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CO hydrogenation has been studied over Pd/NaY and Pd/HY catalysts prepared by ion exchange. 
By controlling the calcination program, Pd/NaY catalysts can be tuned to selectively produce either 
branched C4÷ hydrocarbons or CH3OH and CH3OCH 3. On Pd/HY catalysts, C2H 6 and C3H8 
predominate. Dissociative adsorption of CO over small Pd particles leads to formation of methane 
and an interstitial PdCoA 3 compound, detected by XRD. Reduction with H2 converts PdCoA3 to Pd 
and methane. During CO hydrogenation catalysis, palladium particles grow, leading to local collapse 
of the zeolite lattice. Pd migration is also manifest from changes in the Pd/Si ratio detected by XPS. 
The reaction network reveals bifunctional catalysis: formation of CH3OH on Pd particles is followed 
by its conversion to CH3OCH3 and hydrocarbons over acid sites. Readsorption of hydrocarbons on 
the Pd particles results in hydrogenation of unsaturated compounds and to changes in the activity, 
selectivity, and deactivation behavior of the catalysts. © 1992 Academic Press, Inc. 

I N T R O D U C T I O N  

The chain-growth mechanism of the 
F i scher -Tropsch  Synthesis (FTS) imposes 
serious restrictions on the selective conver- 
sion of  syngas to high octane fuels and other  
chemicals. There  have been several at- 
tempts to find alternative paths for CO hy- 
drogenation. In the late 1940's and early 
1950's, Pichler (1) reported the selective 
conversion of  syngas to branched hydrocar-  
bons, mainly C4's and C5's, over  thorium 
oxide and other  basic oxide catalysts. A 
drawback of  this " i so-synthes is"  is that it 
requires very  high reaction temperature and 
pressure (450°C and 300-600 atm). A much 
more successful approach was pioneered by 
Mobil. In this process syngas is first con- 
verted to methanol,  which is then reacted,  
in the methanol-to-gasoline (MTG) process,  
over  the acid form of  the zeolite ZSM-5 to 
form high octane gasoline (2). Only the high 
aromatic content  of the product  is causing 
some concern in view of  its effect on the 
environment.  

Palladium has been known since 1978 to 
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be an active catalyst for syngas conversion 
to methanol (3). The mechanism of  this reac- 
tion is, however,  still controversial .  Al- 
though CHaOH synthesis has been reported 
on Pd single crystals (4), other authors claim 
that evidence for this reaction to take place 
on unpromoted Pd is inconclusive; it is pro- 
posed that Pd 8+ sites created by intention- 
ally or unintentionally added promoters  are 
essential for this reaction (5). Other  contro- 
versial points include the question whether  
nondissociative CO adsorption on Pd is ac- 
companied by some dissociative adsorption 
and the structure sensitivity of  CH3OH syn- 
thesis on this catalyst. 

Attempts have been made to couple the 
synthesis of  methanol with its conversion to 
other products,  in order  to overcome the 
thermodynamic limitations of the syngas/ 
methanol equilibrium. These include the use 
of physical mixtures of  ZSM-5 with an iron 
catalyst (6), ZrO2, or Zn/Cr (7); likewise, 
mixtures of  Pd/SiO2 with HY, H-mordenite ,  
and HZSM-5 (8) have been tested. Bifunc- 
tional catalysts were prepared by impreg- 
nation of  Pd on zeolites Y (9, 10), ZSM-5 
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(9, 11), and the molecular sieve SAPO (12), 
and by ion exchange of Pd into Y (13, 14) 
and X (15) zeolites. Many of these studies 
revealed encouraging results, but no sys- 
tematic study of the underlying concept has 
been published. 

The objective of the present study is to 
address the use of ion-exchanged Pd/Y cata- 
lysts for syngas conversion to CH3OH/ 
CH3OCH3 and/or hydrocarbons. This work 
is largely motivated by recent progress in 
unraveling the atomic processes in the gene- 
sis and growth of Pd particles inside NaY 
(16) and the fairly detailed understanding of 
some of the intriguing interactions that take 
place between CO molecules and zeolite- 
encaged Pd particles (17-22). The main em- 
phasis of the present study is, therefore, laid 
on the remarkably dynamic nature of the 
chemical and physical processes inside the 
Pd/Y catalyst during CO hydrogenation. 

EXPERIMENTAL 

Catalyst Preparation 

Catalysts were obtained by ion exchange 
of NaY (Linde LZY-52) or HY (prepared by 
the calcination of NH4Y, Linde LZY-82, at 
500°C for 2 h in pure 02) with a dilute aque- 
ous solution of [Pd(NH3)4](NO3) 2 (Johnson 
Matthey Electronics or Alfa Chemicals) to 
obtain a nominal 4 wt% Pd loading. Details 
of the preparation procedure have been 
given elsewhere (16). Analysis of the cata- 
lysts showed that for Pd/NaY and Pd/HY 
the actual Pd (determined by ICP) and Na 
(determined by AA) contents were 3.45 and 
5.26 wt%, and 2.50 and less than 0.15 wt%, 
respectively. 

Reaction Studies 

CO hydrogenation at various tempera- 
tures and 10-11 atm total pressure was car- 
ried out in a continuous-flow fixed-bed reac- 
tor system (Max II Unit, Xytel Corp.). A 
CO/H2 mixture (Linde, UHP, CO:H2 = 
1 : 1) was used and further purified by alu- 
mina and activated charcoal traps. The cata- 
lysts were calcined ex situ by heating (0.5°C/ 
min) in pure 02 (Linde, UHP) to the desired 

temperature, Tc (2 h). The catalysts were 
then stored until they were loaded in the 
reactor for reduction. Reduction was car- 
ried out by heating (about l°C/min) 0.8 g of 
the catalyst in situ in flowing He (Linde, 
UHP) to the desired temperature, T r, and 
then changing to a stream of pure H 2 (Linde, 
UHP) for 1 h. After reduction the catalyst 
was brought to the reaction temperature in 
a stream of He over a period of at least 30 
min. Hereafter, the pretreatment conditions 
of each catalyst will be designated by Pd/ 
Y(TJTr). Product analysis was carried out 
on-line using a Hewlett-Packard 5890 GC 
fitted with a 50-m PONA capillary column 
and FID. The transfer line from the reaction 
system to the GC consisted of 3.18-mm 
(0.3 mm)-o.d. Teflon PFA tubing heated to 
125°C. 

