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The effect of potassium promoter on the CO hydrogenation reaction over precipitated cobalt 
manganese oxide catalysts was studied in a plug flow laboratory microreactor (220°C, 540 kPa, 
GHSV = 250 h -1, CO/H2-ratio 1/1). On addition of low levels of the promoter (0.01-0.5%), 
significant increases in alkene/alkane ratios and higher hydrocarbon formation were observed, 
coupled with decreased methanation activity. Furthermore, the results showed that the presence 
of promoter favored the formation of longer chain alcohols, accompanied by decreases in the 
CIOH-C4OH fraction. Maximum Cs+-hydrocarbon selectivity commensurate with high CO conver- 
sion and low methane formation was observed at between 0.1 and 0.2% potassium. C2- and C3- 
olefin selectivity was studied as a function of reactor operating conditions, and the selectivity was 
found to decrease with increasing temperature, pressure (constant conversion), reciprocal space 
velocity (space-time), and conversion. Bulk catalyst characterization by XRD and DSC suggested 
that the promoter did not influence the bulk structure of the catalyst. The potassium promoter 
concentrated on the surface as demonstrated from BET surface area measurements and XPS 
studies. BET measurements showed the catalyst surface area to initially decrease at low levels of 
promoter (0% potassium, 13.2 m2/g; 0.01% potassium, 10.1 m2/g), and then to increase with increased 
promoter loadings (1% potassium, 17.0 m2/g). XPS studies on a 0.25% potassium promoted catalyst 
showed a surface aggregation of the potassium promoter from the bulk to occur during stages of 
calcination (6%), reduction (10%) and subsequent CO hydrogenation (2-4%). The data from the 
study suggest that the role of potassium is to modify the concentration of cobalt active sites and 
simultaneously to assist in the breakdown of the CO reactant. © 1992 Academic Press, Inc. 

It is generally accepted that the Fi- 
scher-Tropsch synthesis (CO-hydrogena- 
tion) reaction can be described as a CH 2 
polymerization process which gives a broad 
product distribution ranging from methane 
to waxes (1). Since unsaturated hydrocar- 
bons, especially those with two to four car- 
bon atoms, constitute a large proportion of 
the feedstocks for the petrochemical indus- 
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try, the maximization of yields of these 
lower olefins from synthesis gas using im- 
proved catalysts is of great economic inter- 
est (2). Moderate shifts in the broad product 
distributions with a specific catalyst can be 
obtained within the constraints of the An- 
derson-Schulz-Flory distribution law (3, 4) 
by variation of the reaction conditions (5, 
6). Alternatively, the product selectivities 
can be modified by addition of promoters or 
other additives to the catalyst (6, 7). 

The addition of small amounts of po- 
tassium to supported Group 8-10 metals (in 
particular iron) for Fischer-Tropsch syn- 
thesis has long been known to affect the 
performance of such catalysts and hence the 
product distribution (6-13). In general, po- 
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tassium as a promoter has been shown to 
increase the olefin-to-paraffin ratio, the av- 
erage molecular weight of the products, and 
the oxygenate content and to decrease the 
methanation selectivity of the catalyst. 

In recent publications we have reported 
on the use of cobalt-manganese oxide cata- 
lysts in the Fischer-Tropsch reaction and 
the ability of these catalysts to enhance the 
C2 and C3 olefin content (14-16). In a contin- 
uation of these studies, we now report on 
the influence of a potassium promoter on 
the product composition from the CO-hy- 
drogenation reaction. Additionally, the ef- 
fect of various reaction variables (tempera- 
ture, pressure, GHSV) on the product 
composition has also been determined. Our 
data are compared to the product distribu- 
tions obtained on other Fischer-Tropsch 
promoted catalysts (2, 6, 9, 17-20). We also 
report out attempts at correlating the cata- 
lyst activity with in situ XRD data (reported 
previously (21)) as well as in situ XPS data 
on the catalyst. 

EXPERIMENTAL SECTION 

Catalyst synthesis. The synthesis of co- 
bait-manganese oxide catalysts used in this 
study has been described in detail pre- 
viously (15). Briefly, cobalt-manganese ox- 
ide catalysts (atomic ratio Co/(Co + Mn) = 
0.5) were prepared by coprecipitation from 
a solution of mixed metal nitrates with aque- 
ous ammonia under controlled conditions 
(pH = 8.3, T = 70°C) (Maiti et al. (22)). The 
Co/Mn ratio in the prepared catalysts was 
controlled by selection of the appropriate 
initial mixed nitrate solution. Promotion of 
the precipitated and dried catalysts with po- 
tassium (as K2CO3) was achieved by the in- 
cipient wetness technique (23). Catalyst 
precursors were pelleted and sieved 
(0.5-I.0 mm particles) and then calcined in 
air (500°C, 24 h). Catalysts were subse- 
quently reduced in situ at 400°C for 16 h in 
a hydrogen atmosphere (GHSV = 280 h-  1). 

Catalyst testing. Catalyst samples (2 g) 
were loaded into three multi-fixed-bed labo- 
ratory reactors (15), which allowed the 

study of the CO-hydrogenation reaction 
over different catalysts under identical ex- 
perimental conditions (CO/H2 - 1 : 1 molar 
ratio (v/v), T = 220°C, P = 500 kPa, and 
GHSV = 250 h-l)  to be undertaken. A sta- 
bilization period of -120 h after initiation 
of Fischer-Tropsch synthesis was allowed 
before mass-balance data collection was 
commenced. All catalyst activity and selec- 
tivity data were thus obtained from mass 
balance runs (o f -170  h), performed only 
after -120 h of initial CO/H2 reaction. No 
changes in the activity and selectivity of ei- 
ther the nonpromoted or the promoted cata- 
lysts were observed over the period of time 
that the different catalysts were tested. Re- 
actions performed for up to 500 h still 
showed no changes in product selectivity. 
Product gases were analyzed by on-line gas 
chromatography, e.g., hydrocarbons (FID, 
porapak Q column) and CO, CO2, Ha, and 
N2 (TCD, carbosphere column). Condensed 
liquid products were analyzed using off-line 
gas chromatography (FID, 30 m J + W BD1 
capillary column). 

