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Abstract

The reducibility of a series of carbon-supported, molybdenum-based catalysts
with or without a potassium promoter was investigated using temperature-programmed
reduction (TPR). The Mo loading and the K-doping level influence the reducibility of the
K-Mo/C catalysts. The TPR spectra of both Mo/C and K-promoted Mo/C catalysts
generaly consist of four peaks. Two of these (located around 350°C and 440°C) are
attributed to the reduction of octahedrally coordinated Mo [Mo(O)], and a third peak
(located around 740°C) is attributed to the reduction of tetrahedrally coordinated Mo
[Mo(T)]. The fourth peak (located around 850°C) is assigned to CO desorption from the
decomposition of the oxidized carbon support. The distribution of the different Mo
species is greatly affected by the Mo loading and the K-doping level. In the absence of
the K promoter, Mo(O) species predominate at relatively low metal loadings while
Mo(T) species predominate at higher loadings. The reducibility of both species,
guantified by the hydrogen consumed, or the average Mo valence, decreases with
increasing Mo loadings. Mo carbides (or other more-refractory compounds) may be
formed in Mo/C catalysts, either during the catalyst preparation process or in the TPR
experiments. The K/C runs indicate that K is not itself reduced, but it may modify the
reducibility of other metal compounds. A small amount of K, when added to the Mo/C,
increases the area of the low-temperature Mo(O) peaks at the expense of the high-
temperature Mo(T) peak. Under these conditions, the Mo(T) is significantly more
reduced than is the Mo(O). Larger amounts of K decrease the Mo(T) peak area and cause
less reduction in both the Mo(T) and Mo(O) species. K and Mo interact in K-promoted
Mo/C catalysts, with the interaction being most pronounced for molar ratios of K/Mo
between 0.2 and 1.

Introduction

Molybdenum-based catalysts are active for many kinds of catalytic reactions,
including hydrogenation, hydrogenolysis, hydrocracking, hydrodesulfurization, and
hydrodenitrogenation. The catalytic performance depends, to a certain extent at least, on
the support used, since the surface properties of the catalyst vary with the support.
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Alumina, slica, and dlicaalumina are commonly used for hydrotreating and
hydrocracking catalysts. A carbon support has been used for hydrocarbon synthesis (1)
and higher-alcohol synthesis (2-5) from carbon monoxide and hydrogen. A carbon
support possesses advantages over oxide supports for some reactions because of its
inactive surface, which could lead to a weak interaction between the support and the
active components, thus preferentially forming active phases and making them more
effective (6). Further, specially pretreated carbon supports can prevent coke formation on
the surface of catalyst so that the life of the catalyst increases (6,7).

Alkali promoters and modifiers are important in heterogeneous catalysis. For
example, molybdenum-based catalysts promoted by potassium or cesium have been used
for the synthesis of mixed acohols from syngas (2-5,8-10), while unpromoted
molybdenum catalysts produce mainly light hydrocarbons (1). The mechanism of the
promotional effect of alkali still remains open to question. Some researchers (10) believe
that the catalysts are bifunctional, while others (11) suggest that alkali atoms modify the
local electron density of the transition metal, either directly or indirectly via the support.
Generally, the nature, the doping level and the counter-anion of the akali affect the
activity and selectivity of catalytic reactions (12-14).

Mo-based catalysts generally need to be reduced or sulfided prior to reaction, in
order to achieve the desired performance. The relative amount of different molybdenum
species on the surface of the catalyst after pretreatment dramatically affects catalyst
performance (15). Therefore, the reducibility of molybdenum-based catalysts is an
interesting and important aspect for study. For this purpose, temperature-programmed
reduction (TPR) is a useful technique (16). It has been widely applied to oxide-supported
Mo-based catalysts. Most previous work has dealt with the effects of oxide supports on
the reducibility of the active metal of the catalysts (17-19), while very few researchers (to
our knowledge) have been concerned about the reduction behavior of carbon-supported,
molybdenum-based catalysts. In the present work, we use TPR to study the reduction
behavior of carbon-supported, molybdenum-based catalysts, both with and without a
potassium promoter. In particular, we investigate the effects of molybdenum loading and
potassium doping on the reducibility of the catalysts.

Experimental
Materials

Activated carbon was obtained from Aldrich Chemica Company. The granule
size of the activated carbon is 20-40 mesh, the surface area is 660 m?/g, and the pore
volume is 1.0 ml/g. A sample of this carbon was sent to Galbraith Laboratories for
elemental analysis. ICP results for metals present indicate 8.0% Si, 0.87% Al, 0.28% Fe,
0.18% Ca, 0.074% Mg and 0.069% Ba, smaller amounts of Sr and Ti, and measurable
values in the ppm range of at least six other metals. The high concentration of silicon by
elemental anaysis is consistent with x-ray powder diffraction data, which show strong
lines for the cristobalite phase of SiO,. Copper oxide (99.9999% CuO) and commercial
molybdenum oxide (MoOs) were also obtained from Aldrich Chemical Company.
Ammonium heptamolybdate ([NH4]sM 070240 4H,0) and potassium nitrate (KNOs), used
as the sources of molybdenum and potassium for catalyst preparation, were obtained
from Fisher Scientific. All were used as received. Gases argon (high purity, 99.995%)
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and a mixture of 10% hydrogen in argon were obtained from Matheson and used as
received.

