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Kinetics of Activated Chemisorption: Hydrogen on Scandium Oxide
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The integral chemisorption kinetics of hydrogen on scandium oxide fits well the integrated
Elovich equation. #, values from Z(z) curves (Aharoni and Ungarish’s method) agree with those
obtained from g vs log(t + #,) plots. The effects of pressure, temperature, and state of the surface
have been studied. The adsorption is activated, with E, = 83 + 6 kI mol™!, @ = 67 = 5 kJ mol~! for
0 = 0.37. The remaining OH groups strongly influence both the initial rate and the adsorbed
amount. Equilibrium adsorption follows the model of Freundlich.

INTRODUCTION

The Langmuir-Hinshelwood model as-
sumes a rather idealized situation, in which
the reaction proceeds on a homogeneous
surface. Simple equations are obtained
(7, 2), which fairly fit integral kinetic data
in a wide interval of temperatures and pres-
sure. However, many Kkinetic and equilib-
rium data of chemisorption, specially those
of Taylor’s school, show that most surfaces
are heterogeneous: @ decreases, and E,
increases, with increasing 6. Kinetic data
are often fitted to Elovich’s equation (3),
specially in the slower segments. Crick-
more and Wojciechowski (4) claim for a
consistent set of kinetic equations for ad-
sorption and desorption, and, therefore, for
the equilibrium situation.

Gundry and Tompkins (5) and Weinberg
and co-workers (6) have pointed out that a
precursor state leads to potential kinetic
equations that lead, in the equilibrium, to
Freundlich’s isotherm (4). Following this
line, Aharoni and Ungarish (7) assume a
pre-Elovichian state to explain the failure
of Elovich’s equation to adequately de-
scribe the initial adsorption rate.

We have selected scandia as adsorbent,
as it is a typical insulator oxide whose
surface is relatively stable and easy to
reproduce. The chemisorption kinetics of
hydrogen and the influence of temperature,
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pressure, and hydroxylation of the adsor-
bent have been studied. Fitting of the
results to an integrated Elovich equation
has produced #, values in agreement with
those calculated from Z(t) curves (see be-
low).

The H,/Sc,0; isobar corresponds to an
activated system (8), with a maximum at
about 648 K and two descending branches,
one from 77 to 373 K, corresponding to a
weak adsorption, and another one at tem-
peratures higher than 648 K, corresponding
to a moderately strong chemisorption. At
these higher temperatures the isotherms
correspond to type I of the BDDT system
(9), and fit Freundlich’s equation, with Q =
68.1 kJ mol™! at 9 = 0.37. Q decreases
exponentially with increasing 4, and the
adsorption entropy is in excellent agree-
ment with an immobile model. Infrared
spectroscopy shows bands in the OH
stretching region.

THE FUNCTION Z(#)
The differential Elovich equation is:

dq/dt = a- e (1)
which gives on integration:
g =(1/b)In (ab) + (1/b) In (z + ¢t,), (2)

where g is the amount adsorbed at time ¢,
and a, b, and ¢, are constants. If adsorption
only obeys Eq. (1) from the beginning, then
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g = 0 at ¢t = 0, and therefore:
ty = l/(ab). (3)

Equation (3) is rarely obeyed in practice.
Therefore, a pre-Elovichian adsorption has
been postulated (/0), with the ¢, value that
produces a linear g vs In (¢ + t,) plot. This
assumes that ¢ # 0 at ¢t = 0, which corre-
sponds to:

1

to = __.eb(IO
0 ab ’

4

a f, value higher than that from Eq. (3), as b
and q, are always =0.

Aharoni and Ungarish (7) have devel-
oped a simple method to obtain ¢, from
experimental data without any assumption
on the pre-Elovichian process. Equation (1)
can be rewritten as:

t+ ty= Z()/b, &)

where Z(f) = (dg/dp~! is the reciprocal of
the adsorption rate at time ¢. A plot of ¢ vs
Z(#) will be linear in the Elovichian range,
extrapolation to Z(r) = 0 directly giving 1,
as the intercept (Fig. 1).

EXPERIMENTAL

Materials

Sc,0; p.a., 99.9%, with 0.03% of Y,0; +
Yb,0O; and traces of oxides of Si, Bi, and Pb
as main impurities, was supplied by Fluka
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FiG. 1. Plot of t against Z. (a) Kinetic runs at 4 x 103
N m~2 (O) 648 K and (A) 681 K. (b) Kinetic runs at
648 K: (O) 8.72 x 10%(A) 3.97 x 10%; (@) 1.08 x 10®° N
m2,
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FiG. 2. Effect of pressure on initial adsorption rate:
(O) 681 K: (A) 659 K: (O) 648 K.

