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Abstract

A series of Co/B/TiQ (B = ammonium borate, boric acid;carborane, 0.01-1.5wt.% B) catalysts were synthesized. The

addition of boron decreased the reducibility of the Co as determined from temperature-programmed reduction stugdies and H
reduction/Gback titration studies. This in turn decreased the FT activity but not the turnover frequency of the Co catalyst.
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1. Introduction

The interaction between a support and a metal ox-
ide (catalyst) precursor is an important factor in de-

a characterization study of cobalt oxide supported on
boron modified alumina, Houalla and Delmon [7] con-
cluded that boron additiopromotedthe interaction

of cobalt with alumina. Stranick et al. [8] in a more

termining the dispersion of a metal catalyst and hence detailed study on Co/ADs catalysts showed that

the behaviour of a catalyst. A method used to con-
trol the surface properties of a support is by addition
of inorganic chemical additives, such as boron, to the
support.

The effect of boron addition to an alumina sup-
ported cracking catalyst [1], as well as toluene dis-
proportionation and xylene isomerization catalysts
[2] has been reported. The alumina surface modifica-
tion [1,3-5], via formation of Al-O—B—0O-Al bonds
[2] resulted in modified catalytic activity. Studies on
the effect of boron on NiMo/AlOs hydrotreating
catalysts suggested that bordiminishedthe inter-
action of the metal with the alumina support, thus
increasing the activity of the catalyst [6]. However, in
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the effect of boron on cobalt dispersion was strongly
dependent on the cobalt loading. More recently the
effect of low loadings of BO3 on Al,O3 revealed that
B»0O3 modified the acidic nature of the support [9].

In an earlier study on the effect of boron (as boric
acid) on titania supported cobalt catalysts, we found
that the addition of boron resulted in an increase in the
interaction of cobalt oxides with titania [10]. We now
wish to report on the effect of the boron source on tita-
nia supported cobalt Fischer—Tropsch catalysts. Boric
acid, ammonium borate andcarborane were used
to modify the titania support (Fig. 1). Boric acid is a
weak inorganic acidpK 5 = 9.14) with a trigonal pla-
nar structure, while ammonium borate is a neutral salt
with a tetrahedral structure. Both these boron sources
have been extensively used in the preparation of cat-
alysts. o-Carborane, however, is not normally used
in catalytic studies [11]. Carboranes (also known as
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Fig. 1. Structures of boron complexes added to CofTiO

heteroboranes or carbaboranes) are clusters that consynthesis was then performed at 280 and 8bar
tain both boron and carbon atoms. The hydrogen atomspressure, using a COzHratio of 1:2 and a GHSV

attached to the carbon atoms are very mildly acidic.

of 350h1 [10]. All catalysts were monitored over

We have thus used three extreme types of boron an induction period of 3 days, followedyta 4 day

sources to evaluate the effect of boron on CoAliO
catalysts.

2. Experimental

Three series of boron modified titania supports
(0.02-1.5wt.% boron) were prepared by pore volume
impregnation of titania with agueous solutions of
boric acid [10], ammonium borate and methanol solu-
tions ofo-carborane (obtained as a gift from Professor
E.W. Neuse, Chemistry Department, University of
the Witwatersrand). Samples were dried at 1QGor
16 h and then calcined at 40Q in air for 6 h. Cobalt
(10wt.%) was deposited on the boron modified tita-
nia by pore volume impregnation with cobalt nitrate
solutions. Samples were re-dried at T20for 16 h.

All catalysts are represented as Co(10¥BIiO2 in
which x is the percentage loading of boron. Atomic
absorption spectroscopy (AAS) was employed to
determine the cobalt and boron loading after calci-
nation at 400C. The results were very close to the
expected values, indicating that boron is not lost in
the calcination reaction.

Information regarding the catalyst morphology, re-
duction and dispersion was obtained using various
techniques, including BET surface area, XRD, TPR,
O3 titration and H chemisorption. The methods were
described in detail in [10].

Prior to Fischer—Tropsch reaction, catalysts were
calcined at 300C for 24 h and activated under flow-
ing hydrogen at 300C for 24 h. Fischer-Tropsch

mass balance. Gaseous and liquid product fractions
were analysed by on-line gas chromatograph, while
separation of the wax products was achieved using an
off-line capillary-column gas chromatograph.