XRD and XPS Characterization 

Powder X-ray diffraction was carried out 
using Ni-filtered CuKo~ radiation at 50 kV 
and 25 mA with a Rigaku Geigerflex diffrac- 
tometer. Continuous scans in the 20 region 
from 10 to 50 ° with a 0.02 ° step were re- 
corded. All samples were studied ex situ in 
air and were not rereduced (except where 
noted) prior to analysis. XPS results were 
obtained using a VG ESCALAB-5 spec- 
trometer using unmonochromatized A1Ko~ 
radiation. The samples were rereduced in 
situ at 150°C before measurement. The bind- 
ing energy of the Si 2p line was used as an 
internal standard. Values of the modified 
Auger parameter for Pd were also deter- 
mined by monitoring the X-ray excited 
MsVV transition (23). 

RESULTS 

Reaction Studies 

Pd/Na Y. Figure 1 shows typical time-on- 
stream behavior for two Pd/NaY catalysts, 
Pd/NaY(500/350) (Fig. 1A) and Pd/ 
NAY(250/250) (Fig. 1B). In this figure, the 
rate of carbon output in each product frac- 
tion has been normalized by the rate of car- 
bon output in c n  4 at 15 min reaction (first 
reaction sample). It is clear that in both 
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cases drastic changes in the rates of product 
formation take place in the first few hours 
of reaction. CH 4 is the predominant product 
at the start of the reaction on these catalysts. 
However, its rate of formation drops offrap- 
idly and after 2 h on-stream it has been re- 
duced to at least half of its initial value. In 
contrast, during this same period the forma- 
tion of other products rises significantly. 

In the case of Pd/NaY(500/350); Fig. 1A, 
the rates of CH3OH and CH3OCH 3 forma- 
tion increase sharply and reach a maximum 
by the end of the first hour of reaction. 

Higher hydrocarbons (two carbon atoms or 
more) production also rises markedly during 
this period, and about 2 h into the reaction 
these products as a class become the pre- 
dominant pathway for carbon output in the 
reaction. For the remainder of the reaction 
there is little deactivation in higher hydro- 
carbons production while rates of CH4, 
CH3OH, and CH3OCH 3 formation decrease 
steadily. 

In the case of Pd/NaY(250/250), Fig. 1B, 
there are increases of at least one order of 
magnitude in the rates of CH3OH and 
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FIGURE 2 

CH3OCH 3 formation during the first 2 h of 
reaction. After this period there is little de- 
activation in the formation of these two prod- 
ucts while C H  4 production decreases stead- 
ily. Formation of higher hydrocarbons is not 
significant with this catalyst, accounting for 
less than 4% of carbon in the products. 

The effect of H2 reduction on the deacti- 
vated catalyst is shown in Fig. 2. A fresh 
batch of Pd/NaY(500/350) was reacted at 
285 +-- 2°C, 11.0 --- 0.3 atm and GHSV = 
1800 -+ 100 h -1 for 20 h. The space velocity 
was then lowered to 900 - 50 h-1 for 2 h 
and then to 400 - 25 for another 2 h. After 
this reaction period the catalyst was reduced 
in 8 atm of pure H2 at 350°C for 20 h. During 
this reduction period C H  4 w a s  detected in 
significant amounts, in particular during the 
first few hours of reduction. The tempera- 
ture was then lowered under He flow to the 
previous reaction temperature and a new 
reaction period at GHSV = 400 - 25 h - '  
was started. As can be seen from Fig. 2, 
this reduction resulted in an increase in CO 
conversion by, initially, some 60%. Most of 
this increase can be attributed to more than 
doubling of the rate of C H  4 production; it 
subsequently decreases rapidly returning to 
the value at the end of the first reaction 

period. It is interesting to note that the long 
reduction period does not significantly af- 
fect the rate of CH3OH and higher hydrocar- 
bons formation. 

The higher hydrocarbons carbon selectiv- 
ity for Pd/NaY(500/350) is shown in Fig. 3 
along with the selectivity to branched paraf- 
fins. The latter constitute at least 70% of 
each product fraction. The C7 + carbon frac- 
tion includes hydrocarbons up to Ci0 but no 
aromatic products (benzene, toluene, xy- 
lenes = BTX) were detected. Olefins ac- 
count for less than 3% of each carbon frac- 
tion. Clearly, this catalyst is very selective 
for the formation of higher hydrocarbons 
with four or more carbon atoms. 

The effect of the reaction temperature on 
the products yields was as follows. For Pd/ 
NAY(500/350) increasing the temperature by 
23°C increases the overall CO conversion 
by 18%. The higher hydrocarbon yield is 
actually greater by 33% at 265°C, while at 
288°C the yield of C H  4 is 140% higher than 
at the lower temperature. With respect to 
the higher hydrocarbons selectivity, the (C2 
+ C3) carbon fraction increases from 14 to 
23% at the higher temperature. The frac- 
tions of olefins and linear products within 
each product fraction also appear to in- 
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crease, but only slightly. In the case of Pd/ 
NAY(250/250), increasing the reaction tem- 
perature from 269 to 285°C increases the 
overall CO conversion by 40%. However, 
while CH3OH and CH3OCH 3 yields increase 
by 49 and 13%, respectively, the yield of 
CH 4 increases by 127%. 

The following procedure was used to 
study the effect of the space velocity on the 
reaction: After the catalyst had been on- 
stream for 20 or 24 h at a GHSV of 1800 --- 
100 h -~ the flow rate of the reactants was 
reduced to give a GHSV of 900 --+ 50 h-1. 
This condition was maintained for 2 h. After 
this period, the flow of reactants was re- 
duced again, giving a GHSV of 400 _+ 25 h-  1. 
For Pd/NaY(500/350) the total decrease in 
the GHSV from 1800 to 400 h -1 leads to the 
following results: 

(i) The CO conversion increases between 
2.5 and 3.0 times. 

(ii) The carbon selectivity toward CH4 in- 
creases by about 30%, mostly at the expense 
of the higher hydrocarbons. 

(iii) The (C2 + C3) fraction in the higher 
hydrocarbons increases about 20%; traces 
of BTX appear in the products. 