Catalyst characterization. X-ray diffrac- 
tion measurements were carried out on a 
Rigaku Geigerflex D/max IIIA computer- 
controlled, wide-angle diffractometer at 
MATTEK, CSIR, Pretoria, South Africa. 
Surface area measurements were performed 
using the N~ adsorption method with a Mi- 
cromeretics Model ASAP 2000 at Sastech, 
Sasol 1, Sasolburg, South Africa. 

XPS characterization. A 0.25% po- 
tassium-promoted cobalt-manganese oxide 
catalyst with a Co/(Co + Mn) bulk atomic 
ratio of 0.47 was prepared as described 
above. Calcination in air was followed by 
pressing a fixed mass of the catalyst powder 
into discs with diameters of 12.5 mm and 2 
mm thickness using a standard 15-ton press. 
All samples were attached to a molybdenum 
sample holder before being loaded into the 
sample rod and transferred to the combined 
high-pressure reactor-ultrahigh-vacuum 
(HPR-UHV) system (24, 25) for treatment 
and analysis. 

The work was carried out using an exter- 
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nal high-pressure reactor linked to an UHV 
surface analysis chamber via a sample trans- 
fer system, incorporating suitable pumping 
and valve arrangements. This enabled se- 
quential reaction and surface analysis ex- 
periments to be carried out over the Fi- 
scher-Tropsch catalysts. An on-line gas 
chromatograph for the detection and analy- 
sis of hydrocarbon products was coupled to 
the reactor. The equipment used has been 
described previously (24, 25). 

For all the experiments, high-purity gases 
were used. (Argon (99.999%), H 2 (Afrox 
ultrahigh-purity (UHP) 99.999%), CO 
(99.9%); in H2/CO mixtures ultrahigh-purity 
H2 was used along with 99.9% pure CO.) All 
H 2 treatments were undertaken at a temper- 
ature of 400°C and a pressure of 500 kPa. 

The CO-hydrogenation studies over Co/ 
MnO were undertaken using a temperature 
of 190°C and a pressure of 500 kPa. The 
reactions were carried out using synthesis 
gas with a H2 : CO ratio of 20 : 1, along with 
high flow rates (approx. 500 ml min-1) over 
the sample in order to prevent (i) excessive 
buildup of carbonaceous material on the cat- 
alysts, which would have made surface anal- 
ysis difficult in that carbon would mask the 
other elements, and (ii) excessive outgas- 
sing in UHV. 

During surface analysis of the co- 
bait-manganese oxide catalysts, significant 
"charging" of the sample was observed 
even though the sample being analyzed 
was electrically earthed. Such charging can 
be said to be due to the "p-type" semicon- 
ductor behavior of MnO (26), which causes 
an increase in electrical conductivity at 
high temperatures (27). Catalyst charging 
was corrected for by using an oxygen (Is) 
photoelectron signal with a binding energy 
(BE) of 530.0 eV as a reference (27). This 
signal remained fairly constant under all 
conditions, and the oxide 02- was always 
the most abundant component at the 
surface. 

Computer fitting of up to three Gaussian 
peaks to the raw data using a modified com- 
mercially available least-squares fitting rou- 

tine facilitated the determination of peak 
areas and subsequent quantification of the 
XPS data (25). Quantification of our XPS 
data on the compressed Co/Mn discs gave 
an accuracy of ---5%. 

Calculation of photoelectron escape 
depths for these catalysts is further compli- 
cated by the segregation of various compo- 
nents in the solid during treatments. This 
results in compositional changes, including 
density changes that could not be measured 
using our equipment. 

Surface concentration values " ~ "  for an 
element were obtained from the equation 
(28) 

ASE k 
y/ - -  orhr(Ek), 

where A is the integrated XPS signal area, 
S is the detector sensitivity setting for an 
element, tr is the photoionization probabil- 
ity, and h~ is the mean free path of photoelec- 
trons with energy E k (25) (see Appendix for 
further details). 

Approximate values for the total surface 
concentrations were obtained by adding the 

values of detected elements, "0total = '01 -{'- 
~2 q- ~3 "q- . . . . .  "~- "0i" 

The relative surface atomic percentage 
(r.s.a.p.) of each element (for example, ele- 
ment 1) was calculated using the following 
equation: 

"01 
r.s.a.p, l - 100%. 

~total 

The 0.25% potassium-promoted co- 
bait-manganese oxide catalyst was studied 
both under reducing and under CO-hydroge- 
nation conditions. The catalyst was ana- 
lyzed by XPS in the following sequence: 
before treatment, after 12 h H2 reduction 
(400°C), after 15 min Fischer-Tropsch syn- 
thesis, after ! h Fischer-Tropsch synthesis, 
after 3 h Fischer-Tropsch synthesis, after 
6 h Fischer-Tropsch Synthesis, after 12 h 
Fischer-Tropsch synthesis, after 12 h H 2 
reduction (400°C) and after Ar ÷ bombard- 
ment (5 kV beam energy for 5 min). The 
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TABLE 1 

Selectivities of CO-Hydrogenation Using K-Promoted Co/MnO Catalysts a 
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% K promotion 0.0 0.01 0.05 0.1 0.25 0.5 
Reaction time/h 170 103 170 144 170 144 
GHSV/h- i 268 236 253 254 267 251 
CO conversion (%) 44.1 43.0 38.8 39.0 37.5 28.7 
~b 0.79 0.84 0.84 0.86 0.86 0.85 

Hydrocarbon selectivity (% m/m) 
CH 4 8.3 6.9 5.8 4.2 4.7 6.0 
C2H 4 2.3 2.3 2.7 1.9 2.7 3.1 
CzH 6 3.5 3.0 1.4 1.4 0.6 0.6 
C3H 6 13.6 13.8 12.2 10.1 9.9 8.6 
C3H 8 3.7 3.4 2.7 2.2 1.8 1.8 
C 4 9.3 9.3 9.5 7.4 7.9 7.7 
C5+ 38.2 39.3 40.1 47.2 47.8 48.5 
Total C 3 hydrocarbon 17.3 17.2 14.9 12.3 11.7 10.4 
C2-C4 fraction 32.4 31.6 28.5 23.0 21.9 21.8 

Alcohol selectivity (% m/m) 
CH3OH 0.6 0.5 0.6 0.6 0.3 0.2 
CzHsOH 2.0 1.8 1.3 1.4 0.8 0.4 
1-C3HyOH 3.9 3.7 3.6 3.5 3.8 2.0 
I-C4H9OH 1.0 1.4 1.7 1.6 1.3 0.9 
CsOH + 8.3 9.1 11.9 11.5 14.1 16.6 

1.0 
144 
251 
21.1 

14.5 
8.3 
1.5 

15.3 
3.4 

13.1 
36.9 
18.7 
41.8 

a Pressure 540 --- 40 kPa and temperature 220°C. 
b Anderson-Schulz-Flory chain growth probability factor. 

hydrocarbon selectivity data after 
Fischer-Tropsch synthesis are shown in Ta- 
ble 5 below. 

