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Abstract - Due to ever more severe environmental regulations regarding SOy, NOy and other pollutants’
emissions, there has been an interest in developing new and improved catalysts for hydroprocessing reactions.
Mo,C has been reported to display good selectivity and activity for those reactions, especially for HDS.
Addition of another metal to the carbide structure may improve catalytic properties. Mo,C with low cobalt
addition (2.5 and 5%) was obtained via gas-solid reaction in a fixed bed reactor with CHs (5%)/Ha
atmosphere. XRD and TG/DTA analysis of the precursors were carried out in order to understand its mass loss
profile, doping metal presence and phase distributions. CoMoO4 as well as MoOs were identified after
calcining doped precursors at 600 °C/180min. SEM, XRD, XRF, TOC, BET and laser granulometric analysis
of the reaction products were also performed. Compositions verified by XRF and theoretical values were
compatible. At 700 °C both carbide (Mo0,C) and oxide (MoO,) phases are present, as identified in XRD
analysis and observed by SEM. At 750 °C only single phase Mo,C was verified by XRD, indicating Co
dispersion on the carbide matrix. Morphology at this temperature is compatible with pure Mo,C, though XRF
indicates Co presence on the material.

Keywords: Molybdenum carbide; Cobalt; Fixed bed reactor; Solid state doping.

INTRODUCTION

Environmental regulations related to the emission
of sulfur compounds constantly decrease the maxi-
mum allowed content of this element in transporta-
tion fuels (ANP, 2013). This, associated with the in-
crease of contaminant content in crude oil world-
wide, has introduced severe changes in processing of

*To whom correspondence should be addressed

petroleum feeds, requiring more hydrogen, catalysts
and heat input, which increase operational costs
(Grange and Vanhaeren, 1997; Furimsky, 1998). This
scenario points towards the need of developing new
and improved catalysts that could substitute the tra-
ditional Ni(Co)-Mo(W)/Al,O3 materials currently in
use.

Transition metals carbides and nitrides, especially
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Mo, W, and Nb, find interesting applications in het-
erogeneous catalysis for important industrial reac-
tions, especially for hydroprocessing, such as hydro-
genation of heavy fractions and HDS (Furimsky,
2003), as well as for catalytic oxidation (Gomes,
2006), FT reaction (Griboval-Constant et al., 2004),
methane reforming (Cheng and Huang, 2004), HDN
(Al-Megren, 2005; Al-Megren, 2007) and others
(Nagai and Matsuda, 2006; Vieira, 2010; Oyama,
1992a; Oyama, 1992b; Volpe and Boudart, 1985;
Matar et al. 1988; Serge, 2003). These materials, be-
sides having catalytic behavior similar to noble
metals, also present resistance to poisoning by sulfur
compounds which is an important feature of catalysts
for HDT reactions (Oyama, 1992a,b).

For its use in catalysis, carbide materials are re-
quired to display a high density of active sites, small
particle size and a surface area free of pollutants
such as carbon or others that could impair the reac-
tion process (Oyama, 1992a; Volpe and Boudart,
1985). These features can improve the contact be-
tween catalysts and reactants, and enhance the cata-
lytic process (Matar et al., 1988; Serge, 2003).

Traditionally, carbide production derives from
metallurgical processes where liquid metal is reacted
with a carbon source, usually carbon black, at high
temperature (1500 — 2300 °C) (Pierson, 1996; Atkins
and Jones, 2006). This process, besides high tem-
perature and energy, also demands for long residence
time in order to overcome solid-state diffusion limi-
tations (Borovinskaya et al., 2012).

Another route for producing monometallic car-
bides was developed in the 1980’s at lower tempera-
ture ranges, typically by a TPR (Temperature Pro-
grammed Reaction) method using gaseous carbona-
ceous materials as carbon source (Oyama, 1992a;
Volpe and Boudart, 1985; Lee et al., 1987).

An increase of the density of active sites and,
therefore, of the catalytic activity, could be attained
by adding other metals to the carbide structure ide-
ally forming systems which were similar in composi-
tion to catalysts currently in use for HDT, i.e., low
Co/Mo ratio.

