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OBJECTIVES

1. Preparation of catalyst samples

2. Testing catalysts for syngas conversion

3 Measurement of surface composition and structure

4 Determination of nature of surface complexes

5 Reaction mechanism determination by ‘lsotopic tracers and
kinetics

6 Design, prepare and test optimized catalysts
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ABSTRACT

An exploratory series of prepared and purchased rhodium catalyats .
have been tested for CO hydrogenation. with interesting results, The
results are summarized in the following table for typical test
conditions, 250% ¢, 30 atmospheres pressure, 2 H,/CO at 4000 GHSV.

TABLE I ZCONVERSION  ZOXYGENATES ZC2+OXYGENATES
3% Rh-A1,0, . 6 33 75
"W 10.67% Na of ,
12X or 1%Mn 2.5 L 33 75
WMoy 2% Na 1 .65 60-70
2.5% Rh~0.3%ZMn-0.3%Mo-51i0, 6 65 90

3z kh—l%Mn—lZMo—

$102./Mg0 1 . 87 35
(florisil) _ ' " only MeOH and EtOH
. Ay .
5% Pd-Charcoal - 2.3 100 A 0
(Aldrich) all MeOH

Rhodium—-alumina cataiysts are moderately active,eg 6% CO
conversion. Selectivity of CO to oxygenates is typically 30Z with the
balance mostly methane. An important feature is that 75% of the

oxygenates are Cay, including ethanol, acetic acid and methyl and
ethyl acetates,

The addition of sodium or potassium lowered the activity
considerably. However for the highest Na level tested, (2Zwt.Na)
gelectivity to oxygensates incteased to 55-75%, though CO conversion
was only about 1% to 2.5%, .

The addition of 1% Mn to Rh-A1l,03 decreased activity with no
increase in selectivity. A higher Mn loading decreased activity
further without affecting selectivity. This is quite contrary to
previous observations on the effect of Mn on Si0,~based Rh catalysts.

Two catalysts containing Si0, gave relatively high selectivity.
One, a Rh-Mn-Mo-S10, catalyst, similar to the
Van den Berg catalyst, gave 6% conversion and 50 to 702 selectivity to
oxygenates.

Another catalyst, Rh-Mn-Yo- Florisil{-:8i0,-Mg0), gave the highest
selectivity found so far,93%, though at low conversion.

. A Pd-active carbon catalyst produced only methanol ( mo CH, nor Co
HOH). X :
\ .

The above jcatalysts now provide a basis for experiments relating
composition to! performance, to provide samples for study by
instrumental ﬁbchniques, and to provide a rational basis for
additional ca}alyst preparations. -

Jr
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Tasks 1 and 2. Catalyst Preparation and Testing for Syngas
Conversion,

A series of rhodium-containing catalysts was prepared and
tested, In general .the preparations were by no-excess
impregnation of the support using nitrate solutions of
rhodium and modifiers, Following air drying and calcination
at 500°C, the catalyst was cooled and reduced in flowing Ha
at increasing temperatures to 500° C.

Tasting for ayngaas copversion was carried out in the flow
reactor system, previausly described, at 225,250 or 275°C,
and for the most part,at preasures of 30 or 50 atmos.and a

Hx/CO ratio of 2., The flow rate was was varied , but usually
corresponded to 4000 GHSV.

Certain problems were encountered initially, A heated -
charcoal filter in the purification line was found to be
emitting CO, and H,0 resulting in analytical uncertainties.

This was corrected by replacing the charcoal with alkalized
alumina.

Furthermore, the first series of catalysts ( 3% Rh on
A1,03; with and without added.Na or K ) all proved to be
essentially inactive. These catalysts were all prepared

using a solution made up from pure Rh(NO3).2H,0 crystals
-from Johnson Matthey. Subsequently, active catalysts were

prepared from a rhodium nitrate solution which is gaid by
Engelhard to contailn excess nitric acid.It is not kpown why
the first solution did not result in active catalysts.

The results are first summarized in table I and then

given in more detail in tables II to VI and figures 1. 2 &nd
3.
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=Disgd§sioncof results,

It jguay be expected that the products distribution will be
affecﬁ@d by test conditions - temperature, pressure, Jz/CO
ratio, "flow rate and length of operation ( aging ). However,

“from the literature and within the range tested, these

varilables change selectivity only slightly, As expected
lower flow rates or higher temperatures increase
conversion, For tomparative purposes, the results at 30
atmos., 250° C, 2 H./CO ratio and space rate of 4000 GHSV.
have been chosen as a good ‘measure of catalyst
capabilities.Table 1 presents an overall summary of results.

