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Pd/HZSM-5 catalysts prepared by ion-exchange method using Pd(NH3)42+ were calcined 
and reduced at different temperatures to provide different metal dispersions. The effect of Pd 
dispersion on CO adsorption characteristics and acidity were observed through FT-IR study. 
Methanol and dimethyl ether were the main products in CO hydrogenation over Pd/HZSM-5 
catalyst with small Pd particles on which CO was weakly adsorbed, while the selectivity to 
methane increased with metal sizes. 
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1. Introduction 

The catalytic hydrogenation of carbon monoxide to hydrocarbons and/or oxy- 
genates has attracted much attention with the need to develop alternatives to petro- 
leum feedstocks. Since Poutsma et al. [1] demonstrated that supported Pd/SiO2 
catalyzes the synthesis of methanol from CO and H2, methanol synthesis from CO 
hydrogenation over supported Pd catalysts has been widely investigated [2-8]. 

Although the activity and selectivity could be changed by altering the supports 
and promoters, there are some ambiguities concerning the influence of metal dis- 
persion on the catalytic behavior and reaction mechanism. Especially for the Pd/ 
zeolite system, conflicting evidences regarding the effect of the dispersion have 
been reported for the CO hydrogenation. Jaeger et al. [9,10] reported that the selec- 
tivity to oxygenates was higher on smaller crystallites over Pd/X zeolite as well as 
over Pt or Rh/X zeolite, while Cavalcanti et al. [11] reported the opposite result 
over Pd/Y zeolite. 

In this work, the Pd/HZSM-5 catalysts prepared by ion-exchange method using 
Pd(NH3)4 2+ were calcined and reduced at different temperatures to provide differ- 
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ent metal dispersions. The influence of Pd dispersion on the methanol selectivity 
in CO hydrogenation was investigated under moderate pressure. The characteriza- 
tion of catalyst samples was made through HE-O: titration, FT-IR of adsorbed 
CO, and FT-IR of adsorbed pyridine. 

2. Experimental 

2.1. CATALYST PREPARATION 

Samples of NaZSM-5 were obtained by hydrothermal synthesis at 170~ for 3 
days in a Teflon-lined 450 ml Parr bomb by following the procedures of ref. [12]. 
The zeolites were washed and calcined in air overnight at 550~ The calcined 
NaZSM-5 samples were converted to the NH~- forms by ion exchanging three times 

2+ with 1 M NH4C1 solutions at room temperature. Pd(NH3)4 was exchanged into 
the above NHaZSM-5 samples by stirring in aqueous solution of Pd(NH3)4 (NO3)2 
(Aldrich) at 25~ for 48 h. These samples were filtered, washed with deionized dis- 
tilled water and dried under a dynamic vacuum at 80~ 

2.2. PRETREATMENT (CALCINATION AND REDUCTION) 

The catalyst was calcined in a flowing gas mixture of Ar(160 cm3/min)-O2 
(40 cm 3/min) at a temperature increasing from room temperature to the specified 
calcination temperature (Tc) at a rate of 0.2~ After holding the temperature 
for 2 h at the calcination temperature, the reactor was cooled to room temperature 
in Ar. The calcined sample was reduced in a blend of flowing Ar(160 cm 3/rain)- 
H2(40 cm 3/rain) gases at a temperature increasing to the specific reduction tem- 
perature (TR) at a rate of 0.2~ then held at this temperature for 2 h. 

2.3. CATALYST CHARACTERIZATION 

The structures of the ZSM-5 samples [13] were confirmed by their powder 
X-ray diffraction (XRD) pattern. The amount of Si, A1 and Pd metals in the 
Pd/HZSM-5 catalysts was measured with an inductively coupled plasma spectro- 
photometer (ARL-3510). The sample had a silica/alumina ratio of 66 and the Pd 
loadingwas 1.8 wt%. 

The hydrogen-oxygen titration method [14,15] was applied to the pre-reduced 
Pd/HZSM-5 catalysts to determine the Pd dispersion. This experiment was carried 
out in a conventional Pyrex vacuum system. After calcination and reduction 
through the aforementioned procedure, the samples were exposed to oxygen at 
room temperature. The catalyst chamber was then evacuated at 100~ for 1 h 
before the titration was made. The amount of hydrogen titrating the catalyst at 
100~ was measured after equilibrium was reached. The titration stoichiometry 
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used to calculate the Pd dispersion was 3H2 : 2Pd-O [14,15]. The advantage of 
this method over the hydrogen chemisorption technique is that it does not require 
the pretreatment at high temperature that may lead to sintering. 