(iv) Within each higher hydrocarbon 
product fraction, the selectivity to olefins 

decreases, while the selectivity toward 
branched paraffins remains unchanged. 

For Pd/NaY(250/250) the same decrease 
in the GHSV results in a doubling to tripling 
of the CO conversion and in increases of at 
least 65% in the CH 4 carbon selectivity at 
the expense of CH3OH and CH3OCH 3. The 
carbon selectivity to higher hydrocarbons 
(mostly linear, up to C7, (C2 + C3) fraction 
greater than 70%) is increased at the lower 
space velocities, but it never exceeds 6% of 
the total carbon output. 

The effect of combining different calcina- 
tion and reduction temperatures on the 
product selectivity was also studied. The 
behavior of Pd/NaY(500/350) and Pd/ 
NAY(250/350) was found to be very similar. 
Higher hydrocarbons and CH4 are the pre- 
dominant products with these two catalysts. 
In contrast, Pd/NaY(250/250) produces 
mainly oxygenated products, some CH4, 
and very little higher hydrocarbons. 

Pd/HY. The time-on-stream behavior, as 
well as the higher hydrocarbon selectivity, 
for Pd/HY(500/350) is shown in Fig. 4. 
There is a sharp decrease in the rate of CH 4 
formation during the first 2 h of reaction, 
Fig. 4A. Only traces of CH3OH are detected 
during the reaction while no CH3OCH 3 is 
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found in the products. Hydrocarbon pro- 
duction is high from the start of the reaction 
and it peaks after about 4 h on-stream when 
these products become the major pathway 
for carbon output. It slightly decreases over 
the next 16 h. In contrast, CH 4 formation 
steadily decreases and the deactivation in 
CO conversion during the reaction can be 
entirely attributed to this process. The 
higher hydrocarbons produced by this cata- 
lyst, Fig. 4B, consist mostly of C2H6, C3H8, 
and (i + n)C4Hl0, although up to C 7 hydro- 
carbons are detected. While lowering the 

GHSV from 1800 to 400 h-] increases the 
CO conversion by 2.5 times it has no effect 
on CH 4 production or on the nature and 
size of the higher hydrocarbons formed. No 
olefins or BTX were detected under any of 
the conditions studied for this catalyst. 

Mixtures of  Pd/Na Y and HY. The follow- 
ing mixtures of Pd/NaY(250/250) with HY 
zeolites were studied: 

PMHY--A physical mixture of 0.4 g Pd/ 
NAY(250/250) and 0.4 g of HY (the same 
zeolite starting material used in the prepara- 
tion of Pd/HY). 
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T A B L E  1 

Higher  Hydrocarbons  Selectivity a Pattern 

C2 + C3 C4 C5 C6+ BTX 

Pd /NaY b 14.4 49.3 19.0 17.3 0.0 
Pd /HY b 56.8 30.7 9.1 3.4 0.0 
Pd /NaY c + HY 28.5 36.0 17.3 18.2 0.0 

(mixture) 
Pd /NaY c + HY 30.4 43.6 18.1 7.4 0.5 

(series) 

Note. T R, 268 +- 3~C; PL, 11.0 --+ 0.5 atm; GHSV = 1800 _+ 100 h - t ;  CO : H 2 
= 1:1,  

a Carbon selectivity: (mole C in C~ fract ion/mole C in C2+ fractions) × 100. 
b (500/350). 
c (250/250). 

C B H Y - - A  bed of 0.4 g of Pd/NaY(250/ 
250) followed downstream by a 0.4 g bed of 
HY (the two beds were separated by one 
bed length of glass wool). 

There is no difference between the two 
mixtures in the C H  4 selectivity, which is 
essentially due to C H  4 formation on the Pd/ 
NAY(250/250) catalyst. However, while 
PMHY is highly selective toward the forma- 
tion of higher hydrocarbons, CBHY pro- 
duces similar amounts of higher hydrocar- 
bons and oxygenates. 

Tables I and 2 provide details on the na- 
ture of the higher hydrocarbons produced 
by these mixtures. In addition, results for 
Pd/NaY(500/350) and Pd/HY(500/350) are 
included for comparison. The data shown in 

these tables was obtained at nearly constant 
overall CO conversions (0.8 to 1.3%). 

Tables I and 2 indicate that the two physi- 
cal mixtures studied here do not behave in 
the same manner as the single Pd catalysts. 
Table 1 shows that Pd/HY is much more 
selective toward C2 and C3 formation than 
Pd/NaY or the HY-containing mixtures. Al- 
though our chromatographic analysis did 
not allow for a precise quantification of the 
olefinic content of the C 2 and C3 hydrocar- 
bons, a qualitative analysis indicates that 
the only case in which olefins accounted 
for a substantial amount (>30%) of these 
hydrocarbons was for CBHY. Taking into 
account the olefinic content of the C4 and C5 
fractions, which were determined accu- 

T A B L E 2  

H i g h e r H y d r o c a ~ o n s l s o m e r C o m p o s i t i o n  

i - C 4 : n - C 4  %C4H8 i - C 5 : n - C 5  %C5HI0 n - C 6 : t - C 6  

The rmodynamic  a 0.75 3.24 0.15 
Pd /NaY b 3.4 1.0 2.6 1.0 0.18 
Pd /HY b 2.5 0,0 1.9 0.0 0.2 
Pd /NaY c + HY 2.5 4.0 3.8 4.0 0.1 

(mixture) 
Pd /NaY c + HY 15.7 9.0 32.3 5.0 0.0 

(series) 

Note. TR,268 +- 3°C;PL ,  l l . 0 - +  0 , 5 a t m ; G H S V  -- 1800-+ 1 0 0 h - I ; C O : H  2 = 1:1.  
a 270oc, 1 atm. 
b (500/350). 
c (250/250). 
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rately and are shown in Table 2, the hydro- 
genation ability of these materials can be 
ranked as follows: Pd/HY > Pd/NaY > 
PMHY > CBHY. 

