
JOI’RSAI. OF C.\T.\I.YSIS 53, 186-197 (1978) 

Fischer-Tropsch Reaction Studies with Supported Ruthenium Catalysts 

I. Product Distributions at Moderate Pressures and Catalyst Deactivation 

R. C. EVERSON, E. T. WOODBURN, ASD A. R. XI. KIRK' 

l~epartmenl of Chemical Engineering, University of Xatul, Durban, South Africa 

Received July 20, 1977; revised December 28, 1977 

Hydrocarbon synthesis especially in the range C&,2 using 0.57‘ ruthenium-on-alumina 
pellets at elevated pressures (8 to 16 bar) was undertaken. For this purpose a stirred gazsolid 
reactor was used together with a gas chromatograph fitted with an on-line hot sampling valve 
for a complete product analysis up to C i2. Product spectra consisting mainly of saturated 
hydrocarbons and with C5-Crr fractions of the order of 23.3-26.9 molr/o (of total hydrocarbons) 
or 54.s59.5 wt% (assuming saturated hydrocarbons only) were obtained at temperatures 
close to 500 K. At 550 K and higher, there appears to be a critical space velocity for an optimum 
yield of C1-C1r. The selectivity of the hydrocarbons leaving the reactor was found to be in- 
fluenced by the partial pressure of the carbon monoxide inside the reactor. Some catalyst 
characterizations arc also presented, such as carbon burn-off and BET areas, obt.ained from 
samples taken at instantv when product analyses were performed. 

ISTiWDCCTIO?J 

Ruthenium-on-alumina catalyst without 
any promoters and cont,aining as little as 
0.5% Ru has been known for many years 
to be an effective catalyst in hydrocarbon 
synt.hcsis (I-4). The composition of the 
products, which may include gases, liquids, 
and waxes at room temperature, can vary 
subst.antially over moderate ranges of tcm- 
pcratures (473-598 K) and pressures (l-20 
bar) (3, 5). Among the Croup VIII metals 
Fc, Xi, Co, Ku, Rh, Pd, Pt and Ir, Vannicc 
(5) showed that ruthenium produces a 
spectrum with the highest average molecu- 
lar weight and the largest Ch+ fraction, 
even at atmospheric prclssurc. 

Despite the fact that t,hc Fischcr- 
Tropsch reaction over Fe, Co, and Ru has 
been a subject of so much research for 

1 Present address: National Institute for Metal- 
lurgy, Pte. Bag X3015, Bandburg, South -4frica. 

many years, no thorough quantitative in- 
vestigations concerning any of the higher 
molecular weight hydrocarbons exist in the 
literature. Most kinetic st.udies have been 
confined to reaction rates based upon the 
wnsumption of HS + CO (3, e-8), the con- 
sumption of CO (9, 10) and the formation 
of mct.hane (I I-13) over “undcfincd” 
catalyst surfaces. Rate data over wll- 
characterized catalyst surfaces have only 
rcwntly been published. Such investiga- 
tions include those by Varmicc (5, 14), who 
considered the rate of formation of methane 
and Dalla B&a et al. (15) who considered 
t,hc initial rate of formation of total hy- 
drocarbons in addition to t.he rate of 
methane formation. 

The formation of carbonaceous deposits 
on the catalyst surface (10, 15) and possible 
volatile carbonyl formation (2) over very 
long prriods, thus causing dractivation, 
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FIG. I. J<xperimen t:rl ;~ppanttus : A, Englchrird De-oxo ; l%, 5;2 molecld:w sieve; C, Mntheson 
flow meler; D, c:ttalyst basket; E, sampling valve; F, water tr:~p; G, tempcrntclre-controlled 
oven; II, magnetic: drive; J, thermocouple; K, heated line. 

normally :tccornp:~~~y the synthesis rtwtion 
under wndit.ions f:~vorablc for the forma- 
tion of hydrocarhorls :tbovtt C2. The c~xt,rnt, 
of this owrnll uctivity loss will dqwnd on 
the: catalyst, the H2//CO ratio, the km- 
pwituw, and tlic tot.al pwssurc. 