For the EXAFS measurements self-supporting wafers were calcined and 
reduced in an in situ EXAFS cell. The EXAFS measurements were carried out at 
beam line 10B of the Photon Factory at the National Laboratory for High Energy 
Physics in Tsukuba, Japan, with a synchrotron energy of 2.5 GeV, ring currents 
between 200 and 300 mA. Data were collected at the Pd K edge (24348 eV). Data 
analysis was performed with the University of Washington package. The k range 
from 2 to 12 in X data was used for the Fourier transform. The R window used for 
inverse transform was from 2 to 3/k. A 0.0125 mm Pd foil was used as reference 
structure for the EXAFS analysis. The coordination number (CN) of Pd in the 
reference foil was taken as 12, and the Pd-Pd bond distance (r) in the foil was 
assigned to 2.75/k. 

2.4. CATALYTIC ACTIVITIES 

The CO hydrogenation reaction was performed in a continuous-flow fixed bed 
reactor system operating at 225~ 21 bar, and a H2/CO ratio of 2. Products were 
passed through a heated transfer line to a gas chromatograph (Hewlett-Packard 
5890 series II) with TCD and FID detectors. Products were separated in a cross- 
linked methyl-silicon capillary column (i.d. -- 0.2 mm, length = 50 m, He carrier) 
and Porapak Q column (o.d. = 1/8 inch, length ---- 1.8 m, He carrier). 

2.5. FOURIER TRANSFORM INFRARED SPECTROSCOPY 

FT-IR spectroscopy of adsorbed CO on the catalysts was carried out in a 
stainless-steel high-pressure transmission IR cell similar to that described by 
Hicks et al. [16]. Pd/HZSM-5 samples of 13 mg were pressed into a wafer of 13 mm 
diameter which was loaded in a stainless-steel IR cell. After pretreatment, a back- 
ground spectrum in the absence of CO was recorded with a Bomem MB 102 Four- 
ier transform IR spectrometer. The sample was then exposed to a flow of CO for 
20 min at 25~ under atmospheric pressure. It was subsequently exposed to a flow 
of Ar at 25~ The spectra were taken as a function of time-on-stream in Ar. 

In order to study acidity of the catalysts, FT-IR spectra of adsorbed pyridine 
were obtained over the catalyst calcined and reduced through a method similar to 
that described by Topsoe et al. [17]. 

3. Results and discussion 

3.1. Pd DISPERSION FROM THE H2-O2 TITRATION AND EXAFS 

Table 1 shows the Pd dispersion of Pd/HZSM-5 catalysts obtained after calcina- 
tion and reduction at various temperatures. For example, the Pd dispersion of the 
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Table 1 
Metal dispersion by H2-O2 titration and EXAFS of 1.8 wt% Pd/HZSM-5 catalysts 

Pretreatment temperature (~ 

calcination reduction 

Dispersion by 
H2-O2 titration 

Dispersion by EXAFS 
coordination number a 

250 200 0.65 0.60 
250 250 0.41 - 
250 300 0.37 0.53 
350 200 0.31 0.46 
350 300 0.26 - 

a Calculated by the method of Kip et a1.[18] assuming the shape ofmetalpart icles is spherical. 

Pd/HZSM-5 catalyst (Tc -- 250~ TR ----- 200~ was 0.65 (corresponding to the 
particle size 17A). The increase in the calcination and/or  reduction temperature 
resulted in poor dispersion of Pd particles. 

EXAFS was also carried out to measure the Pd dispersion. The Pd dispersion 
of the catalyst (Tc = 250~ TR = 200~ estimated from EXAFS coordination 
number 8.7 is 0.60, which is very close to the value of 0.65 obtained from Hz-O2 
titration. Subsequent increase in the calcination and reduction temperature 
resulted in the increase in coordination number and the decrease in Pd dispersion. 