For specific comparisons, it is deemed important to make

comparisons at equal conversion. Comparisons can be made by

using conversion/selectivity curves, shown later.

It should be emphasized that the distribution of
oxygenates is an important factor in catalyst evgﬁuation.,(
The relatively high C2+ oxygenates for many of tHe catalysts

_mtested is noted.

Rh—Al;03 Table II :

This catalyst typlcally resulted in 6% conversion of CO,
with a selectivity of about 30Z to oxygenates, with the
balance almost all GH+ .A relatively high percentage of
oxygenates is C2+, eg 75-90%. One detailed product
distribution is shown in figure 1. Note the large amount of
ethyl acetate. .

Rh Alkali-Al1,03 Table IIl
Catalysts containing, K 0,0.67,and 2.0 Z Na or 1.14%Z K were
prepared by codeposition. The effect of alkali is to lower

.activity considerably. The selectivity was not improved

except for the 2% Na catalyst,which rose to 70Z. though at
low conversion (0.8-2.5%) see also fig 2 . In order to be
more confident that this improved selectivity is not just a
low conversion phenomenon, tests will be made at lower flow
rate/ higher conversion.

Also catalysts will be prepared by impregnation of NaNO3
on a8 Rh/Al,03 catalyst which has been prereduced, to find
out whether the order of addition has an influence on the

. activity or qelectivity.

Rh-Mn-A1.03 - - Table IV

Since Mn has been found to increase activity of Rh/SiOo
catalysts, addition of Mn to Rh/A1,03 catalysts was tried.
The activity decreased and selectivity waa not increased,

-



Rh/S10, Table V

\ : =
A Rh~ Mn-Mo~SiO, catalyst was prepared siimilar to that
described by F.G.A.Van den Berg (thesis, University of
‘ Leiden) and described in patents issued to Union Carbilde.
This catalyst was found to be fairly active( 6% conversion) -
about the same as the Rh/Al.03z catalytsts. The oxygenates
selectivity was 50-70%. As shown in Table IV the effects of
various test conditions were also explored. =

Rh/Florisil Table V .

Florisil is a S10,-MgO gel commércial product used for
packing chromatographic c6lumns’ A Rh-17Mn-1%Mo/Florisil

catalyst showed remarkably high selectivity to oxygenates

- (80~-93%) although the activity was lowv.

In order ©6 follow up on this catalyst, a 3% Rh/Florisil
catalyst was prepared., Very low comversicn was found with
high melectivity ta methanol,

Pd/ Active Carbon Table VI

It was confirmed that this catalyst from Aldrich is
remarkable in producing only methanol.

Tasks 3 and 4, Surface Structure and %g;face Complexes

The infrared cell has been press&;e teasted successfully
up to 200°C and 40 atmos, Modifications are being made which
will allow us to go up to 100 atmos. At present tests on an
IR cell at high temperature (250°C) are belng rmade using
Kalrez O rings. A procedure is being evolved to load, )
startup and shutdown the IR cell which would nor put ;
excessive mechanical and thermal strain on: the window., Thrze
out of five sections (modules) on the reactor cart have been

tested. The remaining two sections are in the process of
being assembled and tested.

Dther Activities, ) <

N

As an educational requirement and as an ald to the.
project, graduate student Bhore submitted and defended .
before the faculty of the Department of Chemical Engineering
a proposal concerning the future work to be done.
Considering the rapid raté of appearance of data in recent
literrture, new experiments were designed in this proposal
whicl: wvould give rise to key results. These results will' be
used to discriminate between different mechanisms which are
consistent with kinetic data. Some of these are temperature
programmed desorption using labelled compounds and mixing of
different catalysts of very.small particle size.



