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The reducibility of a series of carbon-supported, molybdenum-
based catalysts with or without a potassium promoter was inves-
tigated 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 generally consist of four peaks. Two of these (located
around 350 and 440◦C) are attributed to the reduction of octahe-
drally 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 af-
fected 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, quantified by the hydrogen consumed,
or the average Mo valence, decreases with increasing Mo loadings.
The K/C runs indicate that K itself is not 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 interac-
tion being most pronounced for molar ratios of K/Mo between 0.2
and 1. c© 2000 Academic Press
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INTRODUCTION

Molybdenum-based catalysts are active for many kinds
of catalytic reactions, including hydrogenation, hydro-
genolysis, hydrocracking, hydrodesulfurization, and hydro-
denitrogenation. The catalytic performance depends, to a
certain extent at least, on the support used, since the sur-
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face properties of the catalyst vary with the support. Alu-
mina, silica, and silica–alumina are commonly used for hy-
drotreating and hydrocracking catalysts (1), and for the
synthesis of hydrocarbons (2–5) and alcohols (6–8) from
carbon oxides (monoxide or dioxide) and hydrogen. A car-
bon support has also been used for hydrocarbon synthesis
(9) and for higher-alcohol synthesis (10–13). A carbon sup-
port 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 (14). Further, specially pre-
treated carbon supports can prevent coke formation on the
surface of catalyst so that the life of the catalyst increases
(14, 15).

Both oxides and sulfides of molybdenum can be used
as catalysts for the synthesis of mixed alcohols. Whether
the molybdenum is originally in the oxide or sulfide form,
the presence of alkali promoters and modifiers is essen-
tial for the formation of the mixed alcohols. Molybdenum-
based catalysts promoted by potassium or cesium have been
used for the synthesis of mixed alcohols from syngas (6–8,
10–13, 16–18), while unpromoted molybdenum catalysts
produce mainly light hydrocarbons (9). The mechanism of
the promotional effect of alkali still remains open to ques-
tion. Some researchers (18) believe that the catalysts are
bifunctional, while others (19) 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 al-
kali affect the activity and selectivity of catalytic reactions
(20–22).

Mo-based catalysts generally need to be reduced (6–8)
or sulfided (10–13, 16–18) prior to reaction, in order to
achieve the desired performance. The relative amount of
different molybdenum species on the surface of the cata-
lyst after the pretreatment dramatically affects the per-
formance of the catalyst (23). Therefore, the reducibility
of molybdenum-based catalysts is an interesting and im-
portant aspect for study. For this purpose, temperature-
programmed reduction (TPR) is a useful technique (24).
0021-9517/00 $35.00
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It has been widely applied to oxide-supported Mo-based
catalysts (25–27). For carbon-supported catalysts, at least
one group (28) has investigated the reduction of molyb-
denum using thermogravimetry/mass-spectrometry (TG/
MS). In the present work, we use TPR to study the re-
duction behavior of carbon-supported, molybdenum-based
catalysts, both with and without a potassium promoter. In
particular, we investigate the effects of molybdenum load-
ing and potassium doping on the reducibility of the catalysts.

EXPERIMENTAL

Materials

Activated carbon was obtained from Aldrich Chemical
Company. The granule size of the activated carbon is 20–
40 mesh, the surface area is 660 m2/g, and the pore vol-
ume 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, 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 analysis is consistent with X-ray powder
diffraction data which show strong lines for the cristo-
balite phase of SiO2. Copper oxide (99.9999% CuO) and
commercial molybdenum oxide (MoO3) were also ob-
tained from Aldrich Chemical Company. Ammonium hep-
tamolybdate ([NH4]6Mo7O24·4H2O) and potassium nitrate
(KNO3), used as the sources of molybdenum and potassium
for catalyst preparation, were obtained from Fisher Scien-
tific and were used as received. Gases argon (high purity,
99.995%) and a mixture of 10% hydrogen in argon were
obtained from Matheson and used as received.

Catalyst Preparation

The incipient-wetness impregnation method was em-
ployed. The Mo/C samples were prepared by impregnating
the activated carbon with an aqueous solution of ammo-
nium heptamolybdate. This was followed by drying in air at
100◦C overnight and then calcining in flowing N2 at 500◦C
for 2 h. K/C samples were prepared by impregnating ac-
tivated 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 h. For the Mo/C and K/C samples,
loadings are given as the weight percent relative to the acti-
vated 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.
ET AL.

