressed as a function of the Thiele modulus. 

For spherical geometry the Thiele modulus is defined as 

(4) 

For CY = 1, - c{NOz constant, and spherical geometry, the effec- 
tiveness factor can be calculated from 

The observed reaction orders and activation energy will be af- 
fected by the presence of a pore transport resistance. 

However, if we compensate for mass transport by determining 
the effectiveness factor, it is possible to obtain the true reaction 
orders and also the true activation energy. 

In this investigation, a size dispersed catalyst has been used. 
When the reaction rate is first order we can calculate a Thiele 

modulus valid for this dispersion. For small values of $J Pratt and 
Wakeham (1975) have deduced 

and for large values of 4 

(7) 

where dgrn is the Thiele modulus for the geometric mean (number 
basis) and ag the standard deviation in a log-probability plot of the 
distribution. N1 and N z  are the number of logarithmic standard 
deviations from the mean corresponding to the lower and upper 
particle size limits, respectively. 

When the entire distribution of sizes is present ( N 1  = N P  = a) 
Eqs. 6 and 7 are reduced to 

and 

EXPERIMENTAL 

Four different catalysts were used: 1% Pt/C, 1% Pd/C, 3% Pd/C, and 
5% Pd/C. The support has the same characteristics for all four catalysts. 
For kinetic and catalyst potential measurements a crushed sieve fraction 
<20 pm was used. 

The pore size distribution of the charcoal support was measured by ni- 
trogen sorption using a glass vacuum system. The distribution was computed 
using the method of Anderson (1968). The metal area of catalyst was de- 
termined using the hydrogen titration method according to Wilson and 
Hall (1970). The particle size distribution was measured with a Coulter 
counter (Allen, 1974). 

The hydrogenation of nitrobenzoic acid was performed in 0.2 M phos- 
phate buffer at pH 6 in a glass reactor similar to that described by Furusawa 
and Smith (1973). High pressure tests were performed in a stainless steel 
autoclave. The hydrogen pressure was varied between 0.1 bar and 5 
bar. 

The reactants were analysed by LC with a Perkin-Elmer Ion X SA, An- 
ionic Ion Exchanger. The mobile phase was 0.2 M phosphate buffer at pH 
6. Only nitro- and aminobenzoic acids were observed. 

The hydrogen concentration in the solution was measured with a 
membrane electrode (Anderson and Rerglin, 1981). 

The potential of the catalyst was measured by introducing a silver rod 
into the solution. The catalyst particles then collide with the rod and transfer 
their potentials, which were measured with a calomel electrode as a ref- 
erence. 

Polarization measurements in the mechanistic study were performed 
with a PAR 174 polarograph. The working electrode was a fixed 1 cm2 
Pt-foil. The counterelectrode was a 10 cm2 Pt-foil and a calomel electrode 
was used as a reference. All measurements were performed in 0.2 M 
phosphate buffer pH 6. Heavy agitation (3,000 rpm) was maintained in 
order to minimize the mass transfer resistance. No polarization measure- 
ments were performed on palladium due to the high solubility of hydrogen 
in this metal, which makes it difficult to evaluate the results. 

RESULTS 

Catalyst Characterization 

Cumulative pore volume and surface area as a function of pore 
size are shown in Figure 1. BET area and pore volume data are 
presented in Table 1. 

The size distribution of the catalyst used for the kinetic experi- 
ments fitted very well to a straight line in a log-normal distribution 
plot, as can be seen for 1% Pt/C in Fig. 2. The other catalysts have 
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TABLE 1. PROPERTIES OF THE CATALYST SUPPORT 

Mean Pore 
Surface Area Diameter 

m 2 / k  Porosity nm 

8.105 0.62 3.5 

similar distributions. These results and the results from the metal 
surface area measurements are given in Table 2. 

Kinetic and Mass Transport Measurements 

The mass transport resistance must be taken care of in order to 
obtain the true parameters in the rate equation. 

Since the hydrogen concentration in the bulk solution was 
measured directly by the membrane electrode, the analysis of the 
experiments was not influenced by the mass transport step in the 
gas-liquid interphase. At 50°C kL a was measured independently 
(Andersson, 1981) and found to be 0.44 s-l  at 1,400 rpm in the 
actual laboratory reactor. This result agrees well with the results 
obtained from concentration measurement during the kinetic ex- 
periments. 

