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Abstract

The catalytic behavior of the Pt (1 wt%) catalysts supported on purified activated carbon felt (ACF) and powder carbon (C) has been stud
in the nitrobenzene (NBZ) hydrogenation reaction in liquid phase after activation undgaamidsphere between 298 and 623 K. Hydrogen
chemisorption measurements, temperature-programmed reduction (TPR) and X-ray photoelectron spectroscopy (XPS) were used to charac
the metallic phase of the catalysts. For Pt/ACF catalysts, the catalytic activity in nitrobenzene hydrogenation after reduction at 298 K was v
high and it decreased as the reduction temperature increased up to 373 K. On the other hand, the Pt/C catalyst after reduction at 298 K was ina
The activity of the Pt/C catalysts increased in a moderate way when the reduction temperature increases up to 373 K. Between 373 and 623
reduction temperature, the hydrogenation rate was modified in a minor proportion for both catalysts. The Pt/ACF catalyst previously reduce
298 K showed a lag step before the reaction ignition. This effect could be attributed to the tendency the metallic centers have to conform the prc
arrangement to hydrogenate the nitrobenzene molecule.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction As a consequence of their characteristics, ACF and fibers have
many uses such as adsorption of gases and vapors, manufacture
The use of granular carbon (C) as a catalyst support of noblef electrodes, retention of pollutants, and as catalyst supports
metals (Pt, Pd, Ru) has been widely reported in the literatur§9].
[1-5]. Nevertheless, there are other carbonaceous materials suchDespite the deep research carried out on the use of granu-
as activated carbon felts (ACF) and fibers whose use as catalylstr carbons as catalyst supports, few papers have been reported
supports has been investigated in a minor extension. The suabout the study of metallic catalysts supported on ACF and acti-
face area of these types of activated carbons (felts and fibers)vsted carbon clothes as catalyst supp[@1%$0].
very high, normally in the range of 1500-3008g1!. These Pt/granular C catalysts are widely used in a large variety of
new forms of carbonaceous materials have important advameactions such as hydrogenations and oxidations in liquid phase.
tages with respect to granular carbons, derived from the uniforithe reduction temperature in flowingkprior to the hydrogena-
distribution of microporosity, faster adsorption—desorption ratetion reaction) could be an important variable since it can affect
faster equilibrium rate and high fluid permeabil{§,7]. The  both the metallic dispersion and the activity. Concerning to this
porous network of the ACF is mainly composed by pores withtopic, Uhlir et al.[2] found that the activity in the nitrobenzene
a narrow range of sizes, specially slit-shaped micropf8gs (NBZ) hydrogenation reaction for Pt/granular C catalysts was
whereas the textural characteristics of conventional granulahe highest for the samples reduced with hydrogen at low tem-
activated C are more complex, showing macropores (diameperatures (between 343 and 373 K). Besides, Machek[atl].
ter>50 nm), mesopores (2-50 nm) and micropores (0.8—2 nmising similar catalysts, found a sintering effect at hydrogen acti-
vation temperatures close to 473 K. Another phenomenon could
be influencing the catalytic activity such as the location of the

* Corresponding author. Tel. +54 342 4555279; fax: +54 342 45531068, Metallic particles in the porous network of the support and the
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With respect to the use of clothes and felts of activated carreduced, specially the S content, as it was shown by EDX deter-
bons as a support of Pt, it should be noted that MaciePet  minations[8,13]. Thus, the impurity content of the ACF was
al. [10] investigated the application of activated carbon clotheseduced from 1.5 to 0.28 wt% for ACF—P and one of the C
as a support of Pt catalysts in the nitrobenzene hydrogenatiatecreased from 2.9 to 0.16 wt% for C—P. The sulphur content
reaction after a hydrogen reduction at 323 K and they found af purified supports was below the detection level.
good catalytic performance. Moreover, de Miguel ef&jlalso The different Pt catalysts were prepared by impregnation of
found a high activity in nitrobenzene hydrogenation of Pt/ACFthe supports with an aqueous solution of chloroplatinic acid
catalysts reduced at 373 K with hydrogen. However, it shouldH,PtCk) at 298 K. In all cases, the Pt amount used for the
be noted that the literature has not explored the effect of loweimpregnation was such as to obtain a Pt content of 1 wt%.
reduction temperatures (like room temperature) on the charac- The precursor of the Pt/C-P catalyst was prepared using
teristics of the metallic phase and its catalytic behavior in thea volume of the impregnating solution/carbon weight ratio of
nitrobenzene hydrogenation in liquid phase on Pt/ACF catalyst80 mlg~1. The carbon support was added to the aqueous solu-

