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1. OBJECTIVE AND SCOPE OF WORK

The importance of the direct synthesis ofrhigher (C2-06) alcohols from
synthesis gas as a promising route for providing elean fuels and petrochemical
feedstocks is generally recognized. It is known that the éddition of alkali
salts to methanol synthesls _catalysts shifis the prodﬁcts to higher
alcohols. However, little is known about the effect.of various alkali species
on the catalysts components and the synthesis reaction. A seriés of research
studies is planned ‘which should greatly expand current knowledge in this
area. In particular, the effect of various alkalis {Na, X, Rb, and Cs) on CO
themisorption, on the activity and selectivity for higher alcohdi synthesis
reaction, and on the deactivation.characteristics of the catalyst will be>
determined for supported metals (such as Pd and Rh).. Direct measurement of
electronic interactions between the alkali promoters and the other catalysts -
components will be attempted by ESCA.

This comprehensive reserach progrém involves members of the Departments
of 'Chemicai Engineering and of Chemistry. There 1is & great need for
cooperation between researchers iIn the areas of éatalysis and surfape
scilence. This research project seeks to accomplish this and utilize the
resulting synergism in illuminating the precise function of alkali promotionA

in the higher alcohol synthesis.

-2, SUMMARY OF PROGRESS

During the 10th quarter of the project, alcohol synthesis over Pd/s10,.
K-Pd/S10,, Rh/MgO, ande-Rh/MgO catalysts have been studied to elucidate the
role of?K on methanol synthesis. This study provides a means éo compare the
effect of X promotion on C; oxygenates (MeOH) to that on Cpp oxygenate

specles.,



3. DETAILED DESCRIPTION OF TECHNICAL PROGRESS

" INTRODUCTION _

Pd, Pt, Ir and Rh catalysts have been foidﬁ to be active in methanol
synthesis ; “'=5).,  Although the. mechanism for methanol synthesis over these
catalysts iﬁ‘sfill not clear, the good methanol synthesis activities of these
catalysts havé been ié;;tified to be due to their high hydrogenation ability
coupled wit@ their ability to activate nondissociatively adsorbed CO (1,4).
Several rec;ht studies have revealed that the selectivities and activitles of
Pd and Bh catalysts are greatly affected by the composition of the support
(2,3) and the presence of promoters (6-8,14). Pd supported on certain types
of silica (3) or basic supports (2) exhibited high activity and selectivity
for methanol formation. For Rh, even more basic supports (4,5), such as Mg0
and Zn0, than those for Pd catalysts are required in order to promote the
production of high ylelds of methanol. Addition of alkali promoters on Rh
catalysts produce a marked moéification in the selectivity for methanol
synthesis (8)., Although the effects of supports and alkall promoters have
been identified, ﬁhe mechanisms of these effects are.still not clear. In the
present work, methanol synthesis over K-promoted Pd/SiOz and K-promoted Rh/MgO

has been studied ko establish the relative methanol synthesis capabilities of

these two supported metals and to elucidate the role of potassium on methanol

syrthesis.

EXPERIMENTAL

Catalyst Preparation and Characterization

2,3 wtZ Pd/5i0y catalyst was prepared by impregnation of Si0y (Strem)

