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Abstract A Mg/Al mixed metal oxide material (MMO) is
introduced as a support for K,CO;3; promoted MoS, in CO
hydrogenation reactions at 310 °C and 1,500 psig. The
catalyst is shown to be more selective for C,—C, linear
alcohols (substantially so for C3—C4 linear alcohols) than for
methanol and offers good alcohol to hydrocarbon selectivity.
Methanol selectivity of the MMO supported catalyst devi-
ates greatly from the Anderson—Shultz—Flory distribution.

Keywords Syngas - Higher Alcohols - Molybdenum
Sulfide - Mixed Metal Oxide - Hydrotalcite

1 Introduction

Syngas has been converted into long chain hydrocarbons
[1, 2] and methanol [3, 4] on a commercial scale for a
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number of years. In recent years, there has been renewed
interest in the conversion of syngas into higher alcohols.
Higher terminal alcohols including ethanol, 1-propanol and
1-butanol are increasingly used as fuel additives and
chemicals.

A variety of catalysts have been evaluated for the con-
version of syngas to higher alcohols [5]. These catalysts
include modified Fischer—Tropsch or methanol synthesis
catalysts, which are typically adapted for alcohol synthesis
by adding promoters such as alkali or other transition
metals. Another class of catalysts developed in the late
1980s for these reactions is based on alkali promoted
molybdenum sulfide [6-9] which is commonly combined
with cobalt [10-13]. While molybdenum sulfide based
catalysts facilitate reactions that are largely selective for
alcohols, their catalytic activity relative to noble metal
catalysts, such as those based on Rh, is lower [14—19]. This
is offset by the comparatively lower cost of molybdenum
based systems relative to many other metal-based systems.
Molybdenum sulfide based catalysts also typically require

comparatively high reaction pressures, often up to 2,000
psig, to achieve useful catalytic productivities.
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Potassium-promoted molybdenum sulfide remains an
important benchmark catalyst for higher alcohol synthesis.
In attempts to improve these catalysts, many reports
describe alkali-promoted molybdenum sulfide phases on
high surface area supports, including alumina, silica, car-
bon nanotubes, activated carbon, and clay [3, 20-29]. In
some cases higher alcohol productivity per gram of Mo
was slightly improved while in others, higher alcohol
selectivity was improved.

Acidic supports such as y-alumina have been previously
shown to yield more hydrocarbons than more neutral or
basic supports such as activated carbon, silica, or magnesia
[30, 31]. It is believed that the acid sites promote coking,
isomerization, and alcohol dehydration [24, 32]. Conse-
quently, basic promoters can be added to a catalyst to
neutralize acidic sites and promote C—C and C-O bond
formation [16]. Potassium is the most effective promoter
for higher alcohol synthesis, most often applied in the form
of potassium carbonate [33, 34], and is suggested to pro-
mote alcohol formation by limiting CO dissociation or by
controlling hydrogenation rates, both of which affect the
population of intermediates formed on the catalyst surface
[6, 8, 33, 35, 36]. However, alkali promotion is also known
to lower catalyst activity—an effect attributed to the
blockage of active sites [28, 33, 37].

We hypothesized that the combination of potassium as a
promoter with intrinsically basic, high surface area sup-
ports may lead to new supported catalysts with improved
alcohol selectivity. To this end, two basic supports, a lab-
synthesized MgAl mixed metal oxide (MMO) [38-40]
derived from a hydrotalcite precursor and a commercial
magnesium silicate sepiolite were applied as supports for
potassium-promoted molybdenum sulfide. As bench-
marks, potassium-promoted bulk molybdenum sulfide and
potassium-promoted molybdenum sulfide supported on
activated carbon were also evaluated. Of these catalysts,
the MMO supported catalyst is shown to be a promising
new composition for producing higher alcohols, with the
product distribution biased sharply towards production of
C** alcohols at the expense of methanol.

2 Experimental

Activated carbon and sepiolite were obtained from com-
mercial sources (Aldrich and Tulsa respectively). The
MMO support was synthesized using methods similar to
those described in the literature [41-43]. In brief, three
solutions were prepared—A, B, and C. Magnesium nitrate
hexahydrate (Alfa Aesar, 98-102 %), aluminum nitrate
nonahydrate (Alfa Aesar, 98-102 %), and distilled water
were combined with an approximate Mg:Al molar ratio of
7:3 and 0.6 M in metal ions to make solution A. Solutions
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B and C were 1.2 M NaOH (EMD, 97.0 %) and 0.15 M
Na,COs3 (Aldrich, 99.54+ %) respectively.