AG, Buchs, Switzerland. X-Ray diffraction
confirmed its type C cubic structure. Elec-
tron microscopy and sedimentation gave a
mean particle size of 2-4 um. Scanning
electron micrographs at 1500x and 5000x
revealed great surface heterogeneity. In-
frared spectra showed a band at 3665
cm™! (/]) of surface OH stretching vibra-
tion. Samples degassed above 873 K show
another band of OH groups with a
higher coordination, and with a coverage
=0.3 OH/nm? as determined by thermo-
gravimetric analysis.

The samples were heated in air 4 hr at 973
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FiG. 3. Integral data at 648 K and different pres-
sures: ([J) 8.72 x 10%; (@) 7.96 x 103 (V) 5.56 x 10°;
(0) 3.97 x 103 (O) 2.47 x 10% (A) 1.08 x 103 N m~2.
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K, after which they had a N, BET surface
area of 12.6 m?/g and a total macro- and
mesopore volume of 0.06 cm3/g. ¢ curves
point to a negligible micropore volume. N,
adsorption-desorption isotherms show de
Boer’s type A hysteresis, typical of cylin-
drical or ‘‘ink bottle’’ pores (/2). Heating
to 973 K changes little the type of pore, but
increases the size of micropores to meso-
pores (/3).

H,, 99.95%, was from SEO. It was
passed through two series-connected U
tubes with silica gel and active charcoal,
respectively, immersed in an acetone—dry
ice slush.

He, 99.995%, from SEO, was used for
calibration. It was passed through the same
system plus a trap in liquid N,.

Apparatus and Procedures

An RG Cahn electrobalance connected to
a conventional HV system was used (/7).
Its high dead volume (~4 dm?) allows oper-
ation at constant pressure. Two coaxial
furnaces in the sample- and the counter-
weight arms, respectively, minimize by
symmetry the effect of the convention cur-
rents.

Both Sc,0; powder (d = 42 um) and
coarse grains (0.8 = d = 1.5 mm) obtained
by crushing low-pressure Sc,0; pellets
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FiG. 4. Integral data at 4 x 10°* N m~2 and different
temperatures: (V) 726 K; (@) 697 K; (00) 681 K; (®)
673 K; (A) 659 K; (O) 648 K.
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F1G. 5. Arrhenius plot of initial adsorption rates: (O)
4 x 10°% (@) 8 x 10° N m~2,

were used. Adsorption results were the
same in the two cases, and therefore the
last method was chosen in order to avoid
sample dispersal during admission or re-
moval of gases.

Samples (200-500 mg) were always de-
gassed 16 hr at 1.33 x 107* N m~2 and 773
K. The thermomolecular effect was notice-
able at pressures below 2 x 102N m~2, and
may produce weight changes of 50-200 ug
in the Knudsen region (5-0.1 N m2?). To
avoid this effect, 200-300 N m~2 He was
introduced into the system after tempera-
ture equilibration. H, equilibrium pressure
was determined to £6.7 N m~2 by subtract-
ing the He pressure from the total pressure.
He admission produces a wave with an
initial peak-to-peak amplitude of 10 ug,
decreasing to 1-2 ug. The mean value was
taken in all cases, and the equilibrium point
was determined after Otto and Shelef (/4).

Initial adsorption rates were obtained by
analytical derivation after fitting the inte-
gral data for very short times to a hyper-
bolic function.

Samples were rehydroxylated in situ with
2 x 103 N m~2 H,O for 50 hr at 323 K, after
which they were degassed as above.

RESULTS
Effect of the Pressure
In Fig. 2 we represent the initial adsorp-
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Fic. 6. Integral kinetic data at 429 K and 4 x 10° N
m~* for a sample dehydroxylated at different tempera-
tures: (A) 770 K; (O) 562 K; (O) 501 K; (V) 429 K.. (@)
Kinetic run at 323 K and 4 x 10° N m™? for a sample
dehydroxylated at 323 K.

tion rate as a function of adsorbate pres-
sures (50~10* N m~?) at 648, 659, and 681 K.
The initial adsorption rate increases lin-
early with H, pressures at pressures higher
than 102 N m™2, although extrapolation pro-
duces a finite intercept. At pressures below
10> N m~2 the curve is slightly concave due
to (i) thermomolecular effect (/5) and (ii)
control of the adsorption by diffusion in the
gas phase.

Integral adsorption data at 648 K and
several pressures in the range 5 x 102-104
N m~2 are given in Fig. 3. Also shown are
the equilibrium adsorption obtained ac-
cording to Otto and Shelef (/4).

Effect of the Temperature

Integral kinetic curves for a constant
pressure of 4 x 10° N m~2 and several
temperatures in the range 648-726 K are
given in Fig. 4. Also shown are the
amounts adsorbed at equilibrium. These
results are in complete agreement with
those of Gonzalez Tejuca et al. (8) for the
H,/Sc,0; insobar in a wide temperature
range.