Taking into account these findings, the present paper studig®on of the metallic precursor and then the mixture was stirred
the behavior of Pt (1wt%) catalysts supported on commercight 600 rpm for 6 h.
granular activated carbons and ACF in the nitrobenzene hydro- The conditions to carry out a correct impregnation of the
genation reaction in liquid phase. One relevant aspect analyzesinall square pieces (approximately 3 mr8 mm) of ACF-P
in this paper is related to the effect of the reduction temperaturaith the metallic precursor were previously studied. It must be
on the catalytic behavior. Thus, the reduction temperature wagdicated that the main problems to be solved in order to obtain
modified between 298 (mild condition) and 623 K (severe condia correct impregnation of small pieces of felts are related with
tion). Besides, the different metallic catalysts (Pt/ACF and Pt/C)wo factors: (i) the homogeneous wetting of this material and (ii)
were characterized by hydrogen chemisorption, temperaturen uniform deposition of the metallic precursor in all the pieces
programmed reduction (TPR) and X-ray photoelectron specef the felts[8]. In this sense, it was found that an uniform and
troscopy (XPS) in order to obtain a relationship between theimultaneous wetting of all pieces of the felt can be obtained

catalytic behavior and the surface properties. by a previous outgassing treatment of the support under vacuum
(10~“ Torr) at room temperature, followed by the addition of the
2. Experimental solvent (in our case water) under stirring (1400 rpm). Finally,

when the support was completely wet, the solution of the metal-
Two different kinds of carbonaceous materials were used alic precursor (HPtCk) was added (using a total impregnating

supports, viz.: volume/support weight ratio of 60 mtg). In order to obtain a

homogeneous contact between all the pieces of the felts and the

(a) A commercial granular carbon derived from pit of peachimpregnating solution, a stirring rate of 1400 rpm was used. The
(GA-160 from Carbonac) that was crushed and sieveagupport was kept in contact with the solution for 2 h.
to a final particle size between 100 and 140 mesh. Its After the impregnation, the solid was separated from the lig-
original impurity content was 2.9wt% with a S content uid by filtration and then the precursors were dried at 393 K for
of 0.03wt%, and with the following textural properties: 12 h for both catalysts.

SeeT=987nf gL, Vpore=0.33cni g~L. This support was Catalysts were characterized by XPS in a VG-Microtech Mul-
called “C". tilab electron spectrometer, by using the Mg K1253.6 eV)

(b) A commercial activated carbon felt ACN-210-15-AC radiation of twin anode in the constant analyzer energy mode
(phenol derived from GUN EI Chemical Industry Co. with pass energy of 50eV. The analysis chamber was kept at
Ltd.). Its original impurity content was 1.5wt% with a 4 x 10~1°Torr. The binding energy (BE) and the Auger kinetic
S content of 0.0508wt%. The textural properties were:energy (KE) scale were regulated by setting the C1s transition
SeeT=1661nfg L, Vpore=0.59cnig=t. It was called at 284.6eV. The BE and KE values were obtained by using
“ACF". the peak-fit program of the spectrometer software. XPS mea-

surements of the samples were carried out aftes agduction
These supports were purified (elimination of inorganic impu-treatment “in situ” between 298 and 623 K for 2 h for both cat-

rities) by successive treatments with aqueous solutions (10 wt%g)lysts. Besides, XPS measurements of fresh samples (without a

of HCI, HNO3 and HF, at room temperature for 48 h without reduction treatment) were also performed.

