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The effect of palladium particle size on the kinetics of hydrogenation
of acetylene—ethylene mixtures over Pd/S&atalysts
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The kinetics of hydrogenation of acetylene—ethylene mixtures over the Pdfgi@lysts has been studied over a wide range of Pd
particle sizesd = 42-262 A). The sizé was found to have no influence on the mechanism of the reaction and on the adsorption strengths
of acetylene and ethylene molecules (the electronic effect was not observed to occur). The observed antipathetic structure sensitivity
originates from two geometric effects: (i) statistics of faces in Pd crystallites, (ii) surface-site statistics in the crystallite faces carrying
carbonaceous deposits. A general kinetic model of hydrogenation of acetylene—ethylene mixtures gndatii€s has been developed.

The model describes the relation of turnover frequency todsaevarious partial pressures of the reactants.

KEY WORDS: hydrogenation of acetylene—ethylene mixtures; palladium catalysts; carbonaceous deposits; effect of metal particles size;
kinetic model

1. Introduction obtain a series of catalysts endowed with large palladium
particles, the Skg catalyst was calcined in oxygen at vari-

The effect of metal particle sizéin supported metal cat- ous temperatures (673-1173 K). In this way, four modified

alysts on the rate of the reaction has been extensively invesatalysts (1SEs, 2SE.6, 3SE ¢ and 4Sk ) were prepared.

tigated and reviewed [1,2]. Most investigations have been Prior to palladium dispersion measurements and kinetic

confined to the relation between turnover frequency (TOB)udies, the catalysts were subjected to the stanidasidu

and sized at fixed partial pressures of the reactants and temretreatment involving: (i) calcination in an oxygen stream

perature. So far this relation has been very little looked int(e0 mImin~1) at 573 K for 0.5 h, (i) reduction in hydrogen

especially as regards the effectdion a complete kinetic stream (20 mImin?) at 573 K for 1 h, and (iii) desorption of

equation. This paper is focused on catalytic hydrogenatibgdrogen in helium stream (20 ml mif) at 723 K for 1 h.

of acetylene in excess of ethylene, an important industrighen, the samples were cooled to 353 K in flowing He.

process [3-7]. TOF in the hydrogenation of alkynes over Cylinder gases: ethylene (MZPiR, Poland, 99.96%), he-

supported palladium catalysts increases &sincreased up lium (Plasco, 99.99%), hydrogen (AgaGas, 99.999%) and

to 40 A [6-18]. This antipathetic structure sensitivity [1lacetylene (Matheson, 99.6%) were used. Each gas was

has been ascribed to electron deficiency in small Pd particlagified in a series of columns packed subsequently with

(the electronic effect). This paper sets out to describe ha@v/SiQ, silica gel and a 5A molecular sieve.

d affects the mechanism and kinetics of hydrogenation of

acetylene—ethylene mixtures over Pd/Sicatalysts over a 2.2, Catalyst characterisation

wide range ofl. The effect ofd on the parameters of the ki-

netic model recently proposed for ReAl 03 (d = 43.6 A) The metal fraction exposed (FE) was measured by the
[19,20] has been determined. oxygen chemisorption method, similarly as before [19]. The
Table 1
2. Experimental Characteristics of Pd/Sicatalysts.
Catalyst  Pd loading Precalcination ¥E 4P
2.1. Materials (Wt%) Temperature  Time A)
_ N (K) (h)

_ Table 1 summarises the silica-supported catalysts exar‘rgEz'6 26 B B 0288 12
ined. The 2.6% Pd/SiDcatalyst (Ske) was prepared at s, 264 673 1 0.247 51

the Laboratoire de Réactivité de Surface et Structure at Uni2se g 2.72 773 1 0.186 74
versité P. et M. Curie, Paris, by following the procedure de-3SEs 2.88 873 1 0.0848 162
scribed in detail by Bouchemova [15]. The catalyst was ob-4SE6 813 973 1 00525 262

