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Liquid-Phase Catalytic Hydrogenation of Unsaturated Compounds:
A New View on the Causes of the Zero Order of the Reaction
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The hydrogenation of maleic acid has been studied as a model hydrogenation of unsaturated
double-bond compounds in agueous and alcoholic 1 M H,SO, solutions. The curves of hydrogena-
tion uptake time and catalyst potential time show that as the reaction proceeds the degree of
surface coverage by the organic substance decreases with the logarithm of its bulk concentration.
The kinetic equation derived for the reaction indicates that the decrease in the surface coverage is
offset by a change in the catalyst potential or in the chemical potential of adsorbed hydrogen,
resulting in a constant hydrogenation rate and zero-order reaction with respect to the unsaturated

compound. © 1990 Academic Press, Inc.

INTRODUCTION

The liquid-phase hydrogenation of unsat-
urated compounds has been studied by
many workers, and many relationships
have been proposed to describe the reac-
tion kinetics (/-3). The simplest and most
widely used kinetic equation is that of the
Langmuir-Hinshelwood type (¢), with the
hydrogenation rate expressed as (5)

—(V/WS)(daA/dt) =ry= kAKAaAKHaH/
(1 + KAaA + KHaH + Kpap + Ksag), (1)

where V is the volume of liquid reaction
mixture, W is the catalyst mass, S is the
catalyst specific surface area, ¢ is the time,
da, dap, ay, and ag are the activities of the
unsaturated compound, product, hydrogen,
and solvent, respectively, K, Kp, Ky, and
K are the adsorption coefficients of the re-
spective components, and k, is the rate
constant. Concentrations rather than activi-
ties are used when ideal behavior of the re-
action mixture is assumed.
Assuming that

KACA > (1 + KPCP + KHCH + KsCS), (2)

the kinetic equation (1) can apparently be
simplified to a zero-order equation with re-
spect to the concentration, c,, of the com-

pound hydrogenated. The solvent concen-
tration, cg, is usually substantially greater
than c,, and the product concentration, cp,
during the hydrogenation is comparable
with ¢, . Hence, in order for condition (2) to
be satisfied, it is necessary that the adsorp-
tion coefficients K and Kp be much smaller
than K, (Kg, Kp < K,). In view of the lower
adsorbabilities of saturated compounds and
the solvents commonly used (alcohols, sat-
urated hydrocarbons, etc.) (6), we may as-
sume that this condition can be fulfilled.
Some difficulties are encountered with the
term Kycy. The concentration of dissolved
hydrogen in the solvents used is small, be-
cause of its low solubility. By increasing
the hydrogen pressure, the concentration of
dissolved hydrogen can be enhanced by up
to two orders of magnitude, with a propor-
tionate increase in the term Kycy. How-
ever, even under these conditions the hy-
drogenation remains a zero-order reaction
with respect to the compound hydrogen-
ated. Since in the usual hydrogenation sys-
tems it is not possible to measure simul-
taneously the hydrogen adsorption and
consequently the value of the hydrogen ad-
sorption coefficient is not available, it is as-
sumed that Ky is also substantially smaller
than the adsorption coefficient of the unsat-
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urated compound, Ky < K4, and hence
Kycy <€ Kacs. However, a number of stud-
ies (see, for example, Refs. (6, 7)) have
indicated that under hydrogenation con-
ditions the degrees of coverage of, for in-
stance, a platinum surface by unsaturated
compounds and by hydrogen are compara-
ble. Apparently, the hydrogenation of un-
saturated compounds in this medium
should not occur as a zero-order reaction,
because condition (2) is not fulfilled. Never-
theless, a number of studies (for example,
Ref. (8)) have demonstrated that the oppo-
site is true for many unsaturated com-
pounds in the medium of an aqueous solu-
tion of sulfuric acid.

If condition (2) is satisfied, then Eq. (1)
simplifies to

rn = kaKycy. 3)

When hydrogenation under constant hydro-
gen pressure is carried out in the presence
of, say, a platinum catalyst in an excess of
solvent, the concentration of dissolved hy-
drogen remains constant. Under these con-
ditions, the term Ky cg is also constant and
we obtain an equation for zero-order reac-
tion. During hydrogenation in the medium
of a conducting electrolyte such as sulfuric
acid solution, changes in the activity of ad-
sorbed hydrogen ay .4 can be easily deter-
mined by measuring the potential of the cat-
alyst on which the hydrogenation occurs,
as on the platinum surface the reaction
(H.q = H™ + e) proceeds relatively fast and
equilibrium between adsorbed hydrogen
and H™ ions is attained rapidly. The rela-
tion between the activity of adsorbed hy-
drogen and the potential E is governed by
the Nernst equation

E = E°+ (RT/F) In(ay- - afia/al * ap ).
“4)

At constant pH, the change in the electrode
potential is governed by the change in the
activity of adsorbed hydrogen:

AE = (RT/F) In aiy .4/ a1 aa. 5
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As the activity of adsorbed hydrogen is re-
lated to the activity of dissolved hydrogen,
which in the course of the hydrogenation
remains constant, it is necessary for the ac-
tivity of adsorbed hydrogen to be also con-
stant, i.e., af.q = a4, and consequently
for the reaction to be of zero order it is also
necessary that AE = Q.