Catalyst Preparation

The incipient-wetness impregnation method was employed. The Mo/C samples
were prepared by impregnating the activated carbon with an aqueous solution of
ammonium heptamolybdate. This was followed by drying in air at 100°C overnight and
then calcining in flowing N2 a 500°C for 2 hours. K/C samples were prepared by
impregnating activated carbon with a solution of potassium nitrate, again followed by
drying in air at 100°C overnight and calcining in flowing N2 at 300°C for 2 hours. For the
Mo/C and K/C samples, loadings are given as the weight percent relative to the activated
carbon support. The process used to prepare Mo-K/C catalysts was the same as that for
the K/C samples, except that Mo/C was used in place of the activated carbon. For the
Mo-K/C materials, nominal Mo percentages are based on the weight of activated carbon
support, while potassium-doping levels are given as the molar ratios of potassium to
molybdenum.

Temperature-Programmed Reduction

The equipment used for temperature-programmed reaction was constructed from
a Hewlett Packard 5890 gas chromatograph and an externa furnace with a temperature
programmer. The sample to be anayzed was placed in a quartz U-tube reactor and
surrounded with quartz chips. The reactor was heated using a furnace and temperature
programmer obtained from Automated Test Systems (Butler, PA). Either high-purity Ar
or the 10% Hz-Ar mixture flowed through the reactor. The exit stream from the reactor
passed through a cold trap filled with a mixture of dry ice and acetone (to remove water
from the exit stream) and thence to a thermal conductivity detector (TCD) in the gas
chromatograph, where the H, content of the stream was monitored. A Hewlett-Packard
persona computer and HP ChemStation Software were used for data acquisition and
processing.

Approximately 120 mg of catalyst was used for each TPR experiment. The
sample was first preheated in the high-purity Ar a 250°C for 1 h with a flow rate of 30
cc/min, to remove any absorbed volatile impurities. During this time, the reactor was
isolated from the TCD, and separate streams flowed to the detection and reference arms
of the TCD. Thus the TCD was uncontaminated by the exit stream from the reactor
during pretreatment. The sample was then cooled down to room temperature in flowing
Ar and the TPR experiment was started. Typically, a TPR experiment was conducted in
the 10% H, - Ar gas mixture flowing at 30 cc/min, the same flow rate used in the
pretreatment. The temperature was usually ramped from room temperature to 850°C at a
fixed rate of 10°C/min. The furnace was held at 850°C for 30 min. The H, consumption
was monitored by the TCD. The TPR profiles of the samples were analyzed by
deconvoluting them using PeakFit software from Jandel Scientific.

Results
Reduction of CuO

In a calibration experiment, TPR data were collected using the high-purity CuO
sample. This experiment was used to quantify the H, consumption during the reduction,
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and thus to calibrate the response of the TCD. The results allow us to obtain an average
valence of Mo for the catalysts after reduction, assuming the initial oxidation state of the
Mo to be +6.

Figure 1(a) shows the TPR spectrum of the CuO. Only one peak of H»
consumption is observed. The peak is symmetric and occurs at a temperature of around
260°C. After the first TPR run, the sample was cooled to room temperature in flowing
Ar, and a second TPR experiment was conducted, following exactly the same procedure
as used in the first run. A very flat line was obtained (not shown in Figure 1). In other
words, no more H, was consumed in this second run. This indicates that CuO can be
completely reduced at a relative low temperature in a single step. This experiment was
readily repeatable. Therefore, the TCD response may be reliably calibrated by assuming
stoi chiometric reduction of the CuO.
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Figure 1.TPR spectrawhen the sample is ramped from room temperature to 850° C, then held at 850° C for
30 min. Samples are as follows: (a), CuO; (b) commercial MoOg; (c) in-house MoOs.
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Reduction of Unsupported Molybdenum Oxides

Figure 1(b) shows the TPR spectrum from the commercially obtained MoOs3, and
Figure 1(c) that from unsupported MoOs; made in-house by calcining ammonium
heptamolybdate in flowing N, at 500°C for 2 hours. The TPR profiles of both the
purchased MoOs and the prepared MoOs show two peaks of H, consumption: one a a
temperature around 660°C, and the other at 850°C. The shape and location of the two
peaks are very smilar for the two samples. This suggests that the ammonium
heptamolybdate is converted to MoOs after calcination in N2 at 500°C.

TPR of Activated Carbon

For the activated carbon, four experiments have been carried out. The first one
was a TPR of the activated carbon. For the second run, a sample of activated carbon that
had been calcined in flowing N at 500°C for 2 h was used for the TPR experiment. After
this second run, the same sample was cooled to room temperature in flowing Ar. The
third run was also a TPR, but with the same sample used in run (b), without exposing the
sampleto air. Inthefina run, afresh sample of activated carbon was calcined in Ny, like
the sample used in run (b), and was then heated using pure Ar (rather than in a mixture of
H, and Ar) following the same temperature program. In other words, this was a
temperature-programmed desorption run, rather than TPR. These four spectra are shown
in Figure 2.
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Figure 2. Spectra for activated carbon support material: (a) TPR of fresh sample; (b) TPR of N»-calcined
sample; (c) repeated TPR of sample used for curve (b); (d)TPD of fresh sample.
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Both the carbon sample (Figure 2a) and the N»-calcined carbon sample (Figure
2b) exhibit a positive peak at a temperature around 570°C and a negative peak at around
850°C. Clearly, the N, calcination procedure has no significant effect on the TPR profile
for the activated carbon. In the third run, where the TPR procedure was repeated for the
same calcined carbon sample, only small fluctuations in the baseline are observed (Figure
2c) -- there are no significant positive or negative peaks. Clearly, the reduction is
complete after the first TPR run. In the TPD experiment without hydrogen (Figure 2d),
only one peak is obtained. This is the same negative peak observed in Figures 2a and 2b.
The presence of this peak even in the absence of hydrogen implies that the peak is
unrelated to TPR. We return to this later.