tained by the exchange between the [Pdéw and the agraction exposed, determined by oxygen chemisorption at 273 K.
NHjlr cations attached to the SiO group in the support. Tdalculated from FE and relations (1) and (2).
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average metal particle sizd)(was calculated by using the0.27-0.77 kPa and 39.1-40.3 kPa, respectively. Chromato-
following general relations valid for common metal catagraphic analyses of the inlet and outlet streams were used

lysts [21]: to establish the data for the determination of the reaction
5.01d ¢ rates, which were expressed as the turnover frequencies:
d= FE atFE< 0.2, (1) TOFc,H, — the rate of acetylene disappearance expressed as
mol C;H2> per mol of surface Pd atoms per s; T&k, —
d= 332t at02 < FE< 0.92, (2) the rate of ethane production expressed as mleCper
FEL23 mol of surface Pd atoms per s. The effect of variation of
wheredy is the diameter of the metal atom (2.74 A for Pa?H, On the observed relations TQfx, = f(pc,H,) and
atom). TOFc,Hs = f(pc,H,) Was minimised by normalising the
Table 1 lists FE and for the pretreated Pd/Siatalysts, €Xperimental results vis., by dividing the rates by the hydro-
prior to catalytic screening. gen pressure, i.e.. TQfH,/pH, and TOk,Hg/ pH,. This

procedure was explained in detail elsewhere [24] (the reac-
2.3. Apparatus for hydrogenation of acetylene—ethylene tions are approximately first order with respect to hydrogen).
mixtures The overall selectivities of the hydrogenation of acetylene
in acetylene—ethylene mixtures were defined as [25]
The reaction was carried out in an all-glass no-grease
i i i i TOFCsz
flow system equipped with a gradientless microreactor [22]. S = )
The inlet mixtures of 39.5% £Ha, 0.76% H, 0.01-0.294% TOFc,H, + TOFcyH,
C2H> and He in balance were prepared continuously by us-
ing flow control valves and microdispensers of hydrogen and
acetylene [23]. This me_thod_allows low concentration; of Resultsand discussion
CoHz and K to be obtained in the stream of the reaction

mixture at a flow rate of 34 ml mint. The compositions of " The results of the stabilisation of the catalysts in the re-
both the inlet and outlet streams were measured by a Gieggjon conditions are presented in figure 1. The activities of

GCHF 18.3 gas chromatograph provided with a flame 105 catalysts increased by about 30% as the time on stream
isation detector, equipped with a 1 m long column packq§os) was protracted, and attained a steady state in 6 h (sta-
with silica gel. The column was operated at 353 K with algjjisation of the catalysts was continued up to 19 h to ensure
gon as a carrier gas. they are stable under the reaction conditions).

The results of the kinetic measurements of the steady
state process (figure 2) demonstrate that the effegts f,

n TOFc,H,/ pH, and on the overall selectivity observed on

The kinetic studies on hydrogenation of acetylene—ethyl0 - e - .
ne mixtures were carried out by using finely powdered CafI?_d/SlQ catalysts are similar to those observed previously

B ' . for the Pdé&-Al,O3 catalysts [19,25] although the former
alyst samples (0.004-0.015 g) to avoid any influence of ”aiffered from the latter in type of the support andfinThese

ternal diffusion. After having been given the standarditu Its suggest that also the reaction mechanisms are identi-
pretreatments (see section 2.1.), the catalyst was stabiliS&g" 99

under the reaction conditions by passing the reaction mix-
ture of 0.294% @H», 39.5% GH4 and 0.76% H in He
through the catalyst bed at a temperature of 3382 K for
about 19 h. After the stabilisation had been performed, the
kinetic studies were started on hydrogenation of acetylene—
ethylene mixtures. The kinetic measurements consisted of “
measuring the rate of acetylene consumption and the rate —& 1.0
of ethane production over a wide range of partial pressures
of acetylenepc,H,, over the catalyst, at a chosen tempera-
ture. This was attained by varying from run to run the par-

3)

2.4. Kinetic studies
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tial pressure of acetylene in the inlet stream [24]. The to- et e . .

