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Kinetics and FTIR Studies of
Hydrocarbon Synthesis on Pd/ZSM5 Catalysts

Robert Thomson and E, E, Wolf
Department of Chemical Engineering
University of Notre Dame

Abstract

Hydrocarbon synthesis during CO hydrogenation over Pd/M-ZSMS (M=H,Na, La)
and Pd/Si0; has been investigated. Overall activity depended on the cation-
exchanged form of the support and decreased in the order Pd/La-ZSM5 =
Pd/Na-ZSM5 > Pd/H-ZSM5 > Pd/Si0z. The zeolite-supported catalysts showed high
selectivity towards saturated Co-Cg hydrocarbons, whereas Pd/S10p favored
methanol production. Increasing temperature and Hp/CO feed ratio led to
higher reaction rates, Tower yields .of Cp-Cg products, and increased lighter
hydrocarbons. A mechanical mixture of Pd/Si02 and Na-ZSM5 showed similar pro-
duct distribution as Pd/Na-ZSM5. Infrared spectra of the catalysts under

reaction conditions indicate the presence of adsorbed oxygenates on the
zeolite,

Changes in the IR bands during the initial stages of the reaction suggest
that surface species on the zeolite are not methanol synthesis intermediates.
The effects of various temperatures and Hp/CO ratios on the spectra are small.
The kinetic and intrared results indicate that Cp+ hydrocarbons synthesis over
Pd/ZSM5 follows a bifunctional reaction pathway, involving methanol synthesis
over Pd and conversion of methanol to hydrocarbons on the zeolite support.
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INTRODUCTION

The conversion of synthesis gas to methanol over supported palladium has B
been the subject of many recent sutdies {1-8), An attractive property of this
catalyst 1s‘its selectivity for methané'and methanol production during CO
hydrogenafion. The nature of the support, as well as the presence of promo-
ters, strongly affects the activity and selectivity of these catalysts (1-8).
Under certain conditions, Pd impregnated on écidic carriers such as alumina and
silica-alumina was found to be more active for MeOH synthesis than when the
metal was dep;sited on silica (3). The presence of alkali metals and rare
earth metal oxides can also enhance the conversion of H2/C0 over palladium
(3,5,8).

Interest in methanol synthesis has been renewed due to the disclosure of
the Mobil process for the conversion of methanol to high-octane gasoline over
zeolites (9). Syngas could be selectively converted to hydrocarbons via a
two-step process. A major drawback of this route is fhe equilibrium limita-
tions on the production of CH30H. Another routelfor the conversion of CO/H2 to
hydrocarbons is the.?ischer—Tropsch synthesis, which yields a broad spectrum
of products (10). To avoid the problems of these two processes, bifunctional
catalysts have been investigated. These catalysts consist of a metal, capable
of reducing CO to hydrocarbons or methanol, impregnated on a shape-selective
zeolite. Several investigators have found that the formation of large (C12+)
hydrocarbon products can be suppressed during CO hydrogenation over Fe (11),
Ru (12}, and Co (13) when supported on ZSM5. Use of a methanol synthesis
catalyst on zeolites becomes feasible because equilibrium constraints of CH30H
formation are avoided by a "drain-off mechanism" (14), which removes methanol

from the gas phase by converting it to hydrocarbons, This second reaction
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essentially stops the methanb? decompo§ition reverse reaction, allowing CO
conversion to proceed past the equilibrium point. This route has been shown
to be viable for hydrocarbon synthesis over Zn0/ZSM5 and Zr/ZSM5 (15), as well
as a physicq] mixture of Pd/SiO2 and Y- zeolites (16).

The aim of this investigation is to study the synthesis of hydrocarboss
over Pd/ZSM5 during CO hydrogenation, and probe the reaction pathway. Several
forms of ZSMS'and one grade of 3102 were used as supports. The promoter
effects arising from different zeolite cations, as well as the expacted
support effects, were analyzed. The catalysts were studied at several tem-
peratures and HZ/CO feed ratios to ascertain the activity and selectivity.

The reaction mechanism was investigated to determine if hydrocarbon.
synthesis occurs via a 'true bifunctional' pathway, consisting of MeOH desorp-
tion from Pd to the gas phase before its conversion over ZSM5 acid sites {14).

In situ infrared studies were aiso conducted using Fourier Transform
Infrared spectroscopy (FTIR) in an attempt to correlate the activity results
with adsorbed species. The FTIR studies were conducted gt high ﬁressuﬁe and

at conditions similar' to those used in the kinetic studies.
" EXPERIMENTAL

Catalyst Preparation. H-ZSM5 was synthesized by and kindly supplied to us by
Amoco 0i1 Research Laboratories. The ZSM5 supports were prepared by con-
tacting 5.0 g of the zeolite with 250 ml of 1.0 M aqueous solution containing
the chioride salt of the cation to be déposited. Heating to 60°C was used to
enhance the exchange (17)., After tﬁree.separate contact periods, tﬁe zeolite
was thoroughly washed with deionized H20 at 90°C and dried at 100°C.
Palladium was dispersed on the suppbnts by a wet impregnation technique

(18). An appropriate amount of Palladium acetylacetonate (Pd(acac)z) to pro-



duce a 2% loading was added to excess CHZClz and mixed with the zeolite sup-
pOft. The slurry was stirred at room temperature for 24'hrs., followed by
application of a Tow vacuum to remove the solvent. The solids were dried at
100°C overnight;

Catalyst pretreatment consisted of a high temperature ca]cinatfon and
reduction., The sampies were heated to 600°C un@er flowing 02 for 2 hours,
followed by He fldsh while the reactor was coo1eﬁ'to 500°C, The catalyst was
then exposed to flowing Hz for three hours. A list of the -
used and their characteristics is presented in Table 1.

Catalyst Characterization, Following pretreatment, the samples were charac-
terized by CO chemisorption, x-ray diffraction (XRD) and x-ray photoelectron
spectroscopj.(XPS). Chemisorption measurement were carried out immediately
after the pretreatment.. When reduction was completed, the catalyst was cooled
to 400°C under He and outgassed for 1 hour, followed by rapid cooling to room
temperature. Pulses of CO were then injected into the flowing He stream until
saturation was evident from thermal conductivity cell readings. Chemisorption
experiments were on]y performed on fresh catalyst samples.

X-ray Diffraction. A Diano XPG-2 X-ray Diffractometer wds used with Cu
Ke-radiation {2=1.542A), a 3 degree beam slit, and a 0.2 degree detector slit.
The source voltage and amperage were 45 kV and 30 mA, respectively. The scan
rate for the survey scans of the Eata]ysts was set at 2 degrees/min with a
detector time constant of 1 second. For the x-ray line broadening calcula-
tions, a scan rate of 0,5 degrees/min with a detector time constant of 2.5
seconds was used due to the relatively low Pd loading. The XRD samples were
wafers prepared by the same procedure as used in making wafers for the

infrared cell rector, but the XRD wafers were thicker and were placed on glass

stides.
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X-ray Photoelectron Spectroscopy. The XPS analysis was performed at.the
Amoco Research Center in collaboration with Dr. Theo H., Fleisch, The
Lna1ysis was performed using a Hewlett—Péckard 5950B ESCA Spectrometer
with monochromated Al Ko-radiation (energy=1486.6 eV). This instrument is
equipped with in situ pretreatment chambers for oxidizing and reducing
sampies, XPS sample wafers were pressed from approximately 50 mg of cat§1yst
powder. The samples were also reduced at 200°C and 500°C for two hours in
the pretfeatment chamber of the XPS unit to eiiminate the e?feﬁts of air
exposure, .
Activity and FTIR Studies Results, A conventional fixed-bed épparatus reactor
was used to evaluate catalyst activity. A 0.2 g charge of pretreated cata-
._:]}st, supported on gfass wool, was placed in a stainless steel reactor. The