Bimetallic synthesis of carbide materials has been
studied by several authors (Xiao et al., 2001; Cheng
and Huang, 2004; Al-Megren, 2005; Nagai and
Matsuda, 2006; Nagai et al. 2007; Wang et al., 2008),
usually with compositional range above 10%Co/Mo.
Most of these materials are also prepared with high
carbon source content in the gas mixture: >20% for
CHs4 (Cheng and Huang, 2004; Nagai et al. 2007;
Izhar and Nagai, 2008; Izhar et al., 2009; Ma et al.,
2014) or >10% for C,Hs (Al-Megren, 2005; Al-
Megren, 2007). This can produce a higher free carbon

percentage in the final product and ultimately impair
the catalytic process.

This paper aims to evaluate the synthesis and
characterization of molybdenum carbide with low Co
addition (Co/Mo=2.5 and 5 mol%) at two tempera-
ture levels (700 and 750 °C) by using a carburizing/
reducing atmosphere with low CH4 content (5%) in
order to avoid free carbon formation.

Reaction products were characterized by XRF,
XRD, SEM, BET, TOC and granulometric analysis.
Crystal sizes were calculated by the HWL (Halder-
Wagner-Langford) equation with the integral
method.

MATERIALS AND METHODS
Precursor Synthesis

Ammonium heptamolybdate (AHM)
[(NH4)(,MO7024.4H20] (VETEC, Brazil, 99%) and
cobalt nitrate [Co(NOs3),.6H,O] (CROMATO, Brazil,
98%) were manually mixed at the 2.5 and 5% molar
ratios (Co/Mo) with mortar and pestle. These materi-
als, hereafter called precursors, were subject to
carbo-reduction reaction in order to synthesize the
carbide materials.

TG/DTG (NETZSCH TG 209F3- AL,Os3 crucible)
analysis was carried out on precursors with 5% Co,
on pure AHM, and on cobalt nitrate. All analysis’
were performed in a stagnant nitrogen atmosphere
with 5 °C.min"' heating rate from room temperature
(25 °C) to 700 °C in order to evaluate the mass loss
behavior.

Precursors with 2.5 and 5% Co were calcined in
a muffle furnace (EDG Inox Line 3000, Brazil) at
600 °C for 180 min for phase composition evalua-
tion by XRD (SHIMADZU XRD- 6000, Cu Ka,
operated at 30 kV and 30 mA, 2°.min™") as in the re-
actant atmosphere it is expected that the materials
obtained via calcination are present, to some extent,
as intermediates.

Carbide Synthesis

For the carbide synthesis, approximately 2 g of
the precursors produced from the physical mixture of
reactants, were loaded into an alumina crucible and
subjected to the carbo-reduction reaction in an alu-
mina fixed bed reactor (dex=35 mm, ¢ =80 cm), cou-

pled with a resistance furnace (EDG Tunel FTHI-40,
Brazil). This system is presented on Figure 1, where
the flow control system is also indicated.

An argon (Linde, Brazil, >99%) atmosphere was

Brazilian Journal of Chemical Engineering



On the Synthesis of Molybdenum Carbide with Cobalt Addition Via Gas-Solid Reactions in a CHs/H2 Atmosphere 579

used to purge the reactor for ~20 min before the re-
action. Then the CHs (Linde, Brazil, >99%) and H,
(Linde, Brazil, >99%) flow was started at a total flow
rate of 15 L.h"! with 5% of CH,. Heating rates of 5
°C.min"" and a soaking time of 180 min were used for
the materials synthesized at 700 and 750 °C. Samples
were tagged according to the cobalt/molybdenum ra-
tio followed by reaction temperature (x % - T °C).

Figure 1: Fixed bed reactor coupled with resistance
furnace. 1) CHs mass flow controller; 2) H, flow
meter; 3) Argon flow meter; 4) Alumina crucible; 5)
Resistance furnace; 6) Alumina reactor; 7) Sealing
system; 8) Bubble system.

Reaction products were packed in suitable con-
tainers (closed plastic sample holders) once room
temperature (25 °C) was reached. Afterwards samples
were characterized by XRF (SHIMADZU EDX-720,
air atmosphere), XRD, BET (Micrometrics, ASAP
2020), TOC (SHIMADZU Total Carbon Analyzer
with 400ml/min O, flow at 900 °C) and SEM
(SHIMADZU MEV SSX550 with amplifications in
the range of 3, 5 and 8.10°).