The aim of the present work was to verify
whether AE is indeed zero in the range
where the hydrogenation occurs as a zero
order reaction and also to try to explain
why the reaction is of zero order even un-
der experimental conditions where inequal-
ity (2) is not satisfied.

EXPERIMENTAL

Various kinds of platinum black, pre-
pared by reduction of chloroplatinic (IV)
acid by formaldehyde or sodium borohy-
dride, were used as catalysts. Samples of
low surface areas were obtained by anneal-
ing the originally prepared catalysts at
900°C for various times. In this way, cata-
lysts with surface areas ranging from 2.9 to
28.6 m?/g were obtained. The hydrogena-
tion was carried out in the medium of 1 M
H,SO, in aqueous or 50% methanol solu-
tion. The sulfuric acid solutions wer pre-
pared by mixing concentrated H,SO, with
distilled water or with analytical grade
methanol. Analytical grade maleic acid
purified by crystallization was used as the
model hydrogenation compound and the re-
action was carried out using electrlytic hy-
drogen taken from a cylinder. The hydroge-
nation rate was measured by means of an
apparatus described elsewhere (9), which
permitted continuous automatic recording
of hydrogen consumption and catalyst po-
tential.

RESULTS AND DISCUSSION

Figure 1 shows a typical hydrogenation
curve of hydrogen consumption versus
time and a simultaneously recorded curve
of the catalyst suspension potential as a
function of time. With the exception of the
cases described below, such dependences
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Fic. 1. Hydrogenation of maleic acid, initial concen-
tration ¢ = 0.029 M, 1 M H,SO,, Pt black with Sp =
12.2 m*/g. (a) Dependence of hydrogen consumption
on time; (b) variation in potential with time.

are obtained for all catalysts with different
specific surface areas, in both the aqueous
and methanolic media. From the measured
dependence of hydrogen consumption on
time, data for the suspension potential and
hydrogenation rate as a function of the log-
arithm of maleic acid concentration have
been calculated. As seen in Fig. 2, the E —
In ¢, plot is linear over as much as two
orders of magnitude in maleic acid concen-
tration. The values of dE/d In ¢, vary from
0.02 to 0.050 V/decade. Within the linear
portion of the E — In ¢, plot, the hydroge-
nation rate is, in most cases, also indepen-
dent of the concentration and the hydroge-
nation occurs as a zero-order reaction.
With catalysts having lower surface ar-
eas, under otherwise the same conditions,
the hydrogenation may no longer proceed
as a zero-order reaction. This is illustrated
in Fig. 3, which shows the behavior of a
platinum black catalyst with a small specific
surface area, Sp, = 2.9 m?/g. For the ratio of
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maleic acid concentration in solution to the
total catalyst surface area in the reaction
mixture R = 5 X 1078 mol/cm’, the hydro-
genation is zero order, with a linear varia-
tion in E as a function of In ¢, . At higher R
or in repeated hydrogenation using this
low-surface-area catalyst at the same ratio,
the catalyst becomes poisoned, and the hy-
drogenation rate diminishes with time and
consequently with decreasing concentra-
tion of maleic acid. In this case, the E —
In ¢, plot is no longer linear, the rapid de-
crease in the hydrogenation rate being par-
alleled by a rapid decrease in E. The above
critical value of R applies approximately
also to catalysts with higher specific surface
areas. For example, with platinum black
having a specific surface area of 12.0 m?/g
and a solution with the initial concentration
ca = 0.1 M, in which rapid poisoning oc-
curs for a catalyst with Sp, = 2.9 m?/g, the
hydrogenation proceeds in the usual man-
ner as a zero-order reaction. It is not until
the initial concentration is increase to ¢, =
0.24 M at R = 1.0 X 1077 mol/cm’ that a
gradual catalyst poisoning occurs and the
hydrogenation rate diminishes continu-
ously with time.