“reactor was gold plated to eliminate cata?ytic effects cguSed by the reactor
wall. After N, outgassing, the sample was reduced at 250°C in flowing Hy for
three hours. The reactor was then pressurized with synthesis gas (HZICO=2.0).
A1 kinetic data was taken during reactions at 250 psig. The gases were moni-
tored by Brooks mass flow contro11ers.' Product analysis was performed by on-
Tine gas chromatbgraphy, consisting of a Vérian 1400 GC, equipped with a 20
ft. Porapak Q column and FID, and a Vak%an 920 GC, employing a CTR I column
and a TC cell detector. All effluent lines leading to the gas chromatographs
Qere heated to 100°C. The reactions were controlled such that CO conversions
did not exceed 1%. |

. The infrared spectra of the catalyst under reaction conditions were
recorded using a stainless-steel reactor similar to that described by Kaul and
Wolf (29). Catalyst wafers weighing approximately 30 mg were positioned between

the Can windows, A1l spectra were recorded using a Digiiab FTS-15C FTIR




spectrometer, by co-adding 25 interferograms taken at a resolution of 8 cm_l.
After qptaining a reference spectrum of the reduced catalyst at the reaction
temperature and atmospheric pressure, the C.O/H2 mixture was introduéed into

the cell and éﬁe pressure increased to 250 psig., Spectra were recordéd upon

. reaching steady-state.
RESULTS

Catalysts Characterization, The preparation methods employed yielded a
fully reduced, low dispersion catalyst. CO chemjsorption shows that the
impregnated metal formed has large crysta1]ites,-especia1ly for the La-ZSM5
and silica supports (Table 1), X-ray diffraction patterns of the catalyst
samples exhibited a peak at 20=40.1°, which is attributed to Pd (111). Use of ﬁ
the Scherrer equation with the broadening of this béak yielded higher estima-
tes for the average bartic1e size for the Pd/H-ZSM5 and Pd/Na-ZSM5 catalysts.
The line broadening of the catalysts with large crystallites was too smail to
yield feliab]e values, Since Pd {100) faces are not observabie by XRD, IR
spectra of adsorbed CO at atmospheric pressure was empioyed to determine the
Pd surface morpholegy. From Fig. 1, the strong absorbance at 1980 cm“l, com-
bined with only a weak shoulder at 1930 cm-l, show that the metal consists
primarily of Pd (100) sites.

XPS results are shown in Table 2 and 3 in terms of electron binding
energies and atomic ratios r§§pect1ve1y. In all catalysts, the binding energy
of the Pd 3d 5/2 Tine was close to the value of 335.1 eV corresponding to Pd°.
The Pd/Si ratios obtained from XPS were not consistent with the crystallite
size measurements obtained from CO chemisorption and XRD.

Activity. Initially, each catalyst.was maintained at 250°C and 250 psig,

and at a H2/CO ratio of 2.0, Steady~state was reached after an induction period,




the length of which depended on the nature of the support. Figure 2 shows
that Pd/La-ZSM5 required 20 hrs on-stream before product yields reached,
constant levels. The other cata1ys£s‘atta1ned steady-state'after 8 hodrs, and
showed similar transient behavior. Overall activfty during this period
increased slightly. Throughout fhe induction period, methane yield remained
essentially constant, while c2-06 hydrocarbons increased and oxygenate produc-
tion showed a correspondiné decrease. After reaching steady-state, the acti-
vity and product distributions were found to be nearly constant for at‘1east
72 hours.

At the initial temperature and pressure, a strong 1nf1uencé of the support
on activity and yields was esfablished. As seen in Figure 3, the overall
activity decreased in tﬁe order Pd/La-ZSMS5 = Pd/Na~ZSM5.-> Pd/H-ZSM5 > Pd/SiOZ.
The turnover numbers ref?ect a strong dependence ;n the zeolite cation,
decreasing in the order Pd/La-ZSM5 > Pd/Na-ZSM5 » Pd/S102‘= Pd/H-ZSM5. Fig. 4
shows that the zeolite-supported catalysts produced.hydrocarbons up to C6 and
6xygenates, while Pd/SiO2 yielded only CH4 and CHjOH, with only traces of Cz.
Figure } shows that Pd/La-ZSM5 and Pd/Na-ZSM5, Qh1ch showed approximately
. equal activity, converted CO-tovC2+ hydrqcarbons at yié]ds exceeding 803,
Among Fhe higher molecular weight products, almost equal selectivity towards
Cs and C6 was seen, with only negligible amounts of C7+ @1iﬁha%%cs, and no
aromatics, The Pd/H-ZSM5, which'showed greater yields for ﬁighter hydrocarﬁon
products, had significantly lower activity than the other zeolite-supported
catalysts. 1In all cases for Pd/ZSM5, only a small fraction of olefins were
found in the hydrocarbon products. Also, dimethyl ether {DME) accounted for
the oxygenated species formed during the”reactibn on ZSM5 éupports. Under all

conditions, the product streams showed no detectable CO2 production.
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Therefore, it is important to note that all jields are expressed as ¥ CO con-
verted, rather than % hydrocarbons alone.

‘ The effect of temperature on the product distributions is seen in-Fig. 5.
Generally, a decreas; in both higher hydrccarbon (szl and oxygenate yields
accompanies the increase in the:lighter end CH4. Siﬁéé DME levels are low,
the Pd/Na-ZSM5 catalyst exhibits an almost equal decrease in C,-Ce yield
with increasing Cﬁ4 produétion. Methane shows higher yield at the expense of
DME over Pd/H-ZSM5, with higher hydrrcarbons remaining relatively constant,
Changes in yield follow different trends over the La-ZSM5 supported catalyst.
The Tight products show a 1inéar increase in yield, but C2+ product yield
drops off sharply at 300°C. This characteristic 'may be directly 1inked to the
unexpected increase in DME yield at 300°C. The Pd/Si0, catalyst exhibits the
most pronounced trade-off between Tight hydrocarbons and oxygenates, indi-
catiné that the observed temperature effects reflect changes in the
reaction(s)- taking place on the metal.

Reactign rates also increased with decreasing concentration of gas-phase

CO. As s2en in Figure 6 a four-fold increase in the HZICO fatio led to a
doubling of the rate of.CO converted over Pd/La~ZSM5 and Pd/Na-ZSMS.
Considerab1y less sensitivity was seen in the Pd/H~ZSM5 case. Product distri-
butions weré found to be very dependent on the HZ/CO ratio. Figure 7 shows
that an increase in the hydrogen concentration results in higher yields of DME
.in the product stream, at the expense of higher hydrocarbons. Methane produc-
tion varies only slightly under these conditions, suggesting that the produc-
tion of lighter hydrocarbons is independent from the synthesis of higher

molecular weight products,

As a means of investigating the effect of strong acid sites in the Pd/ZSM5



catalysts, PdlSiO2 and pure Na-ZSM5 zeolite were mechanically mixed such that
metal/zeolite ratio was the same as that in the Pd-impregnated Ma-ZSM5 cata-
lyst. The overall activity of this admixture exceeded that of the Pd/SiOz,
but was significantly less than any zeolite-supported catalyst. The yields,
shown in Figure 8, have the same relative distribution of hydrocarbons in

the CZ-C6 éange for the, physically mixed system és for the impregnated
Pd/Na-ZSM5 catalyst. Since Pd/Si0, produced only CH, and CHaOH, the acid
sites of the ZSM5 are responsible for the conversion of methano] to hydrocar-
bons, However, the admixture produced much greater proportions of methane and
oxygenates.

