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Abstract—The effect of the nature of the exchanged cation M# (M# = Li*, Na, Rb*, Cs*, Mg**, Ca*, and
Ba’*) of a Fiban K-1 fibrous sulfo cation exchanger on the degree of reduction of the immohbilized complex
cations [Pd(NH;),]>* to Pd’ was studied. A linear correlation was found between the degree of palladium reduc-
tion and the difference of the rel ative el ectronegativities of atomsthat participate in the O-M# bond. The activ-
ity of the catalystsin the oxidation of H, depends on the degree of palladium reduction.

INTRODUCTION

Granular sulfo cation exchangers are in wide indus-
trial use as the catalysts of acid-base reactions. In
recent years, they have attracted the attention of
researchers as supports for metal-containing catalysts
used in redox reactions [1-3].

In many cases, the rate of reaction in catalytic sys-
tems based on granular ion exchangers depends on
internal diffusion. Thus, it is reasonable to reduce the
diameter of granules. However, this results in an
increase in the hydraulic resistance of a catalyst bed.

The use of fibrousion exchangers, in which the fiber
diameter is much smaller than the size of agranule (by
approximately one order of magnitude), in catalytic
processes considerably decreases diffusion limitations
and, correspondingly, increases the rate of mass
exchange processes.

Previously [4—6], we found that a palladium catal yst
prepared based on a Fiban K-1 fibrous sulfo cation
exchanger in the barium form exhibited a high activity
in the oxidation of hydrogen.

Currently available publications are amaost not con-
cerned with important problems of the effects of the
physicochemical properties of sulfo cation exchangers,
in particular, of their cationic forms, on the activity of
supported metal catalysts.

It is well known that solid supports (metal oxides
and zeolites) can significantly affect the electronic
state, chemisorption properties, and, consequently, cat-
alytic activity of a supported metal [7-9].

The effect of a support on the state of a metal
appears even at the stage of catalyst preparation; it
manifests itself in different degrees of metal reduction
on supports that differ in nature. Thus, in the case
of supporting palladium on silica gel from a
[Pd(NH,),]1Cl, solution, complete reduction did not

take place even at 100°C [10]. According to Gubitosa et
al. [10], this fact can be explained by the formation of
a strong bond between the above complex and the sup-
port.

The aggregation mechanism of reduced palladium
also depends on the metal—support interaction: the
migration of atoms corresponds to strong interaction,
whereas the migration of particles corresponds to weak
interaction [11].

In this context, it is of interest to study how the
above regularities manifest themselves in the synthesis
and activation of metal-containing catalysts based on
organic ion-exchange resins such as sulfo cation
exchangers.

Because inorganic oxide supports of different nature
exhibit different degrees of interaction with asupported
metal, it is reasonable to study metal-containing ion
exchange catalysts that differ in the properties of sup-
ports. These properties can be conveniently varied by
changing the cationic form of the support. In this case,
the same parent ion exchanger may be used for prepar-
ing samples with different properties, and possible
effects of foreign factors on the catalytic system are
thereby eliminated.

In this study, we synthesized palladium catalysts
based on various cationic forms of a fibrous sulfo cat-
ion exchanger and studied the effect of the nature of an
exchanged cation on the degree of metal reduction, on
metal distribution over the fiber cross section, and on
the activity in hydrogen oxidation.

EXPERIMENTAL

The Fiban K-1 fibrous sulfo cation exchanger
(H form) was prepared by the bulk radiation grafting
of a copolymer of styrene (98%) and divinylbenzene
(2%) to a polypropylene staple followed by the sul-
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Characteristics of the synthesized catalysts

Sample no. Catalyst Palladium content, wt % S, % Ax* cm?® (g Pd) s
First series of catalysts
1 Pd/Li—K-1 0.245 44 15.8
2 Pd/Na—K-1 0.230 55 17.0
3 Pd/Rb—K-1 0.197 58 18.7
4 Pd/CsK-1 0.176 64 21.3
5 PdMg—K-1 0.240 38 15.2
6 Pd/Ca—K-1 0.235 49 16.8
7 Pd/Ba—K-1 0.205 48 16.2
Second series of catalysts
8 Pd/Ba—K-1 0.250 10 4.8
9 " " 21 6.1
10 " " 30 11.5
11 " " 39 154
12 " " 50 16.6

Note: Activation conditions, Ty = 130°C, 1 h; TH2 =130°C, 1.5h.