For t,lict c~tttc,rrninat,iorl of accurate arid 
UIlmIbi~UOUs kir1C’t.k kita for highly (!xO- 

thwmic rwctions, most invcstigitors h:ivo 
hitherto used differcwtial reactors, thus 
minimizing hwt and ni:iss t.r:msfor limita- 
tions by virtue of the low convwsiond ob- 
tained (:J). Thaw limitations mly how~vc~r 
illSO bc owrcom(~ \)y using :1. stirred gas- 

solid rwctor (SGSR) as originally de- 
vclopc~d by Glrhcrry (I(j) and further de- 
velopcd by 13risk et ab. (Ii’) and also uscbd 
1)~ ‘I’ajbl ct (11. (18) for thclir nwthtlnation 
studks. 

This invwtigation UYIS undcrtnkw in 
ordcbr to w:lluatc quantitstiwly the> cata- 
1~1 ie ac*t ivit y of 0.5% ruth(~Ilium-on-flu- 
nlin:l wit.h wspcct to liquid hydrocwbon 
f(Jrlli:itiO11 ad t0 id(!ntify :l!ld c’hrwtc’riz(! 

th(k :ic,c,c)rnl):lrl~iI~~ tlwc~tiwt ion. This par- 

ticular paper prcscnts an examination of 
t.ht: product spectra and SelcctivitiW oh- 
taincd under isothrrmal, modcr:~tc prw- 
sure, and pcrfcctly mixed conditions chnrac- 
twistic of t.he SGSR, tog&car wit.h sonw 
part.ially dcact~ivntcd stat c c~hnract.crizn- 
tions. Subscquont papers in t.his swics will 
prwcnt more eh:lract,c!riz:~tiolls :md kin& 
da1 :I. 

.4pparatus 

The apparatus used in t,his inwstigation 
is shown schematically in Fig. 1. Hydrogcxn, 
synthesis gas (HJCO), and argon wrc 
drawn off prctssurizcd cylinders by opcw- 
Con of t,wo thrw-way valves. After lcaving 
thth thrw-way valves that gas paswd into a 
31-000 pwssure rcgulat.or which was prcwt. 
to product: the rtrwtur opwat.ing pwssuw 
wquirctd. This systc.111 cwLbl(~d tlw rw(~tor 
to be opwatcd at :I fixed pwssuw owr :L 
r:ulgcl of flo\v r:ltcbs irlto th(b rcwtor :intl 
owr :i r:Ingct of (3)nwwiond. ‘IIw flow r:ltck 
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of gas into thta wwtor was adjust.cd in- 
dirchly by niwns of a st.ailll(,ss-stc,c:l nwdlc 
valvt: on the outlet of the reactor, and the 
flow rate was mwsurcd by mwns of a 
;\/IathSOn Modd Xl 16-0252 mass flow 
mctclr. 

The rcwtor ctmploycd was in ICI&- 
wlopc~d stirwd gas -solid wactor (SGSR) 
Mark VI, which has hwn dtwrilwd tq 
Brisk et al. (I 7). This rctuctor had good 
mixing churactc&tic:s for the rangcl of flou 

rates betwcn 25 and 415 ml/min and stirrer 
speeds abovc: 3000 rpm as used in this in- 
vcstigat.ion. This was confirmcld by stan- 
dard pulse tests similar to t.hat drscaribcld by 
Tajbl ef al. (18) and is also in agrwmc\nt 
wit.h data supplicxd by Brisk et al. (17). Gas 
entcrcd the rcwt,ion vc~swl through a fwd 
line above the cat,alyst haskct, and the 
rwctor outIt% was at th(l bottom of t.he 
rcnctor pot bellow the catalyst bask& This 
rcsultcd in a n(% downwwd flov; of gas 
sway front the tearing surfaws, thus prc- 
writing accumulation of wt.alyst tinw 
and/or rcwtion prodwts in thtl bearing 
awas. Tht: catalyst bask(~t uwd uxs a 
cruciform shapcl whicah had a t.otal c*hargc 
volume of 10.4 cm8. Hrating of the rcwtor 
was achicvcd by a I’ctrkin-Elmw FlOO gas 
chromatogrsph own, and the tctmptwturc: 
was controll(ld within f 1 K. Tcmpwsturw 
inside t.hc wactor wcrc mwsured with a 
Fluke ~Modcl 21OOA digital thc~rmornc~tw 
tog&her with a Pyrotcnox Chromt:l-A1umc.l 
thcrmocouplc. The roact.or vc~sscl and 
tubing wcrc mudc of stainless stwl, and t,ho 
rosctor gaskets wrc anncalcd copper rings. 