It can also be seen from Table 2 that 
the thermodynamic equilibrium ratio 
i - Call10 : n - C4HI0 is well below the value~ 
observed for the mixtures and single cata- 
lysts. However, the same is not true for the 
i -  C5H12 : n -  C5H12 and n-C6HI4 : (to- 
tal)C6H14 ratios. For these hydrocarbons, a 
shift above the equilibrium values in the di- 
rection of the production of branched prod- 
ucts is only observed for the mixtures, but 
not for the single catalysts. It is also clear 
from Table 2 that the HY bed alone (CBHY) 
c o n v e r t s  C H 3 O H  and C H 3 O C H  3 into 
branched hydrocarbons much more selec- 
tively than its physical mixture with Pd/ 
NAY(250/250), PMHY. 

There are other remarkable differences 
between the mixtures described here. 
PMHY and CBHY have entirely different 
deactivation behaviors with respect to 
higher hydrocarbons formation. In the case 
of PMHY the rate of higher hydrocarbon 
formation is still increasing even after 24 h 
on-stream. In contrast, for CBHY the maxi- 
mum rate of higher hydrocarbons formation 
is observed after 4 h on-stream and during 
the next 20 h this rate decreases by about 
25%. This decrease occurs simultaneously 
with an increase in the amount of unreacted 
CH3OH and CH3OCH 3 breaking through the 
HY bed. 

CATALYST CHARACTERIZATION 

X-Ray Diffraction 

Powder diffraction patterns for NaY and 
Pd/NaY catalysts before and after reaction 
are shown in Fig. 5. These patterns clearly 
indicate that chemical and physical changes 
in the nature of Pd particles probed by this 
technique take place during CO hydrogena- 
tion. For Pd/NaY(250/250) and (500/350) dif- 
fraction peaks centered at 20 = 40 ° (strong) 
and 20 = 46.5 ° (broad) appear after reduc- 
tion. After reaction both catalysts show new 

diffraction peaks centered at 20 = 39 ° 
(strong) and at 20 = 45.3 ° (weak). In the 
case of Pd/NaY(250/250) these peaks are the 
only features observed after reaction, while 
for Pd/NaY(500/350) some of the original 
peaks observed after reduction are still 
present. 

Figure 6 shows the patterns for HY and 
Pd/HY catalysts. Again, extraordinary 
changes in the diffraction patterns of these 
catalysts are indicated. After reduction, 
sharp diffraction peaks at 20 = 40 ° (strong) 
and 20 = 46.5 ° (weaker) are present. In the 
case of Pd/HY(500/350) these features are 
almost entirely absent after reaction and a 
weak broad peak centered at 20 = 39 ° can 
be seen. This feature, as well as a peak at 
20 = 45.3 °, are better discerned for Pd/HY 
(500/500) after reaction, in which case some 
of the original peaks observed after reduc- 
tion are still present. 

XPS 

An analysis of the XPS characterization 
of Pd/NaY and Pd/HY catalysts before and 
after reaction as well as for bulk Pd metal 
indicates the following differences: 

i. Shifts in the binding energy with respect 
to bulk Pd for the Pd 3d5/2 line are observed 
in the case of Pd/NaY(250/250) catalysts be- 
fore and after reaction (+0.5 eV and +0.3 
eV, respectively) and also for Pd/HY(500/ 
350) (+ 0.3 eV before and after reaction). 

ii. There is a shift of + 0.5 eV in the Auger 
Parameter of the Pd/NaY(500/350) catalyst 
after reaction with respect both to the cata- 
lyst before reaction and to bulk Pd metal. 

iii. Nitrogen is only detected in Pd/ 
NAY(250/250), i.e., the catalyst that was cal- 
cined at a low temperature, so that some of 
the N H  3 ligands of the Pd z+ survived. The 
N : Si atomic ratio in the catalyst does not 
change significantly during catalysis, but a 
shift of + 0.5 eV in the binding energy of the 
N ls line is detected. 

iv. No carbon buildup was observed for 
these catalysts after reaction. Only in Pd/ 
NAY(250/250) a new carbon line appeared 
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FIGURE 5 

after reaction; it is shifted by + 1.5 eV from 
the position of the background carbon line. 

Figure 7 shows the Pd : Si ratios for these 
catalysts before and after reaction. It can 
be seen that while the Pd :S i  atomic ratio 
increase significantly for Pd/NaY(250/250) 
and Pd/HY(500/350) after reaction, it actu- 
ally decreases in the case of Pd/NaY(500/ 
350). 

DISCUSSION 

Structural Changes and Catalytic 
Behavior 

Chemical modification. The remarkable 
changes in the product yields during the first 
few hours of CO hydrogenation over Pd/ 
NaY catalysts, as shown in Fig. 1, require 
comments. First, a trivial effect must be 
mentioned, viz. that the zeolite might act as 
a chromatographic column, trapping some 
products more until it becomes saturated 

with them. Although such an effect might 
take place during the initial stages of the 
reaction, a number of observations argue 
against it as being the main cause of the 
observed changes, in particular the strong 
dependence of initial product yields on 
changes in the metal dispersion in Pd/NaY. 
This observation has been reported pre- 
viously (11) and is confirmed by the present 
data. Also restarting the reaction, after sub- 
jecting a "stable" Pd/NaY(500/350) catalyst 
to a 20-h reduction treatment, shows the 
absence of a selective holdup of products 
(see Fig. 2). During this reduction the zeolite 
pores should have been depleted of any re sid- 
ual reaction products. The same figure shows 
that only the rate of CH4 formation is selec- 
tively enhanced, whereas formation of 
higher hydrocarbons and CH3OH are only 
slightly affected. The formation of CH4 
throughout the reduction shows that the 
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main effect of the reduction treatment is Additional evidence against the chro- 
chemical removal of carbon from the Pd par- matographic holdup of higher hydrocarbons 
ticles. The fast deactivation of C H  4 forma- is provided by those catalysts (see Fig. 4A) 
tion after the restart of CO hydrogenation that produce such hydrocarbons at high 
confirms the inhibiting role of this surface rates from the start of the reaction. In the 
carbon, case of Pd/HY(500/350) the initial rate of  
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higher hydrocarbon formation is not only 
comparable to that of CH 4 but also signifi- 
cantly higher than that for Pd/NaY cata- 
lysts. Major changes in product selectivity 
have also been observed by other workers 
in the case of Pd supported on nonzeolitic 
materials (24). 

The conclusion that the changes on prod- 
uct selectivity with time-on-stream are due 
to structural and chemical changes in the 
catalyst is supported by the XRD and XPS 
results. 

