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Physical mixing of a catalyst and a hydrophobic
polymer promotes CO hydrogenation

through dehydration
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In many reactions restricted by water, selective removal of water from the reaction system is critical
and usually requires a membrane reactor. We found that a simple physical mixture of hydrophobic
poly(divinylbenzene) with cobalt-manganese carbide could modulate a local environment of catalysts
for rapidly shipping water product in syngas conversion. We were able to shift the water-sorption equilibrium
on the catalyst surface, leading to a greater proportion of free surface that in turn raised the rate of
syngas conversion by nearly a factor of 2. The carbon monoxide conversion reached 63.5%, and 71.4%
of the hydrocarbon products were light olefins at 250°C, outperforming poly(divinylbenzene)-free
catalyst under equivalent reaction conditions. The physically mixed CoMn carbide/poly(divinylbenzene)
catalyst was durable in the continuous test for 120 hours.

elective and rapid removal of water

product from a reaction system has been

a highly desirable pathway toward boost-

ing catalytic performance in reactions that

are restricted by water thermodynami-
cally and/or kinetically (7, 2). Membrane reactors
designed to include water-conduction nano-
channels could shift the reaction equilibrium
(8), but preparation of defect-free membranes
at a large scale is challenging. Chemical hydro-
phobilization of the catalyst surface could
substantially contribute to reactions by ac-
celerating water diffusion (4-7), but in many
cases the chemical interactions might change
the structure of the catalyst surface or even
block the active sites by hindering access of
reactant molecules.

Enabling rapid water diffusion from an un-
changed catalyst surface is an attractive alter-
native. By promoting rapid desorption of water
molecules once they are formed on the catalyst
surface (2), the sorption equilibrium of water
is shifted, as described by *H,0 = * + H,0
(* denotes the catalyst surface sites). We phys-
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ically mixed the hydrophobic promoter with
the catalyst, unlike previous chemical mod-
ifications; in the syngas conversion to olefins
with a cobalt-manganese carbide (CoMnC)
catalyst, we achieved an increase in light olefin
productivity by a factor of up to 3.4 by mix-
ing the catalyst with the promoter. Mechanis-
tic studies revealed that the water molecules
rapidly desorbed from the catalyst surface after
they formed from CO hydrogenation, which
avoided the competitive adsorption with CO
reactant, a crucial step in the reaction process.

The CoMnC catalyst was prepared via co-
precipitation and carbonization procedures
(fig. S1) (8, 9). In the syngas conversion
under the given reaction conditions (H,/CO of
2, 1800 ml gcomnc * hour™, 0.1 MPa, 250°C),
the CoMnC catalyst showed a CO conversion
of 32.2%, with selectivity for light olefins
(Cy™ to C,7) 0f 60.8% (fig. S2 and table S1; the
CO, product was excluded in calculating the
selectivity). In our initial attempt, we physically
mixed the CoMnC catalyst with a nonporous
poly(divinylbenzene) (PDVB) (water-droplet
contact angle 145° irregular morphology,
surface area <5 m?/g; table $2). This hydro-
phobic polymer has a chemically inert sur-
face (fig. S3) and good thermal stability (10).
The mixed catalyst, denoted CoMnC/PDVB,
had substantially improved CO conversion
(63.5%) and selectivity to light olefins (71.4%)
(Fig. 1) relative to the CoMnC catalyst under
equivalent reaction conditions. With regard
to the C;, by-products over CoMnC/PDVB,
the proportions of pentene and hexene were
50.3% and 26.0%, respectively (table S3); these
are desired products for the production of high-
performance polymers and valuable chemicals
11, 12).

