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Abstract—The samples of Pd—Ag/Al,O; catalysts for the selective hydrogenation of acetylene impurities in an
ethane—ethylene mixture were studied using the IR spectroscopy of adsorbed CO, X-ray diffraction analysis,
and thermogravimetry. In the course of reaction and regeneration, the total concentration of the supported met-
als (Pd and Ag) changed only slightly. The degree of accessibility of silver atoms to CO adsorption and the
amount of these atoms in the nearest environment of palladium atoms decreased to result in an increase in the
selectivity of acetylene hydrogenation to ethane. The decrease in the accessibility of silver was due to a change
in the phase composition of the alumina support as a result of its rehydration. It was hypothesized that the result-
ing aluminum hydroxide with the boehmite morphology is a source of the strongest Lewis acid sites, which cat-

alyze oligomerization processes on the catalyst surface.

DOI: 10.1134/S0023158407010181

INTRODUCTION

Palladium catalysts are widely used in organic syn-
thesis and petroleum chemistry in hydrogenation,
hydrocracking, and flue-gas combustion processes.
Supported palladium systems play a special role in the
hydrogenation of alkyne impurities in alkenes, for
example, at the stages of monomer preparation in the
cycles of polymer synthesis [1]. Thus, because of the
poisoning effect of acetylene on polymerization cata-
lysts, the concentration of acetylene in ethylene raw
materials should be decreased to 10 ppm.

The hydrogenation of acetylene impurities in
ethane—ethylene mixtures was performed primarily in
the presence of Pd-Al,O; catalysts promoted with
Group IB elements [2]. The activity and selectivity of
catalysts depend significantly on the properties of the
supported metal (the oxidation number, dispersity, and
distribution density of palladium particles), as well as
on reaction conditions. In the course of operation, the
catalyst activity and selectivity decreased because of
the deactivation of the active component by oligomer
deposits [3]; this decrease was compensated by an
increase in the reaction temperature [2].

The deactivation of catalysts for the selective hydro-
genation of acetylene in the course of operation has
been widely discussed in the scientific literature [3-9].
The primary attention of researchers has been focused
on changes in the properties of the active component:
the aggregation of its particles, catalyst poisoning, and

surface blocking with oligomerization products. In this
case, changes in the state of the support and the contri-
bution of the support to the deactivation of the catalytic
system have not been taken into consideration in actual
practice. Nevertheless, it is well known [7, 8, 10, 11]
that the alumina support is not indifferent to supported
metals (Pd, Pt, and Ag), and it exerts a noticeable effect
on their properties and the degree of interaction with
the surface. However, studies on the effects of support
transformations on the state of supported metals in cat-
alysts have not been performed.

The aim of this work was to study changes in the
activity and selectivity of a catalyst for the selective
hydrogenation of acetylene in an ethane—ethylene mix-
ture depending on the phase transformations of the alu-
mina support and to evaluate the effect of support char-
acteristics on the states of the active component and a
promoter in the course of reaction and regeneration.

EXPERIMENTAL

The test materials were a fresh sample (sample A)
and the samples of a catalyst for the selective hydroge-
nation of acetylene in an ethane—ethylene mixture after
operation under conditions of a commercial process
(samples B and C). The catalyst was palladium
(0.03 wt %) and silver (0.20 wt %) supported onto the
outer surface of spherical aluminum oxide granules
2.5-3.0 mm in diameter. The total operation times were
17000 and 22000 h for samples B and C, respectively.
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The intermediate regeneration of the catalyst was per-
formed by successively treating with methane (T =
473 K; P = 0.5 MPa), water vapor (T = 653 K; P =
0.2 MPa), and atmospheric oxygen (T = 713 K; P =
0.3 MPa). The duration of the steam regeneration was
~80 h. The additional oxidative thermal treatment of the
samples was performed under laboratory conditions at
673 K for 3 h in an atmosphere of air. The interregener-
ation cycles of the catalyst varied from ~5000 h at the
beginning of operation to ~1000 h at the end.