using an aqueous solution of palladium chloride (Alpha Chemical). 3 wt%
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Rh/810; was also prepared in the same manner but using rhodium chloride. : Two
samples of potassium-promoted Pd/SiOy were prepared by impregnation of Pdi/SiOZ
usiﬁg a KNO3 solution resulting in atom ratios of K to-Pd of 0.6 anél 1.8,
Potassium—-promoted Rh/MgQ was obtalned by impregnation of MgO using‘rhodium
chloride and potassium nit'r;’-.lte (atom ratio of K/Rh = 0.5). The samples,
except part of Rh/Mg0, were then reduced in flowing hydrogen on heating in a
temperature ramp of 1°C/min to 400°C and holding at that temperdture for 16
hours and then stored. In order to study the effect of reduction temperatures
on the performance of Rh/Mg0, parr of Rh/Mg0 was reduced in a similar manner
but 2 maximum tewperature of only 250°C was used. Prior to reaction, the
catalysts which had been reduced at 400°C were re-reduced in flowing hydrogen
at 400°C for three' hours. Rh/MgO (reduce:d at 25-0°C) was re-reduced at 250°C,
The metal particlé sizes of these supported metal catalysts were
determin'ecl by statlic hydrogen chemlsorption at 25°C (9) and X-ray diffraction-
using a MoKe radiation source. The results are shown in Table I. Due to
suppression of hydrogen chemisorption brought about by potassium promotion,
hydrogen chemisorption appears to be inappropriate for measuring average metal

particle size in these alkali-promoted catalysts (9).

Apparatus and Procedures'

| The apparatus used for this study is described elsewhere (19). The major
parts of this apparatus consist of Hg, CO and He flow conmtrollers, a stainless
steel microreactor containing 0.2 to 0.75 g of the catalyst in a fuma;:e, an
on-line GC using a 12 £t x 1/8" poropak Q column in series with a 12 ft x 1/8"
80/100 c;arbopak c/0.2% carbowax 1500 column, and an Apple II computer with an
'.‘ interface for automatlc control. The CO hydrogenation and ethylenme addition
.studies were carrled out at 36000, 10 atm, CO/H; = 1 and space velocit.y of

‘1,100 to 2,700 hr'l.. After more tham 12 hours of just CO hydrogenatlons, a

—



small amount (3-3.5 mole % of CO/Hy) of ethylene was adde'd to the feed. It
was continued fcr two hours then terminated. 'I’;;e reaction was carried out for
another three hours to establish the reference data to estimate the rate of
product formation that resulted from ethylene addition. By determining the
difference in rate of product formation between, during and after the addition

of ethylene, the rates of hydrogenation, chain incorporation,. and

hydrocarbonylation of ethylene could be estimated.

RESULTS

Due to uncertainty in measuring the number of surface atoms for alkali-~
promoted catalysts (9,10) and to the fact that selectivity is the property of
interests, the activity _of these catlaysts for metahnol synthesls is expressed
in mole/kg/hr. The product distribution for methanol synthesis over Pd/Si0,,
K-Pd/si05, Rh/Mg0O, and K~Rh/MgO0 is shown in 'l‘abl.e IT and III. Pd/Si09
demonstrated a very high selectivity for methanol formation. The addition of
K promoters to Pd/S:LOZ resulted in decreases in both the selectivity and the
activity for methanol formation while it 1Increased the activity and
selectivity for the formation of methane and higher hydrocarbons. For Rh/MgO,
the product distribution is strongly dependent on the reduction temperature.
Rh/Mg0 reduced at 2__50°C produced highsr yields of methanol than that reduced
at 400°C. An increase in reduction temperature enhances the selectivity for
Cqy oxygenﬁte (0X) formation. The addition of K to Rh/Mg0O (reduced at 40030)
decreased the overall rate of CO conversion while it dincreased the
selectivities for methanol and higher hydrocarbon (HC) formatiom. This
increase in selectivities over K-Rh/Mg0 was due to a deci--se in rate of
formation of CH, and Cy, oxygenates rather t“han to increasesr in the rates of

formation of methanol and higher hydrocarbons.




In order to determine the effect of potassium promoters on the
hydrogenation ablility of these cata.l'ysts, a small' amount of an unsaturated
hydrocarbon (ethylene) was added to the CO/HZ' ‘z:.eactant streame The added
ethylene, CO, and Hy may compete with one another for the same actlve sites.
In adcﬁ.tion, the added ethylene may incorporate with intermediates produced
from CO hydrogemation (11). The product distribution from reaction of the
added ethylene over Pd/Si0,, K-Pd/S10y, Rh/MgO, and X-Rh/MgO is shown in
Tables IV and V. It is interesting to note that the addition of éthylene
results in a decrease in methanol formation for Bd/si0,, K—Pd/SiOz; and Rh/Mg0
(reduced at 250°C). The extent of suppression In methanol formation seems to
pérallel the activity of methamol formation of these -catalysts (Tables II and
II1). This suppression was not cbserved for Rh/MgO (reduced at 400°C) and K-
Rh/MgO (reduced at 400°C) which are not very active for methamol synthesis.