In particular, the molar ratios of olefin to
paraffin (o/p) in these by-products were very
high. For example, the o/p ratio of Cs mole-
cules is 14.7, which is favorable for separation
and purification of desired products (13). A
higher gas hourly space velocity (GHSV) of
3600 ml geomnc - hour™ decreased the CO
conversion to 15.4% on the CoMnC catalyst,
but the CoMnC/PDVB still showed a remark-
ably high CO conversion of 50.7% (table S1).
Under a GHSV of 7200 ml gcoyme - hour™,
the CoMnC catalyst exhibited poor CO con-
version of 5.5%, whereas the CoMnC/PDVB
still showed CO conversion of 19.4%. In this
case, the space-time productivity of light ole-
fins on the CoMnC/PDVB reached as high
as 7.1 mmol gcomnc ! hour™, which exceeded
the rate for CoMnC (2.1 mmol gcgyne ~ hour™,
carbon basis) by a factor of 3.4 (fig. S4). In
addition, a CO, selectivity of 46.0 to 48.5% was
obtained in these cases, similar to that in
general Fischer-Tropsch synthesis to olefins
(8, 14) and OX-ZEO (oxide-zeolite) reaction
processes for converting syngas to olefins
(15, 16). Adjusting the H,/CO ratio to 3.6 and
introducing a small amount of CO, in the
syngas feed reduced the CO, selectivity in the
products to 23.7%, giving a one-pass yield of
light olefins at 28.0% (CO, included in calcu-
lating the olefin yield; table S4).

We compared the performance of CoMnC/
PDVB to different catalysts tested previously
in syngas conversion to light olefins. The data in
fig. S5 show the comparison of the selectivity-
conversion results reported for various cata-
lysts in their stable period during the reaction
(table S5). The general Fischer-Tropsch synthesis
to olefin processes produced olefins having a
wide carbon number distribution within the
range C;-Cy (17, 18). The selectivity of 53.0%
to light olefins, with a CO conversion of 80.0%
over Fe-based catalysts, has been reported as
one of the most efficient processes (14), requir-
ing a high reaction temperature of 340°C.
The OX-ZEO process (15), which combines the
cascade reactions of CO hydrogenation over
metal oxide and C-C coupling of methanol or
ketene intermediates over zeolite, showed
superior selectivity to light olefins but yielded
low CO conversion (e.g., 17.0% over the ZnCrO,/
SAPO-34 catalyst) at even higher temperatures
(400°C). Relative to these processes, the reaction
over the CoMnC/PDVB catalyst proceeded at
lower reaction temperatures with high selec-
tivity to light olefins and efficiently suppressed
methane formation. The CoMnC/PDVB catalyst
also exhibited enhanced catalytic performance
relative to the bare CoMn catalyst, which has
been regarded as a superior catalyst for low-
temperature syngas conversion to light olefins (8).

The catalytic performance of CoMnC/PDVB
catalyst was influenced by the manner of mixing
of the CoMnC and PDVB components (Fig. 2, A
and B, table S6, and fig. S6). Compared with a
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powder mixture of the CoMnC and PDVB, the
granule mixture, which was prepared by gran-
ulating the CoMnC and PDVB components
and then mixing them together (40 to 60 mesh),
showed lower CO conversion of 53.7% and
similar C,-C, olefin selectivity (66.4%). In a
dual-bed reactor, the PDVB was packed below
the CoMnC catalyst bed and separated by a
layer of inert quartz sand. The CO conversion
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of 29.1% and lower olefin selectivity of 61.2%
were similar to those of bare CoMnC catalyst.
This result indicated that PDVB is inert for the
reaction and that the promotion with PDVB
required physical mixing with the CoMnC
catalyst.

The CoMnC/PDVB catalyst was used in a
continuous reaction test to evaluate durability.
After activation for ~15 hours, the CO conver-

sion was constant at steady state with an aver-
age value of ~64.7% (Fig. 2C). Even after reaction
for 120 hours, the CO conversion was well
maintained at 62.8% with stable CoMnC and
PDVB components, confirming the good dura-
bility of the CoMnC/PDVB. In this process, the
selectivity of light olefins was also constant
at 70.0%, with an average productivity at
5.9 mmol geoume * hour . During the test, the
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selectivities for undesired methane and C,-C,
alkanes remained lower than 5.0% and 7.0%,
respectively. The selectivity for C;, products
was ~18.0%, and 92.0% of those are C5-Cg
olefins (19, 20).