Analysis of the product streams from the 
reactor was by gas chromatography with 
hydrogen as a carrier gas. 13ccausc: of tlic: 
complexity of tho product strum, which 
contained water vapor and condensable 
hydrocarbons together with unconvwtcd 
hydrogen and carbon monoxid(l, a dirwt 
measurcmcnt of product stwam flow ratt: 
was not possible. A system consisting of two 
wparatc gas chromatogmphs (G.C.) was 
thus dcviscd in order to accomplish this. 

The one G.C. nwasuwd t,hc comp1ct.c~ 
product slwct rum and t.hc ot,hclr nwasurrd 
only the CH,, CO, and CZ’s (\\-hich was 
normally wry low) aftw tlich removal of 
wat.er and hydrocarbons above Cp’s. Thcsc 
malysw, together with a mcwurc of the 
flow rate of t.hc final cfflucnt stream (CH,, 
CO, Cg, and Hz) yicldcld thca flow rate of 
the total product stwum directly from th(b 
rwct.or. Tht: c:hroInat.ographs uwd \vorc a 
Variun 2SOO having dual columns of 
Chronwsorh 102 and T.C.D. qwratod with 
t.c:nlporaturc programming, and a 13cckman 
(;.C. ‘A single column T.C.D. opcratcbd 
isothermally. Gas sampling was in both 
wscs by sampling valvq the sample for 
\‘arian analysis being takw by a Carle 
sampling vulvc t:nclosctd in a lichated 
13cckman G.C. 4 own at 473 K while the 
sumplc for analysis on t.lw I3cc:kman G.C. 
was takw by a Hwkman valve: operated at. 
ambient tempclraturc. l’h(l product, stwam 
from the rcwt.or puswd through an clcc- 
trically htbatcld copper-jwkt?ted stuinloss- 
st,wl lint> to thcl hwttxd Carlc sumplc valve. 
From t.ho heatc~d sample vulvc the product 
Arcwn paswd firstly through a cold trap 
to rcmovct \vatc:r and higher hydrocwbons 
and t?wn through a silicsa gc.1 drier and 5A 
molowlar sictw c~~lunin bcforo passing 
t,hrough the sword sample valve. The flow 

rate of this st,rcam was mwsuwd by mwns 
of a bubblr flo\\- mcltctr undw ambient 
conditions. 

E.rpetittlental Procedure 

Each cxpwimcnt utilizcld a frwh charge 
of catalyst, takwl from the same container 
obtained from tho supp1ic.r. This charge 
was wduwd for 12 hr with flwving hydrogen 
at a rat.c of 10 ml/min at a tcmpcraturc of 
673 K. After switching over t,o t,he synthwis 
gas for rcwtion, samplw of the product 
stream ww analyzed periodically in ordrr 
to &ablish cswntinlly the: deactivation 
within the reactor. The sclcctivities of the 
hydrocarbons (considering the total hy- 
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w’r(’ c7wwd : tcwipcc~turca from 473 
573 I< ; total pwssuw from S to 16 bar; fe 
r:lt.io of 3: 1 (H2./CO) ; and t.otul flow ral 
front 2.5 to 415 ml/min mcwurcld at K’I 

‘I’hc cat :ilyst uwd in this study wa$ 
conimcwinl prqktration of nominally 0.5 
(weight) ruthcaiunl on y-ulunlinu frc 
FLigclhnrd Industric5, Inc. l’hc citul; 
~21s in the form of approximutc~ly 3 X 3-n 
c~ylindricul pcllcts with t,hc! rut,lienium i 
prqpatc~d only 011 the outw stwll of t 
pAI&. This outer shc:ll NXS c~stimntc~d, 
(~lwi ron microprobe analysis, to br: : 
proxinintc~ly 300 ~111 \vith an avcragc~ ma 
111I1111 c:ollc~(~ritr:it.ioII of 3.Wj& at 10 pm frc 
th N&y. 
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FIG. 4. Product distributions at 548-553 K. 

