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Molybdenum carbide catalysts promoted with K, Na, Co, and Ce have been synthesized by temperature-
programmed carburization using a mixture of H,/C3Hg and evaluated for the Fischer-Tropsch synthesis.
Both a- and B-Mo carbide catalysts were produced during carburization via the formation of oxy-
carbide intermediate phase. The two-stage Mo carbide synthesis appeared to be characterized by a
compensation effect and isokinetic relationship for both promoted and undoped catalysts suggest-
ing that the solid state transformation mechanism was similar across the promoters. The catalysts
possessed relatively high BET area (177-210m? g.,.~!) with finely dispersed Mo carbide particles (ca.
10nm) on the alumina support. The presence of weak and strong acid-base sites was also confirmed
by NH3 and CO,-TPD runs. CO hydrogenation rate increased with H, composition reaching optimal
activity at yuy, between 0.67 and 0.75. FT activity improved with promoter addition in the order;
K-MoC; ,X/A1203 >Na-Mo(C, ,X/A1203 >Ce-MoCy ,X/A1203 >C0—MOC1,)¢/A1203 >MoC,q ,X/A1203 while chain
growth probability varied with feed composition and was enhanced by all promoters. The reaction rate
data were adequately described by an Eley-Rideal model.
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1. Introduction

The depletion of petroleum resources and environmental con-
cerns have motivated interest in advanced technologies for clean
fuels production. Fischer-Tropsch synthesis (FTS) is considered one
of the most promising alternatives for non-oil based GTL fuels
processes. Traditional FT catalysts suffer from deactivation due
to carbon deposition but Mo carbide is tolerant of carbon depo-
sition and has Pt-like catalytic properties [1]. It has been used
for different catalytic reactions, namely NH;3 synthesis [2], NO
reduction [3], hydrotreating [4], and dry reforming [5]. Thus, a
Mo carbide catalyst system has been investigated in this work
for hydrocarbon synthesis. MoC;_y (0 <x<1) is typically produced
via temperature-programmed carburization with H,/light alkane
mixture [6]. However, it has been found that utilization of higher
hydrocarbon as carbon source reduced carburization temperature
and hence improved catalyst surface area [7]. While there is strong
evidence for the effect of alkali promoters on conventional FT
catalysts, comparative data are unavailable on the promising Mo
carbide catalyst. Therefore, the objective of this paper was to study
the effect of different types of metal promoters (alkali, transition
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and rare-earth) on the physicochemical properties and FT perfor-
mance of the Mo carbide catalyst.

2. Experimental

v-Al,03 support pretreated at 973K in air for 6h to ensure
thermal stability was co-impregnated with calculated amounts of
(NH4)sMo07054-4H,0 and the corresponding promoter precursor
- K5C03, NayCO3, Ce(NO3)3, Co(NO3), in aqueous solution. The
impregnated slurry was dried in an oven for 16 h at 403 K and sub-
sequently calcined in air at 773K for 5 h. The resulting solid was
carburized with a mixture of Hy:C3Hg =5:1 at 973 Kand 10 Kmin~!
for 2 h to produce 2%X-10%MoC;_,/Al;03 (X: K, Na, Ce or Co). The
catalyst bed was subsequently cooled down to reaction tempera-
ture in 50 mlmin~! N, flow.

FTS runs were carried out in situ in the same fixed-bed reactor by
switching from the N, gas to syngas mixture with different H,:CO
ratios of 1:5 to 5:1 at 463-503 K and atmospheric pressure. Gas
hourly space velocity (GHSV) was kept constantat 10* ml g¢ac~1 h~!
with mean particle size of 100 wm for all runs. Preliminary cal-
culations [8] indicated that there were negligible internal and
external transportresistances under the reaction conditions as seen
in Table 1.

BET surface area and average pore volume were measured on
Quantachrome Autosorb-1 unit using nitrogen physisorption
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Table 1
Preliminary calculations for ensuring negligible transport resistances.