Crystallite size was estimated by the HWL (Halder-
Wagner-Langford) method with integral calculations
from the mathematical profile obtained from XRD
data. Laser granulometric analysis (CILAS 920 from
0,30 — 400 pm, using water as medium with no dis-
persing agent) were also performed.

RESULTS AND DISCUSSION
Precursors Analysis

Thermal Analysis

TG/DTA analysis was carried out on pure AHM
(Figure 2), on cobalt nitrate (Figure 3), and on the
precursor with 5%Co (Figure 4).

In Figure 2 four weight loss steps can be identi-
fied, accounting for a total loss of 18.97%. This re-
sult is compatible with the production of MoO; if
(NH4)sM07024.4H>0 1is considered to be the starting
material. This is also in good agreement with the
data published by Weinold et al. (2003) for AHM.
All steps are accompanied by endothermic DTG
signs which are relative to water and ammonia evo-
lution of the material throughout the temperature
range (RT-~450 °C).

—TG AHM - DTG AHM

100 - e 0.0

- -05
95

|
=]

90

Weight (%)

,_.
n
DTG Intensity{a.u.)

85
- -2.0

80

T T T T T T -2.5
o 100 200 300 400 500 600 700
Temperature (°C)

Figure 2: TG/DTA analysis for AHM.

In Figure 3 cobalt nitrate thermal decomposition
is presented. A total 67.75% weight loss divided in
four, almost continuous, events is verified. All events
are endothermic. The first and second events, from
room temperature to 200 °C, are relative to water
evolution, accounting for 37.04%. The third event,
which is attributed to NOy evolution, accounts for
16.52%. The last step, attributed to chemically bonded
water release, accounts for the last 17.06%. This
result is in good agreement with the ones presented
by other authors for the thermal decomposition of
this material by a quasi-isothermal technique (Mansour,
1994; Brockner et al. 2007; Ehrhardt et al. 2005).
Table 1 summarizes the results of weight loss per-
centage and temperature ranges of the events for the
reactants and the precursor with 5% Co.

For the precursor obtained from the physical mix-
ture of the reactants a total 19.45% weight loss was
verified (Figure 4) when it was heated from room
temperature to approximately 400 °C. This was at-
tributed to H,O, NOx, and NH; volatilization, as for
the AHM and cobalt nitrate cases individually. Five
weight loss events can be identified; those indicated
with A refer mainly to AHM decomposition while
those indicated with m refer to cobalt nitrate. A con-
tinuous curve with very slight slope transitions is
observed, making the distinction between consecu-
tive steps possible only by a DTG inspection in some
cases.

Brazilian Journal of Chemical Engineering Vol. 33, No. 03, pp. 577 - 588, July - September, 2016



580 C. P. B. Araujo, C. P. de Souza, L. M. D. Maia, M. V. M. Souto and C. M. Barbosa

——TG Nitrate - DTG Nitrate
120 - 1.0

-+ 0.0

80

[nd
o

DTG Intensity (a.u.)

60

Weight (%)

40 |

20

) 50 100 150 200 250 300 350 400
Temperature (°C)

Figure 3: TG/DTG analysis for Co(NO3),.6H,O

Table 1: Thermal decomposition events for AHM,
5% Co percursor and cobalt nitrate.

AHM decomposition events
Event Am Ts Te
1 6.92 103 148
2 4.25 178 233
3 6.57 263 333
4 0.94 333 403
Total 18.69
5% Co Precursor decomposition events
Event Am Ts Te
1 5.19 80 143
2 3.40 143 183
3 2.81 183 233
4 6.80 233 323
5 1.27 323 428
Total 19.47
Co(NO3)2.6H20 decomposition events
Event Am Ts Te
1 1.33 27 67
2 35.73 68 197
3 16.52 197 242
4 17.06 242 262
Total 70.64
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Figure 4: TG/DTA analysis for the precursor with
5%Co. m indicates events related to cobalt nitrate
decomposition, A indicates events related to HMA
decomposition.