RESULTS AND DISCUSSION 

The effects of potassium loading on the 
performance of Co/MnO catalysts during 
the hydrogenation of carbon monoxide are 
presented in Table 1. The addition of small 
amounts of potassium was shown to affect 
the performance of such catalysts in a vari- 
ety of ways, viz., catalyst activity, methane 
and heavy hydrocarbon selectivity, olefin to 
paraffin ratios, and primary alcohol selectiv- 
ities. Each of these effects will be discussed 
separately below. 

Although the Co/MnO catalysts showed 
an almost immediate hydrocarbon synthesis 
activity ( -25% CO conversion after only 1 
h time on stream), the catalyst still required 
a stabilization or "bedding-in" period of 
-120 h (T = 220°C, P = 500 kPa, and 
GHSV -250 h-  1) for maximum stable activ- 

ity and selectivity to be attained. During this 
period the activity increased to - 4 3 %  CO 
conversion, which was also accompanied 
by a decrease in methane selectivity and a 
corresponding increase in both the C2 and 
C3 selectivity, as shown in Fig. 1. It was 
observed that the duration of this stabiliza- 
tion period was not altered by the amount 
of the potassium promoter added (0-1% po- 
tassium). 

The effect of potassium loading on cata- 
lyst activity is shown in Table 1 and Fig. 
2. The data indicate that only low levels 
(between 0.01 and 0.25%) of potassium were 
required to produce decreased methane and 
increased olefin selectivities. This was, 
however, accompanied by a decrease in ca- 
talytic activity, viz., a 6% activity decrease 
was observed for a potassium loading of be- 
tween 0.1 and 0.2% when compared to the 
unpromoted catalyst. A significant decline 
in activity resulted from the addition of 
higher levels of potassium with the 1.0% 
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FIG. 1. C1, C2, and Ca selectivities versus time on stream, showing the stabilization period for the 
Co/MnO catalyst with (a) 0.0% K and (b) 0.25% K. The data used in these plots do not reflect 
selectivities from complete mass balance calculations, but rather % m/m selectivities from the gaseous 
fraction alone. 

potassium promoted catalyst exhibiting a 
CO conversion reduced to half that of the 
unpromoted system. The low levels of alkali 
used for optimum catalytic performance of 
the Co/MnO catalysts are consistent with 
the alkali loadings used for the promotion of 
similar catalysts (29, 30). The variations in 
weight fractions for the carbon number 
ranges C~, C2-C 4 and C5+ show that the de- 
crease in methane selectivity coupled with 

a corresponding decrease in the C2-C 4 frac- 
tion, see Table 1, was accompanied by an 
increase of the high molecular weight 
fraction (C5÷ formation) on addition of the 
potassium promoter. 

The observed shift to higher molecular 
weight hydrocarbons with potassium pro- 
motion was substantiated by an increased 
chain growth probability factor o~, calcu- 
lated from the Anderson-Schulz-Flory 
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FIG. 2. Influence of % potassium content on CO 
conversion. 

plots for a set of potassium-metal addition 
catalysts (Table 1). 

Potassium-promoted catalysts showed 
enhanced olefin selectivities for the C 2 and 
C3 fractions, with the optimum potassium 
loading again being between 0.1 and 0.2% 
potassium. Although an overall decrease in 
the selectivities for total C 2 and C3 hydrocar- 
bons was observed, the addition of pro- 
moter generated an increasing percentage of 
olefins in these C2 and C3 light gas fractions. 

Primary alcohol selectivities are given in 
Table 1, with C]OH ---> C 4 O H  and CsOH + 
fractions being plotted as a function of po- 
tassium loading, and presented in Fig. 3. 
These results showed that the presence of 
potassium favored the formation of longer 
chain alcohols accompanied by decreases in 
C~OH ~ C 4 O H  selectivities. These trends 
held true for potassium loadings of up to 
-0.5%. 

Effect o f  Operating Conditions on the 
Alkene/AIkane Ratios 

Typical hydrocarbon product distribu- 
tions for 0.0 and 0.25% potassium-promoted 
Co/MnO catalysts at three different op- 
erating temperatures of 190, 220, and 250°C 

are shown in Table 2 (at fixed pressure and 
space velocity of 500 kPa and 280 h -a, re- 
spectively). On increasing the temperature, 
methane selectivity increased significantly 
and it became a major hydrocarbon product 
at the expense of the higher hydrocarbons. 
As the temperatures decreased, the olefin to 
paraffin ratios for the C2 and C3 fractions 
increased dramatically for both the pro- 
moted and nonpromoted catalysts. There- 
fore it appears that at high temperatures sec- 
ondary hydrogenation of the primary 
alkenes is favored. 