The runs with CuO, unsupported Mo oxides, and the activated carbon support
may be summarized as follows. The positive peaks observed correspond to hydrogen
consumption due to reduction of the sample. The reduction is complete after the first TPR
experiment. The negative peak seen at 850°C is not relevant to TPR.
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K/C Samples

The TPR profiles of K/C samples are presented in Figure 3, curves (b) through
(e), with the TPR profile of the carbon support alone presented as curve (a).
Qualitatively, one positive peak, one shoulder, and one negative peak are observed for all
the K/C samples. At low loadings of K (less than 6 wt%), the temperature position of the
positive peak is nearly the same as that for the carbon support aone, and the
impregnation of potassium makes the positive peak sharper. At the low loadings, a broad
shoulder is observed at around 450°C, a temperature lower than the main (C-based) peak.
When the potassium loading is relatively high (greater than 6 wt%), the broad shoulder
narrows and is converted to a narrow peak, while the sharp main peak broadens into a
shoulder. Further, the total area under the TPR spectrum, corresponding to the amount of
H, consumed, increases significantly even when only 3 wt% K is added. However,
addition of over 11 wt% K does not appear to increase the consumption of H-
significantly beyond the initial increase.
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Figure 3. TPR spectra for K/C samples. Loadings of K are as follows, in wt%, as weight of elemental K
divided by weight of support: (@) 0; (b) 2.9; (c) 5.8; (d) 8.8; (e) 11.6.
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These results imply that the potassium itself is not reduced, but may influence the
reduction of (impuritiesin) the carbon support. Further, the effect of K appears to change
somewhere between loadings of 6 and 8 wt% K. Quantitative descriptions of the TPR
peaks are given in the Discussion Section.

Mo/C Catalysts

Figure 4 shows the TPR profiles of Mo/C catalysts with different Mo loadings. At
3% and 6% molybdenum loadings, curves (b) and (c), three major peaks are observed.
Two are positive peaks at temperatures around 440°C and 720°C; the third is the negative
peak at around 850°C, as observed in the TPD profile of the carbon support and
determined to be irrelevant. On increasing the Mo loading to 9%, curve (d), the position
of the peak at around 720°C apparently shifts to a higher temperature, while that of the
peak around 440°C moves dlightly to a lower temperature. When the Mo loading reaches
9 wt%, a small shoulder develops near 300°C. The location of this fourth peak shifts to
lower temperatures with increasing Mo loading. The areas of the peaks vary with Mo
loading, with the higher-temperature peak accounting for a larger percentage of the total
area as the loading increases. These peaks are quantitatively described in the Discussion
Section.
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Figure4. TPR spectra for Mo/C samples. Loadings of Mo are as follows, in wt%, as weight of elemental
Mo divided by weight of support: (a) 0; (b) 3; (c) 6; (d) 9; (e) 12; () 18; (g) 21; (h) 24.
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Mo-K/C Catalysts

Figure 5 gives the TPR profiles of Mo-K/C catalysts containing 18 wt% Mo with
varying K-promation level. Curve (@) is the TPR profile for the support aone, while
curve (b) represents the TPR profile of the Mo/C catalyst without potassium, also shown
in Figure 4(f). Qualitatively, at least three major peaks are seen for each catalyst: at least
two positive peaks and one negative peak. This is analogous to the behavior of the Mo/C
materials. Note that the peak at the lowest temperature (around 320°C) vanishes with the
addition of even a small amount of K. Further, the presence of even the smallest loading
of K dramatically alters the relative areas of the two major positive peaks. Increasing the
K/Mo molar ratio from 0.2 to 1.6 does not cause much qualitative change in the TPR
profiles, but the relative areas of the positive peaks do show small changes. Quantitative
discussions of the TPR pesks are given below.
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Figure5. TPR spectrafor Mo-K/C catalysts. Curve (a), activated carbon support alone; for curves (b)-(h),
Mo loadings are 18 wt% relative to the support, and K/Mo values are as follows, in molar ratio: (b) O; (c)
0.2; (d) 0.6; (e) 1.0; (f) 1.2; (g) 1.4; (h) 1.6.
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Discussion
Unsupported Mo Oxide

Table 1 shows quantitative results from the TPR of the commercial MoOs; and the
MoOs prepared in-house, Figures 1b and 1c. The locations of the low-temperature
maximum (T.) and the high-temperature maximum (Ty) are taken directly from the
figure and are seen to be very close, but not identical, for the two materials. The small
difference in the positions of the peaks might be caused by different amounts or different
particle sizes of the MoOs used in the two experiments.
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Table 1. TPR Results Of Unsupported MoO3 *

Sample Location of | Hy Consumption Mo Valence,
Maximum, (°C) h (mol Hz / mol MoOs, VMo
TL TH L H L H
Commercial | 660 >850 1.07 3.13 3.86 -0.26
In-House 676 >850 1.04 3.10 3.92 -0.20
* L: low-temperature reduction, H: high-temperature reduction.