stirring. After HCI and HNQ treatments, the supports were  The H, chemisorption measurements were performed at

repeatedly washed with deionized water up to a final pH 4. Afte298 K in a volumetric equipment. The catalysts were previ-

the HF treatment, they were washed with deionized water upusly reduced with blat 298, 373 and 623 K for 3 h, then they
to the same pH of the water used for washing, and then wenaere outgassed under vacuum (#dorr) at the same temper-
dried at 393 K. In order to eliminate sulfur compounds, the dif-ature and finally cooled down to 298 K before performing the
ferent acid-treated carbonaceous materials were submitted tocaemisorption test.

thermal treatment under flowing hydrogen (5 ml mimg—1) at The nitrobenzene (NBZ) hydrogenation reaction was carried

1123 K for 8 h. The so-purified supports were called C—P anaut in a discontinuous reactor with a magnetic stirrer, at 298 K

ACF-P. After the purification treatment, the impurity content of and atmospheric pressure, using ethanol as a solvent (25 ml). The

both granular carbon and activated carbon felts was markedyeight of the catalystwas 0.02 g, the volume of nitrobenzene was
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250l and the stirring rate was 1400 rpm. Before the reactionand it can be modified by the reduction temperature. It should
catalysts were reduced “in situ” with hydrogen at 298, 323, 37310t be omitted that the higher the reduction temperature, the
and 623 K for 3 h. After the reduction, the samples were cooledhigher the sintering effect even at temperatures close to 373K
downto 298 K, and then the solvent was added. After the solverftL0]. In this sense, the hydrogen chemisorption capacity for the
addition the H consumption was measured (equilibrium step).Pt/ACF-P catalyst after reduction at 373K is lower than that
Then the reagent (nitrobenzene) was injected into the reactasbserved after reduction at 298 K, this indicating that a certain
The evolution of the reaction through time was followed by sintering effect could be produced at 373 K. So, there seems to
measuring the Ficonsumption and the reacted nitrobenzene bybe two opposite effects coexisting during the reduction step, on
GC. the one side the formation of new metallic particles and on the
other side a sintering effect. Moreover, it appears that an impor-
tant sintering effect could take place on Pt/ACF—P previously
reduced at 373 H2]. At 623K of reduction temperature, Pt is
totally reduced to the metallic state and an important sintering
effect would be produced according to the nitrobenzene hydro-
genation results (see below).

3. Results and discussion
3.1. Hydrogen chemisorption

Fig. 1shows the hydrogen chemisorption values (expresse
as ml b STP g catalyst!) for Pt/C-P and Pt/ACF-P cata-
lysts as a function of the reduction temperature (between 2

and 623K). As it can be seen ifig. 1, the Pt/C-P catalyst
) g L y In order to see the effect of the reduction temperature on

reduced at 298 K does not chemisorp biit it does chemisorb S .
H, after being reduced at 373 and 623K. On the Contrarythe oxidation state of Pt, XPS measurements were carried out.

Pt/ACF-P catalyst reduced at 298 K highly chemisorbs hydroj_able 1shows the BE values obtained for the I?xﬁl’lnes.for G
and ACFP-based catalysts, fresh and after reduction at 298,

gen. When the reduction temperature increases from 298 & h ¢
373 K the chemisorption capacity decreases for the ACF-P supo’-23' 373 and 623K, and the percentages of Pt(0) and Pt(l)

ported catalyst. For higher reduction temperatures (623 K), thgpecies. From the deconvolution of Pidfines, two peaks were

resulting hydrogen chemisorption capacity for the Pt/ACF-P catfPtained, one of them at 71.1-72.0 eV, which can be assigned to

alyst increased again, this being higher than the ChemisorptioWetallic platinum and the other one positioned at 72.9-73.5eV

capacity of the Pt/C—P one after reduction at the same temperé/—hiCh can be due to PY(lI)L5,16] The shifts towards higher

ture. inding energies observed for the Pt line at 71.1-72.0 eV could

The significant hydrogen chemisorption capacity after reducPe due to elegtromc effects produced _by the presence of dis-
tion at 298 K showed by the PYACF catalyst would explain thepersed Pt particles on the supports as it was reported by Torres
very high activity in the nitrobenzene hydrogenation such as ift al.[13].