External mass transport resistance

rexpdpr’(Cg) -5
03kr(G) = 2x107 << 1

Texp: CO consumption rate
(molgeae's71)

dp: catalyst particle diameter
Cg: gas phase concentration of
reactant

1 (Cg): reaction rate at Cg

' (Cg): the first derivative of CO
reaction rate evaluated at Cg

kc: mass transfer coefficient
between catalyst particle and fluid
phase

External heat transfer resistance

Chmldyrexpfa | _ 1,54 %107 << 1

3R T2 —AHx: heat of reaction
.3NRg s

h: fluid-particle heat transfer
coefficient
T,: bulk gas phase temperature (K)

Intraparticle mass transport resistance

rexpd3r(Cg) 5
Do) = 1.80x 107 << 1

Intraparticle heat transfer resistance
(~AHpxn)d3rexpEa

Dy effective diffusivity of reactant

=229x107° << 1 Aef: thermal conductivity of

3R T2
s catalyst particles
Ts: surface temperature
Eq: activation energy
Rg: universal gas constant
at 77K. Temperature-programmed carburization between

alumina-supported MoOs3 with H,/C3Hg=5:1 was performed
in a ThermoCahn TGA 2121 unit from 303 to 973 K with different
ramping rates. Temperature-programmed desorption runs includ-
ing NH3-TPD, CO,-TPD, H,-TPD and CO-TPD were carried out on a
Micromeritics 2910 AutoChem to quantify the heat of desorption
and site concentration for acid and basic centres as well as H;
and CO adsorption sites respectively. The catalyst sample was
exposed to 10%NH3, 10%CO,, 10%H, and 10%CO diluted in inert
gas, respectively at 423 K for 1 h followed by controlled heating to
973 K with 5 different heating rates of 5, 10, 15, 20 and 30 Kmin~'.
X-ray diffraction measurements of synthesized alumina-supported
Mo carbide catalysts were carried out in a Philips X'pert Pro MPD
system using Ni-filtered Cu Kot (A =1.542 A) operating at 45 kV and
40 mA.

3. Results and discussion
3.1. X-ray diffraction measurements

The XRD patterns of the MoC;_y/Al,03 catalysts are shown in
Fig. 1. The Joint Committee on Powder Diffraction Standards (JCPDS)
database [9] was used to analyze XRD experimental data in all
cases. As seen in all diffractograms, y-Al,03 phase was detected
with high intensity peaks located at 26 =45.7° and 66.7°. The peaks
observed at 260=36.6° and 61.3° for both unpromoted and pro-
moted Mo carbide catalysts were ascribed to the formation of [111]
and [2 2 0] face-centred cubic (FCC) a-MoC;_y, respectively while
hexagonal closed packed (HCP) 3-MoC;_, (260=34.0° and 39.5°)
was also formed during carburization. The identical peaks belong-
ing to MoOs (located at 260=23.40°, 25.50° and 26.75°) were not
detectable in any solid suggesting that the MoO3 precursor was
converted completely to MoCq_y.

The XRD pattern of 2%Ce-10%MoCq_/Al,03 (b) (cf. Fig. 1b) also
have peaks at 28.53° and 56.40° which were assigned to[11 1] and
[311] CeO, which was produced during calcination in air, via;

4CE(NO3 )3 + 03 — 4Ce0; + 6N,051 (1)

©p-MoC,
Da-MoC,

Intensity

50
Angle (26)

Fig. 1. XRD patterns of (a) 10%MoC;_4/Al,03, (b) 2%Ce-10%MoC;_x/Al,03, (c)
2%K-10%MoC;_x/Al,03, (d) 2%Na-10%MoC;_x/Al,03, (e) 2%Co-10%MoC;_x/Al,03
catalyst. (a) Temperature-programmed carburization of 2%Ce-10%MoC;_/Al,03
catalyst. (b) Influence of promoter on carbide formation rate. (c) Effect of promoters
on the formation of carbide phase during temperature-programmed carburization.

KAI50g phase found in K-promoted catalyst (Fig. 1, profile (c))
may be formed from;

K2CO3 — K;0 + COzT (2)
and
K,0 + 5A1203 d 2KA1508 (3)

Similarly, the production of Na,0 observed in the XRD pattern
for 2%Na-10%MoC;_x/Al, 03 catalyst arose from the decomposition
reaction;

Na,CO3 - NayO + COx1t (4)

while for Co-promoted catalyst, CoAl,04 phase identified may be
given by Eqgs. (5) and (6);

Co(NO3); - CoO + N30s51 (5)
CoO + Al;03 — CoAl;04 (6)

The average size of Mo carbide particles was estimated from the
Scherrer equation [10];

092
P~ Bcosh

with dj being particle diameter. A and B are wavelength and peak
width, respectively while 6 is Bragg angle. As seen in Table 2,
MoC;_y particles were finely dispersed on y-Al,03 support in view
of the small crystallite size (d, <10 nm) in all cases although some-
what reduced in the doped catalysts. It is also evident that the
catalysts possessed high BET surface areas (177-210m2 g~1) with
pore size in the range 10-15 nm and generally larger than the size
of the MoC;_ particles. This further confirmed that the latter were
well dispersed (cf. column 4 in Table 2). It would seem that thermal
treatment during Mo oxide calcination and carburization also led
to the generation of new fine pores.