3. Results and discussion
3.1. Characterization studies

A loss in BET surface area is observed for the
ammonium borate modified catalysts as the boron
loading is increased viz. from 44.8%y at 0.02 wt.%
boron loading to 34.7 Alg at 1.5wt.% boron load-
ing. A bigger loss in BET surface area occurs in the
o-carborane modified system when the boron loading
is increased viz. from 45.1%y at 0.02wt.% boron
loading to 27.5rf/g for 1.5wt.% boron loading.
o-Carborane with a polyhedral structure (and bigger
molecular diameter) blocks the pores of the support
more severely than boric acid [10] and ammonium
borate.

3.2. X-ray diffraction (XRD) studies

Powder XRD studies on B(1.5)/TiGupports mod-
ified by boric acid, ammonium borate and carborane
revealed that no crystalline boron compound could be
detected in these boron modified titania samples. All
of the XRD patterns of Co(10)/R}/TiO2 catalysts
exhibited diffraction lines characteristic of €04 in
addition to those of the titania. The line broadening
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Table 1
Co304 crystallite size in Co(10)/B{/TiO, catalyst8 modified by
different boron sources

Boron loading Co304 crystallite size (nm)

(wt.%) - : :
Boric acid Ammonium Carborane
borate

0.00 25.9 25.9 25.9
0.02 24.0 25.6 28.0
0.05 21.4 25.3 24.2
0.10 19.0 21.5 25.0
0.50 19.4 20.9 24.3
1.00 16.5 17.8 23.0
1.50 14.4 15.1 21.4

aCatalysts were calcined at 300 for 6 h.

of the (311) diffraction line of CgO4 was used to
estimate the G40, crystallite size using the Scherrer
equation [12]. The results are shown in Table 1. It
is clear that for all three series of Co(10)4BTiO2
catalysts CgO, crystallite size decreases with in-
creasing boron loading. The order of effect of boron
source on the Gy, crystallite size is boric acidv
ammonium borate- carborane.

Table 2
The second reduction peak position of the Co/BATiatalysts

405

3.3. Temperature-programmed reduction (TPR)

TPR data were recorded for Co(10)4B([iO, cata-
lysts calcined at different temperatures (200—400
Three reduction peaks were generally observed and
are attributed to the reduction of the NQroup
(first peak) and the two stage reduction of the;Cg
supported on the titania (second and third peaks), re-
spectively. The shapes of the TPR profiles of all the
catalysts are similar; only the position of the peaks
associated with the G@4 reduction is different. The
data for the second and third reduction peaks are listed
in Tables 2 and 3. The following trends are apparent
from the TPR study: (i) for all three series of catalysts
the two reduction peaks shift to higher temperatures
as the boron loading is increased; (i) for all three se-
ries of catalysts, both reduction peaks shift to higher
temperatures with an increase in catalyst calcination
temperature; (iii) boric acid has the largest effect on
the reduction peak position of Co/Ti@nd carborane
the least. For example, for the boric acid modified cat-
alysts, calcined at 200, the second peak is shifted
from 280 to 450C when the boron loading was

Boron loading Calcination

Peak position 1C)

(wt.%) temperatureT; (°C) - - )
Carborane Ammonium borate Boric acid
0.00 200 280 280 280
0.02 200 290 285 280
0.05 200 292 310 315
0.10 200 290 320 335
0.50 200 315 330 352
1.00 200 310 420 450
1.50 200 315 - -
0.00 300 290 290 290
0.02 300 290 310 290
0.05 300 300 335 335
0.10 300 315 365 360
0.50 300 315 415 410
1.00 300 320 440 450
1.50 300 320 - 463
0.00 400 300 300 300
0.02 400 310 310 300
0.05 400 325 350 350
0.10 400 325 370 380
0.50 400 330 450 430
1.00 400 330 470 470
1.50 400 340 - -
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Table 3
The third reduction peak position of the Co/B/Ti@atalysts
Boron loading Calcination Peak position 9C)