would be explained below. In contrast with this behavior, theI Itis obselrvfed iETgbIe llthat ;or thde two Pt—suphported cata-
PUC-P sample shows a negligible Ehemisorption capacity Yt notonly fresh but also reduced akB73K, the percent-

and it is also inactive for NBZ hydrogenation after reduction at2des of Pt(0) and PY(Il) species are quite similar. This behavior

208 K can be explained by considering that the very low pressure
The quantity of the chemisorbedlit related to the concen- (10—:0Tolrr) Off tr;e .vacuum chargber: pofuld rr]educelan im(;)(f)r—
tration of exposed Pt metallic species (at least pairs of neighboF‘—"Int raction of platinum to Pt(0) both in fresh samples and for

ing Ptatoms) that are active for the hydrogen chemisorptiéh §amples reduced at temperatures lower than 373K. Hencg, I
is difficult to conclude about the concentration of Pt(0) species

from XPS determinations for samples reduced between 298 and

9§2. XPS results

=

18

g, Table 1

£ 154 Binding energies (eV) corresponding to Pt(0) and Pt(ll) obtained after decon-

; volution of the Pt 44, lines for the tested catalysts pre-treated at different

' 124 conditions

o

o Catalyst Reduction Pt(0) (eV) Pt(ll) (eV)

E 91 temperature (K)

§ 6 Pt (1%)/C-P Fresh 72.0 (69.4) 73.6 (30.6)

S Pt (1%)/C-P 298 71.8 (64.8) 73.0 (35.2)

o Pt (1%)/C-P 323 71.8 (64.0) 72.9 (36.0)

B 81 - Pt (1%)/C-P 623 71.9 (100) 0)

g e _:_ zggjgc:" Pt (1%)/ACF-P Fresh 72.0 (58.3) 73.3 (41.7)

g 0 v ; . il Pt (1%)/ACF-P 298 71.8 (55.0) 73.1 (45.0)

o 300 400 500 600 Pt (1%)/ACF-P 323 71.8 (54.0) 73.1 (46.0)

o Reduction temperature (K) Pt (1%)/ACF-P 373 71.6 (50.5) 72.9 (49.5)
Pt (1%)/ACF-P 623 71.1(100) (@)

Fig. 1. Hydrogen chemisorption values for Pt (1%)/ACF-P and Pt(1%)/C-P cat-
alysts. The percentages of each species are indicated between parentheses.
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Fig. 3. Effect of the reduction temperature over the catalytic activity in the
nitrobenzene hydrogenation reaction for the Pt (1%)/ACF-P and Pt (1%)/C-P
catalysts.