First, 100 mL of solution C was heated to 65 °C and
stirred. 360 mL of solutions A and B were then added
simultaneously to C at a constant flow rate of approxi-
mately 11 mL/min with constant stirring. The flow rate of
solution B was varied to maintain a mixture pH of 9.5+/—
0.05 measured with an Oakton 110 series pH meter. After
the addition of solutions A and B, the resultant mixture was
stirred for 24 h at 65 °C, filtered at room temperature,
washed with 2 L of distilled water, and dried overnight at
105 °C. To convert the material from hydrotalcite to
MMO, it was ground with a mortar and pestle and heated in
air to 450 °C at 5 °C/min and held for 2 h.

Supported MoOj3 was synthesized on the various carriers
by an identical incipient wetness impregnation procedure
followed by a thermal treatment. To prevent hydrotalcite
“memory” effects [44, 45] which potentially reduce cata-
lytic activity by increasing crystallite size and “burying”
promoters [14-16, 45], DMSO (Aldrich, 99.94+ %) was
used as the impregnation solvent. Targeting approximately
7 wt%. Mo, an appropriate amount of ammonium molyb-
date tetrahydrate (AMT) (Aldrich, ACS Reagent) and
DMSO were combined and stirred at room temperature
until the AMT was dissolved. The solution was then added
to the support and heated at 135 °C for 12 h in open
atmosphere. The resultant solid was then placed in a quartz
tube and heated to 450 °C for 2 h with a heating rate of
5 °C/min under 40 mL/min of flowing nitrogen. The
sample was then cooled to room temperature and stored in
a sealed vial and filled with argon. These samples consisted
primarily of MoOj; dispersed on the support.

Bulk molybdenum sulfide was prepared from methods
described in the literature [46]. AMT and 20 % (NH,),S
(Alfa Aesar, 20-24 % aq.) were combined and stirred for
1 hat 65 °C. A 25 wt% acetic acid solution was then added
to the mixture to precipitate the thiomolybdate. After
allowing the mixture to cool, it was filtered and washed
with distilled water. The compound was then decomposed
by heating at 5 °C/min to 450 °C under 40 mL/min flow-
ing nitrogen for 2 h to form MoS,.

Before use in catalytic reactions, K,COj3 (Sigma-Aldrich,
99 %), previously treated at 105 °C, was added to the sup-
ported MoOj3 or unsupported MoS, and ground using a
mortar and pestle for 15 min. The mixture was pressed into
10 mm pellets at 1,000 psig, crushed, and sieved to 20—40
mesh. The catalyst was then loaded into a %"’ steel tube with
a layer of SiC (Alfa-Aesar, 46 grit) at its base and flushed
with nitrogen in a downflow configuration.

Before reaction with syngas, 10 % H,S/H, (Matheson
Tri-Gas, UHP) was passed over the catalyst at 40 mL/min.
Under this flow, the bed was heated from 22 °C and
15 psig to 450 °C at 5 °C/min and held for 2 h. While still
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under 40 mL/min H,S/H, flow, the bed was allowed to
cool to 310 °C. Finally, the reactor was flushed with syn-
gas, 1:1 H, (Airgas, UHP):CO (Airgas, UHP, 10 % N, as
an internal standard), and 50 ppm H,S (diluted down from
3,000 ppm H,S in He, Matheson Tri-Gas, UHP), purified
with a zeolite 5 A molecular sieve carbonyl trap) at
100 mL/min for 5 min and then pressurized to 1,500 psig.
Reactions were carried out until activity and product
selectivity stabilized, which typically took 2-4 days. An
Agilent 7,890 gas chromatograph was used to quantify
reaction products. Specifically, methane, ethane, propane,
butane, ethylene, carbon dioxide, methanol, ethanol,
n-propanol, iso-propanol, n-butanol, iso-butanol, methyl
acetate, ethyl acetate, methyl formate, and ethyl formate
were quantified using single point calibration curves. CO
conversion, product yields and selectivities were calculated
from pseudo-steady-state data. The space velocity was
adjusted by varying the syngas flow rate until a conversion
of ca. 8 % was reached. An H,S concentration of 50 ppm
was maintained in the syngas feed [34, 47].!