In Table 1, the hydrogen consumption entries (h) refer to the area of the
corresponding peak, calibrated by TPR with CuO, assuming that the CuO is fully reduced
to the metal. (As shown above, this is a reasonable assumption.) The Mo vaence values
(Vmo) are calculated by assuming that the hydrogen is consumed by a stoichiometric
reaction of the type:

MoOz + hH; -->M0oOga.h) + hH0O
where h is the hydrogen consumption (mol H, / mol MoOs); the valence of Mo is then
given by:

Vmo = 2(3-h)

According to Table 1, the ratio of the area of the high-temperature peak to the
area of the low-temperature peak is approximately 3. Further, for both purchased and
self-prepared MoQOgz, the Mo valence value Vo after the low-temperature reduction
(corresponding to the first peak) is close to +4, while Vi, = 0 after the whole TPR run,
i.e, metallic Mo is formed after the high-temperature reduction. These results suggest
that the reduction of bulk MoO3; under our TPR experimental conditions consists of two
distinct steps. The MoOs is reduced to MoO, in the first step, while the MoOs is further
reduced to metallic Mo at higher temperatures. This is consistent with other results
(20,21).

Activated Carbon Support

For the activated carbon support, Table 2 lists the locations of the peaks as well as
the integrated areas of the TPR curves and of the TPD curve, al based on Figure 2. The
parameters for the N-calcined samples and the fresh carbon samples are very similar to
each other. Thisis an indication of similar reducibility.
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Table2. TPR and TPD Curvesfor Activated Carbon Support

Experiment * Location of Maximum (°C) Area(au.) x 10°©
Positive Peak Negative Peak | Positive Peak Negative Peak
€) 583 >850 6.76 1.04
(b) 573 >850 6.12 121
(d) --- >850 --- 3.76
* L etters correspond to curves of Figure 2: (a), TPR of fresh sample; (b) TPR of N,-calcined

sample; (d) TPD of N,-calcined sample.

The positive peak observed must be the reduction of the oxidized surface of the
activated carbon support and/or some of its impurities. For the negative peak, there are
two major possibilities. The first possibility is the decomposition of one or more
impurities in the carbon, leading to the release of gases with higher thermal conductivity
than that of the reducing gas (10% H, in Ar). The second possibility is the gasification of
the carbon support, due to methanation in the H, atmosphere (22,23).

However, recal that the negative peak was also observed in the TPD experiment
with the carbon support, i.e., in the absence of hydrogen, and the position of the negative
peak is basically the same as that in the TPR curves, whether for the fresh carbon sample
or for the N2-calcined carbon sample. This rules out the possibility of methanation of the
activated carbon as the source of the negative peak. Moreover, no distinguishable peak,
positive or negative, was observed in the repeated TPR run, where the same calcined
carbon sample was used after being cooled to room temperature following the first TPR
run. This also shows that methanation of the carbon support is not important during TPR
runs.

Studies by Mims and coworkers have shown that graphite and glassy carbon
surfaces are oxidized when exposed to air or water vapor (24,25). This oxidation occurs
primarily on the edges rather than on the basal planes of graphite. Mims and coworkers
found that oxygen islost as CO in the temperature range 650 - 800°C when the carbon is
heated in vacuum. Any CO released from the decomposition of the activated carbon
would pass through the dry-ice/acetone trap. Since the thermal conductivity of CO is
greater than that of argon, the thermal conductivity of the gas mixture would increase,
causing a negative peak in the TPR or TPD spectrum. Therefore, it is likely that the
negative peak is produced by CO in the gas phase released by the decomposition of an
oxygen impurity in the activated carbon support.

The difference in the area of the negative peak between the TPD spectrum and the
TPR spectrum can be attributed to two causes. First, differences in thermal conductivity
for the Ar and 10% H; in Ar gas streams will produce different responses for a fixed
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amount of CO. Hence, the same response would not be expected in both TPD and TPR
experiments, even if the amount of CO desorbed were the same. Second, in the TPR
experiment, some of the oxygen on the support reacts with H, at lower temperatures,
giving positive peaks. Less oxygen remains at higher temperatures for activated carbon
decomposition to form CO. Hence, less CO should be produced in a TPR experiment.

K/C Samples

The TPR spectra for the K/C samples were shown in Figure 3. It is reasonable to
deconvolute these spectra into two positive peaks. One deconvolution for the 2.9 %K
sample is shown in Figure 6. Note that only positive peaks have been fitted. The
spectrum appears to be fitted well using a Gaussian-type function. The two peaks are
denoted as R (at 494°C) and S (at 570°C). These two peaks indicate that there are two
reducible speciesin a K/C sample.