The catalysts were tested in the reaction of selec-
tive acetylene hydrogenation into ethylene in an
ethane—ethylene mixture containing 2.13 vol % C,H,,
76.41 vol % C,H,, and 21.46 vol % C,H¢. The tests
were performed in a laboratory flow-type reactor with a
catalyst loading of 7 cm?® at a space velocity of the
ethane—ethylene mixture equal to 2500 h™!, at a pres-
sure of 1 MPa over a reaction temperature range from
293 to 323 K. The temperature in the catalyst bed was
monitored with a Chromel-Alumel thermocouple (to
within =1 K); a specified value was maintained using a
Sh-0403 thermoregulator. The ethane—ethylene mixture
was diluted with hydrogen based on the molar ratio
C,H,/H, =1 : 1.4. The catalysts were reduced in a flow
of hydrogen at 403 K for 4 h at a pressure of 0.5 MPa.
The concentrations of reactants and reaction products
with time were measured by chromatography; based on
these data, the activity of catalysts and the selectivity
for ethylene and ethane were determined. The catalyst
activity in the reaction of acetylene hydrogenation was
calculated as the total amount of C,H, reacted in 1-h

tests per unit weight of palladium (A¢ y ). The total
amount of Cy' hydrocarbons was determined as the
sum of C, hydrocarbons identified in gaseous reaction

products (A[C5"]) and deposited on the catalyst surface

(A[Ciurf]) as undesorbed oligomers. The concentration

of the CZurf hydrocarbons was calculated from the inte-
gral amount of converted acetylene that did not partici-

pate in the formation of ethylene, ethane, and C§" in an
hour of reaction:

A[Czurf]

_ AIC,H,] - A[C,H,] - A[C,H,] - A[C5"1/2
= > ,

The rates of formation of ethylene (w¢ y, ), ethane

tot surf
(we,u,)» and C, hydrocarbons ( wg,, w¢,, and we, )

were also calculated based on the integral amounts of

reacted acetylene (A[C,H,]) and the resulting ethylene
(A[C,H,]), ethane (A[C,Hg]), and C, hydrocarbons

(A[Cft 1, A[Cias], and A[Ciurf]), respectively, in a reac-
tion time equal to 1 h. The selectivity for ethylene,
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ethane, and C, hydrocarbons was calculated from the
equation

A[C,H,I(ATC,H, ], A[C,])
SC2H4(C2H6’C4) = — A[Czi_lzﬁ 2 x 100%.

The elemental analysis of samples was performed
on an Optima 2000 DN atomic emission spectrometer.
The measurements were performed in solutions; for
this purpose, the samples were fused with LiBO; and
dissolved in HCI. The prepared samples were burned in
an electric arc at 7273 K with the use of argon as a car-
rier gas.

The IR spectra were measured at an adsorption tem-
perature using a Shimadzu 8300 Fourier transform
spectrometer with a resolution of 4 cm™!; the number of
accumulated spectra was 50. The samples were pressed
as pellets with a density of 7-17 mg/cm?, calcined in an
IR cell for 1 h at 723 K and a pressure of 10107 Torr,
and cooled to 163 K with liquid nitrogen. Carbon mon-
oxide was used as a probe molecule in order to deter-
mine the states of palladium and silver and the Lewis
acid sites on the catalyst surface [11]. The adsorption of
CO was performed at a liquid nitrogen temperature
over the pressure range 0.1-10 Torr. The concentrations
of CO complexes with palladium, silver, and the Lewis
acid sites of aluminum oxide (Nqo) were determined
from the integrated intensities of absorption bands due
to the corresponding complexes of adsorbed CO nor-
malized to pellet thickness (/o) with consideration for
integral absorption coefficients (/,) taken from [11]
using the equation N = Io/I,. The integrated absorp-
tion coefficients of the Lewis acid sites of aluminum
oxide, which depend on the absorption band positions
of CO complexes in the range Voo = 2180-2240 cm™,
were calculated from the equation /= 0.13 (v¢o —
2130) [11]. The strength of Lewis acid sites was char-
acterized by the heat of adsorption of CO (Qcp), which
was determined from the correlation equation [11]
Oco.i = 10.5 + 0.5 (v, ; — 2143), where v¢q ; 1s the
vibration frequency of CO adsorbed at the ith Lewis
site.

