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This report was prepared as'an account of work sponsored by the United States Gov-
ernment. Neither the United States nor the United States Department of Energy, nor any
or their employees , nor any of their contractors, subcoxxtracto;s or their employees take

‘ responsnblhty for the accuracy, completeness, or usefulness of any information, apparatus,

-* product or process disclosed, or represents that -:ts use would not mfrmge privately owned
rxght.s.

4§ OBJECTIVES
Task 1. Preparation of catalyst samples
Task 2. Testing catalysts for syngas conversion
Task 3. Measurement of surface composition and structure
Task 4. Determination of nature of surface complexes .
Task 5. Reaction mechanism determination by isotopic tracers and kinetics
Task 6. Design, prepare and test optimized catalysts



ABSTRACT -

Changes in the chemlcal state of Rh and Mo , and the dxspersnon of-Mo due to dlﬁerent x

. treatments and Mo loadings was studied by X-Ray Phototelectron Spectroscopy- The

results show well dispersed Mo on Mo/Al,03 and aggreg_ated Mo'on Rh—Mo/Ale3. The

Sy : .
crystallite size of -Mo-\(/ilxide particles in Rh-Mo/Al;03 was estimated using Kerkhof and
¥

*.Moulijn method to be ~ 20A. Electron Spin Resonance Spectroscopy, measurements on

" catalysts show presence of paramagnetic Mo species on rediction and corroborate XP§

results. Mo and Rh loadings were determined by X-Ray F luoresence.

Ethylene hvdroge'na;.ion was carried out on Rh/Al: bg, Mo/Al O3 and Rh-Mo/Al,03
in the presence and in the absence of carbon monoxide in tne gas phase. Carbon monoxide
in the gas phase acts as an ON/OFF switch for ethylene hydrogenatwn on Rh/AIgOa
Rh-MO/ A1203 acts like Rh/Al,03 for eth) lene hy drogenatxon in the absence of carbon

monoxide and like Mo/ A1203 in the presence of carbon monoxzde




Task:3 Measurement of surface complexes :
» Task:4 Determination of nature of surface complexes _:

- "Task:5 Reaction mechanism determination by isotopic tracers and kinetics

* X-Ray Photoeléctroir Spectroscopy (XPS) - = - 7~

Introduction
XPS.is a useful tool to investigate the chemical nature of surfaces. It is sensitive to
-~different elements, their oxidation.state and their local chemical environment . There
- are however problems with precise physical and chemical interpretation of the spectra
" for insulators, porous and heterogenous samples. Due to the insulating nature of oxide
supports, they become charged on photoelectron emission. Hence we need a reference peak
I to find the charging correction.

Experimental set-up

A Physical Electronics double pass cylindrical mirror analyzer and ultra-high vaccum
chamber with an attached pretreatment chamber was used. An Al anode was used. The
X-Ray tube was operated at 10kV and 60mA. Data was collected at 50eV -and 100eV pass
energy for detailed and survey sca:p's respectively. Powdered samples ground between glass
slides were pressed into Al sample holders with an Al die. The sample holder was then
mounted onto the tip of i_he probe. The samples were evacugted with the sample tempera-
ture below 70C. The samples were treated insitu in the sample treatment chamber(Figure
1). Hydrogen (299.99%%) and Helium (>99.999%) -were fuxlther purified using a CaO trap
for oxygen removal and a zeolite trap for water removal. Both the gases were then passed
through a rotameter and a mass flow controller. Carbon monoxide was purified by passing
it through zeolite trap. The pressure in the analyzer chamber was less than 5 X 1078 torr.