Increasing flow rates does not affect overa]ﬁ CO.conversion and DME pro-~
duction reamin constant at low flow rates (Fig. 5). However the yield of DME
increases significantly af Tow residence times (high flow rates). At this
point, the hydrocarbon fraction contains about 50% o{efins, indicating that
these species are produced during reaction but they are not hydrogenated under
these conditions. |

Infrared Results. Infrared spectra of the adsorbed spgcigs of the cata- "
lysts, as seen in Figuée (10), were collected at a temperature of 250°C,
pressure equal to 250 psig, and Hzlca feed ratio of 2.  To establish the
nature of CO bonded to the Pd crystallites during the reaction, the gas-phase -
CO peak was subtracted from the spectra. The results shown in Fig. 10, shows
thét the 1960 cm—1 band due to bridge-bonded CO, is more intense than that

from CO bonded Tinearly, found at 2080‘cm-1.

1

Minor bands located at 1850-1900 cm — region are also observed in the

Pd/La~ZSM5 and Pd/H-ZSM5 which alsc exhibit bands at 1580 and 1480 cm-l. The

spectrum obtained on the Pd/Na-ZSM5 catalyst exhibit bands at 1710, 1640, 1590

em L, a doublet at 1475-1458 cm L, and a smaller band at 1380 cm L.



Infrared spectra was collected during the induction period every 10 minu-
tes on the Pd/Na-ZSM5 catalyst, in order to establish changes in surface spe-
cies., Fig, 11 shows that the bridge bonded €O band remains fairly constant
(gas phase CO was not substracted in these spectra), The bands at 1640
en ! decreased slightly whereas bands at 1480, 1380 and 1710 cm ) increased
especially the latter one. .

The effect of temperature on the Pd/Na~ZSM5 spectra was examined using a
temperature-programmed reaction. IR spectra obtained during this experiment
in the temperature range 250°C-300°C, shown in Fig. 12, showed no significant
changes in the position or intensity of the peaks. The effect of CO partial

.pressure on the IR bands was also studied at 250°C, 250 psig and at various
H,/CO ratios. As Fig. 13 shows (gas phase CO not subtracted), there is a
little change in the CO bridge bonded band, and some changes in the low fre-
quency bands, The latter are the result of changes occurring during the induc-
tion period as shown in Fig. 11 rather than due to changes in the CO/H2 ratio.

Depositions of formic acid and dimethy1 ether were performed on Na-ZSM5 to
confirm tpe peak assignments for the Pd/Na-ZSM5 spéctra. Figure 14 shows
that the peak positions correlate very well yith those of the catalyst under
reaction conditions. This result supports not only the structural assign-

ments, but shows conclusively that the species are present on the zealite,
DISCUSSION

The large difference between the hydrocarbon distributions reported in
this study and those of previous work {1-8) for palladium catalysts suggests
that the reactions pathway is altered by the ZSM5 zeolite. Pd supported on

acidic carriers such as A1203 has been reported to selectively synthesize DME
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during CO hydrogenation, while producing small amouh@s 6f C2+ (25. Bronstead
acid sites on ZSM5 supports convert oxygenates, such as DME, to hydrocarbon
products, the distribution dependent on temperature and reactant partial
pressure (15,19), Therefore, the observed products are formed from a
multistep pathway, employing both metal and zeolite ca£a1ytic sites.

The role of the Pd crystallites and ZSM5 supports must be established to
. account for variations in the catalyst perférmance. The‘reported rates for CO
hydrogenation over supported Pd (1-8) and MeOH conversion over ZSMS (15,19) indi-
cate that the latter reaction is much more rapid. "This "drain-off" of the
Tnitial reaction products suppresses any reverse reaction (MeOH decomposition),
Therefore, methane production and methanol synthesis on Fd must be the rate-
determining step for CO consumption. Given the selectivity of‘co h;ﬁrogena-
tion over Pd, the formation of c2+ hydrocarboris must take place exclusively on
the ZSM5. Once the hydrocarbons have been formed, the
hydrogenation/hydrogenolysis capabilities of the metal may influence the final
products, Therefore, changes in the Pd crystallites are reflected in the
overall activity, and the active zeolite sites strongly, but not solely,
affect the CZ+ product distribution.

The catalysts used in this study exhibit characteristics activity trends
for supported palladium. The Pd/SiO2 selectively produced methanol and DME,
which was converted to hydrocarbons on the Pd supported on the ZSM5 catalysts.
This finding is in agreement with the previous conclusion (21) that large Pd
crystallites contain the sites for MeOH formatioh. The difference between

chemisorption'and XRD average particle size estimates arises from the inability
of the latter technique to detect crystallites smaller than 40 A, Therefore,

the estimate from XRD yields a higher value.
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Among the four catalysts studied, the cation exchanged onto the ZSM5 can
affect the dispersion of the metal as well as 1ts intrinsic specific activity._
The overall rate of CO consumption decreases according to
Pd/La-ZSM5~Pd/Na-ZSM5>Pd/H-ZSM5>Pd/Si02; however, according to Table 1, the
dispersion of the Pd/SiO2 and Pd/La~-ZSM5 catalysts are significantly lower
than for Pd supported on H-ZSM5 and Na-ZSM5, which have comparable dispersion,
Consequently, when rates are compared on fhe basis of turnover numbers for CO
consumption (Fig. 3), the specific activity of the Pd/LA-ZSMS catalysts beco-
mes about an order of magnitude higher than those pf the other catalysts, The
TON of the Pd/Na-ZSM5 catalysts is also higher than Pd/H-ZSM5 which indicates
that the cation is promoting CO consumption 6n the metal, which has been bre-
viously reported for the Na- and La~ doped Pd/SiO2 catalysts (3,5). The XPS
results indicate that the surface atomic % Na is similar to the Al atomic %
whereés the at. % La is significantly much higher, These results suggest that
while Na was jon-exchanged onto the ZSM5 zeolite, ia was certainly not.
Further work is underway to determine the location of the cations in relation
to the metal in an attémpt to determine the nature of the promotional effect.
The formation of special sites due to decoration .of the support by La suboxi—
des, as it has been reported by others (33), is a possible mechanism for La
promotion, whereas:this does not seem to he the case for Pd/Na~ZSM5.

The observed increase in CH4 yields with temperature results from the com—
peting CH4 and CH30H synthesis reactions. Methanation has been found to be
both kinetically and thermodynamically more favorable at higher temperatures
{18). At constant total pressure, the overall CO0 conversion rate increased
with HZICO ratio, (Fig. 6), which is predicted by several rate equations for -

supported Pd (4,6). For the hydrogenation of CO to either CH4 or CH30H, the
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rate is proportional to [H2]2, [CO]b, with a>b. An increase in the Hélco_
ratio thus results in higher Pd activity. |

The C2+ hydrocarbon distributions over the Pd/ZSMS catalysts result from
the conversion of methanol on the zeolites. Although a high:ﬁegree of aroma-
tics may be formed over ZSM5 during MeOH conversion, Chang (is) has shown that
low temperature and reactant partial pressure shift se1ectivity in favor of
the Cz-c5 fraction. Therfore, the absence of C7+_and aromatic products is not
surprising. The 1ight hydrocarbons produced on ZSM5 which should copsist
‘mainly of olefins., afe hydrogenated to alkanes on the Pd metal sites,
resulting only in a small concentration of unsaturates in the effluent stream,
Heak acid sites on ZSM5, which can dehydrate MeOH, account for the selectivity
of DME in the oxygenated products. Variations in the hydrocarboh gistribu-
tions among the Pd/ZSM5 catalysts reflect the presence of different zeolite
cations (22).