The diffraction patterns were measured on a DRON-
2 diffractometer using CukK, radiation with a mono-
chromatic filter. The range of recording angles 20 var-
ied from 5° to 95°. The phase composition, unit-cell
parameters, and crystallite sizes were calculated using
the Material Analysis Using Diffraction special pro-
gram package.

The thermal analysis of samples was performed on
a Q-1500 D derivatograph (F. Paulik, J. Paulik, and
L. Erdey) in a temperature range from 293 to 1273 K at
a heating rate of 10 K/min in an atmosphere of air; the
sample weight was ~0.2 g; the accuracy in the determi-
nation of weight losses was 0.5 rel %.
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Table 1. Concentrations of palladium and silver in initial
and treated catalyst samples according to atomic emission
analysis

Total element concentration, imol/g
Sample
Pd Ag
A 2.80 18.52
B 2.72 17.59
C 2.72 16.67

RESULTS AND DISCUSSION

According to atomic emission analysis data
(Table 1), the total palladium content of the catalyst
remained almost unchanged in the course of operation.
Unlike palladium, the amount of supported silver insig-
nificantly decreased with process duration; this can be
explained by the partial carryover of the promoter with
the flow of raw materials. In this case, the accumulation
of catalyst poisons, such as sulfur, lead, arsenic, vana-
dium, antimony, and mercury, did not occur. In the
spent samples, the concentrations of sodium and man-
ganese somewhat increased from 0.31 to 0.39—-0.59 and
from 0.38 to 0.74-0.89 wt %, respectively; it is likely
that these elements were supplied to the reactor with the
flow of raw materials. The spent catalyst samples
ranked only slightly below the initial catalyst in steady-
state activity (Fig. 1) and acetylene conversion
(Table 2). As can be seen in Tables 2 and 3, the selectiv-
ity and the rate of ethylene formation in the presence of
the fresh catalyst were much higher than in the case of
the spent samples. A decrease in the rate of ethylene
formation in the presence of samples B and C can be
due to both the hydrogenation of ethylene to ethane
(Fig. 2) and the acceleration of acetylene dimerization.
In this case, the effect of the dimerization reaction was
less significant: the rate of formation of C, hydrocar-
bons was lower than that of ethane by one order of mag-
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Fig. 1. Effect of temperature on the activity of catalysts A,
B, and C in the reaction of selective acetylene hydrogena-
tion.

nitude (Table 3). The acceleration of ethane formation
from the parent or resulting ethylene can result from a
change in the degree of interaction between palladium
and silver atoms. Upon the promotion of a catalyst with
silver [12], the partial positive charge that appears on
highly dispersed palladium particles is compensated
and the activity of these particles toward olefin mole-
cules decreases.

Another distinctive feature of spent catalyst samples
consists in an increase in the theoretically possible

yield of C; hydrocarbons (wg) with the duration of

operation. We calculated this yield from the amount of
converted acetylene that did not participate in the for-
mation of ethylene and ethane. A simultaneous
decrease in the yield of gaseous C, hydrocarbons was
accompanied by a considerable increase in the amount
of C, hydrocarbons that participated in the formation of
oligomeric compounds, which remained on the catalyst
surface.

The states of Pd and Ag on the catalyst surface were
characterized using the IR spectra of adsorbed carbon
monoxide. The spectra of reduced samples (Fig. 3) did
not allow one to judge changes in the properties of sup-
ported metals [13—16] because of the low concentration
of palladium and the absence of the interaction of sur-
face silver atoms with carbon monoxide molecules
under experimental conditions [14]. Indirect informa-
tion on the surface concentration, dispersity, and acces-
sibility of metals to adsorbate molecules can be
obtained from an analysis of the spectra of oxidized
samples (Fig. 4). Note that these spectra allowed us to
monitor changes in the supported metals in the course
of catalyst operation, even though these spectra did not
reflect the real state of supported metals under the
reduction conditions of the hydrogenation reaction.