(7)

3.2. Thermogravimetric study

Temperature-programmed carburization between MoO3; with
a mixture of 5H,:1C3Hg is shown in Fig. 2a. Each thermal profile
has 2 characteristic peaks (P1 and P2) located at different tempera-
tures suggesting that the conversion of the Mo oxide to the carbide
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Table 2
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Physical properties of Mo carbide catalysts.

Catalysts Average BET Average pore Average pore Average crystallite
surface area volume (cm3g') diameter (nm) size (nm)
(m?g~")
Pure Al,05 179.3 0.68 15.2 -
10%Mo0s/Al; 03 182.4 0.55 12.0 -
10%MoC;_/Al,03 194.0 0.73 15.0 9.80
2%K-10%MoC;_/Al, 03 184.3 0.64 13.8 5.84
2%Na-10%MoC; _«/Al, 03 177.40 0.60 135 7.37
2%Ce-10%MoC;_x/Al;05 210.40 0.55 10.5 6.67
2%Co-10%MoCq_x/Al,03 207.10 0.55 10.6 6.66
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Fig. 2. Temperature-programmed carburization of unpromoted and promoted

MOC1 —x /Alz 03

catalysts.

phase was a two-step process involving the formation of oxycar-
bide intermediate phase (P1 at 660-680K) and the final carbide
phase, P2 (790-820K).

The effect of dopant addition on temperature-programmed
carburization of MoOj3 is shown in Fig. 2b. Generally, carbide for-
mation rate estimated from derivative weight value increased
with promoter addition in the order; Na > K> Ce > Co > unpromoted
Mo carbide catalysts. However, carburization temperature for the
formation of carbide phase seemed to be higher for promoted cata-
lysts, particularly K and Na-promoted MoC; _y catalysts (cf. Fig. 2c).

Since the peak temperature for both P1 and P2 appeared to
increase linearly with increasing heating rate as seen in Fig. 2a,
the activation energy, E; and associated pre-exponential factor, A
for the production of oxycarbide and carbide phases for all MoC;_y
catalysts may be estimated from Kissinger equation [11];

In (’3) =In ('ﬁ)

Tg Eq
with 8, Tp, and R being heating rate, peak temperature and universal
gas constant respectively.

As seen in Table 3, in general, activation energy for oxycarbide
phase was lower than that of carbide form. Promoted MoC;_,/Al,03
catalysts possessed higher activation energy for oxycarbide pro-
duction than unpromoted catalyst. Interestingly, the Arrhenius
parameters for both oxycarbide and carbide phases may be related
to Eq. (9) with correlation coefficient of essentially unity (0.998) as
seen in Fig. 3.

Eq

~RT, (8)

9)

where ¢ and 6 are model parameters estimated as 1.66 x 10~4,
—9.5x 1072 and 1.42 x 10~4; —1.17 x 10~ for oxycarbide and car-
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Fig. 3. Proof for the occurrence of a compensation effect for both oxycarbide and
carbide phases of Mo carbide catalysts.
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Table 3

Estimated activation energy, E, and pre-exponential factor, A values for the formation of both oxycarbide and carbide phases.
Catalysts Peak 1 (P1) Peak 2 (P2)

E, (kJmol-1) A(s1) E, (kJmol-1) A(s1)

10%MoC;_x/Al;O3 92.40 4.75 x 108 170.30 1.09 x 10"
2%K-10%MoC;_x/Al;03 112.00 7.63 x 107 128.60 2.49 x 107
2%Na-10%MoC;_«/Al, 03 289.80 7.03 x 10%° 316.80 1.53x 10"
2%Ce-10%MoC;_x/Al; 03 93.50 6.39 x 106 97.70 5.78 x 10°
2%Co-10%MoCy_x/Al,03 108.01 4.85 x 107 175.51 9.92 x 101°

60
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w0l|———— 2%K-10%MoC,, /ALO,
—mme 2%Na-10%MoC,  /ALO,
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201 2%Co-10%MoC, , /ALO,

AG (kJ mol™)
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Temperature (K)

Fig. 4. Evidence for the existence of isokinetic relationship for oxycarbide phase.

bide phases, respectively. This observation implicates the presence
of a ‘compensation effect’ for both oxycarbide and carbide phases.
Indeed, the experimental data were also fitted to Eq. (10) derived
from the criteria recommended by Liu and Guo [12] for the occur-
rence of an isokinetic relationship.