In analyzing these data one should bear in 
mind that XRD only probes particles greater 
than approximately 30/~. The data in Figs. 
5 and 6 show that some loss of crystallinity 
in the zeolite framework is detectable, but 
this effect is small. Of much greater signifi- 
cance is the change in the structure of the 
Pd particles. Before reaction, in the reduced 
catalysts the peak observed at 20 = 40 ° can 
be assigned to the Pd(111) diffraction. After 
reaction, a new line at 20 = 39 ° is observed 
for several of the catalysts studied. A similar 
feature has been observed by Fajula et al. 
(14) after CO hydrogenation over Pd/NaY, 
Pd/HY, and Pd/SiO2 catalysts. These au- 
thors tentatively attributed this feature to 
the formation of the/3 phase of Pd hydride. 
This can be safely ruled out for the present 
work; the only Pd hydride stable under our 
reaction conditions (270°C, 5 atm H2) is the 
a phase (25), which has a lattice parameter 
only slightly larger than that of pure Pd. 
Moreover, this hydride would be destroyed 
when the catalysts are brought to room tem- 
perature under a He flow over a period of at 
least 30 rain. Also any /3-Pd hydride will 
be decomposed during such purge as was 
shown independently (26). 

The large expansion of the Pd lattice ob- 
served after reaction can, however, be ex- 
plained by the formation of an interstitial 
Pd-C compound. Although it is known that 
Pd does not form stable stoichiometric car- 
bides, there are now several reports on the 
formation of stable supersaturated solutions 
of carbon in palladium having compositions 
of up to PdC0.13. These phases have been 

identified by X-ray (27) and neutron (28) 
diffraction after Pd/SiO2 and Pd black were 
used in C2H 2 or CzH 4 hydrogenation, and 
after exposure to CO at T > 500°C. Both 
studies also showed that the PdC0.13 solution 
has a0, the cubic unit cell parameter, of 3.99 
.~ (corresponding to 20 = 39.07 ° for (111)) 
in contrast to Pd, a 0 = 3.89 .A (correspond- 
ing to 20 = 40.12 ° for (111)). Figures 5 and 
6 show that after reaction the line at 20 = 
40 ° is much weaker than before the reaction; 
a strong line near 20 = 39.07 ° has emerged, 
indicating formation of PdC0.13. 

The measured Auger Parameter for Pd 
after reaction is, for all samples, equal to or 
slightly higher than that for the bulk metal. 
This shift is most pronounced for Pd/ 
NAY(500/350), +0.5 eV, which might be 
tentatively ascribed to the formation of 
PdC0.~3. Unfortunately, there are no data 
in the literature to compare this tentative 
assignment. The observation that XPS does 
not show large carbon buildup is not contra- 
dictory to the proposed formation of PdC0.z3 
or to the observed carbon removal during 
reduction after reaction since the back- 
ground signal for this element is much larger 
than that expected from these carbon 
sources. 

PdC0.13 was found to have no tendency to 
form the/3-hydride phase when exposed to 
H2 and to be stable up to 600°C in an inert 
atmosphere and to ca. 150°C in Hz or Oz. 
We have confirmed these stability limits in 
the following manner. The reacted Pd/ 
NAY(500/350) catalyst used to obtain the 
XRD pattern in Fig. 5 was reduced at 150°C 
for 30 min. This resulted in no change in the 
position of the PdC0.13 (111) line. However, 
when the same catalyst was reduced at 
250°C for 16 h the PdC0.13 (111) line disap- 
peared entirely while the Pd (111) line ap- 
peared again at 20 = 40 °. 

The presence of PdC0.13 at the end of the 
reaction raises a number of interesting ques- 
tions. The likely source for this carbon is 
CO dissociation, which is also necessary for 
CH4 formation. We found that even after 
only 1.5 h reaction most of the Pd in the 
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particles probed by XRD is in the form of 
PdC0.13. This is also the period in which the 
rate of CH 4 formation decreases drastically 
as seen in Figs. I and 4A. The observation 
that reduction of the catalyst after reaction 
greatly enhances CH 4 formation with re- 
spect to other products, Fig. 2, also supports 
the idea that CH 4 and PdCoA 3 formation are 
inversely related. An alternative hypothe- 
sis, that higher hydrocarbons are a major 
source of C atoms in PdC0.13 can be ruled 
out on the basis of two observations: First, 
most of the PdC0.13 is formed in the first 
hour of reaction, when higher hydrocarbon 
formation is relatively minor. Second, 
PdC0.13 is also formed in the case of Pd/ 
NAY(250/250), as seen in Fig. 5, which pro- 
duces very little higher hydrocarbons 
throughout the reaction, Fig. lB. 

As formation of PdC0.13 takes place at the 
same stage where the rate of CH3OH pro- 
duction increases, one might speculate on 
the role of PdC0.13 in CH3OH synthesis. 
However, the observation that production 
of CH3OH (and its secondary products, 
CH3OCH3 and higher hydrocarbons) over 
Pd/NaY(500/350) is little affected by the de- 
struction of PdCoA 3 during a second reduc- 
tion treatment is a strong argument against 
this hypothesis. 

Therefore, we propose the following ex- 
planation for the formation of PdC0.13. When 
small Pd particles, which expose highly un- 
saturated Pd atoms, are initially exposed to 
CO this reactant is dissociatively chemi- 
sorbed leading to elemental carbon forma- 
tion. Part of this carbon is hydrogenated to 
CH4 and part is incorporated into the Pd 
particles to form PdC0.13. The formation of 
this solution results in less CH 4 formation, 
possibly by changing the propensity of the 
Pd particles for hydrogen chemisorption, 
parallel to the total inability of PdC0.13 to 
absorb hydrogen. The suppression of hy- 
drogen solubility of PdC0.~3 as compared to 
pure Pd has been discussed by Boudart and 
Hwang (26) in terms of kinetic,thermody- 
namic, steric, and electronic reasons. If de- 

creasing CH 4 production is indicative of in- 
creasing formation of PdC0.13, it follows that 
it is rapidly formed at the start of the reac- 
tion but continues for an extended period of 
time. 