The autocatalytic nature of DME conversion over ZSM5, combined with the
tendency of olefins to be hydrogenated over Pd, account for some of the trends
in the hydrocarbon yields, Chen and Reagan (26) have repprted that the reac-
tion of DME over the zeolite proceeds via a) dehydration of -DME to 1ight ole-
fins, b) reaction between oxygenates and olefins to form higher olefins, and
¢) conversion of olefins to paraffins and higher aromatics. The autocatalytic
step (b) proceeds at a much faster rate than the initiation step (a).
Therefore, reduction in the olefin concentration lowers the rate of DME con~
version. This suppression of the DME conversion reaction occurs through the
hydrogenation of the olefins over Pd rather than step (c), which requires higher
temperatures on the ZSM5 support, IncreasesAin the DME yield with the HZ/CO

ratio can also be rationalized on the basis of an increase rate of olefin
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removal via hydrogenation on the metal function. The.induction periad
observed over Pd/ZSM5 may therefore reflect either the time necessary to acti-
vate the sites for‘DME conversion or the time required to sufficiently deac~
tivate the sites of olefin hydrogenation. It is interesting to note that the
period of transient behavior over Pd/La-ZSM5 is similar to that found by
Vannice (7) over Pd/La203 during methanol synthesis. This suggests that
~changes in the metal sites can be responsib1é for the induction period over
Pd/ZSMS5.

The effect temperature in the yields on the various catalysts (Fig. 4)
reflects the different actigation energies for the reactions involved in step
a) to c). The increase in methane yield with temperature is much pronounced
on the Pd/SiO2 than on the ZSM5 supported catalysts, reflecting a lower acti-
vation energy for the methanol synthesis reaction.

The results with the Pd/Si0, and Na-ZSM5 admixture (Fig. 7) also confirm
that gas~phase methanol is the intermediate during hyﬁrocarbon synthesis over
Pd/ZSM5. Although Pd/SiO2 yielded only CH4 and CH30H, the mixture of
Pd/SiO2 and Na-Z5H5 ﬁroduced a similar cz+ hydrocarbon distribution as the
impregnated catalyst. The formation of hydrocarbons despite the separation of
the two catalytic sites, shows that a gas-phase precursor is transported bet-
ween tﬁe two functions. The increase in DME yield in the admixture is due to
interparticle mass-transfer limitations (16), which are reduced when the metal
is impregnated on the zeolite particles. The increased CH4 in the anixture
yield results from hydrogenolysis of alkanes on Pd/SiO2 (28). |

The decrease in C,+ products with residence time (Fig. 9), while main-
taining a constant rate of CO consumption, suggests that gas-phase inter-

mediates have been removed before completion of the reaction. Higher yields
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of DME and olefins imply that they are indeed intermediates. This conc1usion
is also supported by the autocatalytic conversion of DME over ZSM5.

While the formation of hydrocarbons involving the two separate functions
is consistent with the activity and selectivity results, positive iden-
tification of the surface intermediates involved is less clear. Surface
intermediates for methanol synthesis on Pd have been extensively studied and
‘ the species that have been proposed include: adsorbed CO (8), forméte groups
on the support (3), and formyl groups (32). Peri (8) found that absorbances
in the chemisorbed C0 region did not correlate to the methanol production rate
on Pd/S1‘02 catalysts, which agrees partially with the results of thfs study.
The CO absorbance on the Pd/S'IO2 catalyst was the highest, which suggests CO
inhibition since this catalyst exhibited the lowest rate, and the more .active
zeoli te-supported Pd exhibited the lowest C0 absorbanéé and higher rates,
However comparison among the zeolqte-supported catalysts does not support an
inverse relation with CO coverage since the CO bands remain about the same in
spite of their different activities. Furthermore, significant changes in tem-
perature and préssure are nof ref1ecte§ in correspondinglchanges in the CO
bands. Thug, it appears that at the conditions used in this study, the CO bands
observed do not correlate we11'with overall actiQity. The IR bands iocated
below 1900 cm'l, correspond to species located on the support, as shown by the
deposition experiments. In spite of their different activities, the Pd/H~ZSM5

and Pd/La-ZSM5 catalysts exhibit the similar bands at 1585 t:m_1

, which suggest
the formation of formate groups similar to tﬂose reported by Greenler on
A1,05 (30). Conversely, the Pd/Na-ZSM5 and Pd/La-ZSM5 catalysts, which exhibit
similar overall activity (Fig. 3), also exhibit significant]y different

spectrum in this region. The spectrum on the Pd/Na-ZSM5 with a strong band at
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1710 cm'l, resembles the spectra of formic acid adsorbed on NaY zeolites (31)
rather than formate groups on ZSM5. Given the 1ittle sensitivity of the
spectra to changes in operating variables (fig. 12 and 13), it is notable how
these bands change during the first 40 mingtes of the induction period (Fig.
12). It appears that once a certain Tevel of the bands is attained, they
remain unchanged, thus they do}not seem related to reactive intermediates.

One spectral feature common to all zeolite supﬁorted catalyst, was the
band located around 1475-14B0 cm—l. Deposition experiments with DME sﬁow the
same band, and 1iterature reports {32) assign it to C-H bending of methoxy
groups. This common IR feature further supports the kinetic results which
shows that hydrocafbon synfhe;is takes place on the support.

I CONCLUSTONS

Pd/ZSM5 catalysts can selectively synthesize CZ'CG hydrocarbons from
CO/HZ. The activity and yields are very dependent on the zeolite cation,
mainly due to a promoter effect on palladium. Both metal and zeolite function
exhibit expected behavior with changes in the temperature and H2/CO ratio.
The performance of the physical mixture of Pd/SiO2 and zeolite, as well as
that of Pd/Na—ZSMS at high flow rates, indicates that methanol desorbs from
the metal before its conversion to hydrocarbons, Thereforé, the reaction of
CO/H2 to the cobserved products follows a bifunctional reaction pathway.

Figure 15 summarizes the roles of metal and zeolite sites. Following
methanol synthesis, dehydration to DME takes place on weak acid sites of the
zeolite, Conversion of th{s oxygenate on strong acid centers results in the

formation of CZ-C6 olefins, which are hydrogenated to alkanes before aromatics

can be formed.
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TABLE 1

CATALYSTS CHARACTERIZATION

Co/Pd Crystallite Size (A)

C0 Chemisorption XRD

2% Pd/H-ISM5 0.128 o 76" 1524
2% Pd/Na-ZSM5 dgizs p 76 1434
2% Pd/La~ZSM5  0.039 - )iy 425
2% Pd/si0, 0.028 441

ZSM5 Si02/A1203 = 36.7, 76% crystallinity
Na content below 20 ppm

Si0p Cabot EH-5, fumed silica
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TABLE 2
Electron Binding Energies

(ref. to the Cls line at 284.6 eV)

Si2p 01s C1s Pd3d5/2 Pd3d3/2 Nals Al 2p La 3d

Pd/Si0, -103.3 532.3 284.6 335.0 340,0 1017.8 - -
ground

pellet

Pd/Si02 103.7 532.7 284.6 334.5 . v340.0 1071.8 - -
ground )

nellet : .
11/, 3hr, -
500°C

Pd/NazSM5 103.3 532.3 284.6 335.1 340.4 74,6 -
on In foil

Pd/NazZSM5 103.3 532.5 284.6 335.3 340.6 74,5 --
on In Foil : .

Pd/LazsM5 103.0 532.0 28i3.5 335.0 340.2 74,2 834,7
on In Foil




201

Ee°1

¢l’1

149!