1 Ah
+_(1_ Ah
AG? = (a RT) In <kBT> 40 (10)

where h and kg are Planck and Boltzmann constant, respec-
tively while AG].9é is the Gibbs free energy for the associated
transition state complex during carburization. The unambiguous
inference of an isokinetic phenomenon is guaranteed if the plots
of AG” versus T for the temperature-programmed carburiza-
tion of both oxide-containing and unpromoted catalysts possess
a common intersection point. Compensation effect and isokinetic
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Fig. 5. Proof for the existence of isokinetic phenomenon for Mo carbide phase.

phenomenon have been utilized to justify the similarity in reac-
tion mechanism for either a particular reaction over a group of
catalysts [13,14] or a series of reactions over a specific catalyst
[12]. It is evident that the presence of isokinetic relationship is
observed for both oxycarbide and carbide phases (cf. Figs. 4 and 5)
with the corresponding isokinetic temperature, T, of 725K and
850K. The existence of compensation effect and isokinetic rela-
tionship for both oxycarbide and carbide phases suggests that the
production of oxycarbide species from alumina-supported MoO3
precursor and the subsequent conversion of oxycarbide to carbide
phase were governed by the same topotactic mechanism in which
oxygen atoms in the MoOs lattice were substituted by carbon atoms
with negligible structural disruption regardless of the promoter

type.

3.3. Physicochemical properties of synthesized Mo carbide
catalysts

Fig. 6a shows the NH3-TPD spectrum of MoC;_y catalyst. Two
discrete peaks located at different temperatures were assigned to
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Fig. 6. NH3-TPD of (a) 2%Co-10%MoC;_,/Al, 03 catalyst and (b) pure Al, 03 support.
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Fig. 8. Influence of feed composition on CO reaction rate of Mo carbide catalysts at
473 K.

the weak (P1) and strong (P2) acid centres. Since the weak acid
site was also detected on pure calcined Al,03 support (cf. Fig. 6b),
it seems that the strong acid centre belongs to Mo carbide phase.
Both weak (P1) and strong (P2) basic sites were also detected on
catalyst surface as seen in Fig. 7.

The heat of desorption, E; and site concentration of both
acid and basic centres for Mo carbide catalysts are summarized

Table 4
Physicochemcal properties of Mo carbide catalysts.
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Fig. 10. Influence of promoter on olefin reaction rate over Mo carbide catalyst at
473K.

in Table 4. Metal oxide addition reduced both NH3 uptake and
heat of desorption for strong acid site (P2) in the order; unpro-
moted > Co-doped > Ce-doped > Na-doped > K-doped. Not surpris-
ingly, the strong basic site concentration was enhanced with dopant
addition in the same order; K>Na > Ce > Co > unpromoted.
Although pure calcined Al,03 also possessed strong basic site,
the associated CO, heat of desorption for unpromoted and pro-
moted MoC;_, catalysts was improved due to the formation of

Catalyst MoC;_y/Al;03 K-MoC;_«/Al;03 Na-MoC;_4/Al;03 Co-MoC;_y/Al; 05 Ce-MoC;_x/Al,03 Pure Al,03 support
Adsorbed NHs, An, (mol NH3 gear ! x 10%)

P1 129 7.56 4.96 14.9 9.82 18.8

P2 22.2 6.39 6.58 18.6 9.59 -
Heat of desorption for NH3 (kJ mol~!)

P1 37.91 39.92 58.66 51.24 37.47 50.00

P2 320.12 60.04 97.04 119.34 118.69 -
Adsorbed CO2, Aco, (Mol CO; gear ™! x 10°)

P1 2.72 0.43 1.20 1.40 0.19 2.64

P2 0.62 4.27 4.19 2.89 3.98 1.63
Heat of desorption for CO, (k] mol-1)

P1 3491 56.96 42.18 51.48 44.04 50.00

P2 137.07 150.24 66.34 80.77 92.62 57.42
Acidic:basic site ratio

P1 4.74 17.58 413 10.64 51.68 -

P2 35.81 1.50 1.57 6.44 2.41 -
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Table 5
Chemisorption properties of Mo carbide catalysts.

Catalyst M0C1,X/Alzo3 K—MOC1,X/A1203 Na—MOCpX/Ale;; CO—MOC1,X/A1203 CE—MOlex/A1203
H, uptake (mol H gear ! x 10%), £2y, 2.31 1.45 1.53 2.35 1.07
H, heat of desorption (k] mol~') 63.45 34.00 33.51 31.16 21.96
CO uptake (mol CO gear~! x 10°), £2c0 3.87 4.13 3.94 3.89 3.92
CO heat of desorption (k] mol-1) 133.47 115.10 104.32 158.65 152.50

Table 6
Estimated activation energy for CO reaction over Mo carbide catalysts.