The space velocity was varied by chang- 
ing the gas flow rate for a given mass of 
catalyst at a fixed pressure (500 kPa) and 
temperature (220°C). Figure 4 shows a plot 
of C 2 and C 3 olefin to paraffin ratios as a 
function of inverse space velocity 
(space-time) for a series of 0.0, 0.1, and 
0.25% potassium-promoted Co/MnO cata- 
lysts. Slight decreases in the alkene/alkane 
ratios were observed in changing the inverse 
space velocity from 1.7 x 10 -3 to 6.7 × 
10 -3 h (i.e., gas hourly space velocity from 
600 to 150 h-a). The C2 fractions appear to 
be more sensitive to change in inverse space 
velocity than their C3 counterparts, with a 
greater decrease in the C2 olefinity being 
observed with increasing inverse space ve- 
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FIG. 3. CIOH-C4OH and CsOH + alcohol fractions 
as a function of potassium promoter. 
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TABLE 2 

Hydrocarbon Distribution at Different Temperatures for Promoted 
and Unpromoted Co/MnO Catalysts a 

T/°C 0.0% K 0.25% K 

190 220 250 190 220 250 

% CO conversion 17.3 44.1 56.4 13.8 37.5 45.9 

Product Selectivities/% m/m 
C1 6.9 8.3 16.7 4.3 4.7 12.9 
C2=/C2 - 1.0 0.7 0.3 7.8 4.5 2.7 
C3=/C3 - 4.9 3.7 2.0 8.0 5.5 3.2 
C4 11.1 9.3 9.7 9.4 7.9 6.3 
C5+ 43.5 38.2 29.4 41.5 47.8 36.9 
Total oxygenates tr 15.8 11.5 tr 20.3 15.9 

a p = 500 kPa, GHSV = 280 h -l. 

locity. This is consistent with earlier obser- 
vations that ethene was the more reactive 
of the olefins (18), and would consequently 
be more susceptible to any change that in- 
creased the hydrogenating properties of the 
system. 

These decreases in olefinity are a result 
of increased contact times, which would 
consequently increase the probability of 
secondary hydrogenation of the primary al- 
kenes. Similar trends of decreasing olefin- 

to-paraffin ratios with increasing space- 
time on an iron catalyst was also found by 
Bussemeier et al. (2); i.e., the primary prod- 
ucts of reaction are the o~-olefins which are 
hydrogenated to corresponding paraffins. 
Arakawa and Bell (17), also on iron cata- 
lysts, have shown the olefin-to-paraffin ratio 
to increase with increasing flow rate, again 
indicating that olefins are primary synthesis 
products, and that a substantial portion of 
C2÷ paraffins is formed by hydrogenation of 
the olefins. 
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C3 alkene/alkane ratios ( P  ~ 500 kPa, T ~ 220°C). alkane ratios (P  ~ 500 kPa, T ~ 220°C). 
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It is difficult to isolate the effect of inverse 
space velocity, since inevitably conversion 
increases with increasing inverse space ve- 
locity. Thus a plot of C2 and C3 olefin-to- 
paraffin ratios as a function of varying con- 
versions for the same series of catalysts is 
given in Fig. 5. Similar trends were observed 
with increased CO conversions, with the Cz 
fraction again being more sensitive to 
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FIG. 7. Effect of pressure (at variable contact  time) 
on the C2 and C3 alkene/alkane ratios ( P  ~ 500 kPa, 
T ~ 220°C). 

TABLE 3 

Influence of the K Promoter on the BET 
Surface Areas a 

% K promoter BET surface area (m 2 g-l)b 

0.0 15.7 
0.0 (treated with H2) 13.2 
0.01 10.1 
0.05 11.1 
0.1 11.9 
0.25 14.2 
0.5 16.6 
1.0 17.0 

o Outgassing temperature 150-170°C, outgassing 
time 16-18 h, outgassing pressure 5 × 10 -6 mbar, ad- 
sorption temp. 76°K (liquid nitrogen, adsorption gas = 

N2). 
The surface areas were corrected for the physical 

influence of H20 (as used in the promotion procedure), 
reflecting the change in surface areas due to the influ- 
ence of K promoter alone. 

change than its C 3 counterpart. The above 
results are consistent with work done on 
unpromoted Fe/MnO and Co/MnO cata- 
lysts (15), MnO-supported cobalt and nickel 
catalysts (19), and potassium-promoted co- 
balt and iron carbonyl cluster-derived cata- 
lysts (31). 

CO-hydrogenation reactions were also 
performed on the same series of cobalt cata- 
lysts at three different pressures, 300, 500, 
and 1000 kPa (T --~ 220°C). For comparative 
purposes the pressures were varied at a con- 
stant contact time; i.e., since contact time 
is proportional to pressure but inversely 
proportional to GHSV, a constant contact 
time was maintained by compensating in- 
creasing pressure with increasing gas hourly 
space velocity. The effect of pressure on 
the alkene/alkane ratios is shown in Fig. 
6, which demonstrates that on increasing 
pressure, slight decreases in alkene selectiv- 
ity for both the C2 and C3 hydrocarbons had 
occurred. 

Further investigations of the influence of 
pressure on alkene selectivity were per- 
formed by changing pressure at a constant  
GHSV,  i.e., variable contact time, rather 
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FIG. 8. Surface areas and corresponding specific ac- 
tivity versus potassium promotion. 

than a constant contact time, as previously. 
Since contact time is related to pressure, 
increasing the pressure from 300 to 1000 kPa 
would have the effect of increasing the con- 
tact time more than threefold. The results 
of increasing pressure (at GHSV -~ 250 h-  ~) 
on C2 and C3 alkene/alkane ratios are given 
in Fig. 7. 

These results show that on increasing 
pressure (with increasing contact time) a 
marked decrease in olefinity of the products 
occurred, when compared to only slight de- 
creases in olefinity observed for increasing 
pressure at a constant contact time--cf. 
Fig. 6. 

Bulk and Surface Characterization 

Structural changes of coprecipitated Co/ 
MnO catalysts during calcination, reduc- 
tion, and Fischer-Tropsch synthesis have 
been reported (21). In summary, the cal- 
cined catalyst precursors were found to con- 
sist of mixed Co-Mn oxide spinels identified 
as (Co,Mn)(Co,Mn)204 and CoMnO3, 
which were subsequently reduced to a solid 
solution of Co(fcc) + MnO. After an ex- 
tended period of synthesis ( -120 h), the 
Co(fcc) had transformed into a body cen- 

tered cubic form [Co(bcc)], which is be- 
lieved to be its " t rue" active phase for CO 
hydrogenation (32). 