1€°1

LS°1

BREREEL]

02°L

1°¢

T2

JIWOLY

609

S°¥9

2799

£°¢€9

1°49

1°61

€°0t

0°0¢

0° 1€

S°0¢

e

L0*

LE0”

8E0"

v

¥so-

$¥0°

150°

100"

eN

SOI1Y8 JIWOLY

€ 37avl

210’

110°

$00°

$00°
Pd

T 03 Juelsuocd plsy LS

ge*

olo’

690°

Le1”

690°

J

61°¢

£€1°¢

L1°e

¥o'e

0z°¢

H-Z®1/pd

{104 uj uo
L-ZeN/Pd

LLog Ul uo
H-Z8N/Pd

Jug 3,008 ‘2/11
3aL1od pudb

H-20LS/Pd

191ad pudb
H-2015/pd

0c



" ABSORBANCE

Figure 1 Adsorbed CO on

0.15 -

0.10

0.05

00

21

1980

)

Temp=45°C
Press.= atm.
10% CO/N2

2150

2050

WAVENUMBERS

1950

1850




22

Figure 2 Yield vs. Time-on-Stream
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Figure 3  Effect of Temperature on Activity and Press.= 250 psig

Turnover Frequency Flow Rate= 180 ml/min
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Figure 4 Product Distributions at Steady-State Temp=250°C
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Product Yields vs. Temperature
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Effect of Ho/CO Ratio on Overall Activity
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Figure 7 Effect of H,/CO Ratio on Product Yields Temp=250 °C
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Fiqure 8  Product Distributions of Impregnaled and
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Figure 9 Effect of Flow Rate on Overall and DME
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Figure 11
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Fiqure 12 IR Spectra of 2% Pd/Na-ZSM5 During Press.= 250 psig
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Eiqure 13 iR Spectra’ of 2% Pd/Na-ZSM5 under Various H,/CO Ratios
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Figure 15 Reaction Pathway of Hydrocarbon Synthesis
over Pd/ZSM5 '

aromatics
alkanes
olefins

N

olefins —— alkanes —— CHy4

N

Zeolite
(ZSMS)

DME

|

CHzOH ——= C‘D/Hz-—-—-—) CH,

Metsl
( Palladium)



36
APPENDIX A

Kinetic Aha]ysis

The concentration of the hydrocarbon products in the effluent stream was
determined'by analysis of GC peak areas. Comparison of the areas of the
sample with that-of a 1% methane calibration gas, combined with the weighting
factors of Dietz (Al), led to the concentrations in grams/liter.

Given: sampel CqHg peak area =9,9 at attenuation = 8

' cé1ibration 1% CHq peak area = 10 at attenﬁation = 2560
conc. of 1 CHy = .0L14 gCH,/1
correction factors = .97 for CH4
. - .98 for C3H8

(sample C.H, area) (atten.)/(corr. factor)
conc, C.H, = [ 38
* ~3'8 (1% CH4 area) {atten.)}/(corr, factor)

1 (conc., 1% CH4)

(9.9) (8)/(.98)
.[T—)'(_—)‘(‘_)'lo 55607107 1 (.0114 g/1)

3.504 x 107° g/1

The rate of CO conversion to each product can then be calculated by taking
flow rate, total catalyst weight, and molecular formula of the product into

account,

rate C0 converted to C3H8

. 1 . # mol €O conv. 1 1
(conc. CaHg) g C3H8)(m01 Ty pmducea)(ﬂow rate mr) (Gass cata]yst)

9

_ -5 1 ,3 mol/C0 1 1
rate C0 converted to Catlg = {3.504x10 g/1)(714 g/méT)‘mcl 03H8)(.18 ﬁTﬁ)LTZEfEEET)

5 mol €O converted

? .215 x 10 g - cat - min

Al. Dietz, W. A., J. Gas Chrom. 4(2), 68 (1967).
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The rate of CO conversion to all products is added to find the overall rate.
Turnover frequency is then determined by dividing the overall rate by the

number of metal sites per gram of catalyst as determined by chemisorption.

(__Wt. metal # Pd sites)

. 1
# metal sites ‘gram cata]yst)(MW Pd)( mol Pd

(.02 g Pd)( mol Pd )(.128 moles sites)
g cat. 100.4 g Pd mol-?d

1]

2.41 x 10”2 mot sites/gcat

mo1 Co conv

-5 . -
=31 x10 . 9- @t W . 306/min 5,10 x 107/sec
2.41 x 10 mol sites/gcat -

.. turnover freq,

Yields are calculated by dividing individual rates by the overall rates.

Coffy rate = .215 x 107°
.overs1l rate = .737 x 107
-5
yield Gy =<2 210 o 59 1g
737 x 10

Chemisorption

To determine dispersior, CO was pulsed through a catalyst bed (typically
1.0 g) until the CO peaks detected by TC cell were the same size, Eacq co
pulse contained 135.4 11 CO. Dispersion, defined as the ratio of surface Pd
sites to total Pd atoms, was calculated assuming that #CO chemisorbed = #Pd

Surface sites,

Given : 4.38 CO pulses to saturate a 1.0 g sample of 2% Pd/H-ZSM5

[

Y latm
(4.35 puises)(135.4 pl CO/pu]se)((szoso 2t p1)(300“K) )
“{ mo]

#Pd sites

2.41 x 107> mol pd surf., atoms

= .02 g Pdy,1 mol Pd atoms, _ -4
Total Pd atoms = (1.0 g cat)( 3 At ) 062 5 Fd ) = 1.88 x 10 ' mol Pd atoms

Assuming the Pd crystallites are present on the support surface as

hemispheres, the total surface area of metal can be writtén
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surf, area Pd = (number cryst.) = (cryst. diameter)?/z
The volume of these crystallites can be expressed as
V = (number cryst.) 7 (cryst. diaméter)3/12

Dividing volume by surface_area yields average crystallite diameter

cryst. diametér = 6 (snﬁlumirzg pd)

VYolume can be calculated by emp]oyﬂhg the bulk density

V=1(.02.g Pd/gcat)ii.o gcat)/(12.0 g Pd/cc)

1.67 % 1073 cc Pd

Assuming that one CO chemisorbs for each Pd surface atom

| | 2 .
mol Pd surf. atoms)(6.02x1023 a$g¥§)( 1 g? )
v , 1.1x10™" Pd atoms

5

Surf. Area = (2.41x10°

1.39 x 104 cm2

_3 3
.« cryst. diameter =6 (1.67x10 cmz)
1.319x10" cm

=75.8 &
XRD
The scherrer equation was used to calculate Pd crystallite size from the
Pd (111) peak at 26=40.2° the equation |
d = ,94 X/B cos 8
requires a corrected value for the peak breadening. Assuming an 1nstruﬁent

broadening of .330° of 26, B is found using B = (B2 -2 iz

exper. inst.
Given an experimental broadening of 26=0,67° for Pd/H-ZSM5
B = ((.67)2 - (.330)2)1/2 = 583° of 26
= ,0102 radians
A= 1,542 A
cos 8 = cos (20.1°) = ,939