Two endothermic events between room tempera-
ture and ~180 °C are relative to water volatilization,
and can only be distinguished by DTG curve evalua-
tion. In comparison with Figure 2, for the tempera-
ture range between ~100-140 °C, only one event is
present and is also attributed to water evolution. In
Figure 3 the same event is present but in a lower
temperature range (from RT to ~70 °C.

The third decomposition step of the 5%Co precur-
sor occurs between 180-230 °C and is attributed to
NOx elimination by nitrate groups of Co(NO3),.6H,0,
which is in accordance with the TG data presented
here in Figure 2, and accounts for a total of 2.81%.
The two last events, from 230-320 °C and from 320-
430 °C, are related to ammonia and water evolution
and account for a total of 8.07%.

XRD Analysis

Figure 5 shows XRD patterns for precursors with
2.5 and 5% Co addition calcined at 600 °C for 180
min. Peaks marked with m refer to CoMoOs (ICSD:
023808) phase, whereas peaks marked with e
display a mixed contribution of both CoM0O,4 and
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Figure 5: XRD patterns for precursors with 2.5 and
5% Co addition calcined at 600 °C for 180 min.
Peaks marked with m refer to CoMoO4 (monoclinic)
phase, e refer to mixed phase contribution: CoMo0O4
and MoOj; (orthorhombic), all other peaks refer to
MOO}.
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MoOs phases. All other peaks refer to the MoO;
(ICSD: 076651) phase. MoO; phase shows ortho-
rhombic structure, while the CoMoOs; phase is
monoclinic. A MoOj; phase with this structure was
identified by other authors for the thermal decom-
position of AHM (Weinold er al. 2003), whereas
CoMoO4 was found in the synthesis of bimetallic
Co-Mo carbides from various starting materials with
Co and Mo (Cheng and Huang, 2010).

Upon decreasing the Co content, an intensity
decrease in CoMo0OQ4 peaks at 14.5, 23.4, 27.3, 28.2
and 32.6 can be noted. This is more pronounced for
the peak at 6=32.6°, which is no longer identified for
the lower compositional level. As the Co/Mo atomic
ratio increases, the CoMoO, diffraction peaks be-
come more intense, suggesting that more CoMoOQy is
being formed in the bimetallic oxides (Cheng and
Huang, 2010).

Reaction Products Analysis
X-Ray Fluorescence

Cobalt content in the final product was deter-
mined by X-ray Fluorescence. Table 2 shows the
data obtained. It can be noted that there is agreement
between expected and achieved values, showing that
only relatively small loss occurred during the pro-
cess. To our knowledge only a few papers, (Griboval-
Constant et al., 2004; Al-Megren et al., 2005) pre-
sent quantitative chemical or physical analysis for
the elemental composition of the produced materials.
The majority of the published articles present their
phenomenological analysis based on labeling materi-
als according to intended metal addition, as in the
works of Cheng and Huang (2010), Al-Megren et al.
(2007), Nagai and Matsuda (2006), Nagai et al.
(2007) and Chen et al. (2013).

The data presented by Al-Megren et al. (2005)
show greater deviations (~43.4%) from the intended
Co/Mo ratio than the verified values presented here.
Griboval-Constant et al. (2004), however, managed
to obtain ~3% deviations in their Mo,C supported Co
catalysts.

Table 2: Co Content in the Final Product (XRF).

Sample %wt. Co (%)Co/Mo
2.5% - 700 °C 1.349 223
2.5% - 750 °C 1.359 2.24
5% - 700 °C 2.754 4.61
5% - 750 °C 2.762 4.62

X-Ray Diffraction

Figure 6 shows XRD patterns for the products of
the carburization reactions at 700 and 750 °C with
2.5 and 5% Co addition. Peaks marked with m refer
to Mo,C (ICSD: 065701) all other peaks refer to
MoO; (ICSD: 062210). MoOs is not detected in the
reaction products’ XRD pattern because it is reduced
by H, forming MoO, before it is completely con-
verted to carbides (Li et al., 1998). No cobalt-con-
taining phases could be identified. This could be due
to the low Co content added or due to the fact that
this metal can be considered to be dispersed on the
carbide structure. The absence of a cobalt-containing
phase in the carburization product was also identified
by other authors (Xiao et al., 2001) even when
higher Co/Mo ratios were tested. The MoO, phase
displays monoclinic structure, while Mo,C is ortho-
rhombic (Gomes, 2006; Wang et al., 2008; Li et al.,
1998, Wang et al., 2006).
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Figure 6: XRD patterns for the reaction products at
700 and 750 °C with 2.5 and 5% Co addition. A refers
to peaks of the MoO, (ICSD: 062210 monoclinic)
phase, and m refers to Mo,C (ICSD: 065701, ortho-
rhombic) peaks.