Reducing hydrogen was hlat,heson 
U.H.P. grade and before use was passed 
through an Engelhard Dc-oxo unit and a 
5-4 molecular sieve drier. The synthesis gas 
was premixed by the suppliers from 
Matheson C.P. grade carbon monoxide and 
Matheson U.H.P. hydrogen. 

KFSULTS AND DISCUSSION 

Product Distributions 

perature, pressure, and space velocities 
(mass flow rate per hour per mass of total 
catalyst). The products are represented as 
t,he number of C atoms per molecule, and 
concentrations are plotted as mole per- 
cents of total hydrocarbons. The separation 
of the different carbon numbrr fractions 
was easily achieved with the column and 
temperature programmer described above, 
and the different fractions appeared to 
consist essentially of saturated hydro- 

The product distributions obtained over carbons with wry small amounts of olcfins 
different batches (about 5.5 g) of catalysts similar to that obtained by Pichlcr et al. 
are shown in Figs. 2-5 as a function of tcm- (LO) also with ruthenium. A further analysis 

FIG. 5. Product distributions nt 569-577 K. 
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of :I condctis:~tc ditwtly from the rrwtor 1~3 

tn:tss spcctrotwtq nlso itidicatctd iltct 
prcscttw of mainly saturated hydrocatbms 
with ttnctc amounts of alcohols. The wpara- 
t;ion of t.hc hr:tnchtd isotncrs within a carbon 
tiunil~t r group was, lio~~cwor, trot. cwnsidwc~cl 
in this invcstigntion. 

A furtliw t~rc~nlidowi of tlic C5+ fractions 
il.‘: Sllo~.Vll in I’igs. 2 -; i is shown in Tables 1 
and 2 .togc+hcr with the smount,s of carbon 
dioxide: nttd water formed and the molt pw- 
writ convwGott of ctarhon tnonoxidc. 

For the rangc~s of wwt,iott conditions ox- 
aniiticd, ti:tnicl~, 473 573 Ii, S-16 bar, arid 
jvclight hourly spaw wlocitiw (D’IH\r) of 

O.OS7 I .34S lir-‘, tlw tiictli:itic cwtitctnt in 
t lw tol.:il Ii\-dtwurboti fraction was es- 
t.rcnictl~ wtisitivc to tcwpc~r:tt.uro as pw- 
viortsl> otwrvcd (8, 18), and t.o :t cwt:titt 
c~xtc~nt dt~pcwlc~tit on spaw vclocitks and 
prwsuw at, high tcmpt:ratutw. Tltc tiit~tli:ttict 
coritctit varitxd from tiwrly 100 mo16j0 at, 
high tc tnpc~raturw and low SIJ:~W wlocit,iw 
(SW RA4 in Fig. 4~) to 54.30 nt01C/~ at. lo\\ 
t(~rnpw;Ltur(1s and high spacct velocitic~s (WC 
1232 ir, Fig. 21)) or nearly 100 and l!).!) 
wt’j&, rcqwctivc~lg. The weight ;~ttalysis \vas 
b,awd am the assumption of production of 
nlknnw only. It sltould bc ttotcbd liwa that 
tlic I~IY wr limit of tlic: space velocity for u 

2.s-4 
0.9s 
XOi 
4.06 
I.85 
5.04 

17.10 
1 I :l:i 
10.x0 
0 ‘22 . . 
3.8’2 
6.66 

p:~rtkul:~r set. of tcttttpw:tt.uw and prcssurc: 
c*otiditiotis was clioscn swli Utat the mea- 
surabl(~ product spcct.rum did not cxcwd 
c,r. This prowdurc was adopted hccause 
intcwst MM c:onfincd to products cotw- 
spending in boiling mttgcl to a suitable 
gasoline fmction which was cwmplctc~ly 
gaseous at a reasonably Ion- working twi- 
pwtturc, for cxatnplc 473 Ii, this twing the 
low5t rc~actor tcmpcruturc uwtl. ‘I’lw Cs+ 
frnction on the otlwr hand wti bc 3s high 
as 26.9 triolo;/o or T,O.ci \~to/~ (wc RI5 in 
Fig. ‘Lf) at 510 K and 12 bar as cwtnpatwl 
to atxctt 17 mol% at 4% K and 1 bar in a 
diffrrcnt,ial reactor with Ru wtalyst, by 
\‘annicc (5)) and 33.4 wt.76 (Cj C,,) at 
N-613 K and 22 bar with the Industrial 
Sytittiol rcwtor with iron c;italysi.s, as ro- 
p0rtc.d tq Frolitiing and Cortiils (21). ‘l’lir: 
l:ttt,clr spwtrum, ho\vcvw, c~ontainc~d a wry 
high (70%) proportion of olcfitrs and also 
produwd lt~dtwarhons up to Czo, with t.ho 
C1, CzO fraction twitig about 5.1 wtC;I, to- 
g&or with a fair amount of ;ilcohols, 
lwtoncs, and acids (S.8 wt,%). 