Pt(1%)/ACF-P

the reaction time. Hence, thi gz was calculated as the slope
of this linear function with time. It can be seen kig. 3 that
the activity of PtYACF-P is very high after reduction at 298 K
and then it markedly decreases when the activation tempera-
Upport ACF-P ture increases up to 373K. When the reduction temperature
, . , ; increases from 373 to 623 K, the catalytic activity is slightly
400 600 800 1000 1200 modified.
Temperature (K) From Fig. 3 it can be observed that the behavior of the
: . Pt/C-P catalyst is very different to that of Pt/A€¥Fone. Thus,
Flg. 2. tT PR profiles of Pt(1%)/ACF=P, Pt (19)/C-P and of the C-P and ACF-Ry, catalytic activity is negligible for the Pt/C-P catalyst previ-
SHppors. ously reduced at 298 K. Nevertheless, the activity of this catalyst
) ) increases when the reduction temperature increases.
373 K. Results of EXAFS reported in the literature for fresh  Ejrqqy it is very interesting to analyze the behavior of the
PUC catalysts (only dried, without reductidd] did not show  pyacF-p catalyst after reduction at 298K, since this catalyst
the typical Pt-Pt bonds that characterize the Pt in its metalgigp|ays the highest activity. Although the Pt reducibility to
lic state. Hence, according to these results, fresh PUC samplgge metallic state seems to be negligible at this temperature
displayed only oxidized Pt species in d|sagreement with th_%ccording to TPR resultsF{g. 2), the chemisorption capacity
XPS results. On the other side, after reduction at 623K, Pt ig¢ this sample at 298K is important. This apparent contradic-
completely reduced to the metallic state. This agrees with TPR,, hehavior can be explained taking into account that the TPR
determinations where t_he firstreducing peak_at about 500K cokg 4 dynamic technique, while the reduction at 298K in a flow
responds to the reduction of the Pt compleXtegs 2shows for  oquipment under isothermal conditions during 3 h could produce
PUACF-P catalyst. In a similar way, TPR measurements of the narial conversion of Pt to the zerovalent state, according to
PUC-P catalyst showed that Pt complex is reduced at 550K ighe chemisorption results. The important chemisorption capac-
catalysts supported on granular carbons. The remaining TPR, of the PYACF-P catalyst could be interpreted considering
peaks at higher temperature correspond to thénieraction  hat an important fraction of pairs of contiguous zerovalent Pt
with reactive sites of the suppofts/]. These TPR results would  5t5ms would be produced after reduction at 298K and in this
indicate a higher reducibility of the Pt/ACF-P catalyst than theway’ these species would chemisorb hydrogen in a dissociative

signal (a.u.)

Pt/C-P one. way.

It should be also indicated that the nitrobenzene hydrogena-
3.3. Influence of the reduction temperature over the tion reaction carried out with the ACF-based catalyst reduced
catalytic activity in nitrobenzene hydrogenation at 298K showed a lag step at the beginning of the reaction.

Fig. 4a and b show typical curves of both the catalytic activity
The different catalysts were tested in the nitrobenzene hydrdnitrobenzene conversion) and the Ebnsumption as a func-
genation reaction in liquid phase at 298Kig. 3 shows the tion of the reaction time for the Pt (1wt%)/ACF-P catalyst
results of the catalytic activityRysz) expressed as mol of reduced at 298 K, at two different times of the equilibrium step.
reacted NBZ, (mol NBZ h! g Pt'1) as a function of the reduc- It should be remembered that the equilibrium step consisted
tion temperature for Pt/ACF-P and Pt/C-P-based catalysts. In atin keeping the catalyst in contact with the solvent (ethanol)
cases, the NBZ consumption displayed a linear variation withunder hydrogen atmosphere and stirred at 1400 rpm without the
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reported in the literature the behavior of this reaction for very

30 10 T
— s small Pt crystallite sizes. In the light of our results, it appears that
E: 25r 4s ‘c% the reaction requires at least small ensembles (highly dispersed)
D |Fauilibrium step Lag step Reaction step B of metallic Pt to take place for the Pt/ACF-P catalyst reduced at
g 16 & 298K.
5 15f B % When the reduction temperature increases from 298 to 373 K,
E ol E 1 3 it can be observed that the chemisorption capacity for the
2 g e Pt/ACF-P catalyst decreases about 35%. However, Figr8it
§ sk = —=— Hyconsumption 2 % can be observed animportant decrease (56%) of the nitrobenzene
. —o—Hydrogenated NBZ | o hydrogenation rate for the Pt/ACF-P catalyst when the reduction
00 a-a-s 370 0=0-0 -eo o o 15% é temperature of this samplg increase_s from 298 to 3?3 K. Hence,
@) Time (min) it is observed that there is not a linear relationship between
the decrease of the chemisorption capacity and the hydrogena-
30 10 - tion rate in this range of reduction temperature. First, it is not
— = expected a much higher reduction degree at 373 K with respect
& 257 48 c% to 298K, according to TPR results. In consequence, the cat-
2 5 Failirium step Reaction step % alytic behavior could be related to different factors, mainly the
E {6 2 sintering of the metallic phase and the location of the metallic
5 154 § E particles. In fact, when the reduction temperature increases from
‘EL E {4 3 298 to 373 K, a sintering effect appears to be produced leading
3 107 £ =3 to a decrease in the hydrogen chemisorption for the Pt/ACF-P
§ . = 15 E sample, but a fraction of these metallic particles of larger size
T —#— Haconsumption @ appears to be located into the inner porous structure of the carbon
0 il A material being less accessible to large molecules like nitroben-
20 40 60 80 100 120 140 zene than to small molecules like hydrogen.
(b) Time (min) Itis worth saying that from the chemisorption determinations