The addition of potassium promoters to Pd/Si0Oy resulted in av&ecrease in
rate of ethylene hydrogenation while 1t slightly increased the tate "of
formation of Cj pxygenated compounds., Similiar suppression of ethylene

hydrogenation was also found to occur for K-promoted Rh/MgO.

DISCUSSION

Pd/Si09 vs Rh/Mg0

The most interesting point of this study is the product distribution from
teaction of ethylerie added during CO hydroggnation obtained for Rh/MgD after
Hy reduction at 250°C and Pd/Si0; (Tables IV and V). The result of adding
ethylene was a significant suppression of the formation of methanol during CO
hydrogenation over these catalysts while there was little effect on methane
formation. This clearly suggests that (a) part of the adsorbed ethylene

competed with CO for the same hydrogenation sites, (b) active sites for the



formation of methanol are diffetent from those for the formation of metﬁéoe.
Similiar suppression in methanoi. formation during the addition of l-hexene to ©
CU/H2 over Cu/Zn0 has been reported by Vedage ano K:tier (12). They suggested
that CO and l-hexene compete for the same active‘ sites reso].ting in this
suppression. . ’ )
The suppression':of methanol formar.ion was also observed for Rh/MgO (after
H, reduction at 250°C) which is capable of producing a marked yileld of
methanol. This su'ggests that the actlive sites For wethanol- formation on
Rh/Mg0 have certain similiar characteristics to those on __E:.j./S:LOz. Rh/MSQ
after Hy razduction at 250°C also produces,significant amounts o% Gy oxygenated
compounds . This s;;ggests that this cata].yst possesses the ability for CO
imsertion into C},Hx to form Co. oxygena‘t)ed compounds (18,19). This CO
insertinﬂ capability displayed by Rh/MgO after Hy reduction at 250°f" is also
demonstrated by the formation of C3 oxygenated compounds durinf' the addition
of ethylene to the CO/HZ reactant mixture. In contrast to Rh/"'igO (reduced af
2500C), such a CO insertion capability was not observed for ?d/SiDz. Thou{,h
both Pd/S105 and Rh/MgO are not very active for CO dissc']c%et?.on (El,‘l\-l'f)’ Ehey.‘,.
% ;-

exhibit a dramatic difference in capability for the insertio'“n'-of *‘;CO into

o
o

adsorbed ethylene. It appears that the formation of Cp, oxygenated cotipounds
during CO hydrogenation is controlied by not only the conc---t"at.‘.ons of
surface .carbidic species and nondissociatively adsorbed co (13) bu'r.‘ also its
capability for imsertion of CO into surface Cny species, The“ pooxr CO
Insertion activity of Pd/Si0; may be due to its relatively high hydrogemation
activity. For_,'Rh/MgO it would appear that actj:.ve sites/ for CO insertion into
adsorbed Cny ere differant from those for tnethanol formation, as indicated by

significant different dependence of the formation of ‘these’ t'wo species on the

reduction temperatures {Table ITI).