Although in situ investigations of the po- 
tassium-promoted cobalt catalysts were not 
performed, ex situ XRD studies performed 
on a series of potassium-promoted (0.0- 
1.0% potassium) calcined (500°C, in air) Co/ 
MnO catalysts suggested that the incorpora- 
tion of the alkali did not in any way affect 
the bulk structure of the catalysts. This was 
confirmed by a DSC characterization, per- 
formed on the same series of catalysts, dur- 
ing their calcination in air (temperature 
ramp 25 --~ 550°C at 5°C min-1). If absent 
from the bulk, the potassium promoter 
would then essentially occupy the catalyst 
surface, and would consequently influence 
the surface composition and topology of the 
catalyst; the promoter would not be de- 

TABLE 4 

Relative Surface Atomic Percentages of Elements 
between Various Treatments a for the CO- 
Hydrogenation Study with K-promoted Co/MnO 
Catalysts 

Catalyst r.s.a.p. 's of elements for 
Loading various loadings 

C 0 Mn Co K 

1 18.1 56.3 13.2 5.9 6.0 
2 5.1 60.1 19.6 4.4 10.0 
3 7.9 60.4 18.9 6.6 6.2 
4 12.7 59.3 19.1 7.2 1.7 
5 6.2 63.1 20.9 7.7 2.1 
6 28.6 49.1 16.4 5.9 trace 
7 32.3 42.8 15.6 5.0 4.5 
8 7.9 57.4 19.5 6.3 8.9 
9 trace 63.6 27.2 9.2 8.0 

R.s.a.p. 's were determined (1) before treatment; (2) 
after 12 h H2 (400°C); (3) after 15 min Fischer-Tropsch 
synthesis; (4) after 1 h Fischer-Tropsch synthesis; (5) 
after 3 h Fischer-Tropsch synthesis; (6) after 6 h 
Fischer-Tropsch synthesis; (7) after 12 h 
Fischer-Tropsch synthesis; (8) after 12 h H 2 (400°C); 
(9) after Ar + bombardment (5 kV beam energy for 5 
rain). 
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tected from bulk XRD and DSC character- 
ization. 

Therefore these changes were monitored 
by surface-sensitive techniques on a 0.25% 
potassium-promoted Co/MnO catalyst. The 
BET surface areas of a series of calcined 
(500°C, 24 h) alkali-impregnated catalysts 
are given in Table 3. The BET data show 
clearly that potassium influences the surface 
areas. The surface area decreased initially 
with increasing alkali content, and then in- 
creased and eventually exceeded that of the 
unpromoted catalyst. These results are con- 
sistent with those of Dry and Oosthuizen 
(10), who showed that the alkali promoter 
decreased the surface areas of reduced iron 
catalysts, and that a greater loss in areas 
was recorded the more basic the alkali 
added (alkali promotions were on the order 
of 0-2.0 g/100 g iron). 

The surface areas, with corresponding 
specific activities for the potassium-pro- 
moted series, are illustrated in Fig. 8. This 
shows the specific activity to initially in- 
crease with increasing potassium content 
(with corresponding decreases in surface 
area), and then to decrease (with corre- 
sponding increases in the surface area). Al- 
though the overall CO conversion has been 
shown to decrease with increasing po- 
tassium content (see above), the specific ac- 
tivity increases initially and then starts to 
decline rapidly with increasing promoter 
content. This specific activity decrease is 
more rapid than the increase in the surface 
area (Fig. 8). This is a particularly significant 
observation since it indicates that on an ac- 
tive surface basis, addition of K + does pro- 
mote both activity and selectivity. 

28O 290 3OO 

Binding Energy (oV) 

FIG. 9. XPS spectra recorded in the C (ls) and K 
(2p) regions between various treatments for the CO 
hydrogenation study with potassium promoted Co/ 
MnO. Spectra were recorded: (1) before treatment; (2) 

after 12 h H 2 (400°C); (3) after 15 min Fischer-Tropsch 
synthesis; (4) after 1 h Fischer-Tropsch synthesis; 
(5) after 3 h Fischer-Tropsch synthesis; (6) after 6 h 
Fischer-Tropsch synthesis; (7) after 12 h 
Fischer-Tropsch synthesis; (8) after 12 h H 2 (400°C); 
(9) after Ar ÷ bombardment (5 kV beam energy for 5 
rain). 
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FIG. 10. XPS spectrum recorded in the C (ls) and K (2p) regions of pure, untreated K2CO 3. 

XPS Studies 

The promoted catalyst was also analyzed 
by XPS in the sequence calcination, reduc- 
tion, Fischer-Tropsch synthesis, re-reduc- 
tion, and finally Ar + bombardment. Table 4 
summarizes changes in surface composition 
during these treatments. 

Before treatment, the carbon (Is) peak 
had a pronounced shoulder with a BE of 
289.6 eV (see Fig. 9). This is assigned to a 
CO2(ad) species as well as surface carbonate 
from KzCO 3. (Thermogravimetric analysis 
of samples of pure KzCO 3 in both ambient 
(oxidizing) and hydrogen atmospheres has 
shown that K2CO 3 is thermally stable up to 
850°C) (33). We are unable to assign the 
main carbon (ls) signal with a BE of 286.0 
eV, which, however, plays no part in the 
catalytic reactions which follow. 

The r.s.a.p, of potassium of 6%, com- 
pared with a bulk concentration of 0.25%, is 
indicative that calcining the catalysts causes 
segregation of potassium to the surface. The 
potassium (2p) signal at a BE of 293.6 eV is 
broad and does not have a clear doublet 
structure, as do K20 and KOH or pure po- 

tassium as studied on metallic cobalt by 
Bonzel and co-workers (34). Carbon (ls) 
and potassium (2p) spectra of pure, un- 
treated K2CO3 show that the potassium (2p) 
peak is in the form of a 2:1 doublet and 
there is a carbon (ls) signal at 290.0 eV 
(presumably from COl-) (see Fig. I0). 

Prior to treatments, the Co/Mn surface 
atomic ratio is 0.45. The manganese (2p3/2) 
signal has a maximum at 640 eV, and there is 
no clear evidence of a shake-up satellite, 
which is possibly obscured through peak 
broadening (Fig. 11). The observed shape of 
the peak may also be explained by the pres- 
ence of Mn304 coupled to the presence of 
alkali promoter at the surface. The surface 
manganese of the calcined catalyst is not as 
oxidized as pure Co/MnO samples (35), indi- 
cating that CO ]- ions may be in lattice sites 
previously occupied by excess O 2- ions, with 
K + being in the cation vacancies. 

The cobalt (2P3/2) signal is clearly due to 
Co 2+ as indicated by the BE of the peak at 
780.3 eV and the shake-up satellite associated 
with a high-spin (d 7) configuration (Fig. 12). 