0 °
(wt.%) temperatureTe (°C) Carborane Ammonium borate Boric acid
0.00 200 410 410 410
0.02 200 420 420 415
0.05 200 422 450 450
0.10 200 420 470 470
0.50 200 450 507 520
1.00 200 450 520 530
15 200 460 - -
0.00 300 425 425 425
0.02 300 415 450 430
0.05 300 420 470 475
0.10 300 430 485 490
0.50 300 460 520 520
1.00 300 460 550 570
1.50 300 465 - 591
0.00 400 420 420 420
0.02 400 430 450 425
0.05 400 435 480 485
0.10 400 445 510 510
0.50 400 465 550 550
1.00 400 470 565 590
1.50 400 495 - -

increased from 0.02 to 1.0wt.%. However, for the boronloading was increased from 0.1to 1.5wt.%. The
carborane modified system, the second peak is only effect of boron source on the reducibility of catalysts
shifted from 290 to 310C when the boron loading is  follows the order: boric acid~ ammonium borate-
increased from 0.02 to 1.0wt.%. The same trend was carborane.

observed for the third peak position as well. The percentage dispersions of the reduced catalysts
(Table 4) were calculated fromathemisorption mea-
3.4. O titration and H, chemisorption surements assuming a H/metal ratio of 1 [10].

All catalysts were reduced at 30G for 16 h. The 3.5. Fischer—Tropsch synthesis
percentage reduction was determined usingti@a-
tion, assuming that the cobalt metal is oxidized to  The activities and selectivities of the boric acid
Co304 [13]. The following trends were observed: (i) modified Co/TiQ catalysts for Fischer—Tropsch syn-
for the three series of catalysts, at low boron loadings thesis have been reported previously [10]. Thus only
(B wt.% <0.05), the extent of reduction of the catalysts data for the ammonium borate and carborane modified
is unaffected by the addition of boron. At higher boron Co/TiO, catalysts are given here.
loadings (B wt.% >0.1), the extent of reduction of the
catalysts decreases with increasing boron loading; (i) 3.5.1. Ammonium borate modified Co/%i€atalysts
the effect of boric acid on the extent of reduction of Table 5 displays the effect of boron loading on the
the Co(10)/TiQ catalyst is similar to that of ammo- catalytic properties of the ammonium borate modified
nium borate. Carborane has less effect on the extentCo(10)/TiQ, catalysts for Fischer—Tropsch synthesis.
of reduction of Co/TiQ catalyst, viz. the percentage In order to compare the data with boric acid modified
reduction was decreased from 52.3 to 43.7 when the catalysts, all conditions used were the same as those
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Table 4

Effect of boron loading on % dispersion and % reduction of CogTeatalyst8

Boric acid

Boron loading (wt.%) 0.00 0.02 0.05 0.10 0.50 1.00 1.50
% Reductiof 59.8 58.6 51.3 42.5 31.6 34.5 29.0
Hy uptaké (ml/g cat.) 0.35 0.34 0.41 0.32 0.29 0.27 0.17
% Dispersion 1.90 1.82 2.20 1.71 1.59 1.46 0.92
Ammonium borate

Boron loading (wt.%) 0.00 0.02 0.05 0.10 0.50 1.00 1.50
% Reduction 59.8 60.2 50.6 47.5 33.2 27.5 25.1
Hy uptake (ml/gcat.) 0.35 0.33 0.31 0.29 0.26 0.20 0.19
% Dispersion 1.90 1.79 1.68 1.46 1.40 1.11 0.98
Carborane

Boron loading (wt.%) 0.00 0.02 0.05 0.10 0.50 1.00 1.50
% Reduction 59.8 61 54.7 52.3 53.1 45.6 435
H, uptake (ml/g cat.) 0.35 0.34 0.38 0.33 0.33 0.34 0.30
% Dispersion 1.90 1.82 2.10 1.79 1.80 1.84 1.65

aAll catalysts were calcined at 30C for 6 h and reduced at 30C for 16 h.
b 9% Reduction was measured by @tration at 300°C.
¢H, chemisorption was measured at *@after catalysts were reduced at 3@for 16 h.

reported previously [10]. At low boron loadings (B increase in the extent of reduction of the catalysts.
wt.% <0.05), CO conversion and reaction rate do not This indicates that the reaction rate is dependent on
change; at higher boron loadings (B wt.% >0.1), CO the amount of reduced cobalt metal [14].