For liquid-solid mass transfer the Sherwood number was as- 
sumed to be Sh = 3. This value is lower than other reported values 
for carbon suspensions. Other authors [8] most often give the value 
Sh = 4. It should be noted, however, that much smaller particles 
are used in the present investigation, which may explain the lower 
value chosen here. Bulk diffusivity was determined using the 
Taylor dispersion method (Anderson and Berglin, 1981b). The 
diffusivity of hydrogen in this solution was found to be 

D H ~  = 4.4~10-~  exp 1392 -- - mz/s [ { 2 k  ;)] 
The intraparticle mass transfer resistance could be calculated 

from Eq. 5 since the reaction order with respect to hydrogen con- 
centration was found to be close to unity. Effective diffusivity of 
hydrogen in water filled carbon catalyst was determined at 50°C 
to be 7.4.10-'0 m2/s (Andersson, 1977). We assume the same 

'"I 
1 I 
- 6.5 - 6.0 -5.5 

log d, 
Fig. 2 Log-normal particle size distribution. 
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TABLE 2. PROPERTIES OF THE CATALYST 

dgm Metal 
Catalyst um ap Dispersion 

1% Pt/C 0.71 0.38 0.31 
1% Pd/C 1.22 0.42 0.23 
3% Pd/C 1.02 0.44 0.38 
5% Pd/C 1.42 0.48 0.22 

temperature dependance for effektive diffusivity as for bulk dif- 
fusivity. With Eqs. 2, 3, 4, 5 and 8 the parameters in Eq. 3 was 
obtained from experimental data using non-linear least squares 
regression. The result is presented in Table 3. The limits given are 
approximative 95% confidence intervals. 

The activation energy E,  is corrected for the changes in the 
solubility of hydrogen and in the partial pressure of water with 
temperature. Since we compensate for mass transfer in the re- 
gression, the true reaction orders and activation energy were ob- 
tained. 

The results were divided into two parts, one for the fraction of 
catalyst with small crushed particles and one for larger size parti- 
cles. The first fraction of particles is here called the kinetic fraction, 
since it was used in the kinetic experiments. All experiments were 
performed with a catalyst load of 50 mg/L for 5% Pd/C and 100 
mg/L for the other catalysts. 

The mass transfer resistance in the gas-liquid interphase was 
calculated directly from the membrane electrode measurements 
of the hydrogen concentration in the bulk liquid (cb).  The con- 
centration of saturated solution (pH,/He) was measured in a similar 
way in a solution without the catalyst. From Table 4, column 5, it 
is seen that the mass transfer resistance in the liquid-gas interface 
is small in most experiments. 

The liquid-catalyst mass transfer was estimated from the as- 
sumption that the Sherwood number was Sh = 3 for the kinetic 
fraction of the catalyst and Sh = 4 for the large particles. As may 
be seen from Table 4, the mass transfer resistance near the catalyst 
external surface is very small for the kinetic fraction of the catalyst. 
Liquid-solid m a s  transport has only an effect for larger particles. 
The assumption Sh = 3 is consequently not a critical one. 

In order to calculate the effectiveness factor q, the distribution 
of the particle size of the slurry must be considered, since the Thiele 
modulus is a function of the particle size. From the mean particle 
size and its distribution it is possible to calculate a corrected Thiele 
modulus from Eqs. 6 9 .  The geometric mean Thiele modulus dgm 
and the corrected Thiele modulus 4 are given in Table 4. Using the 
corrected Thiele modulus it is now possible to calculate the effec- 
tiveness factor q from Eq. 5. As seen from Table 4, q is close to unity 
for 1% Pd/C and 1% Pt/C of the kinetic fraction of the catalyst. 
It is obvious from this result that these catalysts may be used to 
further investigate the reaction mechanism. On the other hand, 
the effectiveness factor for the 5% Pd/C catalyst was rather low 
(q = 0.77), which is explained by the fact that the amount of active 
metal is very high. It is interesting to note that the activation energy 
(Table 3) was the same for 5% Pd/C and 1% Pd/C, which shows 
that the kinetic data was corrected for the mass transfer influence 
in a proper way. It also indicates that the same rate determining 
step is operating for both catalysts. Also 3% Pd/C gives the same 
reaction rulejactive surface which indicates that the reaction is 
structure insensitive. 