Catalyst 10%MoC;_x/Al; 03 2%K-10%MoC;q_x/Al; 03 2%Na-10%MoC;_y/Al;03 2%Co-10%MoC;_y/Al,03 2%Ce-10%MoC;_y/Al; 05
E (kJ mol~1) 127.52 99.29 50.61 60.66 166.27
A(molget's™!) 4.62 x 108 6.33 x 10* 1.29 x 1072 1.05 1.47 x 1012

Table 7
Fischer-Tropsch activity over Mo carbide catalysts at 473 K and H,/CO=2:1.

Catalyst MOC],X/A1203 l(—MOC1,X/A1203 NH—M0C1,X/A1203 CO—MOC],X/A1203 CE—M0C1,X/A1203
CO conversion (%) 4.76 8.54 6.02 4.95 5.45
Product selectivity (%)

CHy 69.52 67.14 55.36 63.38 62.97

Olefin 18.55 11.81 12.61 6.06 4.54

Paraffin 79.19 83.26 80.75 89.11 90.43

Cs+ 2.35 3.48 7.06 4,28 5.10

carbide phase with the K-catalyst possessing the highest value.
Heat of desorption for both strong basic and acid sites was superior
to that of corresponding weak basic and acid centres. However, the
ratio of acid to basic site concentration for both P1 and P2 is higher
than unity indicating that the MoC;_y catalyst surface is primar-
ily acidic. Indeed, the acid to basic site concentration ratio for P2
followed the same trend for strong acid site concentration.
CO-TPD and H,-TPD were also carried out to determine the
strength and concentration of potential FT sites (CO and H, adsorp-
tion sites). As seen in Table 5, both H, and CO chemisorbed on
MoC;_y catalyst surface. Nonetheless, CO adsorption appeared to
be stronger than H; since it had superior heat of desorption and
higher uptake. This observation is in agreement with other studies
[15]. In particular, the desorption temperature for CO (585 K) was
above the range for FTS (453-553 K) while that for H, was at the
lower end of this window (460 K). This means that H, may exist pre-
dominantly in the gas phase while reacting with chemisorbed CO on
catalyst surface during FTS. As seen in Table 5, CO uptake increased
with promoter addition probably due to higher electron density

6
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Fig. 11. Effect of H,; mole fraction on olefin-to-paraffin ratio for

2%K-10%MoC;_/Al; 05 catalyst at 473 K.

(donated by dopants) which facilitated CO chemisorption [16]. In
contrast, promoted catalysts possess lower H, heat of desorption
than that of unpromoted MoC;_,/Al,0s.

3.4. Fischer-Tropsch synthesis

The influence of Hp mole fraction, yy, on FT synthesis rate
for all catalysts is illustrated in Fig. 8. CO consumption rate
was improved considerably with increasing yy, and reached a
maximum at yy, = 0.67-0.75 for the 5Mo carbide catalysts in
agreement with other studies [17]. Unlike conventional FT cata-
lysts (e.g. Co) exhibiting optimal reaction rate at higher H, mole
fraction [18], Mo carbide catalyst seemed to be more tolerant of CO
partial pressure since the active site of MoC;_, has an oxycarbide
structure formed in situ by CO molecular adsorption [19,20].
Indeed, the Mo carbide catalyst possessed both face-centred cubic
and hexagonal closed packed structures. Therefore, the carbon
deficiency in these structures may incorporate oxygen to yield
an oxycarbide phase [21]. In general, the addition of the metal
oxide dopant enhanced FT activity of MoC;_,/Al, O3 catalyst, espe-
cially with K;0 and Na,0. CO consumption rate decreased in the
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Fig. 12. Effect of promoters on olefin-to-paraffin ratio over Mo carbide catalysts at
473K and H,:CO=2:1.



456 D.-V.N. Vo et al. / Catalysis Today 175 (2011) 450-459

0.65
A 10%MoC, JALO,
O 2%K-10%MaC, JALO,
= 0.60 1 e & 2%Na-10%MoC, /ALO,
- ; gt ® 2%Co-10%MoC, JALO,
g £ o ~ ~~a v  2%Ce-10%MoC, JALO,
-g i
-g 0.55 1
a
g
O 0.501
O]
c
‘®
5 N\
O 0.45 \
%
0.40 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Hs5 Mole Fraction

Fig. 13. Influence of feed composition on chain growth factor for Mo carbide cata-
lysts.

order; K-MoC;_x/Al;03>Na-MoCq_y/Al;03 >Ce-MoCq_,/Al;03
>Co-MoCq_x/Al;03 > MoCy_y/Al,03 parallel to the trend for strong
basic site concentration. Interestingly, CO uptake also reduced in
the same order; K> Na > Ce > Co > unpromoted catalyst (cf. Table 5)
suggesting that CO adsorption site is the active site for FTS over
Mo carbide catalysts.