Other authors indicate that, because the radius of
cobalt atoms is smaller than that of molybdenum
atoms, the incorporation of cobalt atoms into Mo,C
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will lead to a shift to higher diffraction angle (Cheng
and Huang, 2010). This phenomenon was visualized
in this paper, but with a much lower intensity than
those authors were able to identify since the cobalt
addition was also smaller. Table 3 summarizes these
angle variations for the materials where only the car-
bide phase was identified. This is also an indication
of the presence of Co atoms in the structure of the
carbide as a promoter (Cheng and Huang, 2010).

Table 3: XRD peak position deviations with in-
creasing Co content for the materials where only
the carbide phase was identified.

Peak number/ 2.5%Co 5%Co AO
Position (2Theta) 750 °C 750 °C
1 34.346 34.365 0.019
2 37.912 37.949 0.037
3 39.393 39.416 0.023
4 52.107 52.136 0.029
5 61.559 61.582 0.023
6 69.541 69.561 0.020
7 72.455 72.468 0.013
8 74.649 74.681 0.032
9 75.598 75.619 0.021

Crystal Size Estimates

Table 4 presents crystal size calculations for the
reaction products. Calculations were carried out by
applying the HWL integral method on the mathe-
matical profile of the fitted XRD data. Correlation
coefficients, as well as micro-strain estimates are also
presented. For the materials produced at 700 °C, crys-
tal sizes were 10.86 and 15.09 nm for samples with
2.5 and 5% of Co addition, respectively. At 750 °C the
estimates were 30.55 and 43.25nm for samples with
2.5 and 5% of Co addition.

Even with increasing reaction temperature the
crystal sizes remained nano scale. It can be noted that,
with increasing temperatures, crystal size increased
(~180%), which is in accordance with Avrami’s

(A) 500x

theory (Avrami, 1940). The same effect can be
verified upon increasing cobalt content, though with
less intensity (~40%). This could be due to the fact
that the Co radius is close to that of Mo and it could
potentially deform the crystal network, as previously
stated and verified above by XRD. Souto (2008) also
verified this increase in crystal size with increase in
dopant content for the synthesis of niobium carbide
with copper addition. Xiao et al. (2001) also indicate
that an increase in Co content would lead to an
increase in particle size of the bimetallic Co-Mo
carbide, which is in accordance with the phenomena
observed here.

Table 4: Crystal size calculation results for the
reaction products. The HWL integral method was
used. Correlation coefficients and micro strain
estimates are also presented.

Sample HWL € R
(nm)
2.5%Co_700 °C 10.86 0.012 0.94
5%Co_700 °C 30.55 0.009 0.94
2.5%Co_750 °C 15.09 0.006 0.91
5%Co_750 °C 43.25 0.009 0.97
SEM

Scanning Electron Microscopy images are pre-
sented in Figure 7 for the reaction at 700 °C, and in
Figure 8 for the carbides obtained at 750 °C. On the
right side, the images refer to samples with 5%Co
addition, and, on the left side, to samples with
2.5%Co addition. Highlighted regions of Figure 7(A)
and (B) indicate agglomerating behavior, showing an
increased tendency for agglomeration with increased
Co content. In (C) and (E) the circled regions show
both platelet morphology (MoO;) and undefined
morphology (MoC). In Figure 8 only one type of
morphology can be noted, which presents undefined
shape and is attributed to the Mo,C phase.

5%Co_700 °C

(B) S00x
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Figure 7: SEM images for reaction products at 700 °C. On the left side, samples with 2.5%Co,
on the right side, samples with 5% Co addition. (A) and (B) with 500x magnification. (C) 1500x
amplifications; platelet morphology as well as regions with undefined shape can be seen. (D)
2400x, absence of platelets morphology. (E) and (F) 10000x magnification; regions with plate-
lets and undefined morphology.