o d = .94 (1.542 A)/(.0102)(.939) = 152 A



39
Data for Fig. 2

20CG. 0 MG OF 2% Pd/La-Z8M5 ETARTED 3/20/86
TEMP= 250 ¢ FPRESSURE= 250 PSIG H2/C0= 2.0
FLOW RATE= 1BO ML/MIN %. 0 HOURS ON STREAM
RATE= 154&n04 MULES CO CONVERTED/MIN-GCAT
coszrqIUN— 0.14
PRODUCT RATE YIELD
c1 0. 639E~06 29 %
ca Q. 113E-05 6. L
c3 0. 406E-05 24.8 %
ca 0. 100E-05 6.1 %
(4851 0. 195E-05 11.9 %
CHZ0H 0. 585E-06 3.4 %
CH3OGHZ 0. 702E-05 42.8 7
200.0 Me OF 2% Pd/la-Z5M5 STARTED  3/20/86
TEMP= 250 ¢ PRESSURE= 250 PSIE H2/C0= 2.0
FI.OW RATE= 180 ML/HIN 14, 0 HOURS ON STREAW
RATE= Q. 19%E-04 HMOLES CO CONVERTED/MIMN—-GCAT
CONVERS1OM= .0, 12 %
FRODUCT RATE YI1ELD
C1 Q. TOLE-C6 5.7 %
o 0. 1R0E-C5 B.1 %
(] 0, 01 4E-05 3.2 4
[ D 1LH2E-C3 10.28 %
(2957 0, 24495-00 13.3 %
R0t Q. ONOELOQ 0.0 %«
CHEOCHT SHE 28. 1 %
200.0 Me OF 2% Pd/La—-ZSMS STARTED 3/20/86
TEMP= 250 ¢ PRESBURE= 250 PSIG H2/C0= 2.0
FLOW RATE= 180 ML/MIN 20. 0 HOURS ON STREAM

RATE= 0. 1746604 HMOLES CO CUNVERTED/NIN*GPAT
CONVEREION= 0. 14 %

FRODUCT PATL YIELD
Ci O.lJJE—OD 7.6 %
c2 0. 140E-05 B.0%
c3 0. 3R0E-09 33. 6 %
C4 0. 2IYE-QS 14.8 %
co Q. 329-05 18.5 %4

CH30H 2, 0Q0E+00 0.0 %

CH30CHS3 O.307F—05 17. 8 %

o e e e s S (4t B ot e Bt T e

- et
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Fig. 2 (cont.)

J00.0 K6 OF 2% Pd/La—ZéMS STARTED 3/20/86
TEMP= 230 C FREGSURE= 250 PSIG H2/C0O=_2. ¢
FLOW RATE= 180 ML/MIN 30. 0 HOURS OM STREANM

RATE:= ¢. 21 2E-04 MOLES CO CONMVERTED/MIN-GCAT -
COMVERSION= 0.17 %

PRODUCT RATE YIELD

LG G. 149E-0Q3 7.0 %
ca 0. 140E-Q0D b.6 4
c3 D.713E-0¢ 33.9 %
c4 C.301E~-CS 16.5 %

S 0. 570E~-CS a26.8 %
CHI0MH 0. OOQE-+QD 0.0 %
CH3IOCHS 0. 208E-03 .46 %

1 e e nee i s e e S B 8 0o § T Tt St 4 P St = e e = e i i
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Data for Tig. 3, 4, 5

=200.0 MG OF 2% Pd/H-25MS STARTED 3/17/86
TEMF= 250 C FREGGURE= 250 PSIG H2/C0= 2.0
FLOW RATE= 180 ML/MIN 32. 0 HOURS ON STREAM
RATE= - @, 737E-0F MOLES CO CONVERTED/MIN-GCAT
CONVERSION= 0§.03 %Z
PRDDUQT RATE YIELD
C1 O.l??E -03 18.8 %
C2 0. F1BE-06& 12,5 W
"C3 0. 213E~Q5 29.1 4
ca 0. 1530E-05 20. 4 %
CS 0. 776E-06 13.2 %
CHI0H 0.00GE+00 0.0 %
CH3IOCH3 0. 43BE—-06& 6.0 %
200. 0 MG OF .?Z Pd/--25M5 STARTED 3/17/8o
TEMF= 273 C PRESBURE= 250 PSIG H2/C0= 2,
FLOW RATE= 180 MLL/MIN 35. 0 HOURS O STREAM
RATE= . 239 E 04 HULE& CD CONVERTED/MIN-GCAT
CDNVERQI”N"' .
FRODUCT RATE YIELD
C1 0. I7IE~0T a2 A
c2 0. J13E-05 12,1 7%
C3 Q, SE1E-0QD 20.1 %4
ca C. 702E-05 27.1 %«
CS 0. 3791E~Q5 15.1 %
CH3OH - 0. OC0E-+Q0 Q.0 %
CH3INCHS - . 877E-06 3.4 %
200. 0 M6 OF 2% Pd/H-2S15 STARTED 3/717/866
TEMP= 300 C FRESBURE= 250 PSIG H2/C0= 2.0
FLOW RATE= 180 ML/MIN 44, 0 HOURS ON STREAM

RATE= 0. 585E-04 MOLES CD CONVERTED/MIN-GCAT
CONVERSION= 0.24 %

FRODUCT RATE i YIELD
Ci Q. 18BE-04 27.0 %
ca 0. 64BE-05 11.1 %
Cc3 0. 13BE-0Q4a 23.6 %
ca 0. 140E-04 24.0 %
€S C. 7B1E-05 13. 4 %

CH30H 0. O0OE+QO - 0.0 %

CH30CH3 0. IBSE-04 1.0 W
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Fig. 3, 4, 5 (cont.)

200.0 M@ oF Q% Pd/Ma—-ZSM3 STGRTEDR 2/%9/B&
TEUP= 223 C PRESSURE= 230 PSIe H2/C0= 2.0
FLOW RATE= 180 ML/MIN 2%. 0 HOURS OM STREANM

RATE= 0. 378E-05 MOLES <O COMNVERTED/MIN—-@CAT
CONVERSION= 0. 03 %

PRODUCT RATE YIELD
Cl. 0. 213E-G6 9.6 %
ca 0. 135E~C& 3.6 %
C3 0. 882E-04 23.3 %
G4 0. 195E-05 40.8 7
CS 0. 2346E-06 24.7 4’
CH30H 0. DO0E+Q0 0.9 %
CH30CH3 0. 730E-07 1.9 %
200.0 MS OF 2% Pd/PMa—75M3 STARTED 3/9/Bé4
TEMP= 230 € FRESEURE= Z50Q PJIG H2/C0= Z. O
FLOW RATE= 180 ML/HIN 11.0 HOURS ON STREAM

RATE= Q. 177E-04 MOLES CO CONVERTED/MINM-GCAT
- CONVERSION= 0. 13 %

PRODUCT RATE YIELD
oL Q. 213E-05 12.0 7
G2 0. lQ8E—-05 &L A
c3 0. 613E-0% 24. 6 %
c4 0. 401E~-05 22. & %
Ch 0. 407E-05 22.0 %
CHIOH Q. QQOE+QQ 0.0 %
CHIOCH3 0. 292E-06 1.7 %
200.0 HME OF 2% Pd/Ma—-7Z28MS STARTED 3/2/84
TENP= 273 C PRESSURE= 2350 P3IQ H2/CDO= 2.0
FL.OW RATE= 180 HML/MIN 35. 0 HOURS ON STREAM
RATE= 0. A20E-G4 PFOLEES CO COMVERTED/MIN-GTAT
CONVERSION= 0. 40 %
PRODUCT RATE , YIELD
Cl 0, 725E-00 14.8 %4
G2 0. 3B2E-03 7.9 %
Cc3 0. 138BE~-04 28.2 %
Ca 0.110E-04 22,9 4
C3 0. 130E-04 24L. 6 %
CHI0H 0. QODE+QQO 0.0 %
CH3OCHZ 0. DOOE+GO 0.0 %Z

—— - e S 2
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Fig. 3, 4, 5 (cont.)