Peak S
570.3
600

Peak R
49423

400
Temperature (°C)

200

10 1
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Figure6. Analysis of TPR spectrum for K/C sample (K loading = 5.8wt%). Top, experimental curve and
composite curve from analysis. Bottom, individual peaks from analysis.
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The location and area for each peak are summarized in Figure 7 as a function of
the amount of K present. The areas of Peak R and Peak S change with the loading of K,
but in a more-or-less complementary fashion. Peak R decreases with increasing K, while
Peak Sincreases. The total area of the two peaksis nearly constant over the entire range
of K loadings. That implies that K itself cannot be reduced under our experimental
conditions for TPR. Kelemen and Mims drew similar conclusions from UPS
measurements studying KOH adsorbed on graphite surfaces (25,26).
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Figure 7. Quantitative results from TPR of K/C samples as functions of K loading: (a) peak areas; (b) peak
positions. Peak nomenclature asin Figure 6.
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From Figure 3, the total peak area is considerably greater than the area obtained
for the carbon support aone. Further, Peak S is fairly close to the peak for the carbon
support aone. Hence, Peak S is most probably from the reduction of the oxidized surface
of the carbon support and/or its impurities itself. The addition of (even a small amount
of) K probably modifies the reducibilities of other metal oxides in the carbon support
considerably. Hence, it is possible that Peak R is from the reduction of a (second)
impurity oxide in the carbon support, made more reducible by the presence of K.

Finally, Figure 7 shows that the positions of both Peak R and Peak S shift to
lower temperatures with increasing K-doping level. Hence the higher the K-doping level,
the easier is the reduction of the two reducible species.

Mo/C Samples

Figure 8 shows the typical fitting result of a TPR profile for a Mo/C catalyst.
Again, only positive peaks have been fitted, and a Gaussian-type function can be used.
For the Mo/C samples, a closer examination of the TPR curves shows that the profiles
can be generaly deconvoluted into four positive peaks, not three as qualitatively
estimated earlier. (At Mo loadings above 9 wt%, an additional low-temperature peak may
be observed. This is not considered here, as the magnitude of the corresponding area can
be seen to be very small.) Of the four peaks, the next-to-highest, denoted as Peak S, is
again most probably from the reduction of the oxidized surface of the carbon support
itself, and/or its impurities, as that peak is aso shown in the case of the carbon support
alone. The other three peaks are designated as X, Y and Z as shown. Even though Peak Y
is close to the position of Peak R in Figures 6 and 7, Peak Y is not ascribed to
incremental reduction of an impurity by the presence of Mo. This is because Mo has not
been reported to improve the reducibility of other species; we return to this later. Instead,
Peak Y, as well as Peaks X and Z, correspond to the reduction of different Mo species on
carbon support. Peaks X and Y (which occur below peak S) are grouped together as low-
temperature peaks, with Peak Z (which occurs above Peak S) being the high-temperature
peak.
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Figure 8. Analysis of TPR spectrum for Mo/C sample (Mo loading = 9 wt%). Top, experimental curve and
composite curve from analysis. Bottom, individual peaks from analysis.

The positions and areas of the deconvoluted peaks are shown in Figures 9a and 9b
as functions of Mo loading. In performing the deconvolution, the reducibility of the
impurities in the carbon support was assumed to remain unchanged when Mo is
impregnated. In other words, the “specific’area of peak S, i.e, the area per mole of
carbon in the samples, was constrained to stay the same during the deconvolution of all
the samples, as shown in Figure 9. However, the location of peak S, as given by the
temperature corresponding to the maximum point of the peak, was allowed to change
during the deconvolution procedure. The location of the peak is found to decrease with
increased Mo loading, consistent with the behavior observed in Figure 7.

We define specific areas of Peaks X, Y and Z based on moles of Mo in the
sample. The specific areas of Peaks X and Y decrease monotonically with Mo loading.
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The positions of these two peaks also decrease monotonically with loading. However, the
specific area of Peak Z passes through a maximum within the Mo loading range studied,
and the location of Peak Z shifts to higher temperatures with increasing Mo loading.

1)
OJA JO 90USTE A cc 8
S22
N} v <t o (o] — (= gox
TT T T [T T T T [T T T3 [T T T T T T T T T [T T 71T _g.gg
| 4 38
L _ x X
o — —
- 4808 224
L o N < E£EZR
B 2 6,920
. — g '__I——\_
G | e 1 L <<
- o 15 B2
L BE= ) _13:8
— le) i 2 o A
B — ] s &8k
L o = S <<
B o
N N TN O T Y Y Y O [ ©
o wy <t o (o] — (=]
Sealy Jesd 171/ edly Jeed LH
T T T T T T T T T
- A 2 r 1 ®
o o
- 1Q& X I
L |f o g - T X>ND
L f_ E/ el
m ®© ®©® LT
-\ I 1 2888%
L - k=]
- = ’ J= § 2223
L er\: o } 1= A (5]
A P
SN oL 3 Fatte
| - o —
L | 1 I L f ! | 1 o
[l [l
(=) (=1 (=1
= v
(D) euxeA Jead Jo amjerodwo],
( L'OIX) yeod woddng O Jo eary oyroads ;
©
2 2 " ) o
| I I B <(§.N
- : 0 %Y
S le @ X >3
C 19 £ x>Nng 2y
L E X x x 5 X
. w S TS TE GO
L . 2 090 ©Q000
L i £ coo g
e 8 000500
— = 8 =2==n=E=
. -1 o N . Y
: 1 Z titte
_| |||x|||||l|||1l—o

|
vy = vy (=]

- (¢-07 x) sx%& OJAl JO seary oy1oadg

Figure 9. Quantitative results from TPR of Mo/C samples as functions of Mo loading: (a) peak areas; (b)
peak positions; (c) after-reduction valences of Mo and peak arearatio. Peak nomenclature asin Figure 8.
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It should be noted that, while the specific area of Peak Y decreases somewhat
with Mo loading, the actual area of this peak increases. Thisisin contrast to the behavior
of Peak R in Figure 7, which stays constant or decreases with K loading. Clearly, any
reduction of support impurity that occurs in this region of the TPR spectrum of Mo/C is
negligible, and all of Peak Y may reasonably be ascribed to the reduction of a Mo
species.