The calculation of q was checked using the assumption that there 
were no pore transport limitations in the experiments with the first 
catalyst in Table 4. The measured effectiveness catalyst qmeas can 
be evaluated by comparing the reaction at the same concentration 
of hydrogen at the surface of the catalyst. It is seen from Table 4 
that q agrees very well with qmeas, which indicates that q may be 
correctly calculated from Eq. 5 and that Deff is properly deter- 
mined. 

Mechanism of the Chemical Reaction 

Wagner (1970) outlined some methods to study the mechanism 
of hydrogenation in the presence of the noble metal catalysts. Some 
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TABLE 3. RESULTS OF THE KINETIC MEASUREMENTS 

k, lo-’ 
Catalyst (50°C) 

A*10-’ 
S-‘  Ly P 

1% Pt/C 1.0 

3% Pd/C 12 
5% Pd/C 11 

1% Pd/C 2.5 
- 

1.65 f 0.84 

8.72 f 5.1 
- 

of his suggestions are applied to the hydrogenation of nitrobenzoic 
acid below. 

Consider the reaction sequence 

and 

RNOz(ad) + 6H+ + 6e- - RNHZ(ad) + 2Hz0 

RNOz(ad) + 6H(ad) + RNHZ(ad) + 2Hz0 

(6a’) 

(6b’) 

RNHz(ad)- RNHp(aq) (7’) 

In order to differentiate between mechanisms 6a’ and 6b’ one may 
firstly investigate the rate of the overall reaction: 

RNO2 + 3Hz ---* RNHz + 2Hz0 (8’) 

as a function of the concentration of reactants. Secondly, one may 
measure the steady state catalyst potential and the steady state 
hydrogen atom activity as a function of the concentration of 
reactants. Thirdly, one may investigate the polarization charac- 
teristics of the noble metal electrode. 

Potential Measurements 

The equilibrium potentials Ek, and E k  correspond to the reac- 
tions 

Hz(g) F* 2H+(aq) + 2e- 

and 

2H20 + RNHz(aq) * RNOz(aq) + GH+(aq) + 6e- 

The corresponding potentials are given by Nernst’s law 

and 
RT {RNOz){H+)6 
6F {RNHz) ’ 

E&=E:+-ln  

respectively. 
The steady-state potential E,, is the potential obtained on the 

catalyst when reaction 8‘ proceeds. This reaction is not in equi- 

- 1 . 1 1  f 0.11 0.02 f 0.02 
35.9 f 4.2 1.04 f 0.06 0.01 f 0.01 
- 0.98 f 0.11 0.04 f 0.06 

36.4 f 5.1 0.94 f 0.11 0.04 f 0.02 

librium and Nernst’s law cannot be applied. However, step ( E q .  
4’) in this reaction sequence is fast and considered in equilibrium. 
Nernst’s law can thus be applied to that step giving: 

The activity of adsorbed hydrogen can be calculated from 

Figure 3 shows E, ,  - E k ,  and E ,  - EL, during a normal hy- 
drogenation. The change in Gibbs’ energy of the overall reaction 
may be written 

(14) 

Since AG must be negative, we have E,q > E L .  The change in 

(15) 

AG = -6F(E, - E,) 

AG1-4 = -6F(Est - E,) 

Gibbs’ energy for the first four steps (Eqs. 1’-4’) is given by 

and for the remaining steps 

AG5-7 = -6F(E,, - E , t )  (16) 

The steady-state potential E,, can consequently indicate in which 
part of the reaction sequence the rate determining step (rds) is to 
be found. Since all equations including RNOz and RNHz will be 
simplified if {RNOZ] = {RNHZ], the following discussion concerns 
50% conversion. In Figure 3,50% conversion is obtained after about 
1,OOO s of reaction. At 50% conversion we obtain from Eqs. 14 and 
15 and Figure 3: 

AC1-4 = 179.5 kJ/mol RNOz 

and 

AG5-7 = 98.4 kJ/mol RNOz 

Since AC1-4 and AG5-7 are large, we may conclude that both the 
reaction sequence 1-4 and the reaction sequence 5-7 are far from 
being in equilibrium. 