* The degree of palladium reduction.
** The reactor output per gram of Pd.

fonation of the resulting matrix with concentrated sul-
furic acid [12].

Based on the hydrogen form of K-1 with an
exchange capacity of 3.0 mg-equiv/g, the completely
replaced M# forms (M# = Li*, Na*, Rb*, Cs*, Mg**,
Ca*, and Ba?*) were prepared by passing 1 N metal
chloride solutions through a column with the ion
exchanger until pH in thefiltrate became equal to pH in
the initial solution. After the exchange, the samples
were washed with distilled water until Cl- ions were
absent from the wash water and dried at 40°C (4 h).
Two series of catalysts were prepared.

First seriesof catalysts. The exchange of Li*, Nar,
Rb*, Cs*, Mg**, Ca*, and Ba’* cationsfor [Pd(NH,),]**
cations was performed by the treatment of a sample of
the ion exchanger in a corresponding form with a cal-
culated volume of atetraamminepalladium(l1) chloride
solution with a low concentration (0.001 N). This pro-
cedure provided uniform palladium distribution over
the fiber cross section. The sample weights of theinitial
ion exchangers were varied taking into account the
gram-equivalent weights of different cationic forms of
the ion exchanger so that the concentration of tetraam-
minepalladium(l1) cations in the ion-exchanger phase
after the exchange was 1.5% of the exchange capacity
in al of the samples. In this case, catalysts with equal
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ratios between the equivaent fractions of ions
XN|2+/Y[F,d(NH L in the ion-exchanger phase but with
3/4.

different palladium contents (see table) were obtained
because the exchanged cations (M#) are different in
weight.

An ion-exchanger sample was preexposed to dis-
tilled water until complete swelling. Next, it was
squeezed on filter paper and the exchange was per-
formed with intense stirring at room temperature for
30 min. The pH value of the contacting solution was
maintained at alevel of 8-8.5 (it iswell known [13] that
the complex cation [Pd(NH,),]** isstablein an agueous
ammonia solution at pH = 8).

After the exchange, the samples were dried at 40°C
(4 h); next, they were heated in a helium flow (130°C;
1 h) and reduced with hydrogen at the specified temper-
aturefor 1.5 h.

The concentration of palladium in solutions before
and after the exchange was monitored using a pub-
lished spectrophotometric procedure [14].

The degree of reduction S (the percentage of
reduced palladium in the samples) was determined by
the treatment of the samples with an excess of a1 N
NaCl solution until the ion-exchange form of palladium
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Fig. 1. (a) Barium and (b—d) palladium distribution over thefiber cross section in the samples of (a) the Baform of theion exchanger
and a 1.0 Pd/Ba-K-1 catalyst (b) before or (c) after activation and (d) after the removal of ion-exchanged palladium (Yg, isthe bar-
ium content; Ypy is the palladium content; and d is the fiber diameter).

was completely transferred to the sol ution with the sub-
sequent determination of palladium concentration.

Second series of catalysts. A base catalyst contain-
ing 0.25 wt % Pd was synthesized based on the Baform
of the Fiban K-1 sulfo cation exchanger (under the
same preparation conditions asin thefirst series of cat-
alysts). Individual weighed portions of this catalyst
were heated in ahelium flow at 130°C for 1 h and then
reduced in a hydrogen flow at the specified tempera-
ture. However, as distinct from the first series of cata-
lysts, the duration of reduction was varied within a
range of 0.25-1.5 h. Thus, 0.25% Pd/Ba-K-1 catalyst
samples with different degrees of palladium reduction
were prepared (see table).