It is itttcrcsting to note that tlw masi- 
mum hydrocarbon yiclld ot.lwr than C1 
occurs ovw the ratigcl C-C6 (mol(I pctrwtit) 
or Cd-C? (Ivcight pcrwnt) for 4SO-530 Ii, 
wltctrcus for tcmpc~r:ttuws of 550 K and 
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TABLE 2 

Run 

Distribution of Cb to Cl2 (Mole Percent of Total HC), CO Conversion (Mole Percaent), 
and Concentrations of CO:! and II& (Molt Percent of I3xil. Stream) 

.- ~. _..~. _ 
cs cg ci cg cu Cl0 (’ Cl? ill CS+ co co:! H20 

nn. 
- .~ - .- 

7.94 39 0.090 10.0x 
0.11 - 7.97 70 0.x’20 24.58 
0.20 - 11.81 II 0.132 12.17 
0.57 - 14.50 34 0.080 9.37 

0.00 90 0.981 40.9G 
0.59 0.20 Iti. 46 0.1 Xi 6.80 
-.- 0.43 7’2 0.400 22.G3 
-- 0.80 47 0.140 12.85 
- - 1.05 77 0.587 27.38 
- - 1.81 41 0.110 11.12 
- 1.36 74 0.491 27.43 
- - 2.55 4.5 0.153 14.07 

above maxima occur at C&3 (molt or 
weight percent). Other spectra reported by 
Vannicc (5) with ruthenium at 1 bar and 
483 K (with H,/CO 3: 1) have a maxima 
at Ca (molt? pcrccnt). The results of 
Frohning and Cornils (21) on tho Synthol 
reactor appear to display a maximum at C3 
(16.2 wt%) despite the prwcncc of a fair 
amount. of very high molecular weight hy- 
drocarbons. Cobalt on a weight basis gives 
a maximum at. Cg with a yield of about 
3646 wt.% C&12 over a range of prcssurcs, 
as reported by Starch et al. (%?). 

Tajbl et a2. (18) examined mcthanation 
in a reactor similar to that used in this in- 
vcstigation and found that over a rat.hcr 
limited range of low space vclocitios the 

higher hydrocarbons yields wrc wry low 
over ruthenium and iron catalysk They 
attributrd this to hydrogcnolysis cspccially 
at. a high hydrogen : carbon monoxide ratio 
and a high total prcssurc. The rcsult,s prc- 
scntcd in Figs. 4 and 5 and Table 2 show 
the cffcct of a range of space vclocitics at 
12 bar (R:%$ R24, X21 ; and RBS, It’LO) and 
16 bar (1144, 1143; and R41, lt42) at 
54X-553 and .X(3-5i’i K, rcspcctively, on 
the product spectrum and CO conversion. 
This cffcct is more markrd at 54%5.33 K 
bocausc of a fair yield of higher hydro- 
carbons. With inrrcasing spaw vclocitics 
conversions dwrcasc, mcthanc cont.cnt dc- 
crcascs, and Cb+ fraction incrcascs. The 
mcthanc and Cr,+ fractions produced at 

TABLE 3 

CZ Selectivity with Respect t.o Methane0 
-~-.- 

Cntulyst Pressure Temperature CL/C, G/C, 
(bar) W (mole ratio) (weight ratio) 

This investigation RU 8 16 481-603 0.079 (mnx) <o.w 
(IC38) 

Vannice (5) RI1 1 483 0.145 0.258 
Vannice (5) Fe 1 513 0.281 0.408 
Frohning and Cornils 