The XRD gave no indication on the range of particle sizes present in the sam- 
ple, which seemed to be caused by small particles that produced diffraction peaks 
too broad to be observed and/or  by Pd loading of 1.8 wt% which is too small to be 
detected. 

3.2. FT- IR  SPECTROSCOPY OF ADSORBED CO OR PYRIDINE 

In fig. 1 the FT-IR spectra of adsorbed CO on Pd/HZSM-5 (Tc -- 250~ 
TR = 200~ and Pd/HZSM-5 (Tc = 350~ TR = 300~ are plotted during Ar 
purge. After Ar purging for 120 min, the peak intensity around 1900-2100 cm -1 
decreases slightly. This indicates that a 120 min purging time is sufficient to remove 
gaseous and weakly adsorbed CO. 

Three bands at 2086-2092 cm -1, 1965-1969 cm -1 and 1928-1925 cm -1 were 
obtained in our experiments. The first band could be assigned to linearly adsorbed 
CO, and the second and the third band assigned to bridged CO [19-21]. They are 
denoted by L, B1 and B2 respectively. 

In order to evaluate the effects of pretreatment conditions, IR spectra of 
adsorbed CO after Ar purge for 120 min on differently pretreated catalysts are 
shown in fig. 2. An increase in the calcination temperature and/or  in the reduction 
temperature seems to reduce the relative intensity ratio of linearly adsorbed CO 
to the bridge-bonded CO. The relative abundance of linear and bridged species on 
Pd/HZSM-5 catalysts can be expressed in terms of the abundance ratio defined by 
Tessier et al. [21]. Table 2 shows that the ratio of linear CO species to bridged spe- 
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Fig. 1. FT-IR spectra of CO adsorbed on (A) Pd/HZSM-5 (Tc = 250~ TR = 200~ and (B) Pd/ 
HZSM-5 (Tc = 350~ TR = 300~ purging time: (a) 20 min, (b) 40 min, (c) 80 min, (d) 120 min. 

cies decreases with pretreatment temperatures, i.e., with increasing particle size. 
This trend seems to be resonable because a portion of low-coordinated atoms on 
the surface of metal particles decreases with particle size. It should be noted that the 
band positions of linear CO species on Pd/HZSM-5 catalysts shifted to lower fre- 
quencies at higher temperatures ofpretreatment. 

The extent of acidity modification with Pd dispersion was investigated through 
pyridine adsorption. Fig. 3 shows that the acidic characteristics of HZSM-5 i.e., 
Bronsted and Lewis sites at 1546 and 1451 cm -1 respectively, were suppressed as 
the Pd dispersion (or particle size) improves (or decreases). It seems that the 
presence of smaller Pd metals in HZSM-5 suppressed the acidic characteristics of 
zeolites. 

3.3. CATALYST ACTIVITY IN CO HYDROGENATION 

The catalytic behaviors of Pd/HZSM-5 catalysts were observed for the CO 
hydrogenation. As shown in table 3, a strong influence of pretreatment condition 
on product distribution was found. Over the Pd/HZSM-5 catalyst (Tc = 250~ 
TR = 200~ the selectivity to oxygenates, i.e., methanol and dimethyl ether 
(DME), was higher than the selectivity to methane. Over the catalyst calcined at 
250~ the selectivity to oxygenates decreased with increasing reduction tempera- 
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Fig. 2. FT-IR spectra of adsorbed CO after Ar purge for 120 min on Pd/HZSM-5 pretreated at 
(a) T c = 2 5 0 ~  TR =200~ (b) Tr =250~ TR=250~ (c) Tc=250~  TR =300~ 

(d) Tc = 350~ TR = 200~ (e) Tc = 350~ TR = 300~ 

ture. The main product over the Pd/HZSM-5 calcined at 350~ was methane and 
the selectivity to oxygenates was very low. 