Shown in Figure 9c are the calculated values of Mo valences after low- and high-
temperature reductions. In both cases, the Mo valences increase with Mo loading. This
indicates that the extents of reduction decrease with Mo loading. Consistent with this,
Figure 9c also shows that the ratio of the area of the high-temperature peak (Z) to the
total area of the two low-temperature peaks (X and Y) increases with Mo loading. (This
was aso quditatively noted in the Results) Accordingly, varying the Mo loading
changes not only the total amount of Mo in the catalyst, but also the distribution of the
different Mo species.

It is widely recognized that the distribution of Mo species on supported Mo-based
catalysts is influenced by the preparation method of the catalyst, such as the nature of
support employed, the Mo precursor, and the drying and calcination conditions. For
example, after drying a Mo/Al,O3 catalyst, Mo was found to be converted from an
octahedral coordination [Mo(O)] in paramolybdate ion to a tetrahedral coordination
[Mo(T)]. Mo(T) was attributed to Alo(M0Q,)s, either as a surface complex or as a bulk
phase; whereas Mo(O) has been assigned to a surface complex such as Al2(M07024) or to
bulk MoOs. Upon calcination, both Mo(O) and Mo(T) species exist (27). Mo(T) and
Mo(O) species have also been found in SiO-supported Mo catalysts (28).

A lower-temperature reduction peak in the TPR profiles has normally been
assigned to the partia reduction of Mo and the reduction of readily reducible Mo species
such as Mo(O), while a higher-temperature reduction peak has usually been attributed to
the deep reduction of Mo, and the reduction of refractory Mo species such as Mo(T)
(29). Hence, for our Mo/C samples, Peak Z might arise because of the deep reduction of
Mo species and/or the reduction of refractory Mo(T) species on the carbon support,
while Peaks Y and X may correspond to the partial reduction of Mo and/or the reduction
of readily reducible Mo(O) species on the support.

The Mo(O) and Mo(T) species behave differently on the activated carbon support,
in the present case, than has been reported for these materials on Al,O3 or SO, supports.
On Al,O3 or SO, supports (28,30,31), the Mo(T) species (or the more-refractory Mo
species) is dominant when the Mo loading is relatively low, but decreases in significance
at higher loadings. However, for our Mo/C catalysts, the ratio of the area of the high-
temperature peak to the total area of the two low-temperature peaks is greater than 1 only
a a Mo loading of greater than 4-6 wt%; see Figure 9c. In other words, the Mo(O)
species predominates only at loadings of less than 4 wt%: at loadings of greater than 6
wit%, the amount of Mo(T) species on activated carbon is more than the amount of
Mo(O) species.

Further, consider the effect of the support on low-temperature reductions as a
function of meta loading. For Al,O3- and SiO,-supported Mo-based catalysts, Rajagopal
et a. (28) found that, when the reduction temperature is programmed to no higher than
550°C, the extent of reduction of Mo increases with increasing Mo loading. However, for
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our Mo/C catalysts at low temperatures, the extent of reduction of Mo decreases with Mo
loading, and the Mo valence increases, as indicated by Figure Oc.

Differences between the activated-carbon support and alumina or silica supports
are observed also during the high-temperature reduction. For Mo/Al,O3 and Mo/SiO;
catalysts, when the temperature of a TPR experiment was ramped to 900°C, the Mo was
found to be amost completely reduced to the metal (28). In the present work, while
complete reductions of unsupported MoOs, both commercial and in-house, were achieved
at high temperature, complete reduction of Mo was not observed for the supported Mo/C
catalysts even at 850°C, the highest temperature used here. Further, for Mo/C, the extent
of reduction of Mo after high-temperature reduction decreases with Mo loading. This
trend too is completely different from that observed on Mo/Al,O3; and Mo/SIO; catalysts.
Consistent with these observations, the increase in the ratio of the area of the high-
temperature peak to the total area of the two low-temperature peaks with Mo loading is
also totaly different from that for Mo/Al,O3 and Mo/SIO, catalysts. For the latter
catalysts, the ratio of Mo(T) (or Mo species reducible only at high temperature) to Mo(O)
(or low-temperature reducible Mo species) decreases with Mo loading.

The reasons for these differences may be related to the surface properties of the
support used. Note that the surface of Al,O3 contains mostly basic -OH groups, but it also
contains some neutral -OH groups and some wesakly acidic -OH groups (32, 33). The
basic -OH groups are expected to react preferentially with MoO,? ions, where the Mo
coordination is tetrahedral, while the neutral or weakly acidic -OH groups react with
Mo070.4>, where the Mo coordination is octahedral (27,32-35). On alumina, for low Mo
loading, much of the adsorbed Mo species retains tetrahedral coordination in a highly
dispersed state, even after calcination. With increasing Mo loading, the interaction
between Mo and the support becomes weaker, because of a decreased dispersion, thus
leading to a smaler fraction of Mo(T) species upon drying and calcination.
Heptamolybdate ions, attached to neutral or dightly acidic -OH groups, probably do not
retain their identity upon calcination. Instead, they form multilayers of Mo oxide, in
which Mo is believed to be present as Mo(O). Consistent with the isoelectric point of
SO, being lower than that of Al,O3, neutral and weakly acidic -OH groups are the major
groups on the surface of SIO,. That leads to a smaller fraction of the Mo species being
present as Mo(T) on a SIO,-supported catalyst than on an Al,O3-supported catalyst. This
was confirmed by Rajagopal et a. (28). When activated carbon is used as the support, as
in our case, the almost inert surface of the carbon support could give rise to very weak
interactions between the support and Mo. Therefore, upon calcination, multilayers of Mo
oxide are expected to be formed predominantly, even at relatively low Mo loadings. For
low-temperature reduction of C-supported catalysts, therefore, the extent of Mo reduction
is deeper than when using Al>Os, or even SIO,, as the support.