conversion and reaction rate decrease with increasing The selectivity data also falls into two groupings.
boron loading. This trend is similar to the effect of For B loadings<0.05% no significant trends are dis-
boron loading on the extent of reduction of the cat- cernible. For B> 0.05%, the selectivity to higher
alysts. Fig. 2 shows the variation of CO conversion hydrocarbons increases as the activity of the catalyst
and reaction rate with the percentage reduction of decreases.

catalysts. Linear relations are observed, showing an Methane selectivity for all catalysts containing
increase in CO conversion and reaction rate with an boron is lower than that of the boron-free catalyst. It

Table 5
Effect of boron loading on Fischer-Tropsch synthesis of the ammonium borate modified

ColTiO, catalysts

Boron loading (wt.%) 0.00 0.02 0.05 0.10 0.50 1.00 1.50
CO conversion (%) 48.6 48.0 47.6 42.2 40.0 35.0 28.3
Reaction rate (mol/g cat./s) 0.76 0.75 0.73 0.66 0.62 0.52 0.44
Selectivity (%, by mass)

C 215 19.3 19.5 14.2 12.2 15.2 16.4
Co—C4 13.1 9.5 10.2 121 14.6 14.3 15.2
Cs—C11 47.0 49.0 53.0 52.0 43.0 36.5 35.0
Ci12—Cig 11.1 11.3 9.6 14.0 175 17.0 13.2
Cigt 7.3 10.9 7.8 8.7 12.7 16.4 20.0
Paraffin (%) 92.7 93.1 91.2 89.5 88.6 92.6 94.5
Olefin (%) 6.5 5.9 7.0 8.1 9.0 6.2 4.5
Oxygenates (%) 0.6 0.7 0.9 1.6 1.8 1.2 0.8

ASF value &) 0.63 0.73 0.68 0.72 0.77 0.79 0.82
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Fig. 2. Variation of the % reduction of ammonium borate modified CofTéatalyst with (a) % CO
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is also clear from Table 5 that for all the catalysts,
the G—Cy1 fraction is the predominant product. The

conversion and (b) reaction rate

3.5.2. Carborane modified Co/Tiatalysts
Table 6 shows that boron loading only has a

second most abundant product is dependent on themarginal effect on the catalytic properties of the carbo-

boron loading. For the low boron loading catalysts,
more light petroleum gases §8C4) are produced;
for the higher boron loading catalysts, more heavy
hydrocarbons are produced. The ASF chain growth
parameter ¢-value) increases with increasing boron
loading.

A change in selectivity is expected with con-
version, possibly related to diffusional/readsorption
issues [15-17], as the Co particle size and Co-B
interaction varies with boron loading. Further, cata-
lysts containing boric acid as B source [10] showed
a decrease of long chain products with increasing B

rane modified Co/Ti@ catalysts for Fischer—Tropsch
synthesis. The following trends are apparent: (i) at
low boron loadings (B wt.%<0.05), CO conversion
and reaction rate do not vary with increasing boron
loading; at higher boron loadings (B wt.% >0.1), CO
conversion and reaction rate decrease slightly with
increasing boron loading; (ii) the effect of boron
loading on CO conversion and reaction rate of the
catalysts is not dramatic; the reaction rate decreases
from 0.76 for boron-free catalyst to 0.@mol/g cat./s

for the 1.5wt.% boron catalyst; (iii) {3, selectiv-
ities increase with increasing boron loading. This

content. The source of B thus has an effect on the tendency is reflected in the ASF chain growth pa-

product distribution but this effect is not related to
the degree of reducibility (Table 4) nor particle size
(Table 2) as both B sources vyield similar physical
parameters. It is possible that this effect relates to

rameters, which gradually increase from 0.63 for the
boron-free catalyst to 0.73 for the 1.50wt.% boron
catalyst.

