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An equilibrium adsorption technique was used to prepare WO;/TiO, and WO;/AL,O; samples.
The tungsten loading could be controlled by varying the pH and concentration of the aqueous
solutions. For both supports there was a definite maximum to the amount of tungsten that adsorbed
spontaneously, viz. 988 = 21 and 669 + 19 umol per 100 m? for alumina and titania, respectively.
The hydroxyl group to tungsten ratio was 2:1 on alumina for a fully hydroxylated surface. On
titania the ratio was 1: 1, based on the reacting hydroxyl group density. These stoichiometries point
to a very specific interaction between the tungstate ions and the hydroxyl groups on the support
surface during adsorption. Unlike on alumina, the reduction of tungsten oxide on titania (anatase)
takes place in two well-separated steps viz., Wé* — W** — WO, During reduction the titania is
transformed from anatase to rutile which has the same crystal structure and metal to oxygen bond
length as WO, and can thus facilitate and stabilize the W** ions. A stepwise reduction of tungsten
oxide was not observed on alumina, probably due to the inability of alumina to stabilize the

intermediate oxidation states of tungsten.

INTRODUCTION

The adsorption of metal oxyanions from
aqueous solutions onto alumina, titania,
and other oxide supports has been ex-
plained in terms of the isoelectric points
(iep) of these oxides (I, 2). A pH below or
above that of the iep causes the surface hy-
droxyl groups to be either protonated or de-
protonated, giving the surface a positive
charge or negative charge, respectively.
The observed increase in the adsorption of
metal oxyanions from solution at a pH be-
low that of the iep of the supports has con-
sequently been explained in terms of an
electrostatic attraction between the nega-
tive ions and the positive surface. This con-
cept explains the observed adsorption of
anions on different supports around the iep
very well. In line with this Wang and Hall
(3) showed that the adsorption of transition
metal ions onto alumina increased consid-
erably when the pH was lowered to below
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that of the iep of alumina (6.0 < iep < 8.0).
It was also found, for the adsorption of mo-
lybdenum, that lowering the pH to 2.0 re-
sulted in a second increase in molybdenum
adsorption. The reason for this increase
was not addressed.

WO3/A1203 (4—6) and WO3/T102 (7) have
previously been characterized with laser
Raman spectroscopy. Below monolayer
coverages the tungsten oxide was found to
be present as a highly dispersed surface ox-
ide species bound to the support surface.
Salvati et al. (5) proposed that on alumina,
the WO, exists as a tetrahedral WO3 ™~ that
interacts with the surface. This picture was
recently confirmed by X-ray absorption
near edge spectroscopy (8).

The reduction behavior of WOQs/Al,0O;
has been studied with temperature-pro-
grammed reduction (tpr) (9, 10) and X-ray
photoelectron spectroscopy (XPS) (5, 11,
12). Tt was found that, at monolayer cover-
ages and less, the strong interaction be-
tween the tungsten oxide and the alumina
substantially suppressed its reducibility.
XPS showed that the tungsten (W®*) re-
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F1G. 1. The effect of pH of the tungsten solution on
the tungsten loading. (M) Alumina, [WO3 ] = 2.95 x
102 mol dm-3; (@) titania, [WO2™], = 2.80 x 103 mol
dm™3. [WO2], is the starting concentration of mono-
tungstate.

duced directly to W9, and not via its inter-
mediate oxidation states (W, W**, and
W2*), as is the case for pure WO; (11, 12).
The reduction behavior of WQO;/TiO, has
been studied by tpr, but not in depth (13).

In this work, WO;/ALO; and WO3/TiO,
were prepared by an equilibrium adsorption
technique. It was found that the observed
adsorption behavior of tungsten on alumina
and on titania, at pH values well below the
ieps of the supports, could not be explained
by electrostatic adsorption alone. A com-
bined electrostatic adsorption/chemisorp-
tion mechanism is proposed. Laser Raman
spectroscopy and tpr were used to charac-
terize the systems.

METHODS

The samples were prepared by an equilib-
rium adsorption technique. The tungstate
solution was circulated from a polyethylene
reservoir via a glass adsorption cell, con-
taining 3 g of support material, back into
the reservoir. The adsorption time was 25 h
in all cases. The pH of the solution in the
reservoir was maintained by addition of ei-
ther NH4,OH or HNO;. The supports were
aluminum oxide C and titanium dioxide
P25, both from Degussa. Prior to loading
into the adsorption cell both supports were
pelietized (60 kg cm~2), crushed, and sieved
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to a particle size of between 0.180 and 0.131
mm. This was then washed with deionized
water to remove any loose material.