Temperature-Programmed Reduction

The equipment used for temperature-programmed re-
duction was constructed from a Hewlett-Packard 5890 gas
chromatograph and an external furnace with a tempera-
ture programmer. The sample to be analyzed was placed
in a quartz U-tube reactor and surrounded with quartz
chips. The reactor was heated using a furnace and temper-
ature programmer obtained from Automated Test Systems
(Butler, PA). Either high-purity Ar or the H2-Ar mixture
flowed through the reactor. The exit stream from the reac-
tor passed through a cold trap filled with a mixture of dry
ice and acetone (to remove water from the exit stream) and
then to a thermal conductivity detector (TCD) in the gas
chromatograph, where the H2 content of the stream was
monitored. A Hewlett-Packard personal 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 at 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 ex-
periment was conducted in the H2/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 H2 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 us-
ing the high-purity CuO sample. This experiment was used
to quantify the H2 consumption during the reduction, 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 1a shows the TPR spectrum of the CuO. Only one
peak of H2 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 Fig. 1).
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FIG. 1. TPR spectra when the sample is ramped from room temper-
ature to 850◦C, then held at 850◦C for 30 min. Samples are as follows:
(a) CuO; (b) commercial MoO3; (c) in-house MoO3.

In other words, no more H2 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 stoichiometric reduction
of the CuO.

Reduction of Unsupported Molybdenum Oxides

Figure 1b shows the TPR spectrum from the commer-
cially obtained MoO3, and Fig. 1c shows that from unsup-
ported MoO3 made in-house by calcining ammonium hep-
tamolybdate in flowing N2 at 500◦C for 2 h. The TPR profiles
of both the purchased MoO3 and the prepared MoO3 show
two peaks of H2 consumption: one at a temperature around
660◦C, and the other at 850◦C. The shape and location of
the two peaks are very similar for the two samples. This
suggests that the ammonium heptamolybdate is converted
to MoO3 after calcination in N2 at 500◦C.

TPR of Activated Carbon

The importance of blank runs using only the carbon sup-

port has been noted earlier (28). For the activated carbon,
four experiments have been carried out. The first one was a
C CATALYSTS 3

TPR of the activated carbon. For the second run, a sample
of activated carbon that had been calcined in flowing N2

at 500◦C for 2 h was used for the TPR experiment. After
this second run, the same sample was cooled to room tem-
perature in flowing Ar. The third run was also a TPR, but
with the same sample used in run (b), without exposing the
sample to air. In the final run, a fresh sample of activated
carbon was calcined in N2, like the sample used in run (b),
and was then heated using pure Ar (rather than in a mixture
of H2 and Ar) following the same temperature program. In
other words, this was a temperature-programmed desorp-
tion (TPD) run, rather than TPR. These four spectra are
shown in Fig. 2.

Both the carbon sample (Fig. 2a) and the N2-calcined
carbon sample (Fig. 2b) exhibit a positive peak at a temper-
ature around 570◦C and a negative peak at around 850◦C.
Clearly, the N2 calcination procedure has no significant ef-
fect 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 base-
line are observed (Figs. 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

FIG. 2. Spectra for activated carbon support material: (a) TPR of

fresh sample; (b) TPR of N2-calcined sample; (c) repeated TPR of sample
used for curve (b); (d) TPD of fresh sample.



E
4 FENG

(Fig. 2d), only one peak is obtained. This is the same neg-
ative peak observed in Figs. 2a and b. 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 ac-
tivated carbon support may be summarized as follows: the
negative peak seen at 850◦C is not relevant to TPR; the
positive peaks observed correspond to hydrogen consump-
tion due to reduction of the sample; and the reduction is
complete after the first TPR experiment.

K/C Samples

The TPR profiles of K/C samples are presented in Fig. 3,
curves b through e, with the TPR profile of the carbon sup-
port 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 alone, and the impreg-
nation 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.

FIG. 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: (a) 0;
(b) 2.9; (c) 5.8; (d) 8.8; (e) 11.6.
T AL.

FIG. 4. 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; (f) 18; (g) 21; (h) 24.

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 H2 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 H2 significantly beyond the initial increase.

These results imply that the potassium itself is not re-
duced but may influence the reduction of (impurities in)
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 load-
ings, curves b and c, three major peaks are observed. Two
are positive peaks at temperatures around 440 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
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FIG. 5. TPR spectra for 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) 0; (c) 0.2;
(d) 0.6; (e) 1.0; (f) 1.2; (g) 1.4; (h) 1.6.