Table II

Rh-Al1,03 CATALYSTS

P

repeat of above without 1 atmos. test - same

. ., . A OXYGENATES
catalyst p(psi) t_. C R /CO GHSV ZCO Conv z ZC2+
e . approx :
3%ZRh/AL, 0, 450 . 250 2 4000 6 33 ca 80 <
" 275 2 " i8 17 ca 75
" " 1 2500 11 28 ca 75
" " 1 " 8 28 ca 75
710 n 2 4000 13 22 . ca 75
SZRh high 450 225 54000 | 2.4 37 88
purity ' YW
gamma Al,0; " . 250 2 " 6.2 34 90
J.-Matthey s
" " 2 2000 8.6 33 94
red. 300°C 750 . " 2 " 13.6 33 95
"(2 hr) " 1 3000 4 48 , 95
reduced at 500°in H. £low for 1 hr, cooled to 150 C, kept
at 450 psi and flowing H2 during weekend ' :
450 250 2 40007 5 40 90
0.5%ZRh/A1,0, 150 250 2 1000 2.4 28 ~ 82
Engelhard ' mostly EtOH
(1.25g) 450 =275 2 " 4.8 29 85
w 300 2 1000, 13 15 84
5% Rh ex 15 250 2 2000 1.2 27 82
Na3RhC1y/ -
A150, 200 " 2 " 0.8 19 30
Tamaru
catalyst 450 " 2 n 0.9 21 30 -
" 275 2 "w 1.5 17 <50

'results

All catalysts reduced in flowing H., at 500°C for 1 hr unless stated

otherwise.
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Table III Rh-AL_0y —~ALKALI T : “
" e I': . . -
Catalyst p(psi) ﬁt{Qf\ H,/CO  GHSY ZCQfConv"w Oxygenates -
. L b Y : . appirox . AC2+.
Rh-Na/Al.03 - N W . : '
1:1' Rh:Na 450 250° 2 4000 2.5 35 75
0.67% Na R K . e e
" 275 - p; n -7 25 - 75
715 " 2 " 9.4 30" 85
Rh-K /A1, 05 450 250 2 4000 2.4 32 70
1:1 Rh:K : '
1.1°Z K" n 275. 2 " 5 26 70
750 " 2 K 5.5 27 75
Rh-Na/Al1.0; 450 250 2 4000 0.8 70 ‘30
1:3 Rh:Ka . = :
2 Z Na " 276 2 " 1.5 60 30
not calcined
Rh-Na/Al, 05 450 250 2 4000 1 70 35
1:3 RhiNa oz
2 % Na " 275 2 2000 2.8 53 50
caleined
750 " 2 n 2.8 52 40

All cstalysts

reduced in flowing H, at 506°C for 1 hour..,



' Table IV Rh~ Mn/ALl,03

Catalyst " p(psi) t°C H,/CO GHSY ZCO Conv  Oxygenates

' ) approx 2 . %C2¢
3Z Rh,1Z Mn ‘450 250 2 4000 3 32 85
on Al.Os :
activated by 750 " 2 " 3.4 32 85
Dutch method * : .

" 275 2 " 12 19 85

3% Rh, 1% Mn 450 250 2 " 4 30 80
on Al,0s . )
calcined at " 275 2 " 12 18 83

500°C

% Sample air dried at room temperature is decomposed fifst.in He flow
at increasing temperatures, ending w%th 25G6.C for 1 hr., cooled to 50
C., reduced with 10%Z H. in He at 500°C for 1 hr.,cooled to reaction

temperature in He .



Table V Rh-Silica Catalysts . ?.

" Catalysts” p(psi) 7 t2C  H./CO GHSY  ZCO Conv Oxygenates
* approx Z ZC2+
2.5% Rh,0,37 Mn, 450 . 225 2. 4000 2.6 38 80
0.3% Mo/Si0,. . :
(approx Van- den " " 1 2500 2.0 62 88
Berg catalyst)
" , 250 i " 5.2 60 93
- overnlght at 224 C
" 224 1 " 1 68 293
" 275 1 1206 45 92
" 250 1 1250 6.7 64 94
750 " 1 5000 2.1 72 94
n 275 1 " 5.2 55 94
overnight at 275 G, 200 psi '
200 " 1 2500 8.6 45 91 i
" 250 1 " 2.4 53 9%
- " " 12 4000  0.65 61 95
' 450 " 1 2500 1.8 61 93 !