" Survey scans were taken for each sample and after each treatment to check for extraneous
impurities in the chamber and in the sample. Magnesium was present in the survey scans
as an impurity in the chamber. Periodic washing of the sample probe with dilute nitric

1



.acid kept the magnesium impurity to low levels. This is necessary because Mg Auger lines

are very close to Rh (3ds/,) for Al X-rays . A
Sample treatment -

» The catalyst ‘semples were‘caleined outside the pret'reairrienﬁ"'c;hajmber at 500C.under -

" air.~ The ‘rediction of the catalyst was done insitu in the ptgt‘feaﬁnfént chamber under °

X 30 scc/min of Hydrogen with the following schedule 200C(1/2 hr), .350C(1 /2 hr) and-

© 500C(1hr). The- heating rate was 8C/min. The catalyst was then cooled to less than

\

70C and evacuated. CO chemisorption was done after data was collected for the reduced
samples; CO was passed over the catalyst ~ 3;0 sce/min.for 15 ~mix"1.at 30C. The reaction
was perfm;med on the catalyst by flowing a mixture of Co/ Hz =1 2 total flowrate
= §Oscc/min at 200C for l.. hr. For comparison of the method of preparation, samiples of
3%Rh 2.8% Mo /Al,03 (3Rh28MoC) prepared by reaction of Md(CO)G'with.the surface
“.OH groups , followed by deposition of Rh(CO)2(acac) were-also run. Air calcination was
done afte:: each stage at 30C for the above catalyst. This catalyst was provided to us by
Prof. H.C. Foley.

Results
(i) Binding Energies

- The binding energies of the different element refereaced to Al(2p)! are listed in Table 1.

- Rhodium is present in the +3 state after air calcination, but after reduction in hydrogen at

500C, itt is completely converted to metallic state. The oxidation state of Rh is not affected

N

by subsequent treatments such as CO adsorption and reaction. Molybdenum exists in the
+6 state after air calcination. The binding energy of Mo(3d5/;) in 3%Rh2.8%Mo/Al203
is 1 eV higher than that of Mo+6 in MoOg3, This hzs been explained as a result of the
interaction bet;veen Mo+6 and the support, where there is donation of electron density

from molybdenum to oxygen or the oxygen binding Al and Mo is more electronegative

o
Is

! C(1s) peek i not used because of its® weak intensizy and poor resolution
|.L‘
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" than the oxygen in the bulk MoO32. On reduction-in hydrogen &at.500C molybdenum is’
reduced from the.+6 state to a mixture of +6, +5 and to +4 states(figure 2 and 3). This -
" confirms with'the -deta: obtai-ned from ESR experiments, which will be discussed later. The
“"'binding energy and the shepe of the Mo peak dé not change'on subsequent CO adsorption.-:
and reaction.- The reductxon of-Mo is incréased with increase.in Mo loading. “The extent of -
reduction of Mo is. not-affected by the presence of Rh{ figure 2 and 3) . In contra.st with
Nx and Mo the reduction of Mo is enhanced by presence of N1
(ii) Relatwe photoelectronlc response .
Figure 4 shows the relative photoelectromc response of Mo (defined as Intensity of
Mo peak/ Inten51ty of Al) for Rh-\do / Alzoa and ’VIO/ AIgOs The relat:ve photoelectromc

response for Mo is h:gheron Mo/Algos than on Rh-Mo/ AlgOa(ﬁgure 4). We know from

pre\ jous work that Mo/ Al,03 forms a monolayer®. We see that the Mo in 15%Mo/Al;03
is equal to or less than the monolayer coverage since-t;’he-photoelectronic response curve
is still linear. The photoelectronic fesponse is not 'sensitive to the treatment of catalyst
‘ie. Mo dispersion i is not changed after treatments such as reductmn, chemisorption and
reaction. At present we are not sure whether this aggregatlon of Mo-oxide is a surface
effect or a pH effect. The relative photoelectronic response is higher for 3Rh28MoC than
on 3Rh28Mo, indicating that Mo is more dlspersed on the former catalyst

(m) Estimation of part:cle size - i

: Grmdmg the catalyst does not change the relatwe phototelectromc Tesponse apprecia-

bly, hence there is no surface segregation. The absence of surface segregation allows us to

2 Holl Y.,'I‘ourounde R., Ma.ire G., Muller A., Engelhard P.A. and Grosmangin J.,

J.Catal.1087,104,202.
3 Grimblot J. G and Payen E. in "Surface poropertzes and catalysis by non-metals” ed.