Potassium-Promoted Pd/S510,

I

Addition of a potassium promoi:er to Pd/SiO2 caused a marked decrease in
activity and selectivity for methanol formation while it Increased the
activity and selec.t_:ivity for the formation of both methane and higher
hydrocarbons. This presence of this ‘potassium promoter also caused a
suppression of ethyleme hydrogenation during the addition of Coly to the CO/Hy
reactant stream. It seems. to suggest tﬁat potassium promoters may
.preferentlally block the active sites for. methanol synthesis and ethylené
hydrogenation over Pd/S1i0,. However, the effect of alkalli promotion is
generally considered to be electronic in nature (15-19). If the electronic
factor play a major role in the effect of alkali promotion, such similar
suppression of activities for these two reactions may suggest that some steps
of these two reaction take place on the same active sites or at least on sites
which have certain similar chemical properties. . These active sites are
subject to modification brought about; alkzli promotion. This is somewhat
confirmed by the fact that the rate of wmethanol formation decreases so
significantly upon the addition of ethylene, suggesting competition for the
same sites. 'It also suggests that "not only CO ‘riydrogenatiori to methanol but
~also at least most of ethyleme hydrogenation take place on different active
sites than methane formatlon.

C Suppression of ethylene hydrogenation has been observed for K-p-romoted
Rh/MgO. In faet, potgssium promoters have long been recognized to be
effective 1n hydrogenation suppression for +transition metal catalysts
{iicluding Fe (2!.5), Ru (16), Ni (17), and Rh (18), Potassium promotion ex-
hiblts a stronger ability to suppress ethylene hydrogenation than CO insertion

into adsorbed ethylene thereby resulting in higher selectivities for the

formation of C3 oxygenated comounds over K—promoted catalysts like Rh (18).



Our previous studies of Rh/T102 (18) and Rh/Las0q (19), several other
investigations of supported Rh and Pd (13,14), and this study have revealed
that different active sites may be responsible for the formation.of methanol,
Coy oxygenated compounds, and hydrocarbons. There still exists controvefsy
concerning the precise nature of active siltes respon;ible for the fFormation of
methanole The formation of methanol has'peen suggested to take place (a) obp
Pd ilons (l4), (b) on small sized crystallites of Pd metal (3), (c) more
actively on Pd (100) than on Pd (111), (d) at the interface of Pd metal and
" the support (&), énd (e) on ’u*2 for supported Rh catalysts (14).

As stated earlier, while we are'still not able to differentiate what type
of active sites is responsible for the methanol formation, it cam be suggested
that active sites for methanol formation are different from.those for methane
forﬁation. Fajula et al. (3) have obsérved that the formatinn of methane over
supported Pd catalysts 1s directly related to the density of acidic sites at
the surface of the support. Accordingly, the addition of potassium to Pd/Si09
should decrease the acldity of the catalysts (21) so that the formation of
methane would also decrease. On the contrary, an enhancement of methane and
hydrocarbon formation was observed for potassium-promoted Pd/5105. Fajula et
al. (3) have also pointed out that the formation of wmethane via CO
dissoclation followed by hydrogenatlon of resulting surface carbon can not
definitely be ruled out for Pd catalysts. They have further noted that, if
this 1is the case, the reasons £for thelr observed correlation is not
appérént. X promoters are knwon to be effective in promotiné CO dissociation
over Ru (16), Ni (17), and Rh catalysts (22). Mori et al. (23) have observed
th;t the addition of alkalli promoters to Pd/A1203 causes a shift in the wave
number of adsorbed CO to a lower value. They have suggested that alkali

promoters, mostly located on the Al,03 support, decrease the dissociation
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probability of CO on ?d[A1203. Ig is still nof clear how alkali promoters
modify CO dissociation activity of supported fd catalystg, A further study on
this issue would provide a better under;tandiné of the alkali promotion effect
on CO hydrogenation over Pd catalysts.

The major effect of alkall promoter om methanol synthesis over Pd/SiOz

and Rh/Mg0 catalysts have been suggested to be

(a) a wodification of. active sites (intérface of the metal and the
support) by alkall promotérs 66),

(b) stabilization of some ions (assumed to be active sites for methanol
formation) by the alkali promoters against reduction Iin hydrogen
atmosphere (14),

(¢) creation of a defect structure which is beneficial for the activity
of the catalyst (14).