-in the conversion calculation, assumed little CO0, formed
other numbhers are CO _-free calculatian

4000 1 87 "35

2.5% Rh,1% Mn, 450 250 2

1Z Mo/Florisil 4

not calcined " n 1 2500 1 93 36
750 250 1 n 1 89 40
- “275 1 " 3.5 85 133

calcined 450 250 2 4000 1.5 80 35 -

at 275 C, 750 psi, EtOH=MeOH

3% Rh/Florisil , 450 250 2 4000 0.13 95 0
calcined at 500 C

275 2 " 0.43 80 0
only MeOH, little CH4 :

O
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Table VI

Catalyst

52 Pd /C
( Aldrich)

p(psi)

220

Pd-Char

t’C  H2/cO
225 2
” 3

GHSV £ CO Conv Oxygenates
approx p4 ZC2+

5000 1 100 0
3500 2.3 100 0

only MeOH
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FIGURE I.

CATALYST 5% Rh- AL 0" . J.-Matthey
Pressure 750 psi
Temperature 250°C
G.H.S.Y. 2000
Hy/CO 2
Products

% CO converted 13,6

2 oxygenates 31

Z C2+ 92
Compound |G.C, retention | Zconverted

time, min. to

Co 1.7
CHu 2,31 67
CO‘." 3.58
C Hy )
C.H, 6.50 2.0
CaHp
CH, O 11.83 1.6
CHz CHO 13.78 4.2
C. HsOH 15,95 8.0
HCOOCH- ? 16.85 1.1
1-C3H,0H 19.89 2.1
CHCOO0H 20.54 2.6
C3H, OH 21.24 0.9
CH,C00C, B 24.69 10.4

RUN

AREAZ
RT
1.42
1.78
2.31
3.98
6.50
8. .82
11.83
13.73
15.93
16.85
19.89
£9.54
21.24
24.69
27.14

S23

MRY/31/85 12:88:@5

7

AREA TYPE

, 34532 PB
1313960 SPB
;194508 BB
698 BB
4219  BP
53298 BB

. 7212 Wy
11112 PB

" p3%el PR
6961 BB
4776 PB
ass1 By
1937 P
23368 PP
2558  BP

ARsHT
8.132

8.119°
‘B8.116

B.155
8.183
1-7%4
.£82

222

253
293
275
21
1333

8
(7
g
8
0
a
%)
a.501
8

8.966

AREA%
1,572

g2.550

8.851

8.314

8.192

2. 426

9.328

8.586

1.678

8.317

8.217

8.339
8.088
1.964
8.116. .



. . ,
. T NO, 341-M DIETZGEN GRAPH PAPER ° -7 DIETZEEN CORPORATION . )
. MILLIMETER MADLE (N U.BiAy .

- ’ . 0D JI0 NOISHIANOD % . '
0Z 6T BT LT 9T €1 %1 €1 ¢2I 11 O1 6 e L N . € [ i 0

il _ _ i _ i ~ R

oPY

— ey
-
rre
v o
1
R o

——
=

Y]
3 ety
4

n

1

T

———
iy

HF ! HALF HEH
: : LIHRGE] 01

VZ4ft
T
T
t
t
I
T
t
T
t
;

.
t
e
e
t
i
h

3
T
T
e
e
T

LY o e 4
bees fov o
1
ny
X
t
-

=]
N

' REPRODUCED FROM

A

T

e
e voew W

-t A
s we
ot

I
™)

P by
1

1
T
}
1
ymag bt ng
T
1
T
T
T
1
1
-
Tt

o
<
SILVNIDAXO O ALEAILOITUS

ey
1
-
T
1

fifin Hi: ; I ! Ui b t I HirH Dt R R B H HUTTH
ww alitt ! I 1 HHITTHH it U I R R E TR

T
——tee s
T
17
——a e
T
T

2
s}

; : 1 ! 4 x A 8 [ ] 1 {13 H SHHTHTRITT H

g 4 3 i 3 HAHHE H H

ki i 1tk | It 1 it 1 H E Mt x £ HEH i Aﬁr.n ¥ H
1T 3l H

(/1]
1

s

T 1l g s ; P it £ OO R e R B R TR T
H RELIAN ! - FH 14 HA 1 b HiH ! . i TR T Hy
) : : . i T I (T e 09 :
it j L i . : HerilT T . £
3 g 3 1 H -H i 1 Hid3 41 ....-..._..lvl 44
HH sHHEE