The tungstate solutions were prepared
with ammonium paratungstate (NH, W50
from Fluka) and analyzed with atomic ab-
sorption spectroscopy (Varian AA 875). Af-
ter adsorption the samples were dried at
150°C and analyzed with X-ray fluores-
cence (EDAX Model 711 and 902D).

X-ray diffraction powder analyses were
carried out on a standard Philips X-ray dif-
fractometer using CuKa radiation.

The Raman spectra were recorded on a
Coderg spectrometer equipped with an ar-
gon ion laser. The output power of the laser
was 400 mW (514.5 nm). The Raman spec-
tra of the samples were recorded after calci-
nation at 500°C for 16 h.

The temperature-programmed reduction
equipment consisted of a sorptometer
(Perkin—Elmer Model 212D) connected to a
reduction cell plus furnace and a cold trap.
The sorptometer was used to mix the re-
ducing gas (10.0% H, in Ar) and to control
the flow (28.2 ml, min~!). The hydrogen
concentration after the reduction cell was
monitored with the thermal conductivity
detector of the sorptometer, and the signal
was recorded on an X-Y recorder (JJ In-
struments Model PL 1500). The furnace
was controlled by a temperature program-
mer (RKC Model PS-962 C), and the tem-
perature could be increased linearly from
room temperature to 1500 K. The tempera-
ture inside the reduction cell was monitored
with a type-K thermocouple.

RESULTS
(@) Sample Preparation

The effect of the pH of the tungstate solu-
tion on the loading after 25 h adsorption is
shown in Fig. 1. The pH could not be taken
lower than 2.0, due to the precipitation of
tungstic acid at these low values. Figure 1
shows that the tungsten loading of the two
supports is clearly dependent on the pH of
the solution, and that the supports differ
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F1G. 2. The effect of concentration on tungsten load-
ing at pH 2.0 (B, alumina; @ titania).

considerably in their adsorption behavior.
On alumina there is a strong increase in ad-
sorption below a pH of 4, followed by a
leveling off below a pH of 3.0. The tungsten
loading on titania already levels off at a pH
of 5.0 and is overall much less pH depen-
dent at lower values.

Figure 2 shows that the tungsten loading
is also affected by the concentration, but
only when the final concentration is less
than 2.0 X 1073 mol WOj;~ dm3. This cut-
off point is the same for both supports. Ta-
ble 1 presents the maximum surface loading
of tungsten oxide that was obtained on
these two supports and the area per WO;
molecule at that coverage. The maximum
surface loading obtained under these condi-
tions will be referred to as a monolayer,
although it will become clear that this is
strictly speaking not the case. It follows
from Table 1 that tungsten packs more
densely on alumina than on titania. The
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0.17 nm? obtained for the area of a WO,
molecule on alumina is the same as that cal-
culated for a single layer of WOs; in pure
tungsten trioxide.

(b) Raman Spectroscopy

WOs/Al,O;. The alumina itself showed
two broad Raman bands of low intensity, at
569 and 1093 cm™', in the range 100 to 1600
cm~!. For the monolayer WQO;/Al,O; after
calcination, three additional Raman bands
were observed at 716, 809, and 986 cm~!.
The Raman bands at 809 and 716 cm™! were
of very low and low intensity, respectively,
compared to the Raman band at 986 cm™.
These two bands compare well with the Ra-
man bands for WO; at 808 and 715 cm~! and
are indicative of small WO; crystallites.
The Raman band at 986 cm™! has been as-
signed to the symmetrical stretching mode
(W=0) of an amorphous tetrahedrally co-
ordinated tungsten species, covering most
of the alumina surface (5, 8, 14). A cal-
cined 0.42 monolayer WO;/Al,O; sample ex-
hibited only the Raman band at 986 cm~!.