All these propositions appear to indicate alkali promoters is effectixg in
promoting methanol formation. Kikuzono et al. (6) have observed that Li%and
Na cations promote methanol formation over Fd/SiOp while K and Cs cations
decrease it. Xiiler (24) has found that Cs promoters suppress the methanol
synthesis activity of Pd/SiOz but increase its activity for the water—gas-—
shift reaction. Im contfast, Tatsumi et al. (7) have reported that methanol
synthesils over Pd/SiOz was promoted when Li, Na, K, Rb, and Cs were used as
promoters. However, they polnted out that the addition of alkali promoters to
Pd/Si05 has certain opposite effects on methanol synthesisﬁ.and they have
further sugested that this effect may be electronic in nature.

In this study, we found K promotion (alkall promotioﬁ) to be effective im

decreasing che.hydrogenation ability of Pd/Si0g (suppres;ing CC hydrogenation
to methanol and ethylene hydrogenation to ethane). Thus, alkall promoters

appear to have two major effects on methanol synthesis which are opposite to




each other: . One effgct is hydrogenation suppression which can decrease the
activity of methanol synthesis. The other one 1is beneficiéi*tg the activity
of active sites to activate CO or stabllize precursor to meth;ﬁbl_(6,14).
Hence, the observed effect of alkall promotion on methanol synthesis ﬁ;yAbe
due to the net effect of these two factors., A quantitative study of the
effects of these two factors would be Important £or galning a better

understanding of alkali promotion on methanol synthesis,

Conclusiouns

The results of thls study have suggested that the active sites for
methanol formation are different from those for methame formation over Pd/Si0y
and Rh/Mg0 (reduced at 250°C). Both Pd/$i0y and Rh/Mg0 (reduced at 250°C),
which are active in methanol synthesis, showed a similar decrease in methanol
formation during the addition of ethyiene to the CO/H, reactant stream. The
major effect of potassium promoters were identified to be {a) suppression of
ethylene hydrogenation over Pd/S5i0y and Rh/MgO and _(b) suppression of

hydrogenation of CO to methamol over Pd/Si05.

4., TFORECAST OF WORK

During the next quarter, methodclogy dealing with probing the nature of
the fundamental reactions occurring on the surface during CO hydrogenation by
the addition of ethylene, ethanol, and acetaldehyde to the CO/H, reactant,
stream will be developed. ﬁuch a methodology, in providing a way in which to
understand how thesg fundamental reactions are modified, will enable us to
better understand overall modification in catalyst activity and selectivity.
A deeper imsight into the effect of metal-promoter-support interactions on:
higher alcohol synthesis obtained Efrom these:experiments and previous work

will be reported and éumﬁarized in the. next quéfterly report.

N
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Table I: The Average Metal Particle Sizes of Pa/si0,,
)  K~Pd /8104, Rh/Mg0, and K-Rh/Mg0

Catalysts _ F Average MetalAParticle Size

: *)
2d/510, ' 41(a)
o2 ' < 40(P)

K-Pd /S10, (K/Pd = 0.6) ‘ 87,3
5102 < 40(P)

K-Pd /510, (K/Pd = 1.8 . 140€2)
/5109 X/ ) o)

- Rh/Mg0 < 40{P)
K-Rh/Mg0 (K/Rh = 0.5) < 40(b)

(a) Determined by static hydrogen chemisorption at 25°C, H,../Pd = 1.
(b) Estimated by X~ray diffraction using MoKa

13



Table II: Activity and Product Selectivity During CO
Hydrogenation over Pd/Si0; and K-Pd/Si0y

Atom Ratio of K to Pd 0 0.6 1.8

roo (moles/kg/hr) 2.7 0.534 0.38

Selectivity (wtZ%)

CH,, 0.4 3.9 T12.5
Cy+ HC 2.3 36.0 42,0
MeOH 97.3 60.1 40.7
Cy OX | 0 0 4.8

Activity (mole/kg/hr)