: IR i ! S
. il L | i 1 i g .ﬁ.: i ] A umﬁ.. 1 *

o i AL HI A IR T (R T H1f HH 1 elft Taty Hho ! I ng
[ 3 u ' 1" ¥ TH L s 1A . Tupagdn .

v ot

<4
N
o T Y
v |
T
t
T
T
T
T
¥
1
T
X
=T
X
-
Y%
S
-1
VI
T
=5
Yy
-
O
¥
3
T
T
t
1

Tt
vh
T
v
“ens
4
=
X
C
7
T
s
=
)
o
T
T
T
T
T
o
"




N,
T NO. 341-M DIETZGEN nar«-_._ PAPER DIETZGEN CORPORATION f
- MADE IV U.E.A. . -

_— MILLIMETER ‘ ‘

00 3O UOTSIBANOD % %
0z. 6T 8T LT 9T €T %L €1 2L 11 ©1T 6 €& L 9 & % € 2

= — : ' - S S— e poaes
"0 BTN TR _ w ikl 1 iltlitlii il m e
I o ol O3 RIS rl ! 1] 1 Nt I ! HiHiHT T { i HHBHUENHTH R HHEE .
et . " | i TR
4. it RO EE BT A t I 11 .ﬁ, R T HHHH .
3 DT HEHIUTH R HIHH i R _
w ~}Iti ! i 1 R 4 | {1 ELHH T HH | i | & T HHTHE TR H Lm 0t
.D.n - ' 0 1 1 i H i x h. T =ny H
O t [ } 1 | H ] i T ] 3] ! 1 H Hi I i i | 1 Y 1]
H i SR i [H H 1 [ " it H ] [ 1 “ 11 i .-:. (] 5 hisxkibag HIT ¥ ur .u H u i I FL .f.. . m
g IR ] ] ! HH HH I D R il L E R A IEL a2t
- o EATA N (H R i A S e B Of e R R T R R e SE L
= e A R T e e e e e T it I e s e I
kil | i Wik G T s iR T el
- il L I T . B il THHAR T S R R B RIS . e
< mm .| u* .| ] | | . 111 LT 119 4 3 ] X 4T3 1 ! ud 1 ¥ 1islevity -
i 1 1 14 L] 11 " [’ A AR ¥ I ia nll LTHHITEH SIRNN 1 ad 5§ 143 NERARQu ehEkgn K 1 BRay
AplE IR - T T T T il =]
° % | 8 i | I 1 i 4 4. | Eegidisgiiis alip 1 1) 13 111 1] » nx ERiEN 9 NIpAARE —.uu
1 4 [ ' THHH HeElal e lishin g EERRRECLERR 111 - HHH apeid TR a
St ; | ;.j‘ il L LR T e A R 14 T jit <
it m it I i HH s
» ! £ . T ! J T HIET T pak i HHH N.. HHHHHEY Mo
') “ Wiy ] I “ 11 I 1 h . THHBHH i1 TTHHTTHA Y H T | HH ek L L=
Jil ] IR ‘ iR i , ! i iR (8
M ! I 1 H HHHHE] ] H{ - ] i i “Au.%nf Hif HH {1} i b
: ¥ R I | 1 i T HHHTTTEH I RS HH o HBEEH w
' 3 5 HHTH 3 B A L] ) I IR HaH {8 BHTHTHTHTHE
: LI ittt ik UL A I.W.F. s 098
e SR CE A s e e .
vs 14+ I 5 ¥ e i T FFH H
H T i ” T St e i minr e R
REHIHHE HAT T T e TR TR T TR R T T R T 0L
. T T it A e s A R R
B s | T I A TE T L T S e R B R il T AT T R T i
41 4 4] {4 v i i m i ‘ i ,u- .‘ 1 H HLFETE H1H HHA L N 4. F tH L .M.‘ mr.. T ux
: eI T , T 08
‘ N .1 I Kttt i | ‘ il ‘ il
) : b SRR 7 I TS o7 ' :
: | 1 ‘ﬂd HIH I I HE ifiii ¥ Il | L COELE AL ,
. “ 1A AT L N | I
: ‘ _ _ *
_ _ +




is.gov

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

info@nt

> Phone

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

ive orli

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

s

Reproduced by NI

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 visit our Web site at
hitp://www.ntis.gov.

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




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