The catalysts, precatalysts and supports were charac-
terized via nitrogen physisorption, powder X-ray diffrac-
tion, Raman spectroscopy, and temperature programmed
desorption (TPD) of CO, and NH;. All post-reaction cat-
alysts were characterized ex-situ after in-situ passivation
via 1 % O, in He (Matheson Tri-Gas, UHP) for 6 h at room
temperature while flowing at 40 mL/min. Elemental anal-
ysis was performed with a Perkin Elmer Optima 7300 DV
equipped with an optical emission spectrometer. Aliquots
of each catalyst were digested in an H,O,/HNO; solution
and then analyzed in duplicate.

Surface areas were calculated from nitrogen physisorp-
tion data obtained at 77 K using a Micromeritics Tristar II.
All samples were heated to 200 °C under vacuum for 10 h
before analysis. Powdered X-ray diffraction was performed
using a Philips X-pert diffractometer using CuKo radiation.

Basic sites were quantified via temperature-programmed
desorption of CO, using a Micromeritics Autochem II. In
these experiments, ca. 0.12 g of sample was loaded into a
quartz sample tube. Helium (Airgas, UHP) was passed over
the sample at 50 mL/min to pretreat each material as it was
heated to 700 °C at 10 °C/min. The sample was then
cooled to 50 °C and exposed to pure CO, (Airgas, research

! There are several views on the appropriate H>S concentration for
catalytic higher alcohol synthesis using MoS,-based materials.
Stevens et al. [34] stated that H,S levels below 100 ppm would not
significantly affect the structure of MoS, materials and that at levels
above that concentration “no advantage is realized.” However,
Christensen et al. [47] indicate that H,S concentrations above
100 ppm cause the catalyst to stabilize more quickly and improve
productivity, while simultaneously leading to higher hydrocarbon
selectivities. Given this study’s goal to obtain high alcohol selectiv-
ities while minimizing hydrocarbons, 50 ppm H,S in the syngas feed
was used.

grade) at 50 mL/min for 2 h. The tube was then flushed
again with He at 50 °C/min for 1 h. Finally the sample was
heated (under flowing He) to 700 °C at 10 °C/min, and a
TCD was used to quantify the desorbing gas. Acid sites
were quantified using the same instrument, but using 2 %
NH; in N, (Matheson-Trigas, 1.871 % NH3) as the probe
molecule. The TPD procedure was identical to that of the
CO, TPD, except that sample was heated only to 450 °C,
cooled to 100 °C, then exposed to 2 % NH;3/N,, and heated
again to 450 °C.

Raman spectra were obtained using a Witec confocal
Raman microscope (Alpha 300R) with an Ar* ion laser
(A = 514.5 nm) with 1 mW of intensity from the excita-
tion source.

3 Results and Discussion

XRD patterns of the synthesized materials are shown in
Fig. 1. The bulk MoS, pattern showed distinct 002, 100,
103, 105, and 110 MoS, planes. Peaks associated with the
100 and 110 planes could also be observed in the activated
carbon and MMO supported samples, though they were
substantially less intense, indicating smaller and/or less
crystalline domains. Features associated with MoS, planes
were not discernible on the sepiolite supported sample,
possibly because they overlapped with the pattern of the
support itself.

Raman spectroscopy also revealed the presence of MoS,
domains as shown in Fig. 2. In all but the activated carbon
supported sample, characteristic [48] Mo-S stretching
bands were readily observable at 380 and 408 cm™'. The
estimated resolution of the spectrometer is ~ 2 cm™!, and
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Fig. 1 XRD of supported and unsupported K,CO; promoted MoS,.
Supported samples were sulfided in situ and reacted with syngas for
24 days
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as such, the observed bands may be considered identical.
The stretches were less apparent in the activated carbon
sample, most likely because the carbon support absorbed
most of the light.