All these effects could also be explained by the formation of one or more less-
easily reducible (or non-reducible) Mo species and/or Mo species inside the structure of
carbon support, either during the TPR experiment or during the preparation of the
samples. A molybdenum carbide could be such a species. Oyama et al. (36) report that
some carbides can consume H, to form bulk hydrides. Hence some of the Mo carbides
could chemically adsorb H, to form hydrides, leading to higher H, consumption
(compared with Al,Os- or SiOz-supported Mo-based catalysts) at high temperatures.
Further, the higher the Mo loading, the larger the amount of carbides formed; therefore,
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the extent of reduction of Mo after high-temperature reduction decreases with Mo
loading. That explains why the ratio of the area of the high-temperature pesak to the total
area of the two low-temperature peaks increases with Mo loading for our Mo/C catalysts;
again, different from the behavior of Mo/Al,O3 or Mo/SiO, materials.

While carbides can be produced by contacting molybdenum oxide with solid
carbon, the carburization has to be carried out at a high temperature for a relative long
period of time (35), in order to allow carbon atoms to diffuse into the matrix of the oxide
and thereby to replace oxygen atoms. Although our Mo/C catalysts neither were treated at
avery high temperature nor were heated for a long time in our experiments, Mo could be
very well dispersed onto the surface or into the pore of the carbon support. This is
because we used a liquid-phase Mo solution and an activated carbon with a high surface
area during catalyst preparation; hence, the contacting area between Mo and carbon in
Mo/C catalysts might be much larger in our experiments than it might be for reacting
bulk MoOs; with solid carbon. Therefore, Mo carbides could be formed at relatively low
temperatures in our experiments. The amounts and the properties of carbides formed
should depend on the Mo loading, the carbon support and the conditions used in the
catalyst preparation and TPR experiments. There should also be a competition between
the formation of Mo carbides and the forming of Mo(O) and Mo(T) species.

Mo-K / C Catalysts

We have shown earlier that K itself cannot be reduced under our experimental
conditions, K as a promoter modifies the reducibilities of other compounds in the
catalyst. Therefore, similar to those for Mo/C cataysts, the TPR spectra for Mo-K/C
catalysts are also deconvoluted into four peaks. Figure 10 illustrates a typica TPR
spectrum and the deconvoluted peaks for a Mo-K/C catalyst. The designation and the
definition of those peaks are as in the case of the Mo/C samples. The results from the
fitted TPR data are collected in Figure 11, as a function of the K-doping level, quantified
as the molar ratio K/Mo.
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Figure 10. Analysis of TPR spectrum for Mo-K/C sample (Mo loading = 18 wt%, K/Mo = 1.2). Top,
experimental curve and composite curve from analysis. Bottom, individual peaks from analysis.
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Figure 11. Quantitative results from TPR of Mo-K/C samples with 18 wt% Mo loading as functions of
K/Mo: (a) peak areas; (b) peak positions; (c) after-reduction valences of Mo and peak area ratio. Peak
nomenclature asin Figure 10.

Asin Figure 9, the specific area of Peak S, i.e., the area per mole of carbon in the
samples, was constrained to stay the same during the deconvolution of all the samples,
while the location of Peak S, as given by the temperature corresponding to the maximum
point of the peak, was alowed to fluctuate. In this case, however, the location of Peak S
does not change with increasing K/Mo. For both the low-temperature peaks, X and Y, the
specific areas, i.e., the areas per mole of Mo, increase greatly upon the addition of a small
amount of K (K/Mo = 0.2); correspondingly, the specific area of the high-temperature
peak, Peak Z, decreases. With an increase in K/Mo, the specific area of Peak X
decreases, with a small local minimum around K/Mo = 1.2. Correspondingly, the specific
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area of Peak Y continues to increase, but to a much smaller extent, with an increase in
K/Mo. The total area of the low-temperature peaks, (X+Y), increases initidly, then
passes through a small local minimum around K/Mo = 1. On the other hand, the specific
area of the high-temperature peak (Peak Z) decreases monotonically with increasing
K/Mo. The change of the total specific areas of the three positive peaks passes through a
maximum around K/Mo = 0.4, with alocal minimum around K/Mo = 1.2.

These results indicate that the initial addition of K greatly promotes the formation
of a Mo species reducible a low-temperature (a Mo(O) species), and retards the
generation of Mo species that are reducible only at high-temperature (Mo(T) or other
difficult-to-reduce Mo species). This means that Mo can be more easily reduced at low
temperatures for catalysts with K than for those without K.