200. 0 M6 OF 2% RPd/l.a—-I8M3 STARTED 3/720/8&
TEMR= 250 C PRESSURE= 250 PS1¢ M2/C0= 2.0
FLOW R&TE= 180 ML/MIN 40. 0 HDOURS QK STREAM
TE= .“14E~0ﬂ HMOLES CO CONVERTED/MIM-GCAT
CONVEFSqun 1B %
FRODUCT RATE YIELD
Ci 0..149E-0%3 7.0 X
. €& Q. 130E-03 6.0 7%
C3 C. &4F0E-05 32.2 %
c4 0. 101E-05 18.7 %
CS 0. 570E~-05 26. 6 %
CH20H 0. 0Q0E+00 0.0 %
CH3OCH3 0. 205E-05 7.5 %4
200.0 M& OF 2% Pdsl.a—-ZSlis éTARTED 2/20/864
TEMP= 2735 ¢ PRESSURE= 230 PSIG H2/C0=_2. 0
FLOW RATE= 180 MLL/MIN 42. 0 HOURS O STREAM
ROTE= Q. 330E--04 MOLES COQ CONVERTED/MIMN~-GCAT
CONVERS1ON= 0. 43 %
FRODUCT RATE YIELD
cl 0. U73E-29 1.5 %
c= Q. J67E-QD 6.7 %
c3 ¢ 1RRE~04 34. 7 %
ca Q. FHEE-0OT 17. 7 %
. L8 0. 120E--04 23.7 %
CHIO0H Q. OQOE+QQ Q.0 %
CH3OCHZ 0. 351E-03 . 6.4 %

B T e e pnpp—

200. 0 Me aF 2% Pd/l.a-Z5M3 STARTED °/20/86
TEMP= 300 C PRESSURE= Z50 PSIG H2/C0=:
FLLOW RatTiE= 180 ML/MIN 48. ¢ HOURS ON STPEAM

RATE= 0. 791E-04 MDLES CDO CONVERTED/MIN-GCAT
CONVERSION= 0. 65

FRODUCT RATE YIELD
ci1 0. 132E-04 1.7 %
ca Q. 470E—-Q3T 8.2 %«
c3 0. 230E-04 29.1 %
(ol Q. 120E~C4 1.2 %
C3 0. 137&~04 17.3 X

CH3O0H 0. O0O0E+0Q g.0 %

CHSDCHS 0. 103E-04 A3.3 %
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Fig. 3, 4, 5 (cont.)

FLGN RATE= 180 ML/MIN

200.0 MG OF 2% Pd/5i02 STARTED 2/15/84
TEMP= 250 G PRESSURE= 250 PSI6  H2/CO= 2.0
FLOW RATE= 180 ML/MIN 14, 0 HOURS ON STREAM
RATE= 1756205, MOLES CO CONVERTED/MIN-GCAT
CONVERSTONS 0. 02 .
* PRODUCT RATE YIELD "
C1 - Q. 160E-06 9.2 %
c2 0. 0OCE+00 0.0 %
c3 0. Q0QE+00 0.0 %
o¥:? 0. Q0QE+T0 Q.0 %
C5 0. O0QE-+00 0.0 %
CHZ0H 0. 159E-05 90. 8 7%
CHIOCH3 © 0. OOOE+Q0 0.0 %
200.0 MG OF 2% Pd/S102 STARTED  3/15/86
TEMP= 250 C URE= 275 PSIE /C0= 2.0

”0 O HDURS “ON STREAM

RA E= 0. 635E-05 MOLES CO CONVERTED/MIN—-GCAT
CONVERSION= 0.05 %
PRODUCT RATE YIELD

Cl 0. 799E-Qdb 12.6 %

c2 0. 189E-04 3.0 %

C3 0. QO0E+0Q 0.Q %

o 0. Q00E+C0 0.0 %

C5 0. QOOE+0Q 0.0 %

CH3CH 0. B37E-05 84.4 7%
CH30CH3 0. O0QE-+QO 0.0 %
200. 0 M6 OF B%Z Pd/5igR STARTED 3/15/Bb
TEMP= 300 C PRESSURE= ”50 PSIG H2/C0=

FLOW RATE= 180 #L/MIN

)
0 HOURS ORN STREAM

RATE= 160E 04 MDLES CO CONVERTED/MIN-GCAT
CDNVERSIDN— .13 4
PRODUCT RATE YIELD
C1 0. 416E-0QD 26.0 %
c2 0. 130E-05 8.1 %
C3 0. O0E+0Q 0.0 Z
C4 0. 000E+0Q0 0.0 %
CS 0. Q00E+QO0 0.0 %
CH3CH 0. 10BE-04 45.9 %
CH30CH3 0. O00E+QO 0.0 %
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Data for Fig. 6, 7

200.0 MG OF 2% Pd/H~ZI8M5 STARTED 3/17/84&
TEMP= 250 C PRESSURE= 250 PSIG H2/C0= 2.0
FLOW RATE= 120 ML/MIN 32. 0 HOURS DN STREAM

RATE= 0, 737k~ 05 MDLEB CO CONVERTED/MIN-GCAT
CONVEREION= 0.0

PRODUCT - RATE YIELD
Ci 0. 139E-05 18.8 %
ca2 0. 91BE-G6 12. 9 %
C3 0.213E~-05 29.1 %
c4 0. 150E-05 20.4 %
cs 0. 976E-06 13.2 «
. CH30OM 0. Q0QE+0Q0 Q.0 %
CH30CH3 0. 438E-06 6.0 Z
200.0 MG OF 2% Pd/HﬁZaHS . STARTED ”/17/86
TEMP= 230 C PRESSURE= 250 PSIG H2/C0=_4,
FLOW RATE= 180 ML/MIN £8. 0 HOURS 0N STREAH
RATE= 0.751E-05 MOLES CO CONVERTEDYMIN-GCAT
CONVERESION= 0. 03 %
PRODUCT RATE . YIELD
C1 0. 176E-GS .4 %
ca 0. 756E-Q6 10.1 %
c3 0. 13BE-0S5 18.4 %
ca Q. I34E~05 17.8 %
C3 0. B14E-06 "10.8 %4
CH30H C. O00OE+QO 0.0 %
CH3ZOCH2 0. 1456E-05 19.5 %4
200.0 MG OF 2% Pd/H-I5M5 5TARTED 3/17/96
TEMP= 250 C PRESSURE= 2350 PS5I16 H2/C0=_8,
FLLOW RATE= 180 ML/MIN 24, 0 HOURS ONW STREAM

RATE= 104E~04 MOLES CO COMVERTED/MIN-GCAT
CONVERS IDN" D13 %

PRDDUCT RATE YIELD
Ci 0. 232E~- 05 21.8 %4
ca2 0. 756E~04 7.1 %
c2 Q. 115E-0S 10.8 %
Cq 0. 752E-064 7.1 %
C5 0. 407E~06b 3.8 %

CH20H Q. O00E+QQ 0.0 %

CH20CH3 0. 52&6E-05 49. 4 %

T T S ———— —_——




46
Fig. 6, 7 (cont.)

200. 0 MG OF 2% Pd/Na-Z8K5 STARTED 3/2/84
TEMP=_ 250 C PRESSURE= 230 PSIG H2/C0O= 2,0
FLOW RATE= 180 ML/MIN 11.0 HOURS ON STREAHM
RATE= 0.177E-04 MOLES CO CDNVERTED/MIN-GCAT
CONVERSION= 0. 15 %
PRODUCT RATE YIiELD
Ci Q. 213E-05 i2.0 %
ce 0. 10BE-05 4.1 %
C3 0. 613E-005 34.6 %
c4 0. 401E—-05 22. 6 74
; 0. 407E-05 23.0 %
CHA0H 0. O00E+CO 0.0 %
CH30CH3 0. 292E-06 1.7 %
200, 0 Me OF 2% Pd/Ma—Z8M5 STARTED 3/9/86
TEMP=_250 G PRESSURE= 250 PSIP H2/C0=_4,
FLOW RATE’ 180 ML/MIN HOURS DN STREAN
RATE= . 222E-04 MOLES CD CONVERTED/MIN-GCAT
CONVERSIDN 0.30 %
PRODUCT RATE YIEILLD ‘
c1 0. 254E—05 11.5 4
ca2 Q. 13Q0E-05 2.8 Y%
C2 0. 675E-05 30.4 %
c4 0. 443E-05 1?2.9 %4
C5 0. 399E-05 17.9 %
CH3GH 0. 0QCE+-Q0Q .0 %
CHOOCH3 0. 322E-GS 14.5 4
200.0 MG DF 27 Pd/Na—Z5M5 STARTED 3/?/86
TEMP=_ 250 C PRESSURE= 250 PS5IG H2/C0=
FLOW RATE= 180 ML/MIN ,12. 0 HOURS ON STREAH