The distribution of palladium over the fiber cross
section was determined by X-ray microanalysis on a
Cameca MS-46F instrument. In accordance with the
resolving power of the instrument, samples containing
1.0 wt % Pd were prepared.

The X-ray diffraction analysis of the test samples
was performed on a DRON-1 instrument using copper
radiation.

The experiments on hydrogen oxidation in the pres-
ence of the synthesized catalysts were performed in a
glass flow reactor (20 mm i.d.) with automatically con-
trolled electric heating. The design of the reactor
allowed us to measure the temperature throughout the
height of a catalyst bed [5]; thisis of particular impor-
tance in the studies of exothermic reactions.

In the experiments with catalysts from the first
series, which were different in palladium contents per
unit weight of theion exchanger, sampleswith different
weights (from 0.9 to 1.2 g) were placed in thereactor in
order to obtain equal palladium weights in all of the
loadings.

In the studies of catalysts from the second series,
which contained equal amounts of palladium, 1-g sam-
ples were loaded into the reactor.
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In all cases, the height of the catalyst bed was kept
on one level (~40 mm) by different degrees of compac-
tion of theion exchanger.

Therelatively highratio (1 : 2) between the diameter
and the height of the catalyst bed and the low concen-
tration of hydrogen in the gas flow supplied to the reac-
tor allowed us to exclude a detectable temperature gra-
dient along the height of the catalyst bed.

The test samples were heated in a flow of dried
helium at 130°C for 1 h; next, the temperature was
decreased to 100°C; the helium flow was stopped, and
a gas mixture (3 vol % H, in air) was supplied to the
reactor at aflow rate of 100 cm?/min. After 1520 min,
the gas was sampled and analyzed on a Gazokhrom-31
chromatograph. The conversion of hydrogen was calcu-
lated by the difference between its concentrations in gas
samples of equal volumes before and after the reactor.

The activity of the catalysts was characterized by
the reactor output per unit weight (1 g) of palladium
and calculated by the equation

A =V, a/mg (cm? (gPd)™ s™),

where V,, istheflow rate of hydrogen (cm?¥/s) and a is
the conversion of hydrogen (volume fraction).

RESULTS AND DISCUSSION

Under identical experimental conditions, the cata-
lyst activity may be affected by the degree of reduction
and the dispersity of palladium, the distribution of par-
ticles over the fiber cross section, and the mass transfer
of reactant molecules to active centers.

Data on the distribution of Ba’* cations over the
fiber cross section, which is shown in Fig. 1a, indicate
that functional groups are uniformly distributed in the
bulk of the ion exchanger. Analogous distribution was
adso observed for [Pd(NH;),]** cations after ion
exchange (Fig. 1b). The reduced sample is character-
ized by an increased concentration of palladium in the
fiber surface layer (Fig. 1c). Consequently, the migra-
tion of reduced metal particles occurs in the activation
of the catalyst with the predominant distribution of the
metal at the periphery of the fiber cross section.

A comparison of datagiven in Figs. 1c and 1d dem-
onstrates that, on the activation of the catalyst under the
above conditions, a considerable portion of palladium
was not reduced, and it remained at the ion-exchange
positions of theion exchanger. The major portion of the
reduced metal was concentrated at the peripheral area
of the fiber cross section 10-15 pm in thickness.

Thereflections of palladium metal were absent from
the X-ray diffraction patterns of reduced catalysts; this
fact is indicative of the high dispersity of its particles
(dsg < 50 A).