Particle size changes. So far we have dis- 
cussed changes in the product distribution 
during reaction in terms of the formation of 
PdC0.13. However, this does not appear to be 
the only process involved. The XPS results 
provide evidence that processes involving 
particle growth, redispersion, migration, 
and restructuring also take place in the ini- 
tial stages of the reaction. In particular, the 
significant differences in the Pd :S i  ratios 
measured before and after reaction might be 
the result of particle migration or growth 
or a combination of both. Presently we are 
unable to deconvolute these processes and 
can only conclude that dynamic changes in- 
volving the Pd particles do take place with 
reaction and that there is no evidence for a 
preferential accumulation of Pd in the outer 
region of the zeolite crystallites with respect 
to its interior. We have recently obtained 
further evidence for the latter assertion us- 
ing TEM. This technique showed that al- 
though there are some very large particles 
(>1000 A) on the outer surface after reac- 
tion, most of the Pd is present in particles 
(having diameters in the 30 to 60 .~ range), 
which remain entrapped inside the zeolite 
channels. 

For most catalysts studied here the Pd 
3d5/2 binding energy is close to that of the 
bulk metal. In accordance with the XRD 
data this can be attributed to the formation 
of relatively large (>30 ,~) Pd or PdC0.13 par- 
ticles. However, for Pd/NaY(250/250) and 
Pd/HY(500/350) shifts of 0.3-0.5 eV were 
found. This might be attributed to the pres- 
ence of a significant fraction of small parti- 
cles since the position of the Pd 3d5/2 line is 
determined by the relative fraction of large 
and small particles in the near surface region 
of the zeolite crystallites. For Pd/HY(500/ 
350), the larger fraction of small particles 
might be due to their stabilization by the 
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high concentration of protons, while for Pd/ 
NAY(250/250) the milder reduction condi- 
tion may play a role. 

The catalytic behavior of Pd/HY(500/350) 
shows similarities to that of Pd/NaY(500/ 
350). There is a sharp decrease in the initial 
rate of CH 4 formation (Fig. 4A). Drastic 
changes in the XRD pattern are also ob- 
served (Fig. 6), the appearance of PdC0.13 
being clearly visible in the case of Pd/ 
HY(500/500). It should be noted that the 
XRD pattern for Pd/HY(500/350) indicates 
the disappearance of large particles from the 
catalyst after reaction. We have also ob- 
served a similar phenomenon in the case of 
Pd-Ni/NaY catalysts used in CO hydroge- 
nation (29). 

As discussed above, the transformations 
in the Pd/NaY catalysts that are responsible 
for the large change in the initial rate of 
formation of CH3OH (and its secondary 
products) seem to be irreversible, at least 
with respect to a second reduction of the 
catalyst after its use. We suggested pre- 
viously that this was in part due to a process 
of particle growth (13). We have now con- 
firmed using EXAFS that exposure of small 
Pd clusters in Pd/NaY to CO at 1 atmo- 
sphere and temperatures as low as 50°C re- 
sults in the irreversible growth of the Pd 
particles (30). It seems reasonable to extrap- 
olate that under our reaction conditions 
such phenomenon is also possible. CO-in- 
duced restructuring of Pd particles (20-22) 
has now been documented by other groups 
as well. Several studies have shown that CO 
dissociation increases with Pd dispersion 
(21, 22, 31, 32) and that the CO heat of 
chemisorption appears to increase sharply 
as the Pd crystallite size decreases below 30 
~, (33). CH3OH decomposition to CO and H 2 
on Pd/AI203 catalysts has also been found to 
increase with Pd dispersion, although the 
situation was found to be more complex for 
Pd/TiO z and Pd/ZrO 2 catalysts (34). 

The totality of this evidence suggests that 
both CH 4 and CH3OH formation are 
strongly structure-sensitive reactions. At 
the start of the reaction small Pd particles, 

which occupy the supercages, are present. 
These particles dissociate CO easily and 
form CH 4. This process also initiates PdC0.~3 
formation. At the same time, CO-induced 
particle growth takes place. It is this Pd par- 
ticle growth that leads to local destruction 
of the zeolite framework causing distinct 
changes in the XRD patterns (see Figs. 5 
and 6) before and after reaction. Electron 
microscopy shows that Pd particles larger 
than supercages are formed. On these larger 
PdC0.13 particles, CH4 formation is sup- 
pressed and CH3OH production is favored. 
Due to the strong changes of the Pd particle 
morphology during reaction conditions it 
does not appear meaningful to express mea- 
sured rates as turnover frequencies. 

Higher Hydrocarbons Formation and 
Reaction Mechanism 

Up to this point we have considered only 
the formation of CH 4 and CH3OH, which 
takes place exclusively on the Pd particles. 
The formation of CH3OCH 3 and higher hy- 
drocarbons requires acid sites, albeit of a 
different nature. The conversion of CH3OH 
to CH3OCH 3 is known to take place easily 
even over weakly acidic supports. How- 
ever, conversion of CH3OH and CH3OCH 3 
to higher hydrocarbons requires stronger 
BrCnsted acid sites. The different acid 
strength requirements for these reactions is 
illustrated by the product selectivity of the 
Pd/NaY catalysts. For Pd/NaY(500/350), 
two BrCnsted acid sites are formed during 
the reduction of each Pd 2+ ion present after 
calcination at 500°C. This leads to the forma- 
tion of higher hydrocarbons as illustrated in 
Figs. 1A and 3. However, when Pd/NaY 
catalysts are calcined to 250°C only, 
[Pd(NH3)2] 2+ rather than Pd 2+ ions are 
formed. During the reduction of this com- 
plex, NH 3, which reacts with H ÷ formed 
during this process to give NH~- ions, is lib- 
erated. This "neutralized" Pd/NaY(250/ 
250) catalyst is incapable of forming higher 
hydrocarbons since it lacks BrCnsted acid 
sites, but it is still able to convert CH3OH 
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to C H 3 O C H  3 as  seen in Fig. lB. The XPS 
results indicate that the NH~ ions formed in 
this catalyst react during CO hydrogenation 
to give new nitrogen-containing ions, which 
seem to be stable up to about 300°C. How- 
ever, if calcination at 250°C is followed by 
reduction at 350°C, NH~- ions are no longer 
stable; their decomposition results in the 
formation of protons. This Pd/NaY(250/350) 
catalyst then behaves exactly the same as 
the Pd/NaY(500/350) catalyst. 