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 slightly to a lower temperature. When the Mo load-
ing reaches 9 wt%, a small shoulder develops near 300◦C.
The location of this fourth peak shifts to lower tempera-
tures 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.

Mo-K/C Catalysts

Figure 5 gives the TPR profiles of Mo-K/C catalysts con-
taining 18 wt% Mo with varying K-promotion level. Curve
(a) is the TPR profile for the support alone, while curve
(b) represents the TPR profile of the Mo/C catalyst with-
out potassium, also shown in Fig. 4f. 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
C CATALYSTS 5

addition of even a small amount of K. Further, the pres-
ence of even the smallest loading of K dramatically alters
the relative areas of the two major positive peaks. Increas-
ing the K/Mo molar ratio from 0.2 to 1.6 does not cause
much qualitative change in the TPR profiles, but the rel-
ative areas of the positive peaks do show small changes.
Quantitative discussions of the TPR peaks are given below.

DISCUSSION

Unsupported Mo Oxide

Table 1 shows quantitative results from the TPR of the
commercial MoO3 and the MoO3 prepared in-house, Fig. 1b
and c. The locations of the low-temperature maximum (TL)
and the high-temperature maximum (TH) are taken directly
from the figure and are seen to be very close, but not iden-
tical, for the two materials. The small difference in the po-
sitions of the peaks might be caused by different amounts
or different particle sizes of the MoO3 used in the two ex-
periments.

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 valence values (VMo) are calculated by assuming
that the hydrogen is consumed by a stoichiometric reaction
of the type

MoO3 + hH2 →MoO(3−h) + hH2O, (1)

where h is the hydrogen consumption (mol H2/mol MoO3);
the valence of Mo is then given by

VMo = 2(3− h). (2)

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 in-
house MoO3, the Mo valence value VMo after the low-
temperature reduction (corresponding to the first peak) is
close to +4, while VMo≈ 0 after the whole TPR run, i.e.,
metallic Mo is formed after the high-temperature reduc-
tion. These results suggest that the reduction of bulk MoO3

TABLE 1

TPR Results of Unsupported MoO3
a

Location of H2 consumption Mo valence,
maximum (◦C) h (mol H2/mol MoO3) VMo

Sample 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
a L, low-temperature reduction; H, high-temperature reduction.
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TABLE 2

TPR and TPD Curves for Activated Carbon Support

Location of maximum (◦C) Area (a.u.)× 10−6

Positive Negative Positive Negative
Experimenta peak peak peak peak

a 583 >850 6.76 1.04

b 573 >850 6.12 1.21

d – >850 – 3.76

a Letters correspond to curves of Fig. 2: (a) TPR of fresh sample;
(b) TPR of N2-calcined sample; (d) TPD of N2-calcined sample.

under our TPR experimental conditions consists of two
distinct steps. The MoO3 is reduced to MoO2 in the first
step, while the MoO2 is further reduced to metallic Mo at
higher temperatures. This is consistent with literature data
(29, 30).

Activated Carbon Support

For the activated carbon support, Table 2 lists the loca-
tions of the peaks as well as the integrated areas of the TPR
curves and of the TPD curve, all based on Fig. 2. The pa-
rameters for the N2-calcined samples and the fresh carbon
samples are very similar to each other. This is an indication
of the similarity of their reducibility.

Studies by Mims and co-workers (33, 34) have shown that
graphite and glassy carbon surfaces are oxidized when ex-
posed to air or water vapor. The oxidation occurs primarily
on the edges rather than on the basal planes of graphite. The
positive peak observed for the activated carbon support is
most probably due to the reduction of the oxidized surface
of the carbon. Alternatively, it is possible that some of the
metal oxide impurities present in the activated carbon are
reduced. While it is not clear as to which metal oxide might
be responsible, an ICP analysis of impurities in the carbon
support is reported in the Experimental section above.

For the negative peak, there are two major possibilities.
The first possibility is the removal of gases from the carbon,
gases having a higher thermal conductivity than that of the
reducing gas (10% H2 in Ar). The second possibility is the
gasification of the carbon support, due to methanation in
the H2 atmosphere (31, 32). We show below that the latter
possibility is unlikely; further, considerable experimental
evidence in the literature points to the evolution of CO and
CO2 being responsible for the negative peak.

First, recall that the negative peak was also observed in
the TPD experiment with the carbon support, i.e., in the ab-
sence 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 acti-
vated carbon as the source of the negative peak. Moreover,
T AL.