(20) (Synthol) Fe 22 593 -613 - 0.779 
.- -~. .--- 

0 Feed gas : Hz/CO, 3: 1. 



Effwt of l’rcssurc at Approsimitcly 
Cons1 ant Cmvcrsioris 

_ .~-. -_--.--- -. _ 
TenI- Prcssllre coIlvcI.- C$ CJ 

pt~rnturc (IJu) sicm (\VL:‘l) (WI 5;) 

W) (CO 

llll~l’-;) 
-. -. ..- 

551 H 39 X.77 ‘14.00 
5-M 12 41 3X.40 39.0s 
5.5 I Ifi -iti 4s.90 31.-1-i 

57:; s 7’2 I .!)O Y-m2 
.i7:< 12 ii 4.M ix.37 
573 16 75 6.04 i-1.75 

573 s 47 3.75 7s. I.5 
XC) 13 41 7.15 70.7X 
577 16 -I(i 10.0.3 (Xi. I7 

_ -. _. - --.. -- 

MOLE PERCENT CARBON MONOXIDE 

E‘IG. 7. ~It~lh:tm! :tnd (:;+ sthtivitks at 12 h: 
4, +-, 578 K; x, +, 5-1s K; 0, 0,523 K; -, 
IIlettlnllc; - - - - -, cjc. 
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I:j/ 
0 0.5 1.0 1.5 2.0 2.5 3.0 

PARTIAL PRESSURE OF CARBON MONOXIDE bar 

FIG. 8. Cc to CT selectivities at 3~528 K: X, Cd; 0, C6; l , Cs; 8, CT. 

weight of catalyst, and which is also in 
agreement with Karn et al. (3) who cx- 
amined different HJCO ratios at 21.4 bar. 

Selectivities 

The influence of carbon monoxido on 
selectivity was found to be most dominant 
in this investigation, as shown in Figs. 6-9. 
The selectivities of methane and Cr.+ frac- 
tion at 8 and 12 bar as a function of carbon 
monoxide concentration (mole/c) are shown, 

respectively, in Figs. 6 and 7 at four 
different temperatures. The Cb+ selectivity 
at high carbon monoxide concentrations 
was found to be approximately constant 
over the pressure range 12 to 16 bar, 
especially at the low temperatures. 

Figures 8 and 9 show the ratios of the 
molts of hydrocarbons formed, Cd, Cr,, Cs, 
and C,, to the moles of methane formed as 
a function of the partial pressure of carbon 
monoxide. These results arc COJ~JW~ to 

f525 and f550 K, respectively, for all 

PARTIAL PRESSURE OF CARBON MONOXIDE bar 

FIG. ‘J. Cs tu CT sclectivities trt f548 K: 0, CS; 0, Cs; h, CT. 
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TABLE 5 

Cat.alyst Properties 

Run 
110. 

-.- 

Reaction 
conditions 

(Ii) (bar) 

~. 

Rate of CH, formation 
[(g mol) rnin-’ 

(g of Ru)-’ x 10-q 
.___ 

@* cc* Finala 
50 rnin 100 min 

Final 
CL.+ 

(mol 7; ) 

Carbon 
burnoff 
W%:-) 

BET 
area 

ha g-9 

~._- --..- - -. 

R6 551 < 8 14.85 13.30 12.98 5.825 0.26 168.9 
I<.13 509 8 1.02 0.68 0.42 24.690 5.20 139.8 

11108 5i5 10 - 51.04 48.42 2.263 0.10 212.8 
RI 10 619 10 7.56 2.x0 1.93 20.529 3..54 155.6 

R22 GO0 12 GWI 69.46 69.46 0.000 0.05 203.5 
IUG 523 12 - 1.70 1.26 19.483 3.30 134.7 

RIO3 573 14 70.2 1 6228 56.2.5 1.113 0.16 200.2 
Ill07 -INi 14 3.26 0.73 0.52 2:1.33 1 4.48 120.6 
Ii41 57:j 16 BG.08 54.17 51.12 1.371 0.07 1GO.O 
R45 523 16 3.34 2.71 2.20 17.462 1.14 139.1 

Fresh 
catalyst - - - - - - 0.00 272.7 

- -. -..--- -- - .-. 