An Arrhenius plot of the initial rates of
adsorption at 4 x 10° and 8 x 10° N m~2,
respectively, is given in Fig. 5. The mean
activation energy is 83 + 6 kJ mol~!, typical
of an activated process.

As shown in Fig. 1, ¢, has been obtained
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Fic. 7. Adsorbed amount at equilibrium vs outgass-
ing temperature: (O) Hy at 429 K and 4 x 10° N m™2;
(@) CO, at 296 K and 4 x 105 N m~2.

by extrapolation to Z(f) = 0 of the linear
segments of the ¢ vs Z(#) curves, following
Aharoni and Ungarish’s method (7).

Effect of the State of the Surface

The hydroxylation state of the surface
influences both the initial adsorption rate
and the amounts adsorbed at equilibrium
(2). Integral kinetic data for 4 x 103 N m™2
and 429 K at several dehydroxylation tem-
peratures in the range 429-770 K are given
in Fig. 6. It can be seen that both the initial
adsorption rate and the equilibrium adsorp-
tion decrease with decreasing temperature
of outgassing. This effect was more clearly
noticed on an experiment made over the
sample outgassed at the same dehydroxy!-

Adsorbed amount. pgHy/g
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Fic. 8. Elovich plot for 648 K and different pres-
sures: (A) 8.72 X 10% (@) 7.06 x 10%; (0) 5.56 x 103;
(O) 3.97 x 10% (V) 2.47 x 10% (M) 1.08 x 10° N m~2,
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TABLE 1
Effect of Pressure: Parameters from Best Fit to
Eq. (2)

P a b 1/(ab) r
(Nm™2 x 1079 (min)  (umol/m?- min)
1.08 1.3 0.015 5.9 0.53
2.47 16.3  0.012 5.1 0.63
3.97 18.8 0.010 5.3 0.70
5.56 22.7 0.009 4.9 0.81
7.06 25.2  0.0084 4.6 0.9
8.72 29.3  0.008 4.3 1.28

ation temperature (323 K) (solid circles in
Fig. 6).

The equilibrium adsorbed amounts of 4
X 103 N m~2 H, and 4.25 x 103 N m~2 CO,,
respectively, for different dehydroxylation
temperatures are plotted in Fig. 7 (2, /6).
Both systems show similar behavior, with a
marked decrease of H, adsorption for out-
gassing temperatures lower than 429 K,
where OH coverage is greater than 2
OH/nm?. This points to a competitive ad-
sorption of H, and CO, with the OH groups
on the surface (2).

DISCUSSION

Kinetic results were fitted to the inte-
grated Elovich equation (2), although the
classical differential equation (1) was used
for the calculation of the kinetic adsorption
constants.

Elovich plots for several pressures at 648

~

410° Nm?

Adsorbed amount. pugH,/g

1 2 i 6 8w 20 30
tete . min
F1G. 9. Elovich plot for 4 x 10* N m~? and different
temperatures: (A) 726 K; (O) 697 K; (1) 681 K; (@)
659 K; (V) 648 K.
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TABLE 2

Effect of Adsorption Temperature: Parameters from
Best Fit to Eq. (2)

T (K) a b 1/(ab) 1"
(min) (min)
648 18.8 0.010 53 5.0
659 27.4 0.014 2.6 4.0
681 31.2 0.014; 2.2 3.5
697 35.9 0.018 1.6 2.0
726 40.2 0.021 1.2 1.0

@ Calculated from Eq. (5).

K are given in Fig. 8. Only one value of ¢, =
5 min was found in the whole range 1-9 x
10 N m~2 by extrapolation to Z(#) = 0 of
the linear segments of ¢t vs Z(#) curves (7)
(Fig. 1b). The corresponding values of a
and b are given in Table 1. In the fourth
column the values of 1/(ab) are also given;
they are about 5 min, the same value calcu-
lated by Aharoni and Ungarish’s procedure
(7).

The initial adsorption rates at 648 K are
given in the last column of Table 1. The
linear increase of the initial adsorption rate
with pressure (Fig. 2) obeys the reduction
of Eq. (1) toits maximum valuedq /dt = acp
when g = 0. On this basis and assuming a
Langmuir behavior, from the slopes in Fig.
2 the valuesof 1.5 £ 0.2 X 1074, 2.3 + 0.2 x
1074, and 2.7 = 0.2 x 10~* N~' m? min~! for
the kinetic adsorption constant at 648, 659,

8
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FiG. 10. Elovich plot for 429 K and 4 x 10° N m™* of
a sample dehydroxylated at different temperatures:
(®) 770 K; (A) 562 K; (O) 501 K; (O) 429 K. (V)
Adsorption at 323 K and 4 x 10°* N m~2 for a sample
dehydroxylated at 323 K.
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TABLE 3

Effect of the State of Hydroxylation of the Surface:
Parameters from Best Fit to Eq. (2)

Tigas T a b 1/(ab) rx 10

(K) (K) (min) (umol/m? - min)
323 323 0.05 0.128 0.37 2.30

429 429 6.07 0.037 1.30 3.93

501 429 27.3 0.036 1.01 6.84

562 429 31.0 0.033 0.98 8.10

770 429 33.8 0.029 1.02 9.45

and 681 K, respectively, have been calcu-
lated.