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 metha-
nation of the carbon support is not important during TPR
runs.

Further, Mims and co-workers (33, 34) found that CO
is removed from the oxidized carbon surface (formed as
noted above by exposure of the carbon to air or water
vapor) when the substrate is heated in the temperature
range 650–800◦C in vacuum. In addition, Murchison and
co-workers (28) showed that, in an inert atmosphere, the
carbon support is significantly reduced to give off CO2,
while in a H2/He mixture, reduction by H2 predominates,
with less than 2% reduction occurring via the carbon sup-
port. More recently, Otake and Jenkins (35) have compre-
hensively characterized four oxygen-containing functional
groups on the surfaces of carbon, which are chemically and
energetically different: surface complexes yielding CO at
lower temperatures, and at high temperatures, and com-
plexes yielding CO2, again at lower temperatures and at
high temperatures. The first two complexes evolve CO at
maximum rates at 900 and 1100 K, respectively, and the
remaining two evolve CO2 at maximum rates at 600 and
900 K, respectively. Finally, Vannice and co-workers (36)
have systematically compared the surface properties of dif-
ferent forms of carbon: activated carbon, graphitized car-
bon fibers, and synthetic diamond powder, with or without
pretreatment. They found that comparable amounts of CO
and CO2 are desorbed for the untreated activated carbon
sample, but that treatment with nitric acid results in evolu-
tion of carbon oxides in amounts almost an order of mag-
nitude higher, while high-temperature treatment with H2

leads to much smaller evolution of the gases, particularly
CO. For the graphitized carbon fibers and diamond pow-
der, more CO is desorbed than CO2, but the total amount
of carbon oxides desorbed is less than that corresponding
to activated carbon.

The literature results noted clearly demonstrate that CO
and CO2 are given off when carbon, or carbon-supported
catalysts, are subjected to heat in vacuum or in a nonox-
idizing atmosphere. In our case, any CO or CO2 released
passes through the dry-ice/acetone trap. Since the thermal
conductivities of CO and CO2 are greater than that of ar-
gon, the thermal conductivity of the gas mixture increases.
Therefore, it is likely that the negative peak in the TPR
or TPD spectrum is produced by CO and CO2 present in
the gas phase because of the formation of oxides and their
desorption from 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 H2/Ar gas streams will produce different re-
sponses for a fixed amount of CO or CO2. Hence, the same
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response would not be expected in TPD and TPR exper-
iments, even if the amount of CO or CO2 desorbed were
the same. Second, in the TPR experiment, some of the oxy-
gen on the support reacts with H2 at lower temperatures,
giving positive peaks. Less oxygen remains at higher tem-
peratures for activated carbon decomposition to form CO
or CO2. Hence, less CO or CO2 should be produced in a
TPR experiment.

K/C Samples

The TPR spectra for the K/C samples were shown in
Fig. 3. It is reasonable to deconvolute these spectra into two
positive peaks. One deconvolution for the 2.9% K sample
is is shown in Fig. 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 species in a K/C sample.

The location and area for each peak are summarized in
Fig. 7 as a function of the amount of K present. The areas of
peaks R and S change with the loading of K, but in a more-
or-less complementary fashion—peak R decreases with in-
creasing K, while peak S increases, so that the total area of

the two peaks is nearly constant over the entire range of K the Mo/C samples, a closer examination of the TPR curves

loadings. That implies that K itself cannot be reduced under shows that the profiles can be generally deconvoluted into
FIG. 6. Analysis of TPR spectrum for K/C sample (K loading= 5.8 wt
individual peaks from analysis.
CATALYSTS 7

our experimental conditions for TPR. Kelemen and Mims
(34, 37) drew similar conclusions from UPS measurements
studying KOH adsorbed on graphite surfaces.

From Fig. 3, the total peak area is considerably greater
than the area obtained for the carbon support alone. Fur-
ther, peak S is fairly close to the peak for the carbon sup-
port alone. Hence, peak S is most probably from the reduc-
tion of the oxidized surface of the carbon support and/or
the reduction of its impurity metal oxides, as justified above.
The addition of (even a small amount of) K probably mod-
ifies 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 car-
bon support, made more reducible by the presence of K.