It is thus apparent that the more minor trends in se-

the acidic nature of the B source—the more acidic lectivity and activity detected for the carborane loaded
the source, the shorter the average carbon chaincatalyst are in the same direction as that detected for
length. the ammonium borate loaded catalysts.
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Table 6
Effect of boron loading on Fischer—Tropsch synthesis of the carborane modified @o/TiO
Boron loading (wt.%) 0.00 0.02 0.05 0.10 0.50 1.00 1.50
CO conversion (%) 48.6 47.2 49.3 45.9 45.5 42.1 44.2
Reaction rate (mol/g cat./s) 0.76 0.72 0.79 0.71 0.70 0.65 0.67
Selectivity (%, by mass)
C1 215 19.6 211 155 17.6 18.3 23.2
Co—Cy4 13.1 12.8 115 145 13.3 14.1 11.2
Cs—C11 47.0 53.0 49.0 49.9 50.5 44.0 39.6
C12-Cis 111 10.2 12.0 12.2 9.5 13.0 125
Cigt 7.3 5.3 8.5 8.2 8.8 111 12.7
Paraffin (%) 92.7 93.5 91.5 86.0 89.0 90.6 93.4
Olefin (%) 6.4 6.1 6.7 9.1 7.4 6.5 55
Oxygenates (%) 0.6 0.7 0.9 0.4 0.6 0.3 0.3
ASF value &) 0.63 0.66 0.71 0.72 0.75 0.78 0.73

3.6. Comparison of the Co(10)/B(x)/Ti@atalysts
modified by boric acid, ammonium borate and
carborane

3.6.1. Effect of boron source on reducibility and
dispersion of Co/TiQ catalysts

In a previous publication [10], we concluded that
the decrease in the reducibility of Co/Ti@atalysts

caused by boric acid could be due to two effects:
firstly, boron could increase the interaction between
Co304 and TiQy; secondly the addition of boron
may result in the formation of a surface cobalt—boron
compound which is more difficult to reduce. Thus the
reducibility of Co/TiQ directly reflects the interac-
tion between C¢O4 and the B sources. TPR ang O
titration measurements indicated that the carborane

50
40 |
) I
3 30
= <O
g (§ *\’)\\
= —— - —(
© 20 |
=
10F =2 boric acid
== ammonium borate
=O—carborane
0 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6

Boron loading (wt%)

Fig. 3. Effect of boron loading on the TOF of the Co/}i@atalysts.
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modified Co/TiQ catalysts were reduced more easily
than those modified by boric acid and ammonium
borate. This is consistent with the effect of the boron
source on the G, crystallite size, indicating that
the small crystallite sized, well-dispersed cobalt ox-
ides, which display the stronger interaction with the
support, are the most difficult to reduce.

3.6.2. Effect of boron source on the Fischer—Tropsch
reaction rate and TOF of Co/Ti©catalysts

For all three series of catalysts, at low boron load-
ings (B wt.% <0.05), reaction rate increases with in-
creasing boron loading; at higher boron loadings (B
wt.% >0.1), there is a decrease in reaction rate. Com-
pared to the boric acid and ammonium borate modi-

N.J. Coville, J. Li/Catalysis Today 71 (2002) 403-410

The addition of boron to Co/Ti@ catalysts de-
creased the activity substantially, although the effect
varied for the different boron sources. The greatest
effect was found to be on the boric acid modified
catalysts. The order of the effect was found to be
boric acid> ammonium borate- carborane. This or-
der is the same as that of increasing reducibility and
increasing metal dispersion. Indeed the effect leads
to a TOF that remained constant and is unaffected by
the addition of boron for all the catalysts studied.

The FT product selectivity was influenced by the
identity of the boron source and was dependent on the
boron loading.

fied catalysts, the carborane modified catalysts alwaysAcknowledgements

displays the higher reaction rate. The level of reduc-

tion and dispersion of the three series of catalysts can

explain this finding.

Fig. 3 shows the effect of boron source on the FT
turnover frequency (TOF) of Co/Ticatalysts. It is
clear that TOF remained almost invariant and does
not depend on the boron loading and boron source.
The ammonium borate modified catalysts displays a
slightly higher TOF.

This is a remarkable finding since three quite differ-
ent sources of B have been used in the study. This fur-

ther supports the suggestion that the Fischer—Tropsch

reaction is only dependent on the amount of reducible
Co available for the reaction.

4. Conclusion

The 10wt.% Co/TiQ catalysts modified by dif-
ferent amounts of boron from boric acid, ammonium
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