The results displayed in Figs. 1 to 3 and
confirmed by a large number of additional
measurements, as well as some results pub-
lished in the literature (§), demonstrate un-
ambiguously that the catalyst potential E
changes by even more than 50 mV during
hydrogenation in the region of constant r},.
Accordingly, the activity of hydrogen ad-
sorbed on the catalyst surface changes by
as much as an order of magnitude. Thus it is
clear that Eq. (3), which formally accounts
well for the experimental data, does not sat-
isfy its underlying physical assumptions.

An equation for zero-order hydrogena-
tion with respect to the concentration of un-
saturated compound which satisfics the
physical assumptions can be derived on the
basis of the concepts and results of Vassi-
liev et al. (7) for the electrochemical reduc-
tion of unsaturated compounds. If we con-
sider the hydrogenation as a process in
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FiG. 2. Potential (O, @) and hydrogenation rate (C1, H) as a function of maleic acid concentration.
Initial concentrations ¢4 = 0.026 M (@, W) and ¢ = 0.091 M (O, 0), 1 M H,SO,, Pt black with Sp, =

12.2 m?/g.

which the rate-determining elementary step
is the reaction between the adsorbed unsat-
urated compound and hydrogen, then the
hydrogenation rate may be expressed as

rn = kBuba exp(—BAQ), (6)

where 0y and 64 are the degrees of catalyst
surface coverage by hydrogen and the reac-
tant, respectively, 8 is a coefficient (7), and
the term AQ is the activation energy for the
reaction, which includes the effect of the
adsorption energies of both the chemi-
sorbed species. For AQ we can write

AQ = AQ% + AQY% — gubu — gaba, (D)

where the coefficients gy and g4 include the
mutual interactions of the chemisorbed spe-

cies. Equation (6) may now be written in
the form

rp = k'Ouba €Xp B(gHOH + gaba). (B)

For the chemical potential of adsorbed hy-
drogen at an intermediate coverage with ad-
sorbed species of the organic compound
present on the surface, we can write (10),
taking into account the mutual interactions
of the chemisorbed species,

pu = RT(fubu + fa0s) + ph.  9)

In a medium involving hydrogen ions, the
adsorbed hydrogen is in equilibrium with
the ions, so that

fHOH = q — EF/RT —fABA. (10)



HYDROGENATION OF UNSATURATED COMPOUNDS

353

E (mV)

a
(@]

(¢} ’ ‘;(;-0—-
/ B
o—ooofio 1 -
Y 1=
J %
[
d #-2
.
&
&
_l/.’/
5 4 -3
In c, (M)

FiG. 3. Potential (O, @) and hydrogenation rate ((I, B) as a function of maleic acid concentration.
Initial concentrations ¢ = 0.026 M, R = 4.55 X 10-8 mol/cm® (O, [0) and ¢ = 0.103 M, R = 1.77 X
1077 mol/cm® (@, W), 1 M H,SO,, Pt black with Sp, = 2.9 m?/g.

Combining Egs. (8) and (10), we obtain

rh = k"0ub, exp(—BguEF/RT + Bgify),
(11)

where k" = k' exp Bgualfu, gu = gu/fu,
and g4 = ga — gufa. In hydrogenation of
an unsaturated compound at a potential of
about 0.05 V (versus an equilibrium hydro-
gen electrode in the same medium), the sur-
face coverage by the adsorbed compound
and hydrogen is intermediate, so that the
preexponential term is negligible with re-
spect to the magnitude of the exponential
term and can be omitted (6, 7). Thus Eq.
(11) can be rewritten as

rn = k" exp(BguEF/RT).  (12)

It has been established (11, 12) that the vari-
ation in the adsorption of an organic com-

pound with its concentration in solution can
be described by the TemKin isotherm

0a = ax + (1/f) In ¢y, (13)

where a, is a constant, and f is a factor
related to the surface heterogeneity. How-
ever, the degree of surface coverage by ad-
sorbed organic compound depends on the
potential, especially in the potential region
where hydrogen can be adsorbed simulta-
neously, so that Eq. (13) only holds for a
constant value of the potential. Based on
experimental values for #, and 64 (7) on
platinum black, the dependence of 5 on c,
and E at potentials E =< 0.2 V can be ex-
pressed by the approximate empirical rela-
tionship

0A = ap + kE(E - EO) + (1/f) In CA. (14)
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Combining Egs. (14) and (12), we obtain for
the hydrogenation rate

Inry = ky + (Bga/f) In cy — ByE, (15)

where ky, = In k" + Bghay — BgakeE®, and
v = guF/RT — kggy. Equation (15) indi-
cates that the condition for the hydrogena-
tion to proceed as a zero-order reaction is
that dE/(d In c4) = constant in the region of
constant r,. The experimentally deter-
mined dependences represented in Figs. 2
and 3 demonstrate that this condition is ful-
filled. Equation (15) also indicates that the
hydrogenation rate should decrease with
decreasing concentration of unsaturated
compound and the corresponding reduction
in 6,. The decrease in the hydrogenation
rate is, however, offset by an acceleration
of the reaction rate due to a shift of the
catalyst potential in the negative direction.