The effect of reaction temperature on hydrocarbon production
rate over 2%K-10%MoC;_/Al, 03 catalystis showninFig. 9. Optimal
rate observed at yy, = 0.67 was unchanged with reaction tem-
perature. Activation energy for the CO consumption rate over Mo
carbide catalysts is summarized in Table 6.

Additionally, compensation effect and isokinetic phenomenon
were also implicated for the FTS reaction over the Mo carbide
catalyst system with T, of 450K and ¢=2.67 x 10~%mol]~;
6=-16.93.

Fischer-Tropsch activity and selectivity over promoted Mo car-
bide catalysts at 473 K and H,/CO=2:1 are summarized in Table 7.
CO conversion was improved with promoted MoC;_, catalysts
while methane selectivity reduced with promoter addition from
69.5 to 55.4%. Additionally, doped Mo carbide catalysts enhanced
higher hydrocarbons, Cs: selectivity. Na promoter seemed to be
the optimal dopant for Mo carbide catalyst in terms of CHy sup-
pression and Cs. selectivity while K-promoted catalyst possessed
highest CO conversion. However, olefin selectivity decreased with

0.70

o —a— 463K
e crupgee e

473 K
503 K

0.65 -

0.60

0.55 1

0.50 1

Chain Growth Probability, a.

0.451

0.40 T T T
0.0 0.2 0.4 0.6 0.8 1.0

Ho Mole Fraction

Fig. 14. Effect of reaction temperature and feed composition on chain growth prob-
ability of 2%K-10%MoC;_x/Al, 05 catalyst.
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Fig. 15. Parity plot for methanation model over 2%K-10%MoC;_,/Al,03 catalyst.

dopant addition in the order; unpromoted catalyst > Na-doped > K-
doped > Co-doped > Ce-doped catalyst.

As seen in Fig. 10, olefin synthesis rate over MoC;_, catalyst
improved with alkaline promoter (Kand Na) and had an optimum at
the same hydrogen mole fraction for highest CO consumption rate
(y¥u, = 0.67) while a reduction in olefin formation rate (below that
for unpromoted MoC;_,) was observed with Co and Ce dopants.
Interestingly, these 2 promoters have higher CO heat of desorption
than the unpromoted catalyst while both K and Na possess low
values (cf. Table 5).

As seen in Figs. 11 and 12, olefin-to-paraffin ratio (ROP) is a
function of carbon number and attained an optimum at C3 for
all feed compositions. However, ROP reduced exponentially with
growing chain length beyond C3 due to increasing adsorptivity
or lower diffusion coefficients for a-olefins [22,23]. The anoma-
lous ROP for C, (lower than ROP of C3) was ascribed to the
readsorption of ethene for secondary reactions, namely; hydro-
genation to ethane and incorporation of ethene for chain growth
propagation [24]. Additionally, olefin-to-paraffin ratio diminished
with increased H, mole fraction (cf. Fig. 11) in agreement with
both previous experimental studies with cobalt catalyst [25]
and theoretical models derived from common FT mechanisms
[26,27].
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Fig. 16. Estimated activation energy for formation of CHs and HCOH species over
2%K-10%MoC; _y catalysts.
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Table 8
Methanation reaction models.

Model no. Mechanism

Model

kq
MoCi_x +CO=X
k_y

ky
2X + Hy = 2Hyx
k-

k3
CO + X=COx
k_3
COx + 2Hx % CHax + Ox + X
CHax +2Hx — CH4 +3X
2Hx +0x — H,0+3X

kq
MoC;_x +CO=X
k_q

ky
CO + X=COx
ko

k3
COx + Hy = HCOHx
k3

13
HCOHy + 2H, —>CHy + H20 + X

kq
MoC;_x +CO=X
k_q

Ul ky
X+ Hz = Hox
k2

k3
CO + X=COx
k_3
k
COx + Hax—>CHax + Ox
CHax + Hax — CHg +2X
Hax +Ox - H,0+2X

kq
MoC;_x +CO=X
v k_q

ka
CO + X=COx
k o

k-
COx + 2H>(g)—>CHax + H,0 1
CHax +Ha(g) — CHs +X

4
k1234PC4 Py

e, = < —
(1K1 Peo-+K1Py “Peo+K13Pg,)

where K1z = K1K)/?,  Ki3 = KiK; and kizsa = kala K3 K3

3 p2
k 1234P5 Foo

TS = A5 Peg Ko P2, Kaas P2 P
co co "2

where K]z =K1 Kz, K123 = K] K2K3 and k]z34 = k4K123.