a When sample was t.akcn for complete analysis. 

cxpcrirncnts pwformcd, nnmcly from 8 t.0 
16 bar and with CO conwrsions as low as 
Sy’o. This ratio is also the rate of format.ion 
of t,hr! rcspcctivc hydrocarbons wlativc to 
mclthanc. ‘l’hcw figurw show a positivt: 
d(pcnd(lncc below a certain critical partial 
prcwure of carbon monoxide which dc- 
(wascs \vith a dccwaso in tcmpcrature. In 
some caws, rspeciallv at low tcmpcraturc, 
thwo is a slight, Jl(ptiVC dcpcndcnw of this 
ratio for the higher hydrocarbons above this 
critical CO partial prwsure. This critical 
carbon monoxide partial prcssurc appctars 
to give tht> most favorable surface condition 
for Cbd. fornmation. l’his condition can he 
whiwcd at any total pressure, but this will 
no doubt correspond to a wry low CO 
conversion at a low prcssurc. It should be 
noted, however, that this result has brcn 
dcriwd from experiments in \vhich the 
tot.al molar concentration of Cb+ is small 
rclativc to all the other components in the 
product. 

gwatw parGal pressuw would bc rcquircd 
in order to reach the optimum. Dry (10) 
noted that the partial pressure of CO, and 
not the ITS/CO ratio was dominant for 
fluidizcd bed operation at high tcmpc~ra- 
tures, nhcrcas for fixed-bed wax-producing 
rcwtors the HZ/CO ratio was dominant 
with the part,ial pressure of CO2 of no im- 
portance. In this investigation, however, 
the CO2 conwntration in the product was 
wry small as shown in T:lbl(bs 1 and 2. 
‘I’his fcaturc of rut.h(wium catalysts was 
also observed by Shultz el nl. (4) at the 
same HJCO feed gas, namely 3: 1. This 
result indicates that the extents of the rc- 
actions involving CO? production such as: 

2,lCO + (n + l)IT, 

= CnH?n+t + &OZ, 

(3,~ + 1)CO + (71 + l)FT?O 
= CnH2,,+2 + (I%L + l)COz, 

arc indeed wry small ovw ruthenium metal 
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monoxide on the activity of ruthenium 
catalysts relative to hydrocarbon synt,hesis 
and found that the presence of carbon 
monoxide actually enhances simultaneous 
hydrogen adsorption thus producing surface 
coveragcs favorable for reaction. This prop- 
erty will no doubt depend on the partial 
pressure of the carbon monoxide which is 
in equilibrium wit.11 the catalyst surface. 

Catalyst Deactivatinn 

Table 5 shows how the rate of mcthanc 
formation per unit weight of catalyst 
changes with time during cxperiment,s, 
which wcrc started with fresh catalyst after 
a period of reduction with uhrapure hydro- 
gen. These changes arc considcrcd to bc 
caused by the hydrodynamic and thermal 
response of t.he reactor and by catalyst dc- 
activation. The former two c$fccts would 
certainly bth confiwd to the initial st.art-up 
period which \vas wtimnt,cbd t.o bc of the 
order of 1-5 min by pulw and tcmperaturc 
mcasurrmwts. 

The amount of carbonaceous material 
present on the catalysts and thfb RET areas 
at instants when the reactions wrc ttrmi- 
natcd are shown in Table 5. 

The weight portent of carbonacwus 
material is th(l high& for chxpc>rimw ts prr- 
formed at low tcmperaturrs favoring C,+ 
formation and at which thr change in rate 
of methane formaCon is the highest, rela- 
tive to the initial rate (zero time) corrc- 
spending to a “clean” catalyst activity. It 
should bc noted t.hat deactivation always 
occurred; that is, steady-st,ate operation 
was never attained. The exact nature of the 
carbonaceous material is not known, but 
presumably it is elcmclnt.al carbon and/or 
some high molecular weight hydrocarbon 
deposit (wax). This, howver, needs further 
examination since the rrgcncration of the 
catalyst would certainly bo ntcrssary in 
order to make ruthenium wmpetitivc 
economically wit.11 iron on an industrial 
scale. The BET area of the catalyst also 

changed markedly and in some cases was 
as low as 400/, of its original value. 
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