WO,/TiO,. The major Raman bands for
titania are all below 700 cm~!. The mono-
layer WO,/TiO, sample exhibited, after cal-
cination, only one Raman band that could
be assigned to tungsten oxide at 977 cm™1.
As on alumina, this band has been assigned
to the symmetrical stretching mode of an
amorphous tungsten species (WQO,) on the
surface (7). By analogy with WQO,/Al,0; it
may be assumed that the WO, on titania
also has a tetrahedral coordination. The Ra-
man spectrum of a calcined 0.76 monolayer
sample was the same as that for the com-
plete monolayer WO;/TiO,.

TABLE 1

Maximum Tungsten Trioxide Loading on Alumina and Titania Supports

Support BET area Tungsten trioxide loading Area/WO0O; molecule
(m? g~ (nm?)
(mass%) (nmol m™?)
Al,O; 90 17.1 £ 0.3 (988 = 21) x 10? 0.168 = 0.003
TiO, 50 7.2+0.2 (669 = 19) x 1072 0.248 * 0.004
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FiG. 3. Temperature-programmed reduction profiles
(10 K min—!) of WO; as a function of sample size. (a) 10
mg; (b) 20 mg; (¢) 52 mg; (d) 103 mg.

(c) Temperature-Programmed Reduction

Figure 3 presents the tpr profiles of pure
WO; as a function of sample size. For the
103-mg sample three reduction maxima
were observed at 911, 1038, and 1303 K,
respectively. A decrease in the sample size
caused the maxima to move closer together
and to shift to lower temperatures. For the
10-mg sample only two maxima, at 929 and
1036 K, remained.

The reduction of tungsten trioxide pro-
ceeds as (15).

WO; > WO —> WO, - W (1)
1 I 111

The percentage of oxygen removed with
transitions I, II, and III is 3.3, 30.0, and
66.7%, respectively. The values obtained
from the areas under the reduction peaks in
the reduction profiles of the 103-mg sample
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are approximately 5, 27, and 68%. This is in
good agreement with the reduction of WO;
according to Eq. (1) and was further con-
firmed by XRD analyses.

The different reduction steps are well re-
solved for a 100-mg sample, and this made
it possible to determine the energy of acti-
vation (E,) for each reduction step, by using
the equation (16)

2In T, — In 8 + p In[H;),
+ (1 — g) In[Solid})? = E,/RT,
+ In(E,/RA) (2)

T, represents the temperature at maximum
rate (K), B is the heating rate (K min=1),
[H,]. is the hydrogen concentration at T,
(mol dm™3), R is the gas constant (J mol~!
K1), and A is the Arrhenius constant (min
dm? mol~!). The reaction order (g) with re-
spect to the reducing solid was taken to be
one, as was the reaction order (p) with re-
spect to the hydrogen concentration (16).
Figure 4 shows the activation energy plots
for each reduction. The activation energies
and preexponential factors are given in Ta-
ble 2. Three different temperature gradients
(8 = 1.8, 9.2, and 30.9 K min~!) were used
in each case.

Figure 5 presents the tpr profiles for the
supported tungsten oxides, as well as the
tpr profile for titania. The <y-alumina
showed no reduction up to 1450 K. The
monolayer WQO;/Al,0; sample shows two
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F1G. 4. Activation energy plots for the reduction of
WO;. () WO; = WyOss; (@) WO > WO,; ()
WOZ - W.
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TABLE 2

Energies of Activation for the Reduction of Pure
WO, and Supported on TiO,

Transition E, A
(kJ mol~") (min dm? mol~1)