The strongly bound complexes of CO with ionic
palladium and silver species were formed even at low
(P = 0.1-0.4 Torr) surface coverages with the adsor-
bate. In Fig. 4, absorption bands at vqq = 2194-2200,
2167, and 2110-2128 cm™ can be seen clearly. These
absorption bands were due to the vibrations of carbon
monoxide coordinated to the Lewis acid sites of alumi-
num oxide [11] and linear carbonyls bound to Pd* [15,
16] and Ag* ions [13, 14, 17], respectively.

In the case of samples B and C, an increase in the
absorption band intensity at 2128 cm™ and a broaden-
ing of this absorption band toward the low-frequency
region to 2110 cm™ suggest the formation of additional
Pd* ions and CO adsorption sites related to Pd* having
an intermediate oxidation number (from 1+ to 0) [15,
16] (Table 4). This can be due to a partial charge redis-
tribution on palladium ions, which likely occurred in
the initial unreduced catalyst in two forms (Pd* and
Pd>*). The concentrations of CO complexes with Pd* in
both of the treated samples were 3 umol/g (Table 4),
which is close to the total palladium content of the cat-
alyst (Table 1). This allowed us to hypothesize a highly
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Table 2. Acetylene conversion (X y, ), activity (A y, ), and selectivity for ethylene (S y, ) and ethane (S¢ y ) in the re-

action of acetylene hydrogenation on catalyst samples

Ag L % 10
Sample X0 % Co, XY ey % Se u . % s g
mol (umol Pd)! h™! o ne !
A 99.7 0.130 65.1 26.9 8.0
B 99.2 0.124 57.1 33.1 9.8
C 99.2 0.128 46.5 38.0 15.5

* Average values after reaching steady-state activity at 7= 303-323 K.

Table 3. Rates of formation of ethylene, ethane, and C, hydrocarbons on catalyst samples in the reaction of selective acety-
lene hydrogenation

Rate of formation of C,—C,4 hydrocarbons*, mol (umol Pd)~! h~!
Sample , ;
P we,n, X 102 we,n, X 107 ngl x 10 we x 103 wéff“‘“ x 10
A 0.085 0.035 0.049 0.043 0.006
B 0.071 0.041 0.073 0.040 0.033
C 0.059 0.048 0.081 0.035 0.046

* Average values after reaching steady-state activity at 7 = 303-323 K.

dispersed state of palladium particles on the catalyst
surface; it is likely that this state also remained unaf-
fected after the reduction of the samples in hydrogen.

Unlike palladium, the amount of Ag™—CO fragments
in spent samples decreased (Table 4). The intensity of
absorption bands with voq = 2167 cm™ noticeably
decreased as the catalyst operation time was increased;
however, the position of this absorption band remained
unchanged. The latter circumstance suggests that the
aggregation of silver particles did not occur in the
course of operation; however, the accessibility of these
particles to adsorbate molecules decreased. The
decrease of the Ag*—CO/Pd*—CO ratio allowed us to
assume that the number of silver ions in the nearest

we,n, X 102, mol (umol Pd)~" h~!
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environment of the palladium ion decreased. Reduction
in an atmosphere of hydrogen will not have a consider-
able effect on the above ratios between the particles of
silver and palladium accessible to adsorbate molecules.
In turn, the observed changes can be reflected in the
promoting effect of silver atoms and the ability of these
atoms to compensate for the excessive positive charge
that appeared on palladium atoms because of the effect
of the strong metal-support interaction [12, 18]. It is
likely that an increase in the degree of interaction of
unsaturated hydrocarbons with palladium atoms caused
the observed decrease in the selectivity of the process
for ethylene (Table 2) and the decrease in the rate of
ethane formation (Table 3).
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Fig. 2. Effect of temperature on the rates of formation of (a) ethylene and (b) ethane in the reaction of selective acetylene hydroge-

nation on catalysts A, B, and C.
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Fig. 3. IR spectra of the reduced forms of samples A, B, and
C of the selective hydrogenation catalyst (Pcg = 10 Torr).