To understand the promotion of PDVB in
the syngas conversion, we used temperature-
programmed surface reaction mass spectrom-
etry (TPSR-MS) by feeding syngas to the
catalysts. The CoMnC catalyst has been reported
to have superior activity for hydrogen activa-
tion and cleavage of the C-O bond (8, 21-23),
and these steps can be identified in TPSR-MS
tests. The dependences of propylene, methane,
and water signals (m/z = 42, 16, and 18, re-
spectively) on reaction temperatures (Fig. 3A)
show that on the CoMnC catalyst, the water
and methane signals appeared at 166° and
203°C, which we assigned to the C-O cleavage
and hydrogenation reaction. At 217°C, the
propylene signal began to appear because the
C-C coupling step occurred after C-O dissoci-
ation. Similar signals also appeared on the
CoMnC/PDVB catalysts, but the signals of
propylene and water were obviously stronger

than those on the bare CoMnC, indicating that
the physically mixed PDVB indeed boosted
the activity.

It might be expected that the PDVB could
participate in the CoMnC carbonization that
leads to the distinguishable catalytic perfor-
mances (22, 24). We excluded this hypothesis by
characterizing the CoMnC phase change as
a function of reaction time, which showed
negligible difference in the x-ray diffraction
(XRD) patterns of the CoMnC with and without
PDVB during the reaction periods (fig. S7); this
result was also supported by the TEM charac-
terization (fig. S8). After removal of the PDVB
component from the used CoMnC/PDVB cata-
lyst, the resulting CoMnC component exhibited
performance comparable to that of the as-
prepared CoMnC (table S1). These results fur-
ther indicate that the physical mixture with PDVB
did not change the catalyst structure, and they
are consistent with the high stability of PDVB
at the reaction temperature (figs. S9 to S12).

The previous strategies of chemically mod-
ifying the catalyst surface with hydrophobic
organosilanes were developed to improve water
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Fig. 3. PDVB-optimized water sorption. (A) The dependences of water, methane, and propylene signals

(m/z at 18, 16, and 42) on temperature-programmed surface reaction by feeding syngas to the CoMnC and CoMnC/
PDVB catalysts. (B) Data showing the influence of water on syngas conversion with CoMnC and CoMnC/PDVB.
Reaction conditions: 1.0 g of CoMnC or 1.0 g of CoMnC physically mixed with 1.0 g of PDVB (powder-mixing), H,/CO
at 2, 1800 ml goowne* hour™, 0.1 MPa, 250°C. The water feed rate was ~10.5 Mg geomn - hour™. (C) Transient
response curves obtained during pulses of 10% CO/He (5 mi/min) into pure He flow (30 ml/min) at 250°C over the
CoMnC and CoMnC/PDVB catalysts. CO flowed through the water at 40°C for introducing water to the catalysts.
(D and E) CO desorption in situ FTIR spectra of anhydrous CoMnC (D) and water-pretreated CoMnC catalysts (E).
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resistance in syngas conversion (25-27). Follow-
ing this route, we also modified the CoMn
catalyst using tetraethyl orthosilicate and
dimethyl diethyloxysilane, but this resulted
in lower CO conversion over the CoMn@Si
and CoMn @Si-c catalysts relative to the bare
CoMnC catalyst (table S1). XRD patterns of
the used catalysts showed the presence of oxide
phases and suggested that hindered carbon-
ization led to formation of the active CoMn
carbides (fig. S13) (27).

We also varied the amount of PDVB in the
catalyst bed. PDVB/CoMnC weight ratios of
0.5, 1.0, and 1.5 resulted in distinguishable
CO conversions at 56.4%, 63.5%, and 70.5%,
respectively (table S7). The sensitivity of CO
conversion to PDVB content indicated that it
plays a crucial role in catalysis. Although PDVB
in the physical mixture did not change the
catalyst structure, it might optimize the water
diffusion because of its hydrophobicity. Thus,
we studied the role of added water in CO
conversion over the CoMnC catalyst (Fig. 3B).
Considering that the water production rate
was 8.8 to 23.5 mg gcomn - hour™! in the
CoMnC/PDVB-catalyzed syngas conversion
(calculated according to the oxygen balance
in the reaction system and the amount of
collected water product after reaction; fig. S14),
we added water at this rate to investigate
its influence on the CO conversion. The CoMnC
catalyst showed CO conversion of 33.5% at
the beginning of the reaction without water
injection, which then decreased to ~8.2% (aver-
age value) after water injection with a feed
rate of ~10.5 Mg geopm * hour ™. Interestingly,
addition of PDVB to the catalyst efficiently
minimized the negative effect of water, which
exhibited only a relatively slight decrease in
CO conversion to ~57.4% under the equivalent
water feed. The activity of the CoMnC catalyst
was continuously reduced as more water was
added to the feed gas (fig. S15), and the CO
conversion dropped to 4.7% with water feed
rate of ~20.0 mg gcopr, © hour ™. These data
confirmed the water-restricted feature of the
CoMnC-catalyzed syngas conversion. In con-
trast, the profile of CO conversion as a func-
tion of water concentration was flatter over
the CoMnC/PDVB catalyst. This hydrophobic
material may have helped the water product
to rapidly desorb after it was formed on the
CoMnC surface and also hindered its read-
sorption (fig. S16), which would free up active
sites for the continuous conversion of more
CO molecules.