Pure

WO3 b d WZ()Osg 134 + 4 1.75 x 101

w020058 bd WOZ 136 = 10 4.09 x 10°

WO, > W 84 = | 8.68 x 10°
Supported on TiO,

W0O; —» WO, 272 £ 16 2.03 x 107

reduction maxima at 1108 and 1336 K, re-
spectively, but the 0.42 monolayer catalyst
shows only one reduction maximum at 1330
K. The absence of the 1108 K reduction
maximum for the 0.42 monolayer sample
indicates that the double maximum in the
monolayer sample is due to the reduction of
two different tungsten oxide species and
not to a two-step reduction of the supported
tungsten oxide. The monolayer WO5/TiO,
sample shows three reduction maxima, at
655, 1017, and 1248 K, respectively. The
maximum at 655 K is not observed for the
0.76 monolayer sample, and this points
again to the existence of two different tung-
sten oxide species on the monolayer sam-
ple. The two large maxima, at 1017 and
1248 K, are also present on the 0.76 mono-
layer sample and indicate a two-step reduc-
tion for the bulk of the supported tungsten
oxide. Titania itself also undergoes reduc-
tion, and the XRD pattern of a sample
quenched at 1000 K further showed that the
anatase had been transformed to rutile in
the heating process. The reduction profile
of TiO, partially obscures that of the sup-
ported tungsten oxide, but by a propor-
tional subtraction of the titania profile from
that of the monolayer sample, the reduction
profile of the supported tungsten oxide is
obtained (dashed line). A quantitative anal-
ysis of the 1017 K reduction maximum fur-
ther shows that it corresponds to 32 + 2%
of the oxygen that is associated with the
supported tungsten (W¢*), The 1017 K max-
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imum could thus be due to the reduction of
W6+ to W4+, The activation energy plot for
this reduction is given in Fig. 6. A quantita-
tive analysis of the 1248 K maximum indi-
cates that it represents approximately 46%
of the oxygen associated with the Wé*. If
the reduction of Wé* to W** was complete,
this is equivalent to 68% of the oxygen as-
sociated with W4*, This means that at 1500
K approximately 32% of the tungsten is still
present at W4+,

DISCUSSION

The average of the calculated hydroxyl
group density for the low index planes of

(e)

b

| 1 L 1 1 1 Al ' 1 L 1 A1
300 500 700 900 1100 1300 1500

Temperature {K) —»

Fi16. 5. Temperature-programmed reduction profiles
(10 K min™!) for WO;/ALO;, WO,/TiO,, and TiO,. (a)
TiO,; (b) 0.72 monolayer WO,/TiO,; (c) monolayer
WO,/TiO;; (d) 0.42 monolayer WO;/AL,O;; (¢) mono-
layer WO}/Alzog.
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Fi1G. 6. Activation energy plot for the reduction of
WO,/TiO, to WGO,/TiO,. (8 = 1.8, 9.2, and 309 K
min-1)

alumina is 12.0 OH nm~2 (17). The surface
density of tungsten trioxide on alumina at
maximum coverage is 6.0 WO; nm~2, This
points to a stoichiometry of 1 to 2 between
the tungsten oxide and the hydroxyl groups
on alumina. For anatase titania the esti-
mated surface density for a fully hydroxyl-
ated surface is 12 to 14 OH nm~2, and the
number of reacting hydroxyl groups on ana-
tase (Degussa P25) was found to be approx-
imately 4.3 OH nm~2 (18). The surface den-
sity of tungsten trioxide on this support at
maximum coverage is 4.0 WO; nm~2, point-
ing to a 1 to 1 stoichiometry between the
tungsten oxide and the reacting hydroxyl
groups. These stoichiometries point to a
specific interaction between the tungstate
ions and the surface hydroxyl groups.

The tungstate species that are present in
aqueous solutions depend on the pH of the
solution (19, 20). At a pH of between 3.2
and 6.2 the initial tungstate in solution is
paratungstate A ((W70,4]¢") which is slowly
transformed into paratungstate B ([W,04,
H,;]'97). At pH values of between 3.2 and
1.0 a metatungstate ([(Hy)WOl%7) is
present. The tungsten atom to charge ratio
is approximately 1.2 for the paratungstates
and 2.0 for the metatungstates. If the ad-
sorption of anions is purely electrostatic, a
67% increase in tungsten loading is ex-
pected at a pH of around 3.2. Such a change
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is observed at a pH of between 3.0 and 4.0
on alumina, but not on titania.

Similarly, adsorption at a pH of 2.0
([(H)W,04]°~ adsorbing) should yield a
hydroxyl group to tungsten atom ratio of
1:2 on both supports. This is, however, not
the case. From the above it can be inferred
that electrostatic attraction alone cannot
explain the observed tungsten to hydroxyl
group ratios. In order to explain these, a
chemical reaction between the polytung-
states and the surface hydroxyl groups, at
pH values below the ieps of the supports,
must be accepted. Initial attraction of the
polytungstate ions to the oxide surface is
electrostatic.

The 1:2 stoichiometry on alumina can be
explained by assuming a decomposition of
the polytungstates on the surface and the
formation of a surface complex (Scheme 3),
as was first proposed by Ng and Hercules
during calcination of the catalyst (2). The
1:2 adsorption stoichiometry points, how-
ever, to the possibility that such a complex
may already be formed during the adsorp-
tion process.