The mass transport step of hydrogen is step (1’). A change in mass 
transport of hydrogen will consequently affect Est .  For 1% Pd/C 
and 1% Pt/C practically no change in catalyst potential was ob- 
tained when the impeller speed varied between 1,000 rpm and 
2,000 rpm. For 5% Pd/C a somewhat larger effect was noticed. 
This is probably due to a change in kLa with impeller speed and 
is in good agreement with the result in Table 4. 

A linear relationship was obtained between the steady state 
catalyst potential and the logarithm of hydrogen pressure at 50% 
conversion (Figure 4). Since we have a first order dependence of 
hydrogen concentration of reaction rate, there is also a linear de- 

TABLE 4. MASS TRANSPORT RESISTANCES A T  50°C 

Reaction 
Sieve Rate ( 7 )  

Fraction d ,  mol H2/ 
Catalyst Pm Ccm s kg cat. 

1% Pd/C kinetic 1.22 0.217 
1% Pd/C 32-40 34 0.0408 
1% Pd/C 40-50 42 0.0309 
1% Pd/C 50-72 55 0.0177 
5% Pd/C kinetic 1.42 0.729 
1 %  PtIC kinetic 0.78 0.0906 

C& c. 
PH* cb @gm 9 1 Vmeas. 

0.91 0.96 0.31 0.71 0.97 1 
0.98 0.69 9.93 10.51 0.26 0.27 
0.98 0.65 12.27 12.85 0.22 0.22 
1.00 0.65 16.07 18.12 0.16 0.13 
0.87 0.95 0.89 2.27 0.77 - 

0.96 0.99 0.14 0.26 0.99 - 
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Fig. 3 Catalyst potential as a function of time during a normal hydrogenation 
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pendence between ESt and the logarithm of reaction rate. This 
relationship may be written 

r = k exp -- (Est - EG)] [ ,u; (17) 

Equation 17 can be used to study the mechanism of the steps 
(5')-(7'). The charge transfer coefficient a shows how sensitive the 
reaction rate is to a variation in the catalyst potential. A high value 
of the coefficient is obtained when electrochemical charge transfer 
steps are slow, while a low value is obtained when nonelectroche- 
mica1 steps are slow. From Figure 4 the charge transfer coefficient 
from 1% Pt/C was found to be a = 0.35. This is neither a high nor 
a low value from a mechanistic point of view, so the rate deter- 
mining step for the sequence (S)-(7') is probably a combination 
of electrochemical (charge transfer) and non electrochemical 
steps. 

Polarization Measurements 

Further information concerning the reaction mechanism may 
be obtained from polarization measurements. Polarization curves 
for hydrogen, nitrobenzoic acid and for nitrobenzoic acid in the 
presence of hydrogen were determined (Figure 5). 

Moreover, the polarization measurements were performed in 
solutions with equal concentrations of nitrobenzoic acid and ami- 
nobenzoic acid, i.e., at 50% conversion. The polarization curve for 
hydrogen is assumed to fit Eq. 12. 

N 

E 
4 
. 
.- 

x 

In 
0 
-0 

c 

c .- 

c 

z 
3 
V 

I 
0 0.25 0.50 

E-E;, , V 

Fig. 5 Polarization curves for hydrogen at 1 bar, 0.1 M nitrobenzolc acid, and 
0.1 M aminobenzoic acid In the presence of hydrogen at 1 bar. 

i = k l C H p ( l  - OH)' - k-10; (18) 

The polarization curve levels out for E - Ek, = 0.25V, i.e., when 
the fraction of hydrogen (OH) approaches zero. The rate deter- 
mining step is obviously the dissociation of hydrogen. 

The current in the electrochemical reduction of nitrobenzoic 
acid, Figure 5, fits the equation 

with a = 0.33, which is very close to the charge transfer coefficient 
a = 0.35 obtained from hydrogen pressure variations, as found 
above. The rate constant kz is almost constant for C R N O ~  > 10 mM, 
but is gradually smaller for lower concentrations. 