Higher reaction temperatures favor C H  4 
production. This is surprising since C H  4 for- 
mation from CO and H2 is twice as exother- 
mic as CH3OH formation. Therefore, the 
reason for this behavior must be kinetically 
related. Since C H  4 formation requires CO 
dissociation and Pd is a metal on which this 
process is not easily carried out, the logical 
explanation for this temperature depen- 
dence is that higher temperatures favor the 
dissociative chemisorption of CO. Room- 
temperature nondissociative and high-tem- 
perature dissociative CO chemisorption on 
Pd have been reported in several studies (21, 
22, 31). The observation that the yield of 
higher hydrocarbons is actually greater at 
265°C than at 288°C for Pd/NaY(500/350) 
and that C H 3 O H  and  C H 3 O C H  3 yields de- 
crease considerably less than that of C H  4 
when the reaction temperature is lowered 
for Pd/NaY(250/250) can also be explained 
in terms of the competitive rates of CO dis- 
sociative and nondissociative chemisorp- 
tion. This indicates that C H  4 and CH3OH 
are formed by two entirely distinct path- 
ways, which have different CO chemisorp- 
tion strength requirements. 

Although Pd/NaY(500/350) and Pd/ 
HY(500/350) produce higher hydrocarbons 
selectively, a comparison of Figs. 3 and 4B 
and of Tables 1 and 2 shows that the nature 
of these hydrocarbons is considerably dif- 
ferent. For example, (C2 + C3) hydrocar- 
bons contain approximately 15% of the car- 
bon present in higher hydrocarbons in the 
case of Pd/NaY(500/350) versus 57% for Pd/ 
HY(500/350). Overall, chain growth is 
greatly inhibited for Pd/HY(500/350) com- 

pared to Pd/NaY(500/350). In addition, the 
higher hydrocarbons formed over Pd/ 
HY(500/350) are less branched than for Pd/ 
NAY(500/350), and no olefin formation is ob- 
served over the former while there is a small 
but significant olefin production over the 
latter. 

To understand these differences in the 
higher hydrocarbon selectivity it is useful to 
turn to the results obtained with different 
physical mixtures (Tables 1 and 2). It is clear 
that higher hydrocarbons formation on pure 
HY, as seen for CBHY, is characterized 
by the selective formation of hydrocarbons 
having four or more carbon atoms that are 
almost exclusively branched, by the pres- 
ence of olefins (in particular in the C2 and 
C 3 fractions), by the presence of a small 
fraction of BTX products and by a relatively 
high deactivation rate of the acid function. 
Bringing the acid sites in HY in closer prox- 
imity to the Pd particles, as in the case of 
PMHY, results in an increase in the forma- 
tion of higher hydrocarbons (in particular 
having six or more carbon atoms), in a large 
decrease in the formation of branched prod- 
ucts and in the suppression of olefin and 
BTX formation as well as less acid function 
deactivation. These trends are continued in 
the case of Pd/NaY(500/350), in which H ÷ 
and Pd particles coexist within a very short 
distance. However, keeping the H+-Pd  par- 
ticle distance relatively constant but in- 
creasing the concentration of the former, as 
in Pd/HY(500/350), completely changes the 
nature of the higher hydrocarbons formed. 

We believe that these selectivity patterns 
can be rationalized in the following manner: 
CH3OH and CH3OCH 3 conversion on 
BrCnsted acid sites leads to the higher hy- 
drocarbon distribution characteristic of 
CBHY. The presence of Pd particles in 
proximity to these acid sites opens up the 
possibility for the readsorption of hydrocar- 
bons on the Pd particles. Olefins can then 
be hydrogenated. Hydrocarbon products 
desorbing from the Pd particles can also be 
readsorbed on acid sites and react further. 

These phemonema can already be seen in 
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the case of PMHY, where intercrystallite 
diffusion of products is possible. Readsorp- 
tion and hydrogenation of hydrocarbons on 
the Pd particles results in a decrease in the 
iso : normal ratio of the C4+ products, in an 
increase in the C6 + hydrocarbon selectivity, 
and in a decrease in the olefinic fraction of 
the products, which is probably the cause 
for the suppression in BTX formation and 
acid function deactivation. The close prox- 
imity of H + and Pd particles in Pd/NaY(500/ 
350) enhances the transport of products be- 
tween these sites. This results in a large 
increase in the fraction of Ca+, products at 
the expense of (C2 + C3) hydrocarbons and 
in a further decrease in the iso : normal ra- 
tios. Hydrogenation of olefinic products is 
also enhanced over this catalyst. 

The product selectivity of Pd/HY(500/ 
350) can be understood in terms of a greatly 
enhanced hydrogenation ability of the Pd 
particles. This is reflected in the total lack 
of olefins in the products as well as the much 
enhanced selectivity toward (Cz + C3) hy- 
drocarbons, which is actually higher than 
for pure HY. It has been shown previously 
that the benzene hydrogenation ability of 
Pd/Y catalysts followed the order Pd/HY >> 
Pd/NaY (35). We assume that C2 and C3 
olefins, which have been proposed to be the 
initial products and chain initiators for hy- 
drocarbon growth during CH3OH and 
CH3OCH 3 conversion on the acid sites of 
HZSM-5 (36), are readsorbed on Pd parti- 
cles and efficiently hydrogenated preventing 
further chain growth. An alternative hy- 
pothesis would assume that higher hydro- 
carbons are hydrogenolyzed (on Pd parti- 
cles or protons) producing an excess (C2 
+ C3) hydrocarbons. This seems, however, 
less likely since these reactions are known 
to be slow under the present conditions. 

It is obvious that the presence of Pd leads 
to a much lower olefin/paraffin ratio than in 
the MTG process; obviously the hydrogena- 
tion activity of Pd is not suppressed by the 
presence of CO. A much more surprising 
observation is that the presence of Pd parti- 
cles in proximity to the acid sites results in 

a drastic lowering in the selectivity toward 
branched products. We have no conclusive 
explanation for this. It might be related to 
an observation reported by Tau et al. (37) 
that the reaction of propane with a metha- 
nol-derived C1 species differs significantly 
from that of the C3 species that is involved 
in the production of C4 and higher hydrocar- 
bons in the normal MTG reaction pathway 
over HZSM-5. 