- RATE= 0. 130E~ 04 MOLES CO CONMVERTED/MIN-QCAT
CONVERSION= 0. 07 %

PRODUCT RATE YIELD
C1 0. 160E-05 12.3 %4
c2 0. 702E-04& 5.4 %
e 0. 330E-05 25. 4 %4
cAa 0. 334E-05 29.7 %
€3 0. 407E-03 31.3 %

CH30H 0. O00E-+QQ 0.0 %

CH30CH3 0. QOOE+0D 0.0 %
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TFig. 6, 7 (cont.)

200.0 MG OF 2% Pd/Lz-Z8M5 STARTED  2/20/86
TEAR= 230 C  PRESSURE= 250 PS1G sCO=_2.
FLLOW RATE= 180 ML /M1M 30, 6" HOURS- ON STREAM
RATE= 0. 213E-04_ MULES CO CONVERTED/MIM-GCAT
CONVERS 1 Ol= 0. 17 %
PROGUCT RATE YIELD

c1 0. 1156-03 7.0 %

ca 0. 140E-05 . 6.6 %

ca 0. 713E-05 33.5 %

¢4 C. I51E-C5 16.5 %

Q. S70E~G5 26,8 %

{30 0. 000E+Q0 0.0 %
cHHBCHEs 0. 205E~05 7.6 %
200. 0 MG OF 2% Pd/lLa-Z8M5 STARTED 3/20/86
TEMP= 250 ¢ PRESSURE= 250 PSIG  H2/CO= 4.0
FLOW RATE= 180 ML/MIN 34. 0 HOURS ON STREAM

RATE= ~ 0. 274E-04 MOLES CO COMNVERTED/MIN-GCAT
COMVERSION= 0, 38 %

PRODUCT RATE YIELD

c1 0. 192E-05 7.0 %

c2 0. 151E-05 5.5 %

c3 U. 736E-05 26.8 %

c4 0. 401E-05 14.6 %

£s 0. 5C4E-05 18. 4 %

CHAUH Q QDOE+QQ 0.0 %
CH30CH2 0. 760E-Q5 27.7 %
200. 0 MG OF 2% Pd/La-Z8MS STARTED 2/20/B&
TEMP= 230 ¢ PREGSURE= 250 PSIE¢  H2/CO0= 8.0
FLOW RATE= 180 ML/MIN 37.0 HOURS ON STREAM

RATE= Q. e?r 04 MULES C0 CONVERTED/MIM~GCAT
COMVERS10K= 0.

FRODUCT RATE YIELD
cl Q. S33E-05 13.9 %
62 Q. 172E-G5 4.5 %
C3 0. 471E~-05 i2.8 4
c4 0. QLHTE-05 7.4 A
S 0. 40&E-QT 11.9 %

CHROH 0. 00DE+QC 0.0 %«

PH JOCHS 0. 18104 47.3 %4

-—— ———
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Data for Tig. 8

?

220.0 MB.OF 2% Pd/8i0 Z8M5 STARTED 5/14/8&
TEMP= 250 “¢  “PRESSURE FSIG H3/C0= 2.0
FLOW:RATE= 180 ML/MIN HOURS OR STRE&HM

RATE= 0. 713E-05S MOLES CO CONVERTED/MIN-GCAT
CONVERSION= 0.Q6 %

PRODUCT RATE YIELD
71 0. 139E-05 19. 4 %
c2 0. 324E~Q6& 4.5 %
c3 Q. 146E-03 20.4 %4
C4a 0. 109E-05 15.2 %
C5 0. 9746E-06 13.7 % '
~ GH30H 0. O00E+00 0.0 %
CH30CH3 - 0. 190E-05 26.7 %4
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Data for TFig. 9

200. 0 WG OF 2% Pd/Na—Z5035 STAR TED 5/14/8&
TEMP= 250 C PRESSURE= =50 Psxo H2/C0= 2.0
FLOW RATE= -~ 50 ML/MIN 21.0 HOURS ONM STREhl

RATE= 189F-O4 MOLES €0 CONVERTED/MINM-GCAT
CUNVERGIDN Q. %
PRUDUCT RATE YIELD
cl Q. 272E-05 14.4 %
ca Q. L40E-05 7.4 %
c3 0. 583E-05 30.8 %
o 0. 01E~05 15.9 %
cH 0. 391E~05 20.7 %
CHIOH Q. ODOE+C0 6.0 %
CH30OCHZ - 0. R05E-05 10.8 %
200.0 MG OF =% Pd/Ma—ZSH STARTED 5/14/Bé
TEMP= 250 ¢ PRESSURE:= 50 PSIC Hz/C0= 2.0
FLOW RATE= 180 ML/HMIN 24. 0 HOURS OWN STREAM
RATE= 174E~ 04 MGLES co CDNVERTED/MIN—GCAT
CDNVERSIDN— Q.
PRODUCT RATE YIELD
cl 0. 277E-05 15.9 %
ca 0. 108E-0% 6.2 %
€3 0. 5E3E-05 33,5 %
c4 0. A34E-05 19.2 %
CH 0. 293E-G5 14.8 %
CH30H 0. OQOE+00 0.0 %
CHAOCHR 0. 1446E~05 8.4 %
200.0 MG OF 2% Pd/Na—-ZSHS STARTED 5/14/86

- TEMP= 250 ¢ PRESSURE= 250 PSIG /C0= 2
FLOW RATE= 360 ML/MIN 27.0 HDURS Y ETREAM
RATE= 1abE—o4 HDLFS CO CONVERTED/MIN-GCAT
CDNVERSIDN*

PRODUCT RATE YIELD
ci 0. 141E-05 18.3 %
ca 0. 130E-G5 7.0 %
c3 0. 421E-05 26.4 %
c4 0. 334E-05 17.9 %
C5 0. 391E-05 21.0 %

CH30OH 0. QOOE+0Q0 0.0 %
CH3I0CHS3 0. 175E-05 9.4 %
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Fig. 9, (cont.)

200. 0 MG OF - 2% Pd/Ma—Z8IM9 STARTED 5/14/9*
TEMP= 250 C PRESSURE= 250 PSIG HZ2/C0=
FLLOW RATE= 540 ML/MIN 360.0 HDURc on STREFM
RATE= 167E~05 MDLFS CO COMYERTED/MIN-QCAT
LDNVERaIUNu 0. 03
PROGUCT RATE YIELD

c1 0. 368E-05 22.0 4

Ce Q. 113E-03 £.8 4

c3. 0.414E-053 24.7 L

C4 0, 190E-GS ?.0 %4

Co Q. 146E~-03 8.7 %4
CH3OH Q. QQOE+DD .0 %
CH3OCH3 0. 4B2E-0% 28.8 %
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