The 1:1 ratio found for titania does not
appear to fit the formation of a similar com-
plex. A density of 4.3 for the reacting hy-
droxyl groups on titania means that these
are on average 0.54 nm apart. Taking the
W-0 bond length in tungstates and oxides
to be approximately 0.20 nm (19, 2I), it
would be impossible for the tetrahedral
monotungstate to span two of these hy-
droxyl groups. This is thus in agreement
with the observed 1:1 stoichiometry, and
the formation of a surface complex upon
adsorption as in Scheme 3 is not possible.
However, two types of hydroxyl groups ex-
ist on the titania surface, viz. terminally
and bridged bonded groups (22, 23). The
1:1 stoichiometry can thus be explained by

[
0 0 \W4
mont W === % +2H0
1 Ho~ OH adsorption
SCHEME 3



PREPARATION AND CHARACTERIZATION OF WO,/TiO, AND WO;/ALO;

,O
No

0 W,
o OH \wlo v ¢ H
/ eorotion |

i H ol
wg o odsorption B 5+

i
e T
H20 cacination _Ti_o_'“)iﬂ + H0
ScHEME 4

an initial replacement of the terminal hy-
droxyl groups by monotungstate during ad-
sorption and a subsequent reaction with the
adjacent bridged hydroxyl group upon cal-
cination [Scheme 4].

It is clear that a reaction with, or dis-
placement of, the hydroxyl groups by
monotungstates can explain the observed
hydroxyl group to tungsten atom stoi-
chiometries, and thereby also the fact that
there is a definite maximum to the amount
of tungsten that can be adsorbed onto alu-
mina or titania. In this adsorption mecha-
nism the observed sharp increase in the
tungsten adsorption on alumina at a pH be-
tween 4.0 and 3.0 is interpreted as the point
where the adsorption changes from electro-
static adsorption to chemical adsorption.
This transition in adsorption mechanism
cannot be seen clearly on titania.

Previous work with Raman spectroscopy
has confirmed the presence of tetrahedrally
coordinated tungsten at monolayer cover-
age and less on alumina (4-6), and the indi-
cations are that it exists in the same form on
titania (7). The Raman results in our work
are in agreement with this and support the
proposed adsorption mechanism in that it
also results in the formation of tetrahedrally
coordinated tungsten oxides.

The shifts in the reduction peak maxima
to lower temperatures with decreasing sam-
ple size for the reduction of WO; can be
influenced by one of the following two fac-
tors, or a combination thereof: (a) A kinetic
effect due to an increased hydrogen con-
centration at peak maximum with decreas-
ing sample size (by reducing the sample
size from 103 to 20 mg, the hydrogen con-
centration at peak maximum for II and III
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increased by 47 and 92%, respectively). (b)
A decrease of the H,O partial pressure
within the sample bed with decreasing sam-
ple size. H,O was found to inhibit the re-
duction of MoO; (24), due to either fast
reoxidation of reduced Mo ions or to H,O
catalyzing surface reconstruction. Similar
effects could play a role in the reduction of
WO;. In the calculations of the energies of
activation for the different reduction steps,
the former is accounted for, but the latter
will affect the accuracy of the obtained val-
ues.

Reduction step I in Eq. (1) corresponds
to the reduction of Wé* jon to W3* ions, and
II to the reduction of W and W3+ ions to
W4+ jons. The activation energies for these
two reduction processes are, within experi-
mental error, the same (Table 2). The acti-
vation energy for the reduction of W** ions
to W® (III) is considerably lower than for I
and II, but is compensated for by a lower
preexponential factor (A).