(D) 5000x
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(E)7000x

Wang et al. (2006) indicate, for one, that MoO,’s
orthorhombic structure, which presents itself as fine
platelets, can no longer identified when carburized,
as it turns into isotropic particle agglomerates formed
by the broken intermediate oxide particles forming
the carbide material. Other papers (Gomes, 2006;
Vieira, 2010; Li et al., 1998; Medeiros et al, 2001)
also identify agglomerates formed by particles of
unidentified shape as relative to pure carbide phase.
This is in agreement with the attribution applied here.

No indication of cobalt could be found by analyz-
ing the morphological identity of the material.

Carbon Content

Carbon content was determined by total combus-
tion of samples at 900 °C with pure O,. Table 5
presents the total carbon content (%wt.), as well as
the carbon to metal ratio. It can be noted that only for
the sample synthesized at 750 °C with lower cobalt
(2.5%) content a ratio above the theoretical 0.5 value
was reached. This confirms the complete conversion
of oxides to carbide materials, as well as the produc-
tion of a small amount of free carbon (8.9%). All
other samples display ratios below the theoretical
value, indicating incomplete reactions; this phenom-
enon is more pronounced for the 700 °C samples, in
accordance with the XRD data presented here. For
the material with 5% Co produced at 750 °C,
approximately 86% conversion was obtained. This
high conversion could explain the difference between
this data and the phases identified by XRD, as the
majority of the material consists of carbide phase.

Griboval-Constant et al. (2004) produced molyb-
denum carbide with low ruthenium or cobalt addi-
tion, at 700 °C and 10%CH4+—H> with a 6 h soaking

(F) 10000x

Figure 8: SEM images for reaction products at 750 °C. On the left side samples with 2.5% Co
addition, on the right side, samples with 5%Co addition. (A) and (B) have 180x amplification.
Circled regions indicate agglomerating behavior. (C) 3000x. (D) 5000x, (E) 7000x and (F)
10000x amplification. Only one morphology, with undefined shape, can be noted.

time and obtained carbon contents of 4.5 and 5.2%
(wt.) for the doped materials. This is over 30% of the
maximum carbon content verified here. A possible
explanation would be the longer soaking time ap-
plied coupled with higher methane content in the
reactant mixture.

Al-Megren et al., (2005) also evaluated the car-
bon content of their carbide materials and attained
6.1% wt. before the HDN reaction. This result is
78% above the highest value achieved in this paper.
This higher carbon percentage is probably due to the
carbon source used (C2Hg) and its amount in the total
mixture (10%).

As can be noted, the use of methane as a carbon
source and shorter soaking times managed to reduce
the free carbon content in the final product in
comparison to these authors, though the synthesis of
pure carbide materials needed a finer flow/synthesis
control.

Table 5: Carbon content analysis of the reaction
products.

Sample Total carbon C/Metal
content (Yowt.)
2.5%Co_700 °C 1.84 0.31
2.5%Co_750 °C 3.45 0.59
5%Co_700 °C 2.17 0.37
5%Co_750 °C 2.71 0.46
BET

Superficial area was determined by BET analysis
of the carburized materials and is presented in Table
6. Low values were obtained, as these materials were
not passivized. No tendency regarding the change of
parameters could be noted.
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These surface areas values are compatible with
the work of Griboval-Constant et al. (2004), who
also verified (for molybdenum carbide with Ru or Co
addition) superficial areas in the range of 3-9 m2.g™,
with the highest area being relative to pure Mo,C
(9.2 m2.g ™). Al-Megren et al. (2005) also managed to
obtain superficial areas close to 20 m2g™ for bimetal-
lic cobalt molybdenum carbide with a Co/Mo ratio of
0.67 produced by TPR with ethane at 10%.

Xiao et al. (2001), however, by using an elaborate
series of steps (mixture, dissolution in organic solvent,
evaporation, calcination, pelletization and carbo-re-
duction reaction) were able to achieve higher super-
ficial areas 15.5-39.6 m?g™". One would still need to
provide an evaluation of the cost of these operations
vs. superficial area increase, as these values are close
to the ones obtained here and required much more
processing.

in wolume | passants

7

]

Table 6: BET evaluation of the reaction products.