Elovich plots for 4 x 10®* N m~2 and
several temperatures in the range 648-726
K are given in Fig. 9. The corresponding ¢
vs Z(f) curves (Fig. 1a) show that in this
case ¢, is a function of temperature, with a
minimum value of 1 min at the highest
temperature (726 K) and of 5 min for the
lowest temperature (648 K).

The parameters a, b, and 1/(ab) and
the value of ¢, obtained by Aharoni and
Ungarish’s method (7) are given in Table
2 for five temperatures. There is a fair
agreement between 1/(ab) and ¢, from
Aharoni and Ungarish’s method, with the
exception of the results for 659 and 681
K.

The high value of the apparent activation
energy, 83 + 6 k] mol™! (Fig. 5), is far lower
than that of 130 kJ mol™! found by Vara-
darajan and Viswanathan (/7) for H, ad-
sorption on a ZnO-MoQ; catalyst. This is
to be expected, as in the last case the

TABLE 4

Adsorbed Amounts of H, and CO, for Different
Outgassing Temperatures

T n

Gy, 4co.
(K) (OH/nm?) (1g/g) (ng/g)
373 6.2 47 460
423 4.3 78 805
473 2.7 105 1040
573 2.0 120 1150
673 1.4 125 1200
773 0.9 128 1250
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FiG. 11. Freundlich isotherms at different tempera-
tures: (@) 697 K; (V) 681 K; (O) 648 K.

adsorption is followed by a chemical re-
action with a high activation energy. On
the other hand, the adsorption of CO, on
Sc,0;, is practically unactivated, with for-
mation of surface carbonates.

Elovich plots for 4 x 102 N m~? and 429
K for a sample outgassed at 429, 501, 562,
and 770 K, respectively, are given in Fig.
10. Also given is an experiment with both
outgassing and adsorption at 323 K. The
calculated Elovich parameters and initial
adsorption rates are given in Table 3.
Outgassing temperature, i.e., remaining
OH coverage, greatly influences adsorp-
tion. At the lowest outgassing and ad-
sorption temperature, 323 K, the initial
adsorption rate is fairly low and 1/(ab) is
appreciably smaller than 7, from Aharoni
and Ungarish’s method.

The influence of the remaining OH
groups on the equilibrium adsorption is
important for adsorption models. This
influence has been reported by Pajares et

TABLE 5

Parameters of Freundlich Isotherms for H,
Adsorption on Scandium Oxide®

T n aT nRT

On = nRT M = 1 — T ¢
(K) @ damod T (ugfe)
648  8.48 5495 45.7 67.6 163
681 7.97 5425 45.1 68.4 159
697 7.69 5360 44.5 68.4 144
av On = 68.1

%r=053x 100K
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al. (2) for CO, on Sc,0; and by Morimoto
and Morishige (/8) for CO, on ZnO, and
has also been found here. The adsorbed
equilibrium amounts of H, and CO, on
Sc,0; as a function of OH coverage are
given in Table 4. The plot of equilibrium
adsorption vs OH coverage is nearly a
straight line with negative slope which
points to a competition between OH and
H, (or CO,) for available surface sites.

Double-log Freundlich plots for three
temperatures (648, 681, and 697 K) in the
pressure range (0.5-10) x 10° N m~? are
given in Fig. 11. A similar fit was found in a
previous work with the same system (&),
with adsorption heats decreasing with cov-
erage, from 117kJ mol~tat 6 = 5 x 10™*to
90 kJ mol~! at 8 = 0.05.

The parameters n and ¢ in Freundlich’s
equation,

q = c- plln’ (6)
are given for the three temperatures in
Table 5. The value @, = nRT (adsorption
heat at 8 = 0.37) is given in the fourth
column. As Q,, decreases slightly with in-
creasing T, the Halsey and Taylor value
(/19) O 8T = nRT/(1 — rT) with r = 0.53 X
1073 K~! is given in the fifth column. @, HT
is about 68 kJ mol~!, in reasonable agree-
ment with the already reported value (8) of
90 kJ mol™ at 8 = 0.05 as the model
predicts an exponential decrease of adsorp-
tion heat with increasing coverage.
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