This hypothesis was supported by a pulse
experiment to explore the CO adsorption on
the catalyst surface with and without water
injection (Fig. 3C). The CoMnC and CoMnC/
PDVB catalysts were localized within the flow-
ing He atmosphere at 250°C, with periodic
pulsing of the CO or mixture of CO and water.
In the test without water, the CO signals on

3of5

2202 ‘62 snbny uo ABojouyda | eaiway) Jo AlisieAlun Bullieg e Bioaousios mmm//:sdny Wwodj papeojumoq



RESEARCH | REPORT

both catalysts were extremely weak compared
with that in the blank run without catalysts,
indicating that efficient CO adsorption oc-
curred on both CoMnC and CoMnC/PDVB
catalysts. In these cases, the CO signals were
similar, revealing the negligible effect of PDVB
on CO sorption, and the CO adsorption domi-
nantly occurred on the CoMnC. When water
was fed into the reaction (~7vol% in CO), the
CO pulse peaks on the CoMnC catalyst were
markedly increased, with the intensities sim-
ilar to that in the blank run, revealing the
hindered CO adsorption by competition with
water.

Under the equivalent test, the CO pulse peaks
were still weak on the CoMnC/PDVB catalyst,
similar to the result of the water-free test, con-
firming the negligible influence of water on
CO sorption in the presence of PDVB. A similar
phenomenon was observed in the equivalent
tests by changing the water feed amount (fig.
S17). On the basis of these results, we conclude
that the water on the catalyst surface could
hinder the CO adsorption, while the PDVB ef-
ficiently shifted the sorption equilibrium de-
scribed by *H,0 = * + H,0 by accelerating
the rapid water desorption and hindering its
readsorption. These features led to a higher
proportion of free catalyst surface for con-
tinuous conversion of CO, boosting the syngas
conversion to olefins (fig. S18).

In situ Fourier transform infrared (FTIR)
spectra characterizing the CO hydrogenation
on the CoMnC and CoMnC/PDVB catalysts
are shown in fig. S19. Introducing CO and hy-
drogen to the CoMnC catalyst led to the for-
mation of obvious bands at 2717 to 2955 cm™,
1320 t0 1527 cm ™, and ~1039 cm ™, which were
assigned to the olefin species from CO hydro-
genation and C-C coupling (28-30). The broad
signals at ~1600 cm™ and 3400 to 3600 cm™
appeared and continuously increased with re-
action time because of the water product ad-
sorbed on the catalyst surface (37-34). On
the CoMnC/PDVB catalyst, the signals of olefin
products were solely observed with an extremely
weak water signal, suggesting the rapid desorp-
tion of water once it is formed on the catalyst.

The effect of water on CO adsorption was
further explored (Fig. 3, D and E). Introducing
CO to the CoMnC catalyst led to signals of
chemically adsorbed CO on the CoMnC sur-
face (22, 33). When water was co-fed with CO,
the signals of chemically adsorbed CO were
almost undetectable with only the bands of
gaseous CO (34), confirming that CO adsorp-
tion was hindered under competition with
water. This phenomenon might explain the
negative effect of water on the syngas con-
version by the competitive adsorption, in good
agreement with the results of pulse experi-
ments. In contrast, the catalyst containing
PDVB exhibited comparable CO adsorption
with and without water injection in a FTIR

Fang et al., Science 377, 406-410 (2022) 22 July 2022
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Fig. 4. Theoretical simulation. (A and B) Models showing the water diffusion within regions surrounded
by hydrophilic and hydrophobic surfaces. (C) Mean square displacement (MSD) and diffusion coefficient
(Ds) showing the water diffusion efficiency at 250°C. (D) SEM image of the CoMnC/PDVB granule.