tal flow rate of, and the content of ethylene and hydrogen 0.0 , ) . ,

in, the inlet stream were kept unchanged during the kinetic 0 5 10 15 20 25
measurements (34 mimif, 39.5% GH,4 and 0.76% H,

respectively). Varying the percentage of acetylene in the Time on stream, h

inlet _Stream resulted in a modified hydrogen partial preEi_gure 1. TOfRe,H,/PH, Versus time on stream for the Pd/SiCatalysts.
sure in the reactompy,; this was evaluated from the acety, . = 0.14-0.32 kPapc,h, = 39.6+0.3 kPa andpy, = 0.3-0.6 kPa;
. . 4 . . .3-0. ;

lene consumption and the ethane formation rates. The pfaperature of reactior) 353+ 0.2 K. Catalysts: &) SEx g d = 42 A,
tial pressures of acetylene, hydrogen and ethylene in the 1Segd =51 A, (0) 2SE g d = 74 A, (0) 3SE 6 d = 162 A and
reactor were varied within the ranges 0.0059-0.285 kPa, (0) 4SEp6d = 262 A.
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2.0 Table 2
T A Apparent activation energies§c,H,)) for hydrogenation of acetylene
s over Sk g catalyst
T 154
- PCyH, r TOFCyH,/ PH, )
o (kPa) (K) (kPals™h) (kJmol1)
Qx"‘ 0.15 353 0.2830 62+ 4.6
\::" 333 0.0896
UES‘ 318 0.0264
Ic—) 0.10 353 0.309 66+ 0.02
333 0.0864
: 318 0.304
000 0.05 0.0 0.5 020 025 030 0.35 0.05 353 0.300 6B+ 6.7
Pressure of acetylene, kPa 333 0.0672
318 0.0278
1.0
B 2Reaction conditionspc,H, = 40.5+ 0.2 kPa,pH, = 0.58 % 0.2 kPa,
d=42A

0.8 1

constant of acetylene withshould shift the maximum in the
relation TOk,H,/pH, = f(pc,H,) towards highepc,h,,
whereas experimentally the position of the maximum is seen
to remain unaffected (figure 2(A)); (iv) changes in electron
deficiency of metal particles witd should also influence
EacyH,), Whereas the results shown in table 2 and the re-
sults of industrial-like hydrogenation of acetylene [6,7] have
c.0 , , , , , , shown E4c,H,) to be practically independent af. Con-
0.00 005 0.0 045 020 025 030 035 sequently, the present kinetic results indicate that the geo-
Pressure of acetylene, kPa metric effect plays an important role in the hydrogenation of
acetylene—ethylene mixtures over Pd/giatalysts. There-
Figure 2. The kinetics of hydrogenation of acetylene-ethylene mixturggre the general kinetic model proposed assumes the ob-
over the PA/SIQ catalysts: (A) TOR,H,/PH, VeISUSpeyHy; Catalysts:  saryed structure sensitivity to be due to the average surface
(o) SR d = 42 A (1) 1SBed = SLA () 25Be d = 4 A concentration of active sites increasing as the particle size
(0)3SErd =162 Aand ) 4SE g d = 262 A. (B) S versuspc,p,; cat- .. .
alysts: &) SEygd = 42 A, (1) 19Bgd = 51 A, () 25Bgd — 74 A, 1S increased, Wh_lch a_ffects the frequency f_actors of the rgte
(0)3SEr6d = 162 Aand () 4SE 6 d = 262 A. pc,m, = 39.8+0.6 kPa, constants but n(_a|ther influence the mechanism of the reaction
pH, = 0.3-0.6 kPal = 353+ 0.2 K. nor the adsorption strengths of acetylene and ethylene mol-
ecules. These assumptions are consistent with the activity
cal and that the kinetic model proposed for theaRAl,O3 “scaling law” proposed [27,28] for various catalytic systems,
catalyst [19,20] is applicable to the Pd/Si€atalysts. but so far this law has not been considered for the hydro-
Detailed studies on the effect of temperature on €/ genation of highly unsaturated hydrocarbons. For many re-
pH, for catalysts SkEe showed the apparent activation enactions occurring on the supported metal catalysts at a given
ergy of acetylene hydrogenatiaiEac,H,) to be about temperature and partial pressures of reactants, the relation
62 kdmot?® (table 2). The values oFyc,H,) are in rea- between TOF and has been found describable by the fol-

sonable agreement with those reported [6,7] (58.6—71.11kW¥ing equation:

0.6

0.4 A

Selectivity

0.2

mol~1) for acetylene hydrogenation over various Pdi@g (Dr-2)

) . > . TOF « d , (4)
catalysts carried out at a high total pressure. It is interesting
that E4c,H,) is almost independent afand pc,H,. in which DR, “the reaction dimension”, is the characteristic

The rate of acetylene hydrogenation (T&,/pH,) on  parameter of the catalytic system, quantifying the structure
Pd/SiQ catalysts strongly increases with(figure 2(A)). sensitivity in dispersed catalysts.
The results (figure 2 and table 2) cannot be explained by Accordingly, relation (4) is applied to the kinetic model
the electronic effect [6—21,26] because: (i) the measurpdbposed recently for the Rd/AI,O3 catalyst [20]. Two
TOFc,H,/pH, IS approximately proportional td up to at types of active sites have been suggested to be formed on the
least 262 A, whereas Pd crystallites reportedly acquire elgmlladium surface by the carbonaceous deposits: the A sites,
tronic properties of the bulk metal &t greater than about where only acetylene is converted, and the E sites where eth-
50 A [1,8-10], (ii) changes in electron deficiency of metajlene is hydrogenated. The A sites adsorb acetylene and
particles withd should influence the competitive adsorptiomydrogen but, owing to steric hindrance, do not adsorb eth-
of acetylene and ethylene and thus should strongly affectylene. The deposits also act as a transmitter of hydrogen
whereas the measurdds seen to be almost independent catoms towards the reacting molecules of acetylene adsorbed
d (figure 2(B)); (iii) the decrease of adsorption equilibriunon sites A.
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In the present model, three main reactions were cons‘g— . Table 3 )
d: arameters adjusted to the kinetic model of acetylene conversion on
ered. Pd/SiG catalysts?
CoHsg + Ho — CoHg Model parameter Value Standard deviation
Langmuir—Hinshelwood mechanism (on sites E{5) DA 2.899 Q046
CoH2 + Hz2 — CoHy K&, (Pat) 67.1 194
hydrogen transfer mechanism (on sites A) (6)  k§(stkpa?) 1.03 044
0 —1 ) py2
CoHs + Hy — CoHy k' _y (57 kPa?) 491 136

Langmuir-Hinshelwood mechanism (on sites A). (7Reaction conditions:pc,n, = 0.0059-0.28 kPapc,h, = 396 +

0.6 kPa,pn, = 0.27-0.77 kPa] = 353 K;d = 42-262 A.
In addition to reactions (5)—(7), in the kinetic model for the

Pdikx-Al>0O3 catalysts two minor, viz., conversions of acety-

lene to ethane and tos€hydrocarbons, were taken into ac- Table 4 )
count. In this work these minor reactions were neglect&din9 parameters relateg dt/%igecgt'gft; §m°del of ethane formation on
to minimise the number of parameters in the general model e

proposed, which takes into account not only the effect ofModel parameter Value Standard deviation
partial pressures of the reactants but also the effe€t of DE 2087 0063

Itis assumed that: (i) changes in the reaction ratesavith e kPal) 6.51 050
are caused by changes in the respective rate constants in tgg (s 1kPa?) 0,0334 00082

applied kinetic model [20] according to equation (4), (ii) the
reaction dimensions for reactions (6) and (7), proceeding 8Reaction conditions:pc,n, = 0.0059-0.285 kPapc,n, = 39.6 +
the same type of active sites (on sites A), are the same: 0.6 kPa,pn, = 0.27-0.77 kPal' = 353 K,d = 42-262 A.