3
_ k1234P2,PH,
2
(14K Peo+K12 Py, Peo+K13PE)

where K12 =K1 Kz, K13 =K1 K3 and k1234 = I{4K2K3K12

e,

ki23P2 P2
123760,
14Ky Peo+K12P3
where Ki; =K; K, and ki3 = k3 K1 K>

e, =

Product distribution in FTS is typically governed by a poly-
merization scheme and the hydrocarbon formation rates may be
captured by the Anderson-Schulz-Flory (ASF) model [28] given
by;

rn = kasp(1 — )21 (11)

where 1, is the production rate for hydrocarbons with carbon
number, n. kssr is the Anderson-Schulz-Flory constant while o
is the chain growth probability. Fig. 13 shows the influence of

H, mole fraction on chain growth factor. All catalysts exhibited
highest & value at yy, = 0.25 — 0.33. However, beyond 0.33, chain
growth probability reduced with increasing H, mole fraction in
agreement with similar studies on traditional FT catalysts [29].
Reaction temperature seemed to improve chain growth proba-
bility regardless of feed composition (cf. Fig. 14). However, the
chain growth factor may decrease at some reaction temperature
(in spite of the higher propagation rate) due to increasing termi-
nation rate of olefinic species on catalyst surface to paraffins and

Table 9
Model parameter estimates at different reaction temperatures.
Model no. Temperature (K) K K> K3 kq k3 R?
463 10.57 1.06 1.78 2.46 x 1077 - 0.96
I 473 4.28 0.63 4.86 439x10°° - 0.95
503 5.94 3.37 1.67 1.85x 1077 - 0.99
463 1.06 10.45 0.70 1.17x10°¢ - 0.98
11 473 0.75 431 2.51 1.30x 1076 - 0.97
503 0.50 2.03 21.17 4.87 x 1076 - 0.97
463 -1.22 2.82 -17.41 —2.42 %1077 - 0.95
11 473 0.16 —26.34 102.09 —3.44 x 1077 - 0.95
503 —2.57 1.48 -4.83 -4.91x 1077 - 0.98
463 —-5.60 -3.81 - - 133 x 1077 0.96
v 473 -4.99 -3.24 - - 2.28 x 1077 0.95
503 —-6.81 -2.07 - - 5.53x 1077 0.98




458 D.-V.N. Vo et al. / Catalysis Today 175 (2011) 450-459

Table 10

Estimated model parameters for methanation reaction (model II) over 2%K-MoC;_,/Al;0s3.
Model parameters 463K 473K 503K
K (atm™1) 1.06 0.75 0.50
K> (atm™) 1045 431 2.03 L
K3 (atm-1) 0.70 251 21.17 BMV criteria
ka (x10° mol geae ! s~! atm2) 1.17 1.30 4.87
AH;j (calmol1) —8168.24 .
AS; (calmol 1 K-1) ~17.66 Satisfied
AH, (calmol1) —17411.60 Satisfied
AS, (cal mol-1 K1) ~3335 atishie
Ecu, (kJmol-T) 73.1
EHCOH (I(J mol~! ) 160.0

decreasing re-adsorptivity of a-olefins for chain growth propaga-
tion [30]. Mo carbide catalyst reportedly has lower « value (<0.4)
[31-34] than Co or Fe FT catalysts. Nevertheless, the addition of
promoter may improve chain growth factor (up to 0.6) as seen
in Fig. 13 and chain growth probability decreased in the order,
Na > Co > Ce > K> unpromoted.

Based on the CO-TPD and H,-TPD results earlier discussed, H,
may exist in the gas phase while reacting with chemisorbed CO
on the Mo carbide catalyst. Indeed, Clair et al. reported that CO
adsorbed molecularly on MoC;_y catalyst surface [35]. Therefore,
the methanation reaction may be expressed by the Eley-Rideal
mechanism below;

k
MoC;_y + CO éx (site generation step)

(12)
k_
ky
CO + X = COx (13)
k_»
ks
COx + H, = HCOHy (14)
k_3
HCOHy + 2H,—% CH, + H,0 + X (15)

From Eqs. (12)-(14), the fractional surface coverage for species i, 6;
may be obtained as;

0 = K1Pcofo (16)
6co = K2 Pcob 17)
Oncon = K3Py,0co (18)

with Ky =kq/k_1, Ky =ky[k_5 and K3 =ks3/k_3. O is the initial frac-
tional site vacancy on the MoC;_, and 6 is fractional active site
formed in situ by co-ordinative bonding of CO to a vacant Mo site.