CONCLUSIONS 

There is strong evidence that remarkable 
chemical and physical changes in the nature 
of the Pd particles take place during reac- 
tion. The former include the formation of a 
PdC0.13 solution, which was confirmed by 
XRD and chemical methods. XPS analysis 
also indicates chemical and physical 
changes in various aspects of the catalysts, 
in particular with respect to Pd particle 
growth, redispersion, and migration. The 
nature of the CO hydrogenation reaction is 
likewise complicated. It involves structure 
sensitivity in CH4 and CH3OH formation, 
the reaction of CHaOH to form CH3OCH 3 
over weak acid sites, and the conversion 
of both products to hydrocarbons over 
BrCnsted acid sites. Readsorption of hydro- 
carbons on Pd particles and their subse- 
quent hydrogenation affect the activity, se- 
lectivity, and deactivation of the catalysts. 

ACKNOWLEDGMENTS 

Financial support of the National Science Founda- 
tion, Contract CTS-8911184, and a grant-in-aid by the 
Engelhard Corporation are gratefully acknowledged. 

REFERENCES 

1. Pichler, H., in "Advances in Catalysis" (W. G. 
Frankenburg, V. I. Komarewsky, and E. K. Ri- 
deal, Eds.), Vol. 4, p. 271. Academic Press, New 
York, 1952. 

2. Chang, C. D., "Hydrocarbons from Methanol." 
Dekker, New York, 1983. 

3. Poutsma, M. L., Elek, L. F., Ibarbia, P. A., Risch, 
A. P., and Rabo, J. A., J. Catal. 52, 157 (1979). 

4. Berlowitz, P. J., and Goodman, D. W.,  J. Catal. 
108, 364 (1987). 

5. Nonneman, L. E. Y., and Ponec, V., Catal. Lett. 
7, 197 (1990). 



DIRECT SYNTHESIS OF METHANOL, DIMETHYL ETHER, AND PARAFFINS 241 

6. Caesar, P. D., Brennan, J. A., Garwood, W. E., 
and Ciric, J., J. Catal. 56, 274 (1979). 

7. Chang, C. D., Lang, W. H., and Silvestri, A. J., J. 
Catal. 56, 268 (1979). 

8. Fujimoto, K., Kudo, Y., and Tominaga, H., J. 
Catal. 87, 136 (1984). 

9. Saha, N. C., and Wolf, E. E., Appl. Catal. 13, 101 
(1984). 

10. Kikuzono, Y., Kagami, S., Naito, S., Onishi, T., 
and Tamaru, K., Faraday Discuss. Chem. Soc. 72, 
135 (1981), 

11. Thomson, R. T., and Wolf, E. E., Appl. Catal. 41, 
65 (1988). 

12. Thomson, R., Montes, C., Davis, M. E., and Wolf, 
E. E., J. Catal. 124, 401 (1990). 

13. Cavalcanti, F. A. P., Dossi, C., Sheu, L. L., and 
Sachtler, W. M. H., Catal. Lett. 6, 289 (1990), 

14. Fajula, F., Anthony, R. G., and Lunsford, J. H., 
J. Catal. 73, 237 (1982). 

15. Choudary, B. M., Matusek, K., Bogyay, I., and 
Guczi, L., J. Catal. 122, 320 (1990). 

16. a. Homeyer, S. T., and Sachtler, W. M. H., J. 
Catal. 117, 91 (1989); b. 118, 266 (1989). 

17. a. Sheu, L. L., Kn6zinger, H., and Sachtler, 
W. M. H., Catal. Lett. 2, 129 (1989); b. Sheu, 
L. L., Kn6zinger, H., and Sachtler, W. M. H., J. 
Am. Chem. Soc. 111, 8125 (1989). 

18. Zhang, Z., Chen, H., Sheu, L. L., and Sachtler, 
W. M. H., J. Catal., 127, 213 (1991). 

19. Raval, R., Haq, S., Harrison, M. A., Blyholder, G., 
and King, D. A., Chem. Phys. Lett. 167, 391 (1990). 

20. Hicks, R. F., Qi, H., Kooh, A. B., and Fischel, 
L. B., J. Catal. 124, 488 (1990). 

21. Gillet, E., Channakhone, S., Matolin, V., and Gil- 
let, M., Surf. Sci. 152/153, 603 (1985). 

22. Matolin, V., Gillet, E., Reed, N. M., and Vicker- 
man, J. C., J. Chem. Soc. Faraday Trans. 1 86, 
2749 (1990). 

23. Wagner, C. D., Faraday Discuss. Chem. Soc. 60, 
291 (1975). 

24. Driessen, J. M., Poels, E. K., Hindermann, J. P., 
and Ponec, V., J. Catal. 82, 26 (1983). 

25. Brodowsky, H., and Wicke, E, in "Topics in Ap- 
plied Physics" (G. Alefeld and J. V/51kl, Eds.), Vol. 
29, p. 73. Springer-Verlag, Berlin, 1978. 

26. Boudart, M., and Hwang, H. S., J. Catal. 39, 44 
(1975). 

27. Stachurski, J., J. Chem. Soc. Faraday Trans. 1 
81, 2813 (1985). 

28. Ziemecki, S. B., Jones, G. A., Swartzfager, D. G., 
Harlow, R. L., and Faber, J., Jr., J. Am. Chem. 
Soc. 107, 4547 (1985). 

29. Feeley, J., Cavalcanti, F. A. P., Stakheev, A.Yu., 
and Sachtler, W. M. H., J. Catal., submitted. 

30. Unpublished results. 
31. Kruse, N., and Gillet, E., Z. Phys. D: Atoms Mol. 

Clusters 12, 575 (1989). 
32. Ichikawa, S., Poppa, H., and Boudart, M., J. Ca- 

tal. 91, 1 (1985). 
33. Chou, P., and Vannice, M. A., J. Catal. 104, 17 

(1987). 
34. Saitoh, Y., Ohtsu, S., Makie, Y., Okada, T., Sa- 

toh, K., Tsuruta, N., and Terunuma, Y., Bull. 
Chem. Soc. Jpn. 63, 108 (1990). 

35. Figueras, F., Gomez, R., and Primet, M., Adv. 
Chem. Ser., 121, 480 (1973). 

36. Mobile work. 
37. Tau, L.-M., Bao, S.-Q., and Davis, B. H., J. Catal. 

114, 190 (1988). 