The oxygen (1 s) signal is asymmetric (Fig. 
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Fro. 11. XPS spectra recorded in the Mn (2p3/2) and 
Mn (2p zn) region at higher sensitivity for the CO-hydro- 
genation study with potassium promoted Co/MnO. 
Spectra were recorded: (1) before treatment; (2) after 
12 h H2 (400°C); (3) after 15 min Fischer-Tropsch syn- 
thesis; (7) after 12 h Fischer-Tropsch synthesis; (8) 
after 12 h H2 (400°C); (9) after Ar + bombardment (5 kV 
beam energy for 5 min). 

13). The r.s.a.p.'s of oxygen and potassium 
are 56.8 and 6% respectively. If all the po- 
tassium is in the form of K2CO3, 16% of the 
oxygen (Is) signal is caused by the high BE 
shoulder. Since curve fitting shows that a 
larger portion than 16% constitutes the high 
BE shoulder on the oxygen (Is) signal, the 
extra intensity is probably due to oxygen 
from CO2(ads) species. 

Reduction with hydrogen for 12 h has the 
effect of removing all carbon with a BE of 
286.0 eV, but there is still carbon present 
with a BE of 290.6 eV. A carbon (Is) BE of 
around 290 eV can be associated with an 
adsorbed CO2 species (which are known to 
desorb with increased temperature), and 
can be taken as evidence that the peak at 
290.6 eV is now associated with the carbon- 
ate of the K2CO 3 promoter. The r.s.a.p. 's of 
carbon (5.1%) and potassium (10.1%) indi- 
cate that most, if not all of the potassium is 
in the form of K2CO 3 after reduction. This 
finding is in contrast to evidence reported 
by Benzel et al. who suggest the presence 
of KOH after reduction of KNO2-, K2CO3-, 
and KOH-promoted iron and platinum sur- 
faces (36), but using different experimental 
conditions. 

The r.s.a.p, of potassium after reduction 
increases from 6.1 to 10.1% and is associ- 
ated with a change in shape of the potassium 
(2p) XPS signal which is seen to more 
closely approach that of a clear 2 : 1 doublet. 
The promoter has thus segregated to the 
surface. This is consistent with other studies 
that have observed surface mobility of po- 
tassium promoters (25, 37). 

Treatment with H2 has the effect of low- 
ering the Co/MnO ratio from 0.45 to 0.25. 
After reduction the manganese (2p3/2) signal 
becomes narrower and a shake-up satellite 
becomes more evident. The H2 treatment 
therefore gives rise to MnO. Reduction of 
the surface cobalt is incomplete, as shown 
by the broader cobalt (2p3/2) signal with the 
metallic and oxide components. The pres- 
ence of Co 2+ is confirmed by the shake-up 
satellite, which is still present (albeit sup- 
pressed). This suggests that metallic cobalt 
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FIG. 12. XPS spectra recorded in the Co (2p3/2) and 
Co (2pl/2) region between various treatments for the 
CO hydrogenation study with potassium promoted Co/ 
MnO. Spectra were recorded: (1) before treatment; (2) 
after 12 h H 2 (400°C); (3) after 15 min Fischer-Tropsch 
synthesis; (4) after 1 h Fischer-Tropsch synthesis; (5) 
after 3 h Fischer-Tropsch synthesis; (6) after 6 h Fi- 
scher-Tropsch synthesis; (7) after 12 h Fi- 
scher-Tropsch synthesis; (8) after 12 h H 2 (400°C); (9) 
after Ar + bombardment (5 kV beam energy for 5 rain). 

may be mobile, and that reduction may start 
in the bulk. This suggestion, as well as the 
observation of incompletely reduced cobalt 
at the surface, may explain the lowered Co/ 
Mn ratio after reduction. Obviously po- 
tassium inhibits reduction of the catalyst 
surface and this is clearly shown by the be- 
havior of the cobalt. The presence of KzCO 3 
would lower the number of cation vacancies 
in the MnO lattice, resulting in metallic co- 
balt with reduced diffusion capability. 

After 15 min of Fischer-Tropsch synthe- 
sis over the potassium-promoted Co/MnO 
catalyst, carbon with a BE of 285.1 eV is 
seen to appear and this is once again as- 
signed to a hydrogenated carbon species. 
The peak with a BE of 289.5 eV is seen to 
increase relative to the potassium (2p) sig- 
nal which retains its doublet shape. There is 
no evidence for graphitic or carbidic carbon 
after exposure to synthesis gas. 

The GC trace recorded at 15 min of 
Fischer-Tropsch synthesis indicates that 
the potassium has a profound effect on the 
hydrocarbon distribution when compared to 
a GC spectrum taken at the same time (with 
the same reaction conditions employed) but 
using unpromoted Co/MnO (Table 5). Po- 
tassium has the effect of lowering methane 
production, increasing the olefin to paraffin 
ratio, and increasing the average hydrocar- 
bon chain-length. These findings corre- 
spond well to the bulk reactor studies per- 
formed with these catalysts. 

XPS spectra were recorded on the 
catalyst after 1, 3, 6, and 12 h of Fi- 
scher-Tropsch synthesis. After 6 and 12 h 
of Fischer-Tropsch synthesis, the hydroge- 
nated carbon species is seen to increase and 
the r.s.a.p.'s of carbon are 28.6 and 32.3% 
respectively. There is also evidence sug- 
gesting a carbon species with a carbon (ls) 
BE of 288.0 eV, and this may be due to an 
oxygenated hydrocarbon or CO(ads) spe- 
cies. This may explain the higher oxygen- 
ated hydrocarbon production observed dur- 
ing CO-hydrogenation over potassium- 
promoted Co/MnO in these studies. 

The manganese (2p3/2) signal remains 
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FIG. 13. XPS spectra recorded in the O (Is) region 
between various treatments for the CO hydrogenation 
study with potassium promoted Co/MnO. Spectra were 
recorded: (1) before treatment; (2) after 12 h H2 (400°C); 
(3) after 15 min Fischer-Tropsch synthesis; (4) 
after 1 h Fischer-Tropsch synthesis; (5) after 3 h 
Fischer-Tropsch synthesis; (6) after 6 h Fischer- 
Tropsch synthesis; (7) after 12 h Fischer-Tropsch syn- 
thesis; (8) after 12 h H2 (400°C); (9) after Ar ÷ bombard- 
ment (5 kV beam energy for 5 min). 

virtually unchanged during the Fischer- 
Tropsch treatments, indicating that the 
manganese at the surface remains in the 

form of MnO. The cobalt (2P3/2) signal indi- 
cates that the oxide component at a BE of 
780.5 eV increases, and this is highlighted 
by the appearance of a more prominent 
shake-up satellite. 