It is likely that, in the course of catalyst operation,
other reasons were responsible for the acceleration of a
side process of acetylene dimerization to 1,3-butadiene
[19, 20], a precursor of butenes and butane, which were
identified in gaseous reaction products, as well as sur-
face oligomers. Asplund [7] found that the amount and
the rare of accumulation of hydrocarbon deposits on the
surface of Pd/Al,O; in the hydrogenation of acetylene
largely depend on the morphology and surface area of
alumina and hypothesized that the hydrocarbon chain
can grow by a carbonium ion mechanism with the par-
ticipation of the Lewis acid sites of the support. More-
over, Prokudina et al. [21] found that the strength of
Lewis acid sites noticeably affects the carbonization of
the surface of aluminum oxide.

The IR-spectroscopic study of the acid properties of
the catalyst surface allowed us to recognize four types
of Lewis sites (L,—L,) with corresponding absorption
bands in the region Vo = 2183-2234 cm™ in the spec-
tra of adsorbed carbon monoxide (Table 5). The con-
centration (N¢p) and strength (Qq) of Lewis acid sites
changed in the course of operation. The concentration
of weak L, sites remained almost unchanged against
the background of a decrease in the total Lewis acidity.
Simultaneously, a decrease in the amount of medium-
strength sites (L,) and the appearance of additional

2200

o

2110 2128

Absorption, arb. units

| 2110 2128

2100 2120 2140 2160 2180 2200 2220
Vco,Cm_l

Fig. 4. IR spectra of the oxidized forms of samples A, B, and
C of the selective hydrogenation catalyst (Pcg = 0.1 Torr).

strong (L) and very strong (L,) sites were noted. In a
comparison between the results of catalytic tests
(Table 3) and data on the Lewis acidity, a correlation
was found between the selectivity and rate of formation
of C, hydrocarbons, which participate in the formation
of oligomers deposited on the catalyst surface, and the
amount of the strongest Lewis sites. The rate of forma-
tion of surface hydrocarbon deposits from acetylene

dimerization products (C‘frr ) significantly decreased as
the total concentration of L; and L, sites increased. It is
believed that oligomerization processes on the catalyst
surface are catalyzed by the strong Lewis acid sites of
aluminum oxide with the heats of adsorption of carbon
monoxide from 45 to 56 kJ/mol. It is likely that the
period of operation between regenerations and its grad-
ual shortening in the course of catalyst operation
depend on the appearance of structural fragments that
are responsible for strong Lewis acidity on the surface
of aluminum oxide.

The acid characteristics of aluminum oxide depend
on its morphology, which was studied by X-ray diffrac-
tion (XRD) analysis and thermogravimetry. Table 6
summarizes the results. According to XRD data, the
starting catalyst support was y-Al,O; with a small
impurity of the ¥ phase; y-Al,O; was inhomogeneous

Table 4. Absorption band frequencies of CO adsorbed on palladium and silver in oxidized catalyst samples

+ +
Pd*-CO Ag*—CO Ag+_CO
Sample — >
Veo, cm™! Nco, umol/g Veo, cm™! Nco, umol/g Pd -CO
pumol/pmol
A 2128 <1 2167 20 ~20.0
B 2128 3 2167 15 5.0
C 2128 3 2167 8 2.7
* The spectrum contained an absorption band with veg = 2110 cm™! (Pd5+—CO).
KINETICS AND CATALYSIS Vol. 48 No.1 2007
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Table 5. Surface Lewis acid sites in the samples of the selective hydrogenation catalyst
A B C
L site
-1 | Qco> Nco» -1 | Qcos Nco, -1 | Qco: Nco,
Veo, cm kJ/mol umol/m Veo, cm kJ/mol umol/m Veo, cm kJ/mol umol/m?
L, 2183 30.5 2487 2186 32 2.154 2184 31 2.547
L, 2190-2220| 34-39 1.553 2192 35 0.465 2195-2199 | 36.5-38.5 0.468
L; 2216 47 0.003 2212 45 0.018 2212 45 0.039
L, - - - 2229 53.5 0.015 2234 56 0.019
ZL, 4.043 2.652 3.073
Table 6. Changes in the phase composition of the support in the samples of the selective hydrogenation catalyst
Concentration, wt %
thermal analysis X-ray diffraction analysis
Sample
. ¥-ALO; .
Al,O3 boehmite x-Al,O4 boehmite
crystalline poorly crystallized
A 100 - 84.4 14.3 1.3 -
B 97.5 2.5 83.5 11.8 1.4 3.1
C 95.7 4.3 83.0 9.8 1.2 5.8