Bonnelle J.P., Delmon B. and Derouane E., D. Reidel Publishing Co,1983, Boston.
4 Hall W.K. in "Proc. of the Climax Fourth Intl. Conf. on Chemistry and Uses of

Molybdenum”,ed. Barry H.F. and Mitchell P.C.H.,Climax Molybdenum Company,Ann
Arbor, Michigan,1982.
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_use the model of Kerkhof and Moulijn to estimate crystallite siie(Figui‘e 5)5. The model

. BSSUINes that‘catalyst support is made of stacked layere with modifier dlspersed umformly; )

.over the surface area, (either as a.monolayer.or as cr)stalhtes) The incident. X-rays and

- .;-'outgomg photoelectron are perpendicular to the -surfage.lels model ean estimate the par-.. |

ticle size provided the mean.free path for the photoelectrons is known.. The model does

~not-take concentration gradient-.aud surface segregatiou into account.

\=

w

' .-Electron Spin Resonance Spectroscopy(ESR) SR

| The reductron of ’\40(-:—6) to Mo(1-5) on Rh-"vio/ A1203 and Mo/Al,03 was reported in
the section on }\PS This is cross-checked with ESR Mo(~6) is not a paramagnetlc specxes
while "VIo( 5) is a paramagnetic specres Two set of experxments were conducted.Both sets
. -contained Al;Os, S%Rh/MgOa, 159 %Mo/Al;03 and 3%Rh 15%Mo/Al203. In the first set -
air calcined samples were transferred to a glove box under nitrogen and the sample is
loaded mto a quartz sample tube Spectra were collected at 30C and at’ hqu:d nitrogen
temperature There were no paramegnetxc specres in thxs set -of catalyst The next set
of experiments eonsxsted of reducing the above samples under hydrogen at 500C. The
“adsorbed hydrogen is then removed by ﬂushmg the cat a.lfst with ﬂowing helium.- The'
catalyst is then cooled under hehum to 3OC and then dosed with carbon monoxnde The
'sample is then transferred to a glove box and packed into a qua.rtz sample tube. Spec—
* {ra were collected at 30C and at liquid mtrogen temperature Only 15%M0/A1203 and
3%Rh15%Mo/ Al;0; showed intense peaks due to Mo(=5).: The g value is same’ for both -
" catalysts and is 1.9611. There is no ﬁne structure on. the \10( 5) peak The lack of fine
structure is due to the unsymmetrlcal envlronrdent around \Io(+5) ion. Fxgure 6 shows.

the ESR spectra of 3%Rh15%Mo/Al;03 after CO adsorption.

. X-ray Fluorescence(XRF) B v

3

Callibration

"5 Kerkhof F.P.J.M. and Moulijn J.A., J.Phys. Cher=.1979,83,1612.
. L



Mo and Rh.loa&ings.w;re checked with XRF. ~A-a]’hillipzs PW1410/80 X- Ray Spec-

+ . frometer was’ ‘used . Samples.-were mixed in an: appropxate amount wnth Orthoboric’acid. "

- The sa.mples are. then .ground and mixed in a baH mill for anrhour.. Cu K X—Rays are

-'used -and LiF(200).crystal is used? The Mo ‘K -and"Rh K, lines overlap. Instead of de- -

convoluting the-overlapped peaks, we monitored-the weak Rh Kp lines for longei-: times.
Rh(NO3)a8H20 was tried as a sta;nda.rd. Due to the hygroscopic nature of the above salt
, the results. were not repeatable. Thén RhClg salt was used as a standard; this salt is
from an old batch and the exact amount of hygroscopic.water in it may not be accurate.
MoQg3 is uséd as.a sitandard for solid sample_s., There may be interference between the Rh

and Mo apparent cross-sections . This interference is caused due to the higher absorption