At ESt the rate of production of electrons must be equal to the 
rate of consumption of electrons. Assuming that the function of the 
catalysts not covered by nitrobenzoic acid or reaction intermediates 
of nitrobenzoic acid, is available for hydrogen dissociation we can 
write 

From this equation we can calculate 0 ~ ~ 0 ~ .  
Wagner (1970) concluded that if ~ R N O ~  = 6 F times the rate of 

hydrogenation/active surface area, an electrochemical mechanism 
prevails. This is unfortunately not valid for platinum, since the 
reverse of reaction (4') is rapid. Hydrogen atoms may be formed 
in that reaction and react further with nitrobenzoic acid. Still, it 
is of interest to note that 6 Fr  = 2.0 A/m2. Polarographic reduction 
and hydrogenation gives the same reaction rate at the same po- 
tential. 

0.251 

NOTATION 

a 
Cb 

= gas-liquid specific interface area, mz/m3 
= bulk concentration of hydrogen, m0l/m3 

TABLE 5. RESULTS OF POLARIZATION EXPERIMENTS 4 T  STEADY 
STATE 

0.5 1.0 1.5 2.0 
Hydrogen pressure, bar 

Fig. 4 The steady-state catalyst potential as a function of hydrogen 
pressure 

~ 

1 0  1 0 297 10 8 9  0 53 
1 0  10 0 311 10 1 4  0 88 
1 0  50 0 309 10 2 2  0 82 
1 0  100 0 307 10 1 6  0 86 

All experiments are performed at CRN- = CRNH, 
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= concentration of hydrogen in the liquid-solid interface, 

= effective diffusivity, mz/s 
= geometric mean particle diameter (number basis), m 
= activation energy, kJ/mol 
= activation energy of diffusion, kJ/mol 
= electrochemical potential, V 
= Faraday’s constant, As/mol 
= Henry’s constant, bar-m3/mol 
= current density, A/m2 
= rate constant, (pm3 catalyst)-’ 
= catalyst loading, m3/m3 
= rate of mass transfer, mol/s-m2 
= number of logarithmic standard deviations from the 

mean corresponding to a lower and an upper particle 
size limit, respectively 

mol/m3 

= aminobenzoic acid 
= nitrobenzoic acid 
= liquid-catalyst specific external surface area, m2/m3 
= charge transfer coefficient 
= effectiveness factor 
= fractional coverage of hydrogen 
= fractional coverage of nitrobenzoic acid and reaction 

= standard deviation of the log-normal particle size dis- 

= Thiele modulus (Eqs. 10-13) 
= Thiele modulus corresponding to particle of size dgm 

intermediates of nitrobenzoic acid 

tribution 
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R&D NOTES 

Laminar Free Convection with Suction or Blowing Along a Vertical 
Surface 

In the past, the effects of suction or blowing on laminar free 
convection flow over a vertical porous plate have been the subject 
of several investigations. Eichhorn (1960) investigated the partic- 
ular distributions of surface temperature and transpiration rates 
which lead to similarity solutions of the laminar boundary-layer 
equations. Corresponding to a wall temperature with power law 
distribution, it was found that similarity solutions were possible only 
when the blowing velocity V, N X ( ” - ’ ) / ~ .  Sparrow and Cess (1961) 
had presented an approximate series solution for the case of uni- 
form transpiration and wall temperature. These authors also pro- 
vided a transformation to be used when both wall temperature and 
transpiration velocities vary with different powers of X .  More re- 
cently, numerical solutions for the case of constant wall tempera- 
ture and transpiration rate had been obtained by Merkin (1972), 
Clarke (1973), and Parikh et al (1974). Kao (1976) had solved the 
same problem using Sparrows’ two-equation local non-similar 
method. The more general problem of laminar free convection 
with arbitrarily prescribed transpiration rate will be investigated 
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here using the strained co-ordinates technique of Kao, Domoto and 
Elrod (1977). 

ANALYSIS 

As a starting point, the set of conservation equations governing 
laminar free convection adjacent to a vertical wall will be trans- 
formed into the following: 
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