The results of the FT-IR study of adsorbed CO over Pd/HZSM-5 catalysts 
showed that the abundance ratio of adsorbed CO increased (accordingly the frac- 
tion of adsorbed CO with strong C-O bond strength increased) with palladium dis- 

Table 2 
Peak position and relative abundance of linear and bridged CO species over 1.8 wt% Pd/HZSM-5 
catalysts 

Pretreatment temperature (~ C) vco(cm -1) Abundanceratio 
(L/B) a 

calcination reduction L B1 B2 

250 200 2092 1969 1927 0.58 
250 250 2091 1967 1921 0.45 
250 300 2087 1966 1921 0.43 
350 200 2083 1967 1922 0.40 
350 300 2081 1967 1922 0.22 

a The abundance ratios were estimated from the integrated intensities L to (B1 + B2) 
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Fig. 3. FT-IR spectra of pyridine adsorbed on HZSM-5 and Pd/HZSM-5. (a) HZSM-5; 
(b) Pd/HZSM-5 (Tc = 350~ TR = 300~ (c) Pd/HZSM-5 (Tc -- 350~ TR = 200~ 
(d) Pd/HZSM-5 (Tc = 250~ TR = 300~ (e) Pd/HZSM-5 (To = 250~ TR = 250~ 

(f) Pd/HZSM-5 (Tr = 250~ TR = 200~ 

Table 3 
Activity and selectivity in CO hydrogenation over 1.8 wt% Pd/HZSM-5 catalysts at 225~ 21 bar 
and GHSV = 4050 h -1 

Pretreatment temperature (~ TOF 
(S  - 1  X 10 3) 

Product distribution (mol%) 

calcination reduction C1 C2 C3 C4+ MeOH DME 

250 200 1.21 35.9 10.1 4.5 - 31.5 18.0 
250 250 1.98 49.2 13.4 5.5 3.8 16.7 11.5 
250 300 2.04 61.0 17.9 7.2 5.0 4.4 4.7 
350 200 3.50 70.7 17.4 7.6 2.7 0.6 1.0 
350 300 4.79 72.3 17.6 6.9 1.6 0.5 1.1 
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persion (table 2). The strengthening in the carbon-oxygen bond leads to the lower- 
ing of carbon monoxide dissociation, which favors the formation of methanol. 
Methanol must be formed on the Pd/HZSM-5 catalysts with small metal crystal- 
lites and on which CO is weakly adsorbed. The present result of the metal disper- 
sion effect on methanol selectivity is in agreement with those over the palladium 
catalysts supported on silica gel [2,7,8] and X zeolite [9,10]. On the other hand, the 
selectivity to methane increased with decreasing dispersion. Rieck and Bell [22] 
have shown that CO dissociation occurs preferentially from bridged sites and pro- 
ceeds more readily with decreasing dispersion over Pd/SiO2. 

The formation of DME over the Pd/HZSM-5 catalysts could be attributed to 
the dehydration of methanol on acid sites of the HZSM-5 support. Ono and Mori 
[23] reported that the formation of DME from methanol on acidic zeolites proceeds 
on weak acid sites, while the formation of higher hydrocarbon formation from 
methanol and DME requires stronger acid sites. As shown in a FT-IR study of 
adsorbed pyridine (fig. 3), the Bronsted acidity was suppressed with palladium dis- 
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Fig. 4. E f f e c t  o f  s p a c e  v e l o c i t y  o n  s e l e c t i v i t y  in  C O  h y d r o g e n a t i o n  a t  2 2 5 ~  a n d  21 b a r  o v e r  (A) Pd/ 
HZSM-5 (Tc = 250~ TR = 200~ (B)Pd/HZSM-5 (Tc = 350~ TR = 300~ 
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persion. The P d / H Z S M - 5  (Tc = 250~ TR = 200~ showed a low selectivity to 
higher hydrocarbon  as expected. 

In fig. 4, the product  distribution was plotted against the space velocity. I f  the 
oxygenate compounds  were converted into hydrocarbon,  the oxygenate selectivity 
should have increased with space velocity. The product  distribution was not  
affected by the change of  space velocity, and it seems that  the oxygenates were not  
converted into the hydrocarbons over the Pd /HZSM-5  catalyst. 

4. C o n c l u s i o n  

Methanol  and dimethyl ether were the main products in CO hydrogenat ion 
over P d / H Z S M - 5  catalysts with small Pd particles on which CO was weakly 
adsorbed, while the selectivity to methane increased with metal  sizes. The ratio of  
linearly adsorbed CO species to bridged species increased with metal  dispersion on 
P d / H Z S M - 5  catalysts, which favored the formation of  methanol  due to the inhibi- 
tion of  C - O  dissociation. 
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