CH,, 0.023 0.028 0.056
GogHC 0.051 0.092 0.091
MeOH 2.5 0.216 0.09

Cy0K 0 0 - 0.008

A

300°C, 10 atm., CO/Hy = 1, 2.3 wt% Pd/Si0,

14
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..I_..nmw e III: Activity and Selectivity During CO Hydrogenation
o over Rh/Mg0O and K-Rh/Mg0

Catalyst Rh/Mg0 Rh/MgO Rh/Mg0 K~Rh/Mg0 K-Rh/MgO

Reduction Temp(®C) 250 400 400 400 400
Reaction Temp(°C) 250 250 300 250 300
rgos mole/kg/hr 0.254 0.515 5.23 0,125 0.53

Selectivity (wt %) -

CHy, 17.5° 9.9 31,6 8.6 18
CyHIC 13.8 . 10 26,8 29.6 " 54,6
" MeOH @ﬁ.mw.m 1.6 .6 6.7 3
Cy OX 43.4 78 37.8 52.8 20,4
C3 0X 2.7 . 0.5 - 3.2 2.3 4,0
Activity
(mole/kg/hr)
CH, © 0,058 ' 0.054 1.7 0.018 0.094
Cy MC 0,018 0,026 0.58. 0.022 0.124
MeOH - 0,037 0.006 0.17 0.005 0.008
0% . 0.05 0.4 0.76 0,027 0,038

CO/Hy = 1, 300°Cs 10 atm. i



Table*IV: Product Formation Rates and Selectivities
from Ethylene Reaction During CO Hydrogenation
over Pd/S10y and X~P4/Si0y

Atom Ratio of X to Pd - 0

0-6 1.8
reo during CO/H,(@) 2.7 0.53 0.38
' Rgg during’ CO/Hy/CoH, (3) " LJ75 0.66 0.5%
r, @) ' 36,17 35.0 5.8
2 : .
Conversion of Cy = % 99 0 16.1
Selectivity (mole %)
CH,, 0 0 - 0
CoHg 99.5 95.5 196.5
Gyt © 0.3 0.1 0.5
C3 Ox _ 0-2 0.4 3.0
Activiey(@)
CH,, . 0 0 0
CoHg , 36.0 34,8 5.59
Cay - 0.1 0.035 0.03
C40X . 0.07 0.14 0.17
Change in rp g Pvs . ‘
during addiciaos Colly -1.17% -0.032 ~0.005
%) 57 14.8 5

%a? ~ 3.5 mole % in CO/H, = 1, 300°C, 10 atm. .

All rates are expressed in mole/kglhr

16°



Table V:

Product Formation Rates and Selectivities from
Ethylene Reaction During co Hydrogenation over
Rh /M0 and K-Rh/MgO !

RN

it
12

ot v

) Rh/Mg0 Rh/Mg0 Rh~K/Mg0: °
:
Redué:t:;i.oq. Temp(dé) ) 25_0 400 . 400
Reaction Temp(°C) .. 250 300 300
7o during co/u,(2) 0,254 5.23 0.53
reo during CO/H, /C,H, @) 0.565 5.764 0,667
rcz(a? 2,399 5.37 0.72
Conversion of Gy = (%) 27.3 6l.1 8.2
: Select:;ivity (mole %)
CHy, 0 0 0
C,Hg 86.3 87.6 8075
Cqt 0.4 2.6 - 0.4
C3' 0X 13.3 9.9 19.1
Activity(a)
CHg 0 0 0
CoHj 2.07 4.7 0,58
Cay 0.009 0.14 0.003
¢ Gox 0.32 0.53 0.137
\Change ind rog A
during CoH, aﬁdition ) :
. {mole/kg hr) -0,012 0 0
: (;;) 32 _wi 0 0

s 3 ‘mole 7 CoHy in CO/HZ =1,

(a)All rates are expressed in mole/kg/hr
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