Dé(d) = Dé(LfH) = DR. (8)
in whichdye is the relative metal particle sizé ) = d/dyy);
in which Dé(d), Dé(LfH) are the reaction dimensions for re-DE is the reaction dimension for reaction (5) (proceeding on
actions (6) and (7), respectively),é is the reaction dimen- sites E);kg is the apparent constant specific for reaction (5)
sion for hydrogenation of acetylene. (at fixed pc,h,); kg andkEfH are the specific constants for
Taking into account equations (4) and (8) and the kinetie reactions (6) and (7), respectivelg/ngz and ngH4 are
model proposed for the RedAl ;O3 catalyst [20], the gen- the adsorption constants of acetylene and ethylene on sites E,

eral kinetic model for the various Pd/Si@atalysts may be respectively;K ¢, is the adsorption constant of acetylene
expressed by the following equations at the fixed ethylep@ sites A.

partial pressurefc,n,): The parameters of the model estimated by the regression
TOFep . analysis based on the least squares method are shown in ta-
——22 — (o)) PR bles 3 and 4. The model proposed reproduces the experi-
PHz mental data very well (figure 3).
( kgpczH2 kEprcsz ) ©) The calculation of the relations of the intrinsic reaction
A A 2 ) rates of acetylene hydrogenation verggs, (for reactions
L+ Kooz, (1J0r KCompeatty) (6) and (7)), by using equation (9), angthhe parameters es-
TOFCHs _ (4 P52 kg (10) timated for the kinetic model, have shown that the contri-
DH, ¢ (1+ KBpc,H,)®’ bution of the non-competitive path of acetylene hydrogena-
kgpcsz k(L)—HPCsz tion (reaction (6)) increases. a%,H, IS raiseq. At. high
= (1 KA 1o kA )2)/ PC,oH,, acetylene hydrogenation proceeds mainly via hydro-
+ Keppp Pty (L+ Koy, PeoH, gen transfer from deposits and this explains the zero order

[ < kgpcsz kE_H DPCoHy ) with respect to acetylene observed experimentally [3,28,32].
A A 2 Figure 4 shows the relation T@}w,/ pH, versusd found
Lt Kczgzpcsz L+ Keon,peoto) for the Pd/SiQ catalysts under the same reaction condi-
+ kg (drel)(DEDé):| (11) tions. A relation is seen to cover a wide rangedofin
(1+ KEpc,h,)3 ' logarithmic scale) in agreement with the scaling law (equa-
tion (4)). Figure 4 shows also the recalculated results of
Aduriz et al. [6,7] of acetylene—ethylene hydrogenation car-
ried out on various Pd/AD3 catalysts under industrial con-
(12) ditions. The relations (1) and (2) were used to calcuiate
on the basis of the FE as determined by Aduriz et al. [6,7].
kg( d)(DF§72) _ kepcoHy ’ (13) Actually, these results are also in agreement with the scal-
1+ K§2H4pc2H4)3 ing law (the geometric effect), even if they have been in-

where

E
E_ KCsz
= ——F
1 + KC2H4pCQH4
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Figure 4. TOfc,H,/pH, Versus Pd particle size:o)f hydrogenation of
acetylene on Pd/Sipcatalysts atpc,n, = 0.1 kPa, pc,p, = 394 +
10 3 1.0kPaangy, = 0.22-0.71 kPaT' = 353+ 0.2 K; () hydrogenation of
3 acetylene on Pd/AD3 catalysts apc,H, = 10.9 kPa,pc,n, = 913 kPa
andpy, = 456 kPa,T = 298 K (recalculated results of Gigola et al. [6]);
O (o) PA/ALO3 catalysts atpc,n, = 128 kPa, pc,n, = 1098 kPa and
PH, = 243 kPa,T = 288 K (recalculated results of Anduriz et al. [7]);
1 3 (O, M) fraction of face Pd atoms located in the exposed Pd (100) and (111)
3 faces of crystallites calculated by using van Hardeveld and Hartog's model
[30] for fcc cubo-octahedra M) denote the data calculated for the present
experimental range af in the kinetic studies on hydrogenation of acetylene
01 4 on Pd/SiQ catalysts)ns denotes the number of Pd atoms on the surface of
T fcc cubo-octahedra, angh denotes the number of Pd atoms on the surface
of the exposed Pd (100) and (111) faces of fcc cubo-octahedra.