The results from the present study show 
that an increase in the carbon (Is) signal 
with a BE of 285.1 eV is associated with an 
increase in the metallic component of the 
cobalt (2p3/2) XPS signal, only after the 
catalyst surface has stabilized under Fi- 
scher-Tropsch conditions (ca 6 h). 

The amount of carbon deposited during 
Fischer-Tropsch synthesis on the catalyst 
in the present study does not differ markedly 
with respect to unpromoted Co/MnO (35), 
although one would expect to see enhanced 
carbon buildup due to potassium promotion. 
A possible explanation is that the carbon 
observed at the surface is associated with 
metallic cobalt, and K2CO3 promotion of the 
Co/MnO catalyst inhibits reduction of the 
surface cobalt. This argument is further sub- 
stantiated by reports of potassium delaying 
graphitization and carbon buildup on iron 
oxide surfaces (38, 39). 

The catalyst was re-reduced after 12 h 
of Fischer-Tropsch synthesis, resulting in 
significant changes in the carbon (Is), po- 
tassium (2p), and cobalt (2p) XPS spectra. 
Re-reduction has the effect of removing 
most but not all of the surface carbon. There 
is still a carbon (Is) peak at a BE of 285.1 
eV associated with carbon which has not 
been fully hydrogenated. Removal of a large 
portion of the carbon exposes the potassium 
as shown by the r.s.a.p, increase from 4.5 
to 8.9% for potassium. Re-reduction of the 
catalyst has no effect on the Co/Mn ratio 
which is seen to remain unchanged at 0.32. 
The surface cobalt still mainly in the oxi- 
dized state as shown by the sharp cobalt 
(2P3/2) signal at 779.7 eV which has a clear 
shake-up satellite indicating the presence of 
Co 2 +. Re-reduction has no marked effect on 
the oxygen (Is) and manganese (2p) XPS 
signals. 

Finally, a mild argon ion bombardment 
treatment was performed to ascertain the 
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TABLE5 

Mass/mass % ofHydrocarbonComponentsDetected ~rVafiousTimesonSt~am overK-~omoted 
Co/MnO Cat~ysts 

Time on Mass/mass % of hydrocarbon selectivity 
stream 

C 1 C ~  C 2 C 3 ~  C 3 C a C 5 C 6 MeOH EtOH 

15min 40.5 2.6 6.3 5.5 3.3 10.9 15.3 15.6 tr tr 
lh  34.3 2.3 6.3 7.2 3.6 20.6 6.7 18.9 - -  - -  
3h 84.3 0.5 9.9 0.5 2.2 1.8 0.5 0.4 - -  - -  
6h 40.7 3.8 5.3 7.9 2.6 19.0 8.3 12.5 Q - -  
12h 62.4 0.7 14.5 2.1 8.1 5.1 3.0 4.1 - -  - -  
15min" ~.0 0.2 14.5 0.3 8.6 5.7 2.5 3.3 tr tr 
12h a 66.0 0.1 11.6 0.1 7.3 4.5 1.7 4.9 - -  - -  

Ref. (35). 

possible differences be tween  the surface 
and the bulk catalyst .  This t rea tment  is 
shown to result  in the removal  of  all the 
potass ium,  as is witnessed by  the disap- 
pearance  of  the potass ium (2p) signal. Re- 
moval  of  the potass ium confirms that it 
segregates to the surface or near  surface 
both before and during the various treat- 
ments.  This cor responds  with XRD find- 
ings which show that potass ium promot ion 
at the levels investigated here does not in 
any way affect the bulk structure of  Co/  
MnO catalysts.  

Apar t  f rom increases in the r . s . a .p . ' s  of  
oxygen and manganese ,  only the oxygen 
( ls)  signal changes slightly after Ar + bom- 
bardment  in that it is seen to become  
slightly narrower.  This is p resumably  due 
to the removal  of  oxygen originating f rom 

K2CO3. 
Fur thermore ,  Ar + bombardmen t  indi- 

cates that the subsurface cobalt  is metallic 
as witnessed by the sharp cobalt  (2p3/2) peak  
at 778.3 eV and the d isappearance  of the 
shake-up satellite associated with Co 2+ (as 
COO). This reduced cobalt  is associated 
with the removal  of  the potass ium and gives 
credibility to the assumptions  that  reduction 
is initiated in the catalyst  bulk and that the 
metallic cobalt  is mobile. This is coupled to 

the idea that potass ium inhibits reduct ion of  
cobalt  at the surface. 

The Role of  the Potassium Promoter 

Although it is well known that  alkali 
p romoters  significantly modify the catalytic 
activity of metals for CO hydrogenat ion,  
there is disagreement  in the li terature on 
the specific mechanist ic  implications. For  
example,  studies on si l ica-supported iron 
sys tems (40), carbon-suppor ted  i ron-co-  
balt and carbonyl-cluster-derived catalysts  
(31), and Ru/TiO 2 catalysts (41) showed 
that potass ium-promoted  catalysts  were  
less active than those catalysts  without  
potassium. However ,  work  by Arakawa  
and Bell (17) on a lumina-supported iron 
catalysts and Dry (6) on fused catalysts  
operating at high tempera tures  in a fluid- 
ized bed showed increased activity with 
K20 content.  Interestingly,  at low tempera-  
tures in a fixed bed, the activity decreased  
for the same fused catalysts  as the KzO 
content  was increased. 

Dent and Lin (11) have invest igated the 
role of  K promoters  on suppor ted  Co /Mn 
catalysts.  Their  data indicate that the pres-  
ence of  K20 results in an increase of  C2-C4 
olefin selectivity. Small amounts  of  K20 
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also resulted in lower methane production 
and higher wax production. 