This trend can also be observed from the changes in the calculated Mo valences
after low- and high-temperature reduction with increasing K/Mo vaues. The valence
after low-temperature reduction decreases drastically with increasing K/Mo at low K/Mo
values, then appears to level off around K/Mo = 1.4. The valence after high-temperature
reduction also decreases rapidly at low K/Mo vaues, but then increases, again leveling
off around K/Mo = 1. Similar to Mo/C catalysts, complete reduction of Mo was not
observed for Mo-K/C catalysts under our TPR conditions.

The effects of the K promoter on the properties of unsupported or supported Mo-
based catalysts have been investigated by many researchers. Xie and co-workers (12)
verified that a new phase, consisting of K, S, Mo and O, is formed on the surface of
K2COs-doped MoS; catalysts, and this phase enhances the performance of catalysts for
the synthesis of higher acohols (ethanol and higher). The amount of the new phase
increases with increasing K concentration until the weight ratio K,CO3z / MoS; reaches
0.6, corresponding to a K/Mo molar ratio of about 1.4. Jiang et al. (37) also confirmed
the formation of a K-Mo interacting species, this one originating from the interaction
between a KCI promoter and an alumina-supported molybdenum catalyst. In the case of
Jang et a., the amount of the interacting species is saturated at a K/Mo molar ratio of
0.8. Jiang et al. aso claimed that the formation of Mo(T) species is greatly suppressed by
the addition of potassium.

Analogously, a new species could also be formed on the surface of the Mo-K/C
catalysts considered in the present work, due to the interaction between the K promoter
and the Mo component. The effect of the formation of the new phase on the reducibility
of the Mo-K/C catalyst may be quantified by the changes in the average Mo valence.
After both high- and low-temperature reductions, these changes are most pronounced for
the initial addition of K, while saturation occurs at a K/Mo molar ratio of 1.0-1.4 in our
case. This threshold value at which saturation is achieved probably depends on the
potassium salt, the support, and other catalyst-preparation variables.

It should be noted that the addition of K does not always enhance the reduction of
Mo at low-temperature; some literature references note the contrary. Tatsumi et al. (38)
reported that K inhibits the reduction of Mo(VI) on K-Mo/SiO;, catalysts. DeCanio et al.
(39) observed that the reduction of Mo(VI) is depressed by the K promoter in Mo/g-
Al>Os. The reason for these differences is not clear.
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Summary and Conclusions

A series of Mo-K/C catalysts were evaluated by means of TPR, and the results
can be compared to unsupported catalysts as well as to catalysts supported on silica or
alumina. First, the loading of Mo was increased, from 0 to 24 wt% of the activated
carbon support. Then, for afixed value of the Mo loading (18 wt%), the amount of the K
dopant was increased from none to a value corresponding to a molar ratio K/Mo = 1.6. A
few runs were carried out with K/C samples as well. The TPR data were obtained by
ramping from room temperature to 850°C at 10°C/min using a mixture of 10% H, in Ar
at 30 cc/min.

For the Mo/C species, three mgjor peaks were observed, in addition to a peak
attributable to the reduction of the oxidized surface of the support and/or of impuritiesin
the support. Of the three magor peaks, the two peaks which are found at lower
temperatures than the support peak are interpreted as being due to the reduction of Mo
species with octahedral coordination, denoted as Mo(O). The third, high-temperature,
peak is interpreted as being due to the reduction of tetrahedrally coordinated Mo, Mo(T).
Analogous results have been observed for catalysts supported on aumina and on silicain
the literature, except that generally only two peaks are observed. Contrary to what is
found in Mo/Al,O3 and Mo/SIO, catalysts, Mo(O) species are predominant only at
relatively low Mo loadings in the present case. Further, the reducibility of Mo decreases
with increasing Mo loading. Finally, while unsupported Mo can be reduced to the zero-
vaent metal at high temperature, this is not possible for the C-supported material. The
differences between the activated carbon support and alumina or silica are probably
because of the inert surface of the activated carbon. The decreased reducibility could be
due to the formation of one or more less-easily reducible Mo species, such as the carbide,
during the catalyst preparation process or in the TPR experiment itself. Some of the Mo
carbides could adsorb hydrogen at high temperatures, resulting in a higher consumption
of hydrogen for Mo/C, compared with Mo supported on Al,O3 or on SiO».

The runs using K/C indicate that potassium itself can not be reduced; as a
promoter, it modifies the reducibility of the oxidized surface of the support or of other
impurity oxide components present. The addition of a small amount of potassium to
Mo/C increases the area of the low-temperature peaks and decreases the area of the high-
temperature peak. Larger amounts of potassium decrease the high-temperature peak area
but have correspondingly little effect on the low-temperature peaks. Hence the presence
of K enhances the formation of low-temperature reducible Mo species, or octathedrally
coordinated Mo(O), while retarding the generation of Mo species that are reducible only
at high temperatures, or tetrahedrally coordinated Mo(T). At low values of the molar ratio
K/Mo, the Mo after high-temperature reduction is significantly more reduced than after
low-temperature reduction, as evidenced by the much-lower value of the Mo valence for
the high-temperature reduction. As the molar ratio K/Mo is increased, the Mo valence
increases, but more so for the high-temperature reduction than for the low-temperature
case. At a vaue of K/Mo around 1, the values of the Mo valence level off to
approximately the same value for both high- and low-temperature reductions. The results
are consistent with a K-Mo interacting species being formed at low K/Mo values,
saturating at around K/Mo = 1. This is analogous to what has been observed in other
Cases.
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