Fig. 4. (a) Catalytic activity (hydrogen consumption and amount of hydro-done in the range of 298-373K of reduction temperature, the
genated NBZ) as a function of the reaction time for the Pt (1%)/ACF-P catalyshydrogen chemisorbed should not be related with platinum dis-
reduced at 298 K showing the equilibrium, lag and reaction steps. (b) Catalytipersion values because in these conditions Pt is not completely
activity (hydrogen consumption and amount of hydrogenated NBZ) as a functiopedyuced such as XPS and TPR determinations show.
?r];eﬂ:;ﬁ?t::rtfr: grr?j :é’;é:gnpétggé’)/ACF'P catalyst reduced at 208K showing a1y 7ing the results of bichemisorption, XPS and the cat-

' alytic activity in NBZ hydrogenation for the Pt/ACF-P-based

catalyst, it could be concluded that when the reduction temper-

reagent (nitrobenzene). It can be observed fragnda and bthat  ature increases from 373 to 623 K, though the Pt is completely
the longer this step, the shorter the lag one (between the injeceduced to the metallic state at 623 K, a sintering of the metallic
tion of NBZ and the ignition of the reaction). This effect was particles would simultaneously occur, thus leading to a slight
only observed for the ACIP-based catalyst reduced at 298 K. decrease of the catalytic activity.
Besides, it can be noted that the very low ¢bnsumption dur- From the above comments, it could be concluded that the
ing the equilibrium and lag steps would be responsible for theN\BZ hydrogenation would be a structure-sensitive reaction for
additional reduction of small amounts of Pt atoms located in thérigh dispersions (at low reduction temperatures) and it would
vicinity of the pairs of zerovalent Pt atoms (originated duringbe a structure-insensitive one for low dispersions. In this sense,
the H reduction in gas phase at 298 K), thus leading to newCinneide and Clarke reported that certain reactions show a
small ensembles of zero valent Pt atoms. The additional redugositive intrinsic factor for high dispersions and then a structure-
tion during the equilibrium and lag steps would be favored by theénsensitive behavior for low ong§9].
H» spillover. In this sense, Srinivas and Kanta R&8] found As it was mentioned before, the Pt/C-P catalyst showed an
H> spillover at room temperature in Pt/C catalysts. Hence, ibpposite behavior respect to the ACF-based one at low reduc-
could be inferred that during the equilibrium and lag steps, théion temperatures (298 K). In this condition the concentration of
metallic centers would reach the ensemble sizes necessary fimretallic centers active not only for chemisorption but also for
the nitrobenzene hydrogenation. With respect to the effect afitrobenzene hydrogenation are negligible for the Pt/C-P cat-
metal particle size in nitrobenzene hydrogenation, Machek et ahlyst. At higher reduction temperatures (373 K), it would take
[11] concluded that this reaction was more structure insensitivplace an increase in the concentration of the metallic particles
than the 1-octene hydrogenation for Pt crystallite sizes highefgiving higher activity). In the range of 373-623K, it can be
than 25A. In a similar way, Matas Ferez et al[10] also founda observed that the catalytic activity in NBZ hydrogenation is con-
structure insensitive character of this reaction for Pt/carbon clotktant for the Pt/C-P catalyst. This result would indicate that the
catalysts with low Pt dispersiong20%). Furthermore, Torres sintering, the complete Pt reduction and the metallic location
et al.[13] found that the NBZ hydrogenation is a structure insen-effects[20] would lead to a neutral result in the activity of this
sitive reaction for Pt dispersion <42%. However, it has not beercatalyst.
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