(E) Scheme showing the escape of water from the CoMnC surface through the region surrounded by
PDVB. (F and G) Models showing the water escape through different regions. The regions | are hydrophilic
and the regions Ill are hydrophilic and hydrophobic, respectively. (H) The number of water molecules that
escaped from region Ill from an initial state with 100 water molecules on region | as a function of time.

study (figs. S20 and S21). According to previous
studies, less water on the catalyst surface might
reduce the concentration of carbon-based inter-
mediates and enhance the hydrogenation activ-
ity (35, 36), which could explain the improved
selectivity of short hydrocarbons and slightly
reduced o/p ratios on the CoMnC/PDVB cat-
alyst relative to bare CoMnC.

In addition, the olefin products adsorbing
on the catalyst surface might also hinder the
CO conversion to some extent, as confirmed
by catalysis studies with ethylene in the syngas
feed (fig. S22). However, further tests suggested
a negligible effect of PDVB on olefin sorption
(fig. S23). Thus, PDVB accelerated syngas con-
version in the catalytic tests; this was primarily
attributed to its hydrophobicity in removing
water rather than olefins. We further inves-
tigated the influence of promoter wettability

on water diffusion by a theoretical simula-
tion, in which we explored water molecule
diffusion in a region surrounded by hydro-
philic or hydrophobic surfaces (Fig. 4, A and
B). Water diffusion efficiency was quantified
by the diffusion coefficient Ds. The hydrophilic
surface interacted with water molecules to
slow down the transportation (Fig. 4C), giv-
ing Ds = 2.2 x 107 m?/s. In the region sur-
rounded by hydrophobic surfaces, the water
diffusion was accelerated with obviously
higher D, = 4.7 x 107 m?%/s (Fig. 4C), given
the relatively weak interaction between water
and the hydrophobic surface (37). The theo-
retical simulation therefore gives a qualitative
trend of the diffusion of water molecules along
the different surface.

In our work, the CoMnC catalyst and PDVB
were physically mixed and randomly distributed
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in the catalyst granules. As observed in the scan-
ning electron microscope (SEM) image of an
actual CoMnC/PDVB catalyst granule (Fig.
4D), the CoMnC and PDVB were packed tight-
ly and disordered, with intergranular distances
ranging from nanometers to micrometers
(Fig. 4E). We studied how the hydrophobic
promoter affects the escape of water that is
produced on the relatively hydrophilic surface
(e.g., the CoMnC surface). In Fig. 4, F and G,
we show models simulating the water escape
from the solid surface (region I) through the
region surrounded by hydrophobic or hydro-
philic surfaces (region III), respectively. Nota-
bly, these regions were separated from each
other (region II) for simulating the physical
mixing with intergranular distances between
the CoMnC and PDVB granules in the catalyst
(figs. S24 and S25).

The number of escaped water molecules as a
function of diffusion time in the systems with
hydrophobic and hydrophilic promoters, from
an initial state with 100 water molecules on
region I (Fig. 4H), indicated that more water
molecules escaped through the hydrophobic
channel than from the hydrophilic channel
under the equivalent conditions. For exam-
ple, after 500 ps, ~32% of the initial water
molecules escaped from the model with the
hydrophobic channel, whereas only 13% escaped
from the model with the hydrophilic channel.
The influence of water concentration on dif-
fusion rate was also simulated by regulating
the number of water molecules in region I of
the initial state (e.g., 25, 50, and 100 water
molecules; fig. S26). The results showed that
increasing the concentration of water mole-
cules on the hydrophobic model surface could
accelerate the diffusion rate of water mole-
cules, which helps to explain the rapid water
diffusion in the syngas conversion reaction
with continuously produced water molecules.
The models showed that the hydrophobic pro-
moter physically regulated the catalyst by accel-
erating the water diffusion, in good agreement
with the experimental results.