Finally, Fig. 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 pro-
file for a Mo/C catalyst. Again, only positive peaks have
been fitted, and a Gaussian-type function can be used. For
%). Top, experimental curve and composite curve from analysis. Bottom,
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l
FIG. 7. Quantitative results from TPR of K/C samples as functions of K

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 the reduction of its impurity metal oxides, as tion of different Mo species on the carbon support. Peaks X

that peak is also shown in the case of the carbon support and Y (which occur below peak S) are grouped together as
FIG. 8. Analysis of TPR spectrum for Mo/C sample (Mo loading= 9 wt%
Individual peaks from analysis.
oading: (a) peak areas; (b) peak positions. Peak nomenclature as in Fig. 6.

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 Figs. 6 and 7, peak Y is not ascribed to in-
cremental 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 reduc-
). (Top) Experimental curve and composite curve from analysis. (Bottom)
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FIG. 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 area ratio. Peak nomenclature as in Fig. 8.

low-temperature peaks, with peak Z (which occurs above
peak S) being the high-temperature peak.

The positions and areas of the deconvoluted peaks are
shown in Figs. 9a and b as functions of Mo loading. In
performing the deconvolution, the reducibility of the im-
purities in the carbon support was assumed to remain un-
changed when Mo is impregnated. In other words, the “spe-
cific” area of peak S, i.e., the area per mole of carbon in the
samples, was constrained to stay the same during the de-
convolution of all the samples, as shown in Fig. 9. However,
the location of peak S, as given by the temperature corre-
sponding 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 Fig. 7.

We define specific areas of peaks X, Y, and Z on the ba-
sis of the moles of Mo in the sample. The specific areas of
peaks X and Y decrease monotonically with Mo loading.
The positions of these two peaks also decrease monoton-
ically 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 temper-
atures with increasing Mo loading.
It should be noted that, while the specific area of peak
Y decreases somewhat with Mo loading, the actual area
of this peak increases. This is in contrast to the behavior
of peak R in Fig. 7; the peak 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 an Mo species.

Shown in Fig. 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 extent of reduction decreases with Mo loading.
Consistent with this, Fig. 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 is also qualitatively 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 prepa-
ration method of the catalyst, such as the nature of sup-
port employed, the Mo precursor, and the drying and calci-
nation conditions. For example, after a Mo/Al2O3 catalyst
was dried, Mo was found to be converted from an octa-

hedral coordination [Mo(O)] in paramolybdate ion to a
tetrahedral coordination [Mo(T)]. Mo(T) was attributed to
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Al2(MoO4)3, either as a surface complex or as a bulk phase,
whereas Mo(O) has been assigned to a surface complex
such as Al2(Mo7O24) or to bulk MoO3. Upon calcination,
both Mo(O) and Mo(T) species exist (1). Mo(T) and Mo(O)
species have also been found in SiO2-supported Mo cata-
lysts (38).

A lower-temperature reduction peak in the TPR pro-
files has normally been assigned to the partial 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) (39).
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 Al2O3 or SiO2 supports. On
Al2O3 or SiO2 supports (38, 40, 41), 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 at
a Mo loading of greater than 4–6 wt%; see Fig. 9c. In other
words, the Mo(O) species predominates only at loadings
of less than 4 wt%: at loadings of greater than 6 wt%, 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 metal loading. For
Al2O3- and SiO2-supported Mo-based catalysts, Rajagopal
et al. (38) found that, when the reduction temperature is
programmed to no higher than 550◦C, the extent of reduc-
tion of Mo increases with increasing Mo loading. However,
for 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 Fig. 9c.

Differences between the activated-carbon support and
alumina or silica supports are observed also during the
high-temperature reduction. For Mo/Al2O3 and Mo/SiO2

catalysts, when the temperature of a TPR experiment was
ramped to 900◦C, the Mo was found to be almost completely
reduced to the metal (38). In the present work, although
complete reductions of unsupported MoO3, both commer-
cial and in-house, were achieved at high temperature, com-
plete 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 af-

ter high-temperature reduction decreases with Mo loading.
This trend, too, is completely different from that observed
T AL.

on Mo/Al2O3 and Mo/SiO2 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 totally different
from that for Mo/Al2O3 and Mo/SiO2 catalysts. For the lat-
ter 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 sur-
face of Al2O3 contains mostly basic -OH groups, but it also
contains some neutral -OH groups and some weakly acidic
-OH groups (42, 43). The basic -OH groups are expected to
react preferentially with MoO2−

4 ions, where the Mo coor-
dination is tetrahedral, while the neutral or weakly acidic
-OH groups react with Mo7O6−