‘cross-section of Mo for X-rays emitted by Rh than the absorption cross-section of Rh for

X-rays emitted by Mo.
Effect of particle size on ihe selection of standards
The role of particle siie in solid standards is often not appreciated. Solid §tandards .
have micron size particles. The average distance between the two particles is of the same
order of magnitude asthe lengt.h scale of absorption of X-rays __erﬁitted by Rh and Mo (for
e.g. for 60um particles; separgtion between-particles is ~ 0.1207;n,while the lgngth scale fo1:
absorption of X-rays in the samplf: is & 0.2cmf). Thus a substantial amount of X-rays are
absorbed before it reached the other element. This is not tr’i\{e with our catalyst sample

because Mo and Rh-are dispers?:(i on the atomic scale. Hence non-interference of Rh and

‘Mo peaks in solid standards need not imply.non-interference in the catalyst samples. In a

.-liquid phase solution the Mo and Rh atoms are quite well dlspersed on the atomic level.

Hence non-interference of rfeaks should be checked in the liquid phase. Liquid samples are
prepared by dissolving Rh nitrate and ammonium molybdate ( molybdenum trioxide is

spa@ngly soluble in water). Liquid samples do not show any interference between Rh and

¢ Estimated from Bertin E.P., "Principles and Practice of X-Ray Spectrometric analy-

sis”, Plenum Press,1975,New York.




Mo peaks.

Results

no"

The Rk loading was lower.than expected. However the relative Rh loading was within

~*-.10% érfor.The différence in the Mo loadin_g"betvveenS%Rh.x%Mo/ Al3O3z-and x%Mo/,Algoa .

*~ -"was again“within 10%.The table below summarises the results.

Catalyst” . Rh ratio Mo ratio

3%RhAl,0; - . 100
3%Rh2.8%Mo/AlDs  1.05-

<

3%Rh2.8%Mo/Al,03(+) 1.90
7.5%Mo/Al,03
3%Rh7.5%Mo/Al203 1.25
15%Mo/Al;05 |
3%Rh15%Mo/A:leg © Las

'5-.6.]:'"
'u : 5.22'

(+) Prep.ared‘from carbonyl clusters

Ethylene Hydrogenation with and without Carbon- monoxxde

a

Ethylene hydrogenation was performed-to characte'xze the hydrogenatxon actmty of

. I
. the catalyst The overall rate for CO-hydrogenatxon is less poxsoned by carbon monoxide

- for Rh- ’\/Io/Ale—- as compa.red to Rh/Al;O3(see quarteriy report 10). Hence we studned

- ethylene: hydrogena.tlon on Rh/AlgO Mo/Al; 03, Alzo and Rb-Mo/Al203. These cata.-

lysts ‘were calcined prevxously Ethylene is purified by passing it through a CuO trap and

a Zeolite trap to remove oxygen and water respectn'el}'. The flow rate is monitored with

a mass flow controller. A schematic diagram of the flow apparattus is given in figure 7.

A glass reactor is used to avoid base hydrogenation activity of aluminized stamless steel

(used in high pressure reaction runs). The catalyst is reduced under 25scc/min of hydro- -

gen at 200C for 1/2hr, 350C for 1 / 2 hr and at 500C for Ihr. The catalyst is then cooled

6



under l’ydrogen to 3OC The catalyst was contacted with ethylene only in the presence of .
) hydrogen and he,lmm to nvoxd po:somng of. the catalyst The initial transient of ethylene
s suppressed by ﬂowmg a large excess of hehum thh ethylene. The flowrate of helmm is |
" then decreased to- the required value The same procedure is used to avoid poisoning due . ]
to an initial surge of carbon monox1de |

It is well know_n that transition metals.are very active for ethylene hydrogenatiorl".
Presence of carbon monoxide in the gas phase can have a profound effect on el;hylene
hydrogenation activity. Rh/Al,O3 is reported to be a very good ethylene hydrogenation
: catalyst this is also seen in our results i.e. ethylene undergoes complete conversion. How-
ever in presence of carbon monomde there is no conversion of ethylene Carbon monoxxde
" in gas phase acts as an ON/OFF switch for conversion of ethylene at 30C. There is no’
: activily for.ethylene hydrogenation die to Al;03 et:_ 30C. There is very little activity by
calcined olﬂy ¢atalyst. Rh-Mo/Al;0j acts like Rh/Al20; in the absence of carbon monox;

" ide and like Mo/Al,03 in'the présence of carbon monoxide. A-summary of results is given

in Table 2.