Sample Surface area Pore size
(m*/g) (cm’/g)
2.5%Co_700 °C 16.68 0.040
2.5%Co_750 °C 24.39 0.040
5%Co_700 °C 16.76 0.030
5%Co 750 °C 17.88 0.025

Laser Granulometric Analysis

Laser granulometric analysis was carried out on
the carburized materials to identify if the tendency
noted in SEM analysis could be extended to the en-
tire material. Figure 9 shows the distributions ob-
tained. Table 7 provides the data for average ag-
glomerate diameter, and the diameter obtained when
the smallest 10, 50 and 90% fractions of the distribu-
tion were considered.
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Figure 9: Results for the laser granulometric analysis of the reaction products. (A) at 700 °C
with 2.5%Co and dayerage= 14.94 pm. (B) at 750 °C with 2.5% Co and daverage=26.34 um. (C) at
750 °C with 5% Co and daverage=39.85 pm. (D) at 750 °C with 5%Co and dayerage=168.45 pm
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Table 7: Agglomerates size distribution for the
reaction products. The cut sizes for 10, 50 and
90% of the particles are presented, as well as the
average for the entire sample.

D (um) 2.5% 2.5% 5% 5%
Co_700 °C | Co_750 °C | Co_700 °C | Co_750 °C

10% 3.98 597 6.64 12.65

50% 14.7 24.55 38.55 134.48

90% 25.98 48.64 73.4 359.30

Average 14.94 26.34 39.85 168.45

This analysis was able to quantify the agglomerate
size distribution and indicated that an increase in
cobalt content led to the formation of larger agglomer-
ates, for the same reaction temperature. If the tem-
perature is increased there was also an increase in the
agglomerate sizes. This could be explained on the
basis of the carbide formation process, as intermediate
oxide particles are broken to form the carbide phase,
which then has a smaller particle size and, therefore, is
more prone to agglomerate due to electrostatic forces.
No other paper, to our knowledge, has presented this
kind of analysis of their carbide materials. We find
that this is important information for future process
scale-up as the agglomerating behavior of the powder
has a direct effect on the final use of the materials
and can be altered, to some extent, by reactor pa-
rameters such as type of reactor, gas flow and pre-
cursor loading.

CONCLUSIONS

From the method proposed here it was possible to
obtain MoOj3; and CoMoO4 phases by providing heat
treatment to the precursor produced from the physi-
cal mixture of cobalt nitrate and AHM. The presence
of CoMoOjy at this stage is an indicative of the inti-
mate contact of Co and Mo atoms in the precursor.

Precursors with 2.5% cobalt addition were able to
produce single phase molybdenum carbide at 750 °C
with a 180min soaking time with low free carbon
content (~8.9%). For the powder produced at this
temperature with 5% Co, TOC analysis indicated
that an 86% conversion was achieved, which sug-
gests that probably longer soaking times would be
needed to form pure Mo,C with this Co content.

All materials produced at 700 °C were composed
of a mixture of molybdenum oxide and carbide, indi-
cating incomplete reactions, which were identified
by XRD and confirmed by TOC and SEM images.
This could be due to the low methane composition
used in the gas mixture.

It was found that cobalt addition produced a shift
in diffraction angles of the molybdenum carbide
phase, which indicates its presence in the carbide
structure, as no cobalt-containing phases were identi-
fied by XRD for the reaction products. XRF data
also confirmed the Co presence in all materials,
which, coupled with the XRD verification, suggests
the actual presence of this metal in the structure as a
promoter.

Co addition also altered the agglomerating behav-
ior of the carbide materials making them more prone
to form larger agglomerates, as electrostatic forces
are changed with increasing cobalt content.
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SYMBOLS AND UNITS
AHM  Ammonium Heptamolybdate
d Crystal size (nm)
0 Diffraction angle (°)

HDS  Hydrodesulphurization
HDT  Hydrotreatment

TOC  Total organic carbon
XRD X Ray Diffraction

XRF X Ray Fluorescence
HWL  Halder-Wagner-Langford
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