TOFc,1 /pu, (calc.), s kPa

1)
0.01 — T VH surface atoms statistics), was in good agreement with the
0.01 0.1 1 10 experimentalDr. However, taking into account the experi-
A -1 mental range of Pd crystallites for Pd/Si€atalysts used in
TOFc,u/pu, (exper.), s ‘kPa this work (@ = 42-262 A), this interpretation of high experi-

(b) mentalDg value cannot be directly applied. By applying the
VH surface atoms statistics, Bennett and Che [2] have cal-

Figure 3. The parity plots: (a) calculated versus experiment@l|ated the relation of |C@pl/ns) — f(log(d)) for a Iarger
TOFc,H,/PH, for the Pd/SiQ catalysts; (b) calculated versus experimen-

tal TOFG g/ pH, for the PA/SIQ catalysts;pc,, = 0.0059-0.285 kPa, range_ofd (_10—500 A). They showed this relation not to be
PC,H, = 39.6:£0.6 kPa,ph, = 0.27-0.77 kPal = 353£0.2K,d = 42— @ straight line and that th®r calculated (as the slope of
262 A. this relation) decreases with Figure 4 shows the results of
analogous calculations performed for the present experimen-
terpreted in terms of the electronic effect. The values tdl range ofd. The calculatedr (five filled black squares
Dr estimated for hydrogenation of acetylene—ethylene miia figure 4) is equal to 2144 0.016. Therefore, it is signif-
tures are equal to about 3. The fact that value®gfare icantly lower than the experimentBir values estimated for
higher than 2 may indicate that it is only the faces of pakcetylene and ethylene hydrogenation on the Pd/S#d)-
ladium crystallites that are active [2,27,28]. For examplajJysts. Accordingly, the VH surface atoms statistics alone
Dr = 2.90+ 0.15 has been determined [27] for methanazannot quantitatively explain the observed antipathetic struc-
tion of CO over Pd/Si@ catalysts withd within the range ture sensitivity of acetylene and ethylene hydrogenation, and
12-63 A and interpreted by assuming that only the atomséonsequently other geometric effects should be considered.
Pd (111) and (100) faces of a cubo-octahedron are active.Another important geometric factor which may have a
Therefore, TOF can be assumed to be proportionattns large influence on the structure sensitivity of the reaction, is
(wherenp denotes the number of surface atoms in the facebg ensemble size effect [31-36]. Obviously for sufficiently
andns is the total number of surface atoms), and the theoratmalld when the area of the faces of palladium crystallites is
ical Dr value could be calculated from the slope of the relarot much larger than that of the ensemble of the atoms active
tion of log(npi/ns) = f(log(d)) according to equation (4). in the reaction, the number of the ensembles per unit metal
The Dr = 2.77 + 0.09 calculated by using van Hardeveldarea increases witli. According to the statistical models
and Hartog’s surface atoms statistics [30] (denoted further[@8—36], the effect is more dramatic for large ensembles and
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at high coverages of the active sites by poisons. The cactive sites are similar in nature (the surface palladium re-
bonaceous deposits can behave as poisons, which blockdimns between carbonaceous deposits). This also explains
reactants adsorption sites [19,20,29,32,37]. Then, the evhy the overall selectivity is almost independentdobver
semble effect can be considered responsible for the highlee range 42—262 A. A general kinetic model of hydrogena-
experimentalDr values than the value calculated on the asion of acetylene—ethylene mixtures on Pd/g&atalysts has
sumption that only Pd atoms lying in the faces of the crystabeen developed. This model describes the effects afid
lites are active. In the present kinetic model of hydrogenpartial pressures of reactants on the activity and selectivity
tion of acetylene—ethylene mixtures, the active A and E site§the catalysts.

are assumed to be composed of at least three adsorption sites

surrounded by carbonaceous deposits [19,20]. Thus, the ac-

tive sites involve the relatively large ensembles of palladiufcknowledgement
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