Reaction (15) between adsorbed HCOH and gas phase H, was
considered as the irreversible rate-controlling step. Thus, methane
reaction rate may be given as;

re, = /<49HCOHPE;2 (19)

If Oco and Oycoy are assumed as the most abundant surface
species on Mo carbide catalyst, the site balance may be written
as;

1 =069+ 6+ 0co + Oxcon (20)

By combining Eqs. (16)-(20), methanation reaction rate may be
derived as;

3 p2
k] 234PH2 PCO

T 1+ KiPco + K12PZ, + Ki23P2, P,

T'Cl (2])

where K12 =K K3, K123 =K1K3K3, and k1234 = k4K123.

By the same token, methanation models based on both car-
bide and enolic mechanisms were also derived and summarized
in Table 8.

Non-linear regression analysis of the experimental data was car-
ried out to estimate the associated parameters using Polymath 6.0
software. As seenin Table 9, all proposed models exhibited a good fit
to the experimental data with RZ > 0.95. However, models Ill and IV
gave negative adsorption equilibrium constants and were deemed
unacceptable.

Further discrimination between models I and Il was performed
based on, the thermodynamic consistency of adsorption equilib-
rium constants (Ky and K> ). This was subsequently assessed against
the Boudart-Mears—Vannice (BMV) criteria [36] as seen in Eqs. (22)
and (23).

0< 7Asi < ASig
10 < —AS; < 12.2 — 0.0014AH;

(22)
(23)

with AS,»g being entropy of CO in gas phase, 47.3 calmol~1K-1.
AH; and AS; are experimental enthalpy (calmol~1) and entropy
changes (calmol~! K~1), respectively, estimated from Eq. (24).

AH; AS;
" RT R
It is evident that model I did not meet the thermodynamic
criteria since the associated model parameters at different reac-
tion temperatures did not Eq. (24). Even so, the values of AH;
and AS; summarized in Table 10 for both equilibrium constants
K; and K, of model II satisfied the BMV criteria. In addition, as
seen in parity plot (cf. Fig. 15), the proposed methanation model
Il is in good agreement with experimental data. As a result, the
Eley-Rideal mechanism (model II) in which gas phase H, reacts
with molecularly chemisorbed CO on catalyst surface to form HCOH
species appeared to be the most appropriate model for capturing
methane formation over promoted Mo carbide catalysts. More-
over, the activation energy values for the formation of CH4 and
chain initiator HCOH species were also estimated as 73.1 and
160.0 k] mol~1, respectively with corresponding pre-exponential
factor of 1.80 x 102 and 9.31 x 10'7 mol gcac ! s~! as seen in Fig. 16.

In Kl =

(24)

4. Conclusions

Mo carbide catalysts (unpromoted and doped samples) were
prepared by temperature-programmed carburization using
H,:C3Hg as carburizing gas. The method yielded high surface area
catalysts between 194 to 210m2g~! close to that of pure Al,0s.
Temperature-programmed carburization between MoO3/Al;03
precursor and H,/C3Hg was a two-step process via the formation of
oxycarbide intermediate phase. The existence of a compensation
effect and an isokinetic phenomenon for both oxycarbide and
carbide phases indicated that the same topotactic mechanism
governed the conversion of MoOs; to oxycarbide and carbide
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phases. Although H; and CO adsorbed on Mo carbide catalyst
surface, CO chemisorption seemed to be superior to H, adsorp-
tion and the latter may preferentially remain unadsorbed in
the presence of chemisorbing CO. There was an increase in CO
uptake with doped MoC;_, catalysts. Weak and strong basic
centres as well as acid sites were detected on the MoC;_, cat-
alyst surface. Strong basic site concentration reduced in the
order; K-MoC;_x/Al;03>Na-MoCy_/Al;03 >Ce-MoCq_x/Al,03
> Co-MoCq_y/Al;03>MoC;_,/Al,03 which was also the trend
for CO reaction rate. All catalysts attained maximum FT activity
at yy, = 0.67-0.75 and chain growth probability was generally
improved by promoter addition. Methane formation was sup-
pressed with doped-catalysts, particularly Na-promoted MoC;_yx
catalyst while increasing Cs. selectivity was observed for 4 pro-
moted catalysts. Olefin-to-paraffin ratio reduced with increasing
chain length and H, mole faction. Methanation reaction over Mo
carbide catalysts may be captured by an Eley-Rideal kinetic model
in which gas phase H; reacted with molecularly adsorbed CO on
catalyst surface to form chain initiator, HCOH.
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