The palladium contents of catalysts from the first
series, which were prepared based on various cationic
forms of the ion exchanger (see thetable), were 0.176—

KINETICS AND CATALYSIS  Vol. 43

No. 6 2002

865

A, cm? (gPd)~!'s7!
22

20

18

16

141

40 50 60 70
20

(b)

12 o

| | | | | |
0 20 40 60
S, %

Fig. 2. Reactor output (per gram of Pd) A as a function of
the degree of palladium reduction Sin catalysts from the
(a) first and (b) second series.

0.245 wt % (in accordance with the synthesis condi-
tions, the palladium contentsin the equivalent of theion
exchanger were equal in all of the samples). The values
of Sinthe catalystswere significantly different and var-
ied from 38 to 64%.

Figure 2a demonstrates that catalysts from the first
series exhibited a linear relationship between the
degree of palladium reduction and the activity in hydro-
gen oxidation.

Differences in the catalytic activity of the test sam-
ples can be due not only to different degrees of palla
dium reduction but aso to different rates of the mass
transfer of reactant molecules to active centers. To find
which of the two factors has a determining effect on the
apparent activity, we performed experiments on the
oxidation of hydrogen on catalysts from the second
series.
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Fig. 3. Degree of palladium reduction Sas afunction of the
difference between the relative el ectronegativities (ARE) of
atoms that participate in O—M?" bond formation.

Because samples of this series were prepared based
on the same ion exchanger (Ba form) and they con-
tained equal amounts of palladium (0.25% of the sup-
port weight) and differed in only degrees of metal
reduction, we believe that they exhibit identical diffu-
sion properties.

Datashown in Fig. 2b indicate that, asin the case of
catalysts from the first series, the degree of palladium
reductionisalinear function of the activity in hydrogen
oxidation. Moreover, catalysts based on different cat-
ionic forms of the ion exchanger with similar values of
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S for example, sample nos. 5 and 11 or 6 and 12 (see
table), are characterized by almost equal values of the
reactor output per gram of palladium.

The above data suggest that the degree of palladium
reduction rather than the mass transfer of reactants to
active centers is the predominant factor in the apparent
activity of the catalysts.

In accordance with the values of S the cationic
forms of the ion exchanger are arranged in the follow-
ing order:

Cs—K-1 > Rb-K-1 > Na-K-1 > Ca-K-2
= Ba-K-1 > Li-K-1 > Mg—K-1.

Itisof interest how the nature of the exchanged cat-
ion affects the reduction of tetraamminepalladium(l1)
complexes immobilized on the ion exchanger to Pd’.

It is well known that, the greater the difference
between the electronegativities of participating atoms,
the higher the polarization and bond ionicity [15]. Con-
sequently, the effective negative charge at oxygen
atoms bound to palladium is lower than that at oxygen
atoms bound to akali and akaline-earth metal cations.

Taking into account a number of circumstances (the
deep dehydration of the ion exchanger in the course of
catalyst activation, which affects the effective charge of
exchangeable cations; the collective interactions of
functional groups charged with cations of different
nature with the ion-exchanger matrix; and the occur-
rence of substituentsthat are the salt forms of benzene-
sulfonic acid a the macromolecular chain), it is
believed that the states of the fragments of the system
can be equalized by electron density redistribution.
That is, it isbelieved that electron density in the macro-
molecule of the sulfo cation exchanger can be shifted to
relatively long distances in accordance with the follow-
ing scheme:

Il T T 1l
O O NH3NH3z NH3NH3 O o)

As a result, the O—Pd bond ionicity and strength
decrease to facilitate the reduction of the metal.

The correctness of this approach to an explanation
of experimental data was supported by the dependence
of the degree of palladium reduction on the difference
between the relative el ectronegativities (ARE) of atoms
that participate in O-M# bond formation (Fig. 3).

Thus, the results of this study suggest an analogy
between supported metal catalysts prepared on the
basis of solid oxide supports and organic ion exchang-
ers. the degree of reduction of ametal and its catalytic

CH,

activity depend on the physicochemical properties of
the support, which are responsible for the metal—sup-
port interaction.
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