7 Bond G.C., "Catalysis by Metals™ ,Academic Press,1962, London.
7



_ Figure 1

“EXPERIMENTAL SET-UP FOR XPS °
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Helium R el Chamber
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Sample treatment Chamber
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-{mfe]  Mass’ flow controller

vl CuO trap ~ O°  Valve "



FIGURE 2

COMPARISON OF REDUCIBILITY
OF Mo IN 2% Rh 7.5% Mo/Al203 . .
AND 7.5% Mo/Al203, X PS -

Reference Peak: Al(2b)=74.TeV

3% Rh 7.5% Mo/Al203,

Reduced

Oxidized

ARBITRARY UNITS

17.5% MO/A|203

W .

Oxidized

245

BINDING ENERGY, ev °*



Figure 3

COMPARISON OF REDUCIBIL!TY
OF Mo IN 3% Rh 15% Mo/Al203°
A_ND i5% Mo/Ai203, XPS
Reference Peak: Al(2p)=T&TeV

. . ]
3%Rh 15% M’o/A!zo},

%

Reduced

‘Oxidized

15% Mo/Al203

. ARBITRARY UNITS

1 Reduced

Oxidized

.

?45

BINDING ENERGY, eV 22
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_ 7.5%Mo/A1203~ Oxidised

of Rh, and ; M'b-.lodding on Mo -ag
All specira at 30C

Key

15%Mo/A20 3~ Oxidised

* 15%M0/AI203~ Reduced
. 15%Mo/AN203-C0O chemisorbed

3%Rh7.8%Mo/AI203~Dxidised
3%RK2.85Mo/AI203-Reduced
%Rh15%Mo/AI203- Oxidised
3I%Rh15%Mo /AI203~ Reduced
3%RN15%Mo /AI203-CO chemisorbed

7.5%Mo/A1203 - Reduced
3%RNY.5%MO/N203~Oxidised
3%RRh7.55M0/A203~Reduced
3%Rh?.5%Mo/AIZ03~CCchemiscrbed
3%Rh2,8%Mo /AI203-Oxidised(+)
.-.Rn_z.azuo/uzos—neauced(-x:)

g regation

.

| ! )

6 8 12 12
‘ Mo loading in bulk in weight%(®).
Oxidised==>0500C under Air;Reduced==> under H2 @500C.
CO~chamisorbed==5>030C;Reactionx =5 ©200Cunder CO/H2=0.3
+ Prepored from Mo(CO)6 ond Rn(CO)2{ocac).{Prof.Foley).

® Mo cont checked with X=Ray Flourescence Specirascopy
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Figure 5

‘Estimation of P rtlcl

( J.-Phys. Chem. 1979, 83, 1612) .. -+~ .~

'j';X-rays in . . Electrons out - '

77| ~Support

N\ Modifier

In our case the model simplifies to

(E Mo Al )Cryslallile .

'(IMO / IM)Mo;xolayer N . T

- (Crystallite size of Modifier, ¢)

mean free path of eje'cted phbtoelectron'
“from - modifier atom through the modlfler

crystalhte .

In this case , c= 20A.
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Figure 7

EXPERIMENTAL SET-UP
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"'Table 1y Uncorrected’ Feak positions (xps) -
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Table 1:
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Table .1t pncurégcteanegk pasitions{xps).