Relationships similar to Egs. (14) and
(15) can be derived on the basis of the hy-
drogenation model proposed by Horiuti and
Polanyi (13), according to which hydrogen
adsorbed on the catalyst surface by a dis-
proportionation reaction reacts with the ad-
sorbed unsaturated compound:

H2,g —> H2,s + M- 2Had (A)
A+ M— Ay (B)
Aad + Had - AHad- (C)

The semihydrogenated species AH,q then
reacts with another adsorbed hydrogen to
yield the final product

AHad + Had i AHZ (D)

In the presence of H' ions, the following
equilibrium is set up in the reaction me-
dium:

Hygy=H" + e. (E)

The adsorption rate of the unsaturated
compound can be described by the Ro-
ginsky—Zeldovich equation (11, 12)

75 = kpca exp(—aafa). (16)
In the steady state, we have
}’c:rDer:;')B—;B. (17)
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If the adsorbed compound is removed from
the surface at a sufficient rate, then 75 > 7p,
and the adsorption rate equals the hydroge-
nation rate, for example, rc. The reaction
rate rc can be expressed by

rc = rp = K"0,0y exp B(gaba + gubn),

which is Eq. (8).
On the basis of Eq. (16), we can write

kgca exp(—aafa)
= k"0a0u exp(gaba + gubu). (18)

For the equilibrium of reaction E, we have

Ou/(1 = 61) exp(faba + fubn)

= constant cy- exp(—EF/RT). (19)

Neglecting the preexponential term in Eq.
(19), we obtain the above Eq. (10). If the
species involved in equilibrium (E) are the
same as those taking part in reaction (C),
then the respective coefficients f and g
should be identical (I4). Under these condi-
tions, however, we cannot arrive at Eqgs.
(14) and (15). If, on the other hand, the re-
action involves the formation of a surface
complex (14), or if we invoke the concept of
catalytic domains (15), i.e., areas of imme-
diately adjacent species A,q and H,q and is-
lands comprising species of one kind only,
then gy # fy and g4 # fa. The experimental
results only conform to the latter concept,
so we can assume that this model is real.
Combining Eqs. (18) and (10) and neglect-
ing the preexponential terms 6,4 and 6y, we
obtain

6s = ax + (1/f) In cs + (gu/f)EF/RT,
(20)

where ay = (1/f) In kg/k’ and f = gr + as.
This relationship is equivalent to Eq. (14).
Substitution of this expression into Eq. (12)
for the hydrogenation rate ry, leads to a rela-
tionship equivalent to Eq. (15). (The same
results are obtained for rc > rp).

The derivative of Eq. (20) leads to a
fundamental conclusion. The adsorption
isotherm described by Eq. (20) does not
represent a conventional thermodynamic
equilibrium between 6, and cs, but a
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steady-state value of 6, attained when the
rate of adsorption equals the rate of hydro-
genation. Such a steady-state adsorption
isotherm, formally identical with the
Temkin equilibrium adsorption isotherm,
has been derived and considered by Biegler
and Koch (16) for the electrochemical oxi-
dation of methanol on a platinum electrode.

The concept of a steady-state value of 6,
immediately suggests an explanation for the
fact that in systems with high R the hydro-
genation does not occur as a zero-order re-
action, but instead the hydrogenation rate
decreases markedly with time. Apparently,
the reason for this is that in a reaction mix-
ture with a high concentration of unsatu-
rated compound, the balance between the
adsorption and hydrogenation rates is dis-
rupted, with the result that the unreacted
unsaturated compound A accumulates on
the catalyst surface, blocking increasingly
larger surface area of the catalyst.

When no H” ions are present in the reac-
tion medium, as is the case with nonpolar
solvents, one cannot speak of the electro-
chemical potential, since no equilibrium be-
tween H* and H,q is set up on the catalyst
surface. Nevertheless, as implied by Eq.
(9), the chemical potential of adsorbed hy-
drogen is influenced by the adsorbed un-
saturated compound. Thus, as the concen-
tration c, decreases, the corresponding
change in the chemical potential instead of
an electrochemical potential change accel-
erates the hydrogenation reaction. How-
ever, those changes cannot be measured
experimentally.
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