The BET surface areas (reported in Table 1) computed
from nitrogen physisorption data show that the activated
carbon and sepiolite catalysts lost surface area over the
course of sulfidation and reaction. This result may be a
consequence of sintering or carbon deposition. The MMO
supported catalyst showed a slight increase in BET surface
area, but the difference is considered to be within the error
of the measurement. The bulk, MMO, and sepiolite sup-
ported catalysts showed small changes in post-reaction
molybdenum content (<+6 %), while the activated carbon
supported catalyst showed a large change (51 %). Drops in
Mo content support the hypothesis of carbon buildup on the
catalyst surface. Due to its microporous nature, activated
carbon is particularly susceptible to coke build-up in syn-
gas reactions [49]. Nitrogen adsorption isotherms for the
MMO supported catalyst at various stages are given in Fig.
S1 in supporting information. Pore blockage from hydro-
carbon wax build up is also a possible cause for reduced
surface areas, but volatile product analysis reveals only low
molecular weight hydrocarbon species and there were no
waxes found in downstream traps.

The results of the catalytic reactions are reported in
Table 2. The transient data for the MMO supported catalyst
are given in Fig. S2 in supporting information. The bulk
MoS, catalyst showed high selectivity for both methanol
and ethanol. This result is consistent with what was found
in other studies [37, 50-52]. Additionally, methane
accounted for most of the hydrocarbons produced over this
catalyst. The MMO supported catalyst showed the greatest
C,,OH selectivity at 55.5 %, in addition to the highest
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Fig. 2 Raman spectroscopy of the reaction-aged, sulfided catalysts

using a 1,800 grating, 514 nm 1 mW laser
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propanol and butanol selectivities. Most notable was the
low methanol selectivity, which was uncharacteristically
lower than the ethanol, n-propanol, and n-butanol selec-
tivities. By comparison, the methanol selectivity on the
MMO supported catalyst was almost eight times lower than
that observed for the bulk MoS, catalyst. The MMO sup-
ported catalyst was less active than the activated carbon
supported and bulk catalysts. Given the hypothesis that
basic alkali block active sites, it is possible the MMO
support interacts with the MoS, domains in a similar
fashion.

When activities are normalized per gram of molybde-
num, the activated carbon supported catalyst was the most
productive for higher alcohols, with an hourly productivity
of 0.88 g-C,;OH/g-Mo/h. The MMO and bulk samples
had roughly the same activity, at 0.23 g-C,, OH/g-Mo/h,
and the sepiolite sample was the least active at 0.06
g-C,, OH/g-Mo/h. Of the supports used in this study,
activated carbon was the least basic as shown by CO, TPD
(supporting information). While it is not fully established
whether support basicity has a similar effect on catalytic
activity and selectivity as alkali, it is noteworthy that the
most neutral support, activated carbon, had the highest
activity while the most basic support, MMO, had the
lowest. While catalytic activity did appear to correlate with
support basicity, other factors, such as differences in MoS,
dispersion among the different catalysts may also influence
the results. Counter to this hypothesis, XRD shows that the
supported catalysts are all highly dispersed, although fur-
ther, more detailed investigations of the MoS, domains are
needed.

The sepiolite supported catalyst was highly selective for
hydrocarbons, most likely due to its high acid site content
as shown by NH; TPD (supporting information). A similar
result was observed when syngas was reacted over acidic
alumina and silica supported MoS, [31]. While CO, TPD
shows the catalyst does possess some basic sites, we
hypothesize that the acid sites are not adequately neutral-
ized at the potassium levels used here, and hence hydro-
carbon formation is more highly favored in the reaction of
syngas over this catalyst under these conditions.

Interestingly, the methanol selectivity was lower for
both the carbon and MMO supported catalyst than for the
bulk catalyst. However, the MMO supported catalyst
yielded selectivities that were much more strongly biased
towards Cs_ alcohols than any of the other catalysts.