24 , where the Mo coordination
is octahedral (1, 42–44). On alumina, for low Mo loading,
much of the adsorbed Mo species retains tetrahedral coor-
dination 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 smaller fraction of Mo(T)
species upon drying and calcination. Heptamolybdate ions,
attached to neutral or slightly 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 SiO2 being lower than that of Al2O3, neutral and weakly
acidic -OH groups are the major groups on the surface of
SiO2. That leads to a smaller fraction of the Mo species be-
ing present as Mo(T) on a SiO2-supported catalyst than
on an Al2O3-supported catalyst. This was confirmed by
Rajagopal et al. (38). 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 pre-
dominantly, 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 Al2O3,
or even SiO2, as the support.

Mo-K/C Catalysts

We have shown earlier that K itself cannot be reduced un-
der our experimental conditions; K as a promoter modifies
the reducibilities of other compounds in the catalyst. There-
fore, similar to those for Mo/C catalysts, the TPR spectra
for Mo-K/C catalysts are also deconvoluted into four peaks.
Figure 10 illustrates a typical TPR spectrum and the decon-
voluted 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 Fig. 11, as a function of the K-doping level, quantified as
the molar ratio K/Mo.
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FIG. 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.
FIG. 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 as in Fig. 10.
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As in Fig. 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 corres-
ponding to the maximum point of the peak, was allowed
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. Corre-
spondingly, the specific 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
initially, 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 a local minimum around K/Mo= 1.2.

These results indicate that the initial addition of K greatly
promotes the formation of a Mo species reducible at low-
temperature (a Mo(O) species) and retards the generation
of Mo species that are reducible only at high tempera-
ture (Mo(T) or other difficult-to-reduce Mo species). This
means that Mo can be more easily reduced at low temper-
atures 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 values. The valence after
low-temperature reduction decreases drastically with in-
creasing 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 values, but
then increases, again leveling off around K/Mo= 1. Simi-
lar 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 unsup-
ported or supported Mo-based catalysts have been investi-
gated by many researchers. Xie and co-workers (20) verified
that a new phase, consisting of K, S, Mo, and O, is formed on
the surface of K2CO3-doped MoS2 catalysts, and this phase
enhances the performance of catalysts for the synthesis of
higher alcohols (ethanols and higher). The amount of the
new phase increases with increasing K concentration until
the weight ratio K2CO3/MoS2 reaches 0.6, corresponding to
a K/Mo molar ratio of about 1.4. Jiang et al. (45) also con-
firmed the formation of a K–Mo interacting species, this
one originating from the interaction between a KCl pro-
moter and an alumina-supported molybdenum catalyst. In

the case of Jiang et al., the amount of the interacting species
is saturated at a K/Mo molar ratio of 0.8. Jiang et al. also
T AL.

claimed that the formation of Mo(T) species is greatly sup-
pressed 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 lit-
erature references note the contrary. Tatsumi et al. (46)
reported that K inhibits the reduction of Mo(VI) on K-
Mo/SiO2 catalysts. DeCanio et al. (47) observed that the
reduction of Mo(VI) is depressed by the K promoter in
Mo/γ -Al2O3. The reason for these differences is not clear.

SUMMARY AND CONCLUSIONS

A series of Mo-K/C catalysts were evaluated by means of
TPR, and the results can be compared to unsupported cata-
lysts 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 a fixed value of the
Mo loading (18 wt%), the amount of the K dopant was in-
creased from zero 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%
H2 in Ar at 30 cc/min.

For the Mo/C species, three major peaks were observed,
in addition to a peak attributable to the reduction of the
oxidized surface of the support and/or of impurities in the
support. Of the three major 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 reported in the literature for
catalysts supported on alumina and on silica, except that
generally only two peaks are observed. Contrary to what is
found in Mo/Al2O3 and Mo/SiO2 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-valent metal at high temperature,

this is not possible for the C-supported material. The dif-
ferences between the activated carbon support and alumina
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or silica are probably because of the inert surface of the ac-
tivated carbon.

The runs using K/C indicate that potassium itself can-
not be reduced; as a promoter, K modifies the reducibil-
ity of the oxidized surface of the support or of other im-
purity 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 pres-
ence of K enhances the formation of low-temperature re-
ducible Mo species, or octathedrally coordinated Mo(O),
while retarding the generation of Mo species that are re-
ducible only at high temperatures, or tetrahedrally coor-
dinated 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 ev-
idenced 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 value 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 con-
sistent 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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