Our data show an initial increase in spe- 
cific activity followed by a subsequent de- 
crease in specific activity with increasing 
potassium content in the catalyst. We have 
also observed well-defined effects on the 
product selectivity. Thus, potassium-pro- 
moted catalysts give (i) lower methane se- 
lectivities, (ii) increased alkene/alkane ra- 
tios, and (iii) increased long-chain alcohol 
and alkane formation. The use of the com- 
bined characterization techniques enables 
us to suggest a possible explanation for 
these effects. The XPS data clearly indicate 
the migration of potassium to the catalyst 
surface during both the calcination and the 
CO-hydrogenation reactions. It is therefore 
clear that the potassium influences the sur- 
face and not the bulk catalyst properties (cf. 
XRD data). 

The product selectivity suggests that the 
catalyst has become less hydrogenating and, 
by implication, that the C/H surface ratio 
has increased. Chemisorption studies on 
other Fischer-Tropsch catalysts have 
shown enhanced carbon and suppressed hy- 
drogen coverage, which supports this sug- 
gestion (12, 42, 43). One proposal to ratio- 
nalize this data involves the interaction of 
potassium with the CO. As potassium exists 
as the potassium ion in the catalyst (the 
Fischer-Tropsch reaction produces water), 
this explanation could entail reactions of the 
K + with the oxygen of the surface-bonded 
CO. 

It also appears that the modification and 
decrease in activity is due to a change in the 
number of active catalyst sites. This would 
arise from (i) the presence of potassium on 
the surface, (ii) the presence of less-active 
CO on the surface (potassium can inhibit 
Co 2+ to Co reduction), and hence less CO 
activation, or (iii) the presence of heavy hy- 
drocarbons on the surface (6). 

The XPS data support proposals (i) and 
(ii). It thus appears that potassium has two 
roles in our catalyst-- to modify the concen- 

tration of cobalt active sites and to reduce 
the breakdown of the CO molecule. 

CONCLUSION 

For Co/MnO catalysts, maximum activ- 
ity was obtained at a low potassium level 
and a small decrease in CO conversion 
was observed at the optimum potassium 
loadings of between 0.1 and 0.2% pot- 
assium. The alkali metal was observed to 
decrease the hydrogenation ability of the 
catalyst, as indicated by a decrease in 
methane selectivity and an increase in 
product (C2 and C 3) olefinity. There was 
also an observed shift to higher-molecular- 
weight hydrocarbons with potassium pro- 
motion, a shift substantiated by increased 
chain-growth probability factors a calcu- 
lated from Anderson-Schulz-Flory plots 
for the set of potassium-promoted cata- 
lysts. The presence of potassium also fa- 
vored the formation of longer-chain alco- 
hols, accompanied by decreases in 
selectivity toward the CIOH-C4OH frac- 
tions. 

Selectivity of the C 2 and C3 alkenes was 
studied as a function of reactor operating 
conditions. Increasing reaction tempera- 
ture resulted in the catalyst's becoming 
increasingly hydrogenating while decreases 
in the olefinity of the C2 and C 3 products 
were observed. Alkene selectivity was 
found to decrease with increasing recipro- 
cal space velocity (space-time) and con- 
version and, at constant conversion, in- 
creasing pressure. 

XRD and DSC characterization per- 
formed on the series of potassium-pro- 
moted catalysts suggested that the incorpo- 
ration of the alkali did not in any way 
affect the bulk structure of the catalysts. 
The potassium promoter concentrated on 
the catalyst surface; changes in surface 
composition were demonstrated from BET 
surface area measurements and XPS stud- 
ies. BET measurements showed the sur- 
face area to initially decrease at low levels 
and then to increase to levels consistent 
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with the unpromoted entry. XPS studies 
showed surface segregation of the po- 
tassium from the bulk to occur during 
calcination, reduction, and synthesis. They 
also showed a decrease in the number of 
surface Co sites as a result of diffusion 
limits set up within the MnO lattice. 

APPENDIX (25) 

Penn (28) has shown that relative surface 
concentrations of different atoms in an 
alloy, say for simplicity type I and type 2 
atoms, can be given by the equation 

I1 o-2D(e  2) hT(e2) ~h 
9q2 I2 ~ 1 D ( e l )  hr(eO'  

where ~1/~2 is the relative concentration of 
type ! and type 2 atoms, I i / I  2 is the relative 
signal strength observed by XPS measure- 
ments, tr is the photoionization probability 
(as calculated by Schofield), D is the fraction 
of electrons detected by the analyzer, and 
hT(eE)/hr(el)  is the ratio of the mean free 
paths of photoelectrons with energy e~ and 
e2 coming from type 1 and type 2 atoms in 
the alloy. This electron escape depth ratio 
can be shown to be approximated by the 
following equation: 

Xr(e2) (e2) - - -  {(In el - 2.3)/(1n e2 - 2.3)}. 
hT(t31) (el)  

This expression can be used directly in the 
first equation, which in turn can easily be 
modified to facilitate relative surface atomic 
percentage (herewith abbreviated as 
r.s.a.p.) calculations for more than two ele- 
ments. 

Furthermore, Penn states that to a fairly 
good approximation there is a material-inde- 
pendent behavior of hr(ez)/hr(e0 as a func- 
tion of e 2 and el for el ,•2 ~ 200 eV. The use 
of the second equation for the calculation of 
photoelectron escape depths can be shown 
to result at most in an error of 14%, but 
more typically one in the region of 5% is 
incurred. 

For the purpose of this study, relative 
atomic percentages of elements at the sur- 

face or near surface were calculated. These 
values were obtained using Penn's formulae 
as a basis. 

In instruments where the analyzer energy 
is fixed, such as the one used in this study, 
the transmission is inversely proportional to 
the kinetic energy of the electrons, hence 
the Ds in the first equation can be replaced 
by values of 1/Ek. Since the photoionization 
probability is directly proportional to the 
core level photoionization cross section 
(PIC) of an element, a PIC for each element 
can be substituted into the first equation as 
that element's o- value. A value of hr(e) for 
each element was calculated using the 
equation 

)kT(e 1 ) -- el 
(In e 1 - -  2.3)' 

where el = Ek for photoelectrons from the 
element 1. 

hr values calculated and used in the calcu- 
lations were carbon (250.9), potassium 
(294.4), oxygen (210.0), manganese (190.3), 
and cobalt (166.0). 
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