SRR -» Comments -." - .-
Nat1s)-I. ' , :
o ’ ' .- Al-and O pedks have shoulders -
~*Al-and -0 peaks have shoulders
:Al and .0 peaks have shoulders
~ Al and O peaks have shoulders.

-1 .narraw, C-11 broad

_Rh peak ratic not ecight™

. [ peaks well separated_
good psak resoiution

sEn
' T peal &b spwachrwn fasnoias. c
¢ . Mo—11 as sh., not aco

Al=-zn sh,Mo—-II nat acc. Rh-1 may be Mg auges. C:I
Al-an .sb,Mo—11 not acc, Rh-I may be Mg augar, C-1

0-I peak &s sh, wafer broke aftsr ceduction
C spec too noisy, Mo-Il ph shonot acc

A1 and © p=ak have an shyMo-II nct aco
al &nd O peak have an shyMo~11 not aco
f3 ard G an shoMe=T1 Aot ace,G0LT ol soe

3 ‘has sit,Mo. peaks over . apping

Mo peals well resalved ~ .
> .

fn ophoratic not right’
C- las an sh, Mo-overlsp, Rh phk ratio not riaht

A1,0 #n sh, Mo pk resolved, G ovariap

AL.0 an sh. Mo pi overlag, C-I narrow. O=11 broad
A1, 0 an sh., Mo pk overlap.C oeail oaetlEn

- M= pi tiob resol ved
130500 Copbowsil o res
=
Y]

substantizl swfsce orication Lo MolD



Tabl'g 2

' | Ethylene Hydrogenation
. “-without CO in gas phase. - -
-with CO in gas phase - -
. Reaction:conditions: - T="30C .- = . - . GHSVe9750 hr- ' -

" pH, «0.30atm : - - * pEthylene=0.03atm. -
; total pressure=1 .atm _--Rest is Helium

_Catalyst. .- - | pCO(atm)| Ethylene conv(%)

| — T ,

3% RANWAL,O0, - | 00 | .>90.09%

0:08 - <0.01%

J75%Mol A0, | 00 | - e40.0% . .
| | 0,08 -| . =5.30%"

3%Rh 7.5%Mo/ Al P, | -0:0 - -| . >90.88% .-
IR - | o8 .| . =5.50%"

* deactivation within 4 hours -



is.gov

1-888-584-8332 or (703)605-6050

info@nt

P Phone

f we have made an error in filling your order.
P E-ma

ive ori

Please contact us for a replacement within 30 days if the item you receive
defect

NTIS strives to provide quality products, reliable service, and fast delivery.

SATISFACTION GUARANTEED

IS

Reproduced by N

National Technical Information Service
-Springfield, VA 22161

This report was printed specifically for your order
from nearly 3 million titles available in our collection.

For economy and efficiency, NTIS does not maintain stock of its
vast collection of technical reports. Rather, most documents are
custom reproduced for each order. Documents that are not in
electronic format are reproduced from master archival copies
and are the best possible reproductions available.

Occasionally, older master materials may reproduce portions of
documents that are not fully legible. If you have questions
concerning this document or any order you have placed with
NTIS, please call our Customer Service Department at (703)
605-6050.

About NTIS

NTIS collects scientific, technical, engineering, and related
business information —then organizes, maintains, and
disseminates that information in a variety of formats — including
electronic download, online access, CD-ROM, magnetic tape,
diskette, multimedia, microfiche and paper.

The NTIS collection of nearly 3 miliion titles includes reports
describing research conducted or sponsored by federal
agencies and their contractors; statistical and business
information; U.S. military publications; multimedia training
products; computer software and electronic databases
developed by federal agencies; and technical reports prepared
by research organizations worldwide.

For more information about NTIS, \)isit our Web site at
http://www.ntis.qov.

Ensuring Permanent, Easy Access to
U.S. Government Information Assets




U.S. DEPARTMENT OF COMMERCE
Technology Administrafion
Nationa! Technical Information Service
Springfield, VA 22161  (703) 605-6000