The Anderson—Shultz—Flory distribution of the alcohols
in Fig. 3 shows that the MMO supported catalyst deviates
substantially from the trend shown for ethanol, n-propanol,
and n-butanol. Additionally, the chain growth parameter, o,
is the largest for the MMO supported sample among the
catalysts studied, indicating a higher probability for longer
chains than the unsupported catalyst and the two other
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sTLlE;gileatlio:Zi:;?/zttlzrr]ljcl sulfided, Catalyst support Oxide pre-reaction Post-reaction sulfide catalyst
reaction aged catalyst Mo (wt%) K (wt %)  Surface Mo (wt%) K (wt%)  Surface
compositions and surface areas area (mz/g) area (mz/g)
measured via ICP and nitrogen
physisorption respectively Bulk 30.3 14.5 89 29.8 14.5 -
MMO 52 2.1 71 4.9 2.1 78
Carbon 43 1.8 245 22 0.9 175
Sepiolite 44 2.9 102 4.5 2.5 70
Table 2 Reaction results of supported and unsupported MoS, catalysts
Support  GHSV (mL/g/h) % Conv. % Selectivity C,,OH Time on
Prod Stream
Organic products by carbon excluding CO, (glem/h)  (days)
MeOH EtOH n-PrOH »n-BuOH CH; C,,OH Tot. HC
Bulk 8,004 8 34.1 329 55 0.9 19.6 393 222 0.23 34
MMO 1,377 8 4.5 25.9 18.7 10.9 139 555 37.0 0.23 3.0
Carbon 3,973 8 14.2 335 13.6 4.6 15.7 517 32.0 0.88 32
Sep 1,937 8 2.7 5.0 23 1.0 20.3 8.3 88.5 0.06 2.6

Reactions run at 1,500 psig, 310 °C, H,:CO 1:1, 50 ppm H,S. Gas hourly space velocity (GHSV) and productivity are reported in mL syngas/

g-cat/h and g C,, OH per gram of Mo per hour, respectively
 Estimated error £0.4 %
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Fig. 3 The ASF distribution of alcohols on various supported and
unsupported potassium promoted MoS, catalysts. The o values were
computed for C,—Cy linear alcohols

supported catalysts. The ASF distriution shown in Fig. 4
for hydrocarbons reveals that the MMO supported catalyst
possessed a greater chain growth probability than the
activated carbon and bulk catalysts. There are a multitude
of possible explanations for these observations. These
include hydrogenation of methanol to form methane.
However, as shown in Fig. 4, methane selectivity seems
to follow the ASF trend. Alternatively, some form of
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Fig. 4 The ASF distribution of hydrocarbons on various supported
and unsupported potassium promoted MoS, catalysts. The o values
were computed for C;—C, linear hydrocarbons on supported catalysts
and C,—C; for bulk MoS,

metal-oxide promoted alcohol coupling could contribute to
the ASF distribution of alcohols on the MMO catalyst. This
phenomenon has been observed on transition metal free
Mg, Al O, [53] and on a Cu/ZnO catalyst [14, 15]. In
addition, Christensen et al. [54] showed that alcohol cou-
pling was possible over CoMoS when an ethanol co-feed
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was used in conjunction with syngas. In that work, reactions
showed increased n-butanol and n-propanol selectivity in
addition to higher selectivities for higher hydrocarbons.
Although these findings are not directly analogous to syngas
reactions over MMO supported MoS,, they suggest that there
are multiple potential pathways that may contribute to the
unique product distributions observed in this work beyond
traditional CO insertion [55].

Another possibly complementary explanation of the
uncharacteristically low methanol selectivity observed on the
potassium-promoted, MMO supported MoS, catalyst may be
associated with the capacity of metal oxides, MgO in par-
ticular, to decompose methanol to H,, CO, and CO, [56, 57].
Goodarznia et al. [58] showed that C, oxygenates such as
methyl formate and ethanol could be formed from methanol
alone when MgO was combined with potassium and copper.
MMO supported MoS, may possess a similar capacity.

Finally, low methanol selectivity may possibly be
explained as an artifact of basicity—whether it comes from
the support or from an alkali promoter. Several studies that
investigated the impact of potassium loading found that the
methanol to ethanol ratio reached a minimum around the
level that potassium loading was optimal for higher alcohol
productivity [6, 30, 59, 60]. Ultimately, additional inves-
tigation is needed to better understand the nature of higher
alcohol formation on the MMO supported MoS, catalyst.

4 Conclusions

It has been demonstrated that MMO supported K/MoS,
materials bring unique aspects to catalytic mixed alcohol
synthesis from syngas. First, the catalyst allows for lower
methanol selectivity, well below the values predicted by
the ASF distribution. Second, the catalyst increases alcohol
chain growth, yielding high selectivities for n-propanol and
n-butanol. The relative and possibly complementary effects
of the alkali promoter and MMO support as well as the
mechanism(s) leading to the unique product selectivity are
not, at this early stage, fully understood, but this material
appears to be a promising composition for further study.

Acknowledgements The authors express gratitude to The Dow
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