PDVB-promoted water sorption can also be
directly observed through a model experiment
of CuSO,-5H,0 dehydration, because of its color
change from blue to white upon dehydration.
After mixing a small amount of PDVB to the
CuS0,-5H,0 (0.75 wt% of PDVB in the mix-
ture), the color change was obviously accelerated,
as confirmed by the photographs in fig. S27.
This result again confirms that PDVB promoted
water desorption and hindered readsorption
when physically mixed.

We prepared physical mixtures of CoMnC
catalyst with different materials whose wetta-
bility was distinguishable. When nanopores
were introduced to the PDVB (two nanopo-
rous PDVB materials with distinguishable
surface areas at 488.2 and 623.3 m*/g; table S2
and figs. S28 to S31), the CO conversion further

Fang et al., Science 377, 406-410 (2022) 22 July 2022

improved to 88.7% and 92.4% over the CoMnC/
nanoporous PDVB catalysts, but selectivity
for light olefins was at 53.4% and 37.6% (table
S1). Relative to CoMnC/PDVB, the CoMnC/nano-
porous PDVB catalysts showed higher selec-
tivity for the heavier olefins (C; to Cg selectivity
of 33.7% and 43.7%, respectively). This phenom-
enon might be the result of the high adsorp-
tion capacity of nanoporous PDVB for the
olefin products (fig. S32), which prolonged
the retention time of olefin products in the
catalyst bed to benefit chain growth. These
data confirmed that product distribution could
be adjusted by changing the nanoporosity of
the PDVB promoter.

Similar trends were also observed in the
reaction with the CoMnC catalyst mixed with
methyl group-modified silica with a hydro-
phobic surface (SiO,-Me, figs. S33 to S35), which
showed CO conversion at 74.7% and lower se-
lectivity for C,-C, olefins at 45.5% (table SI).
Higher selectivity for C;~Cg products and lower
o/p ratios were obtained than with the reaction
over CoMnC/PDVB. When graphite, a hydro-
phobic carbon material, was mixed with CoMnC
(CoMnC/Gra, fig. S36), the CO conversion was
53.0% with 67.3% selectivity for light olefins
(table S1). Given that the graphite is earth-
abundant and extremely cheap, our strategy
for shifting water-mediated sorption equilib-
rium could be implemented simply by mixing
hydrophobic graphite with the current catalysts.

In addition, when relatively hydrophilic
materials (such as a mixture of PDVB, SiO,,
and hydrophilic polymers; figs. S37 to S40)
were used in the CoMnC-catalyzed syngas
conversion, the CO conversion was markedly
reduced (tables S8 to S10). For example, poly-
styrene (PS, fig. S40), which has composi-
tion similar to PDVB but is more hydrophilic,
failed to promote the CoMnC-catalyzed syngas
conversion, showing CO conversion at 10.7%
with methane selectivity of 37.8% and C,-C,
olefin selectivity of 37.8% (table S10). These
data show the importance of a hydrophobic
promoter.

Our approach could be used to upgrade
industrially catalytic processes without mod-
ifying the catalysts themselves. In addition, the
strategy is conceptually different from catalyst
hydrophilization with organosilanes, described
as a chemical modification route, where the
conversion was not obviously improved in
syngas conversion but the CO, selectivity was
reduced by hindering the undesired water-gas
shift (4). This difference might result from the
distinguishable distances between the active
site and the hydrophobic surface for these
different systems. Considering that many
hydrogenation reactions are strongly affected
by water, the physical regulation method using
a promoter with desired wettability could guide
the design of more efficient catalysts in the
future.
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Channeling water away

Heterogeneous catalytic reactions that produce water as a by-product can be inhibited by its presence on the surface.
Fang et al. found that for the production of light olefins from syngas (a 2:1 mixture of hydrogen and carbon monoxide)
with a cobalt manganese carbide catalyst at 250°C, the addition of the hydrophobic polymer polydivinylbenzene as
part of a physical mixture almost doubled the conversion of carbon monoxide (see the Perspective by Ding and Xu).
Theoretical models suggest that the polymer formed channels that accelerated water diffusion away from the catalyst.
—PDS
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