and consisted of well-crystallized and poorly crystal-
lized forms. The poorly crystallized oxide cannot be
related to classical amorphous aluminum oxide. The
difference curve of thermal decomposition (not given in
this paper) did not exhibit a characteristic exothermic
effect of the phase transition of y-Al,O; via metastable alu-
mina phases to o-Al,O; around ~1073 K [22]. In the
course of operation, the phase composition of the sup-
port changed. In the spent catalysts, a new compound
was formed: aluminum hydroxide with the boehmite
morphology (Table 6). This compound was formed
because of the surface rehydration of poorly crystal-
lized y-Al,O; in the course of regeneration under
hydrothermal conditions. In this case, the DTA curves
of spent samples exhibited additional endothermic
effects in the temperature range 729-848 K due to the
removal of interlayer water from the boehmite structure
and the phase transition of boehmite to y-Al,O; [6]. As
the duration of operation was increased, the endo
effects shifted toward higher temperatures; this fact
suggests the agglomeration of hydroxide particles and
an improvement of the crystal structure [23]. The phase
and structure transformations of the alumina support
can cause the above decrease in the accessibility of sil-
ver particles to adsorbate molecules and change in the
ratio between silver and palladium in the course of cat-
alyst operation.

Moreover, the experimental results allowed us to
attribute the weak L, sites with Qg = 30.5-32 kJ/mol
in the catalyst to coordinatively unsaturated aluminum
cations on the surface of well-crystallized y-Al,O4
because, according to Paukshtis [11], only these sites
occurred in y-Al,O; with a well-formed crystal struc-
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ture. Paukshtis [11] interpreted L, sites with absorption
bands in the region Vo = 2190-2200 cm™! as aluminum
cations in the nuclei of the Al,O; phase, whereas sites
with absorption bands at Voo = 2218-2230 cm™' were
considered as aluminum cations in Als—O-Als clusters
formed from the dimeric complexes AL(OH),. It is
believed that, in the case under consideration, the frag-
ments responsible for medium-strength Lewis sites
with Qcg = 34-39 kJ/mol are poorly crystallized
v-Al,O; microcrystallites, which either are the nuclei of
an aluminum oxide phase or exhibit their properties.
Upon the rehydration of poorly crystallized y-Al,O;, its
concentration decreased to cause a decrease in the
amount of the nuclei of the aluminum oxide phase and,
consequently, L, sites. It is most likely that the simulta-
neous appearance of a new boehmite phase as a constit-
uent of the support was responsible for an increase in
the concentration of strong L; sites with Qg =
45 kJ/mol and the appearance of new, very strong L,
sites with Q- = 53.5-56.0 kJ/mol. This can be facili-
tated by the formation of new crystallization bonds
between primary boehmite plates, which are agglomer-
ated under the hydrothermal conditions of steam regen-
eration. The noncoherent coordination [24] of primary
boehmite particles along the plane [010], which is
enriched in hydroxyl groups [25], can be accompanied
by the formation of not only hydrogen bonds between
surface OH groups but also Al-OH-Al bridging
hydroxyl groups, which bind boehmite crystals to each
other. The latter hypothesis was supported by a propor-
tional increase in the concentration of the strongest (L
and L,) Lewis sites upon an almost twofold increase in
the boehmite content of the catalyst. Consequently, the
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resulting boehmite can be a source of the strongest
Lewis acid sites, which participate in the oligomeriza-
tion of acetylene dimerization products and affect the
deactivation of the catalyst by shortening its interregen-
eration cycle.

Thus, phase changes in the alumina support as a
result of its rehydration were accompanied by a
decrease in the accessibility of supported silver parti-
cles to a gas phase and a decrease in the amount of these
particles in the nearest environment of palladium parti-
cles (which was responsible for a change in selectivity
for ethylene), as well as the appearance of strong Lewis
acid sites, which catalyze oligomerization processes on
the catalyst surface.
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