The tpr pattern of the 0.42 monolayer
WOs/AlL,O; sample (Fig. 5) shows only one
broad reduction peak, which was assigned
to the reduction of the amorphous tetrahe-
drally coordinated tungsten oxide species
on the alumina. On the basis of the Raman
observations, the shoulder at 1108 K ob-
served for the monolayer sample was as-
signed to the reduction of WO; crystallites.
The presence of WO; crystallites means
that slightly in excess of a monolayer the
tungsten oxide species is adsorbed under
optimum equilibrium adsorption condi-
tions. The formation of WO; crystallites
can be due to a restructuring of the tungsten
oxide monolayer, formed during adsorp-
tion, in the calcination process. No reduc-
tion in the BET surface area of the alumina
was found upon calcination. It thus seems
that calcination at 500°C alters the alumina
surface in such a way that less tetrahedrally
coordinated tungsten can be accommo-
dated. XPS has shown that the reduction of
tungsten oxide supported on alumina, at be-
low monolayer coverages, does not take
place via the lower oxidation states, W>*,
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W4, and W2*, but in a single step from the
oxide to the metal (11, 12). This was ex-
plained in terms of a strong interaction be-
tween the tungsten oxide and the alumina,
that prevents tungsten oxide crystallite for-
mation, which is needed in order to stabi-
lize the lower oxidation states (/1). Our
findings with tpr are in line with this as only
one broad peak is observed for the 0.42
monolayer sample. However, the WO,
crystallites present on the monolayer sam-
ple also appear to reduce in a singie step.
This could be due to their small crystallite
size which must be <20 nm, as no WO; was
observed with XRD.

The WO,/TiO, profiles in Fig. 5 show
that the reduction behavior of tungsten ox-
ide supported on titania differs considera-
bly from that supported on alumina. The
reduction peaks at 1017 and 1248 K have
been assigned to the reduction of the amor-
phous tetrahedrally coordinated tungsten
oxide species. The peak at 655 K for the
monolayer sample has been assigned to the
reduction of WO; crystallites. The fact that
the Raman spectra showed no WO; crystal-
lites could be due to the following effect.
TiO, has a weak Raman band at 794 ¢cm~!
that could obscure the strongest WO; band
at 808 cm~!, which would be of very low
intensity as only approximately 1.2% of the
tungsten oxide is present as WO;.

The fact that the 1017 K reduction peak
corresponds to approximately 33% of the
oxygen associated with the tungsten is a
strong indication that this peak represents
the W6+t — W4 transition. This would
mean that unlike alumina, titania can stabi-
lize the W4+ oxidation state. The reason for
the stabilizing effect of titania on W** be-
comes clear by comparing the physical
properties of TiO, and WO, (Table 3). The
ionic radius of W** and the W-0O bond
length are very similar to those for titania,
and the crystal structure and unit cell of
WO, are the same as for rutile. The follow-
ing explanation for the two-step reduction
of W¢* on TiO, can be put forward. After
preparation of the WO;/TiO, system by the
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TABLE 3
Physical Properties of WO, and TiO, (21)

Compound Crystal Crystal Ton M-0 bond
symmetry  structure radius length
class (nm) (nm)
TiO, Tetragonal  Anatase  0.068 0.195
TiO, Tetragonal  Rutile 0.068 0.194
w0, Tetragonal Rutile 0.064 0.200

equilibrium adsorption, the tungsten oxide
and titania are already intimately con-
tacted. During the tpr run the anatase TiO,
is transformed to rutile while WO; is re-
duced to WO,. The formed WO, can thus
be immediately accommodated by the un-
derlying rutile titania. It is also likely that
some of the W** ions diffuse into the TiO,
at higher temperatures, which would make
these ions more difficult to reduce than
those at the surface. Credence is given to
this possibility by the fact that at monolayer
coverage only 68% of the oxygen associ-
ated with the W** is removed.

The onset of reduction in pure WQO; is
independent of sample size and starts at ap-
proximately 800 K (Fig. 3). For the titania
and alumina supported WO,, the onset of
reduction is at 800 and 1100 K, respectively
(Fig. 5). The higher reduction temperature
needed for the reduction of the alumina-
supported tungsten oxide, compared to that
for the pure WQO,, is a clear indication that
alumina has a stabilizing effect on the W6+
ions. A similar effect is not observed for
titania. The activation energy for the reduc-
tion of W¢* to W** on titania is twice that
for the same reduction in pure WO; (Table
2) and does indicate that the Wé* ions are
stabilized by the titania. The fact that this is
not observed in the tpr profiles is due to the
much higher preexponential factor found
for WO; on titania (Table 2), which com-
pensates for the increase in activation en-
ergy. The increase in A may be explained
by the surface reduction of titania, which
takes place at 800 K (Fig. 5) and results in
the formation of Ti** ions (25). These Ti**
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ions could act as centers for catalytic H,
dissociation and could thus catalyze the re-
duction of the supported tungsten. An in-
crease in the concentration of catalytic cen-
ters for H, dissociation will explain the
higher A value.
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