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ABSTRACT: Dimethoxymethane (OME1) is an important
chemical and has vast applications. However, the current
commercial method to produce this chemical suffers high exergy
loss. In this study, we demonstrate a one-pot approach to
synthesize OME1 from syngas. OME1 was produced using a Ru
promoted catalyst via a cascade reaction of hydrogenation of
carbon monoxide into formaldehyde, followed by acetalization with
methanol in liquid media. Results show that the catalytic activity of
these Ru promoted catalysts in converting CO and H2 to OME1
was in the following order: Ru−Ni > Ru−Cu > Ru.
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■ INTRODUCTION

Utilization of sustainable fuel resources is one of the grand
challenges of the 21st century. Coupled with the requirement of
a sustainable environment in terms of particulate emissions, the
two challenges have caught the attention of industry and
academia alike toward finding a common solution in the near
future. In this context, a second-generation fuel component−
oxymethylene dimethyl ether (OME)−is an effective option for
soot reduction from diesel engines because of its low vapor
pressure, high viscosity, high oxygen content, and high cetane
number.1,2 Conventionally, OMEn is synthesized through the
reaction of methanol and formaldehyde using an acid catalyst.
However, higher oligomers of oxymethylene ethers (OMEn, n≥
2) are commercially not available. Only OME1 or dimethoxy-
methane (also known as methylal) is produced in appreciable
quantities. OME1 is an important fuel and chemical, particularly
as a solvent. Because of its low toxicity, eco-friendliness, and
good solubility, it has been widely used in the manufacturing of
perfumes, resins, adhesives, paint strippers, and protective
coatings. In addition, OME1 can also be used as the platform
chemicals to produce higher oligomers of oxymethylene ethers
(OMEn, n ≥ 2) through further reaction with formaldehyde.
Currently, OME1 is produced via a two-step process whereby
methanol is first partially oxidized into formaldehyde followed
by liquid phase acetalization, as illustrated in Figure 1.3−5

However, this process is known to have a high energy penalty
resulting from its long chain of reactions from the start to the
end. The formaldehyde synthesis process alone suffers from 57%

exergy loss;6 therefore, higher exergy loss can be expected in this
two-step process for OME1 production.
In this context, the Klankermayer group reported the first

example of dimethoxymethane production via CO2 hydro-
genation in methanol media over Ru- and Co-based
homogeneous catalysts and acid cocatalysts.7,8 Recently,
Trapp and co-workers studied the homogeneous ruthenium-
catalyzed CO2 transformation to the formaldehyde oxidation
level (dimethoxymethane).9,10 The literature also showed the
gas phase dimethoxymethane (OME1) production via synthesis
gas hydrogenation over Cu/Pd/Ps(60) zeolite catalysts at 180
°C and other higher temperatures. It was proposed that syngas
was converted into methanol followed by the dehydrogenation
step to formaldehyde. Finally, OME1 was produced via the
acetalization reaction of formaldehyde and methanol. The
experimental results demonstrated that the methanol was the
primary product from this reaction system.11 Simulation results
of OMEn synthesis from woody biomass derived syngas was also
reported in the literature.12 Recently, production of OME1 via
green chemistry and a sustainable route has received increasing
attention. However, to the best of our knowledge, there are no
attempts yet to produce liquid phase OME1 directly from
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synthesis gas, thereby bypassing the formaldehyde synthesis
completely. In our previous publications, we have shown the
synthesis of formaldehyde (HCHO) via hydrogenation of
carbon monoxide in water and methanol.13,14 In methanol
media the produced HCHO is solubilized as hemiacetal
(reaction 1), shifting the equilibrium of hydrogenation more
toward HCHO production.

+ ← →⎯⎯⎯⎯⎯CO(aq) H (aq) HCHO(aq) CH OCH OH2
methanol

3 2F (1)

Hemiacetal, produced from the hydrogenation of carbon
monoxide, can be further used as a precursor for OME1 synthesis
in the presence of an acidic catalyst as illustrated in reaction
2.15,16

+ ←→ +CH OCH OH CH OH CH OCH OCH H O3 2 3
acid

3 2 3 2 (2)

The overall reaction is shown in (3):

In this Article, we investigated the production ofOME1 via the
cascade reaction of hydrogenation of carbon monoxide into
formaldehyde, followed by acetalization with methanol in a
liquid phase high pressure slurry batch reactor, and focused on
evaluating the effects of catalytic support and temperature on the
production of OME1. This one-pot approach to synthesize
OME1 eliminates the need for multistep/reactors synthesis,
which may potentially save capital cost and reduce energy
consumption to make the process green and commercially
viable.

■ EXPERIMENTAL SECTION
Catalyst Preparation. Ruthenium-, copper-, and nickel-based

catalysts, supported on β-Zeolite (BEA) (SiO2/Al2O3 = 38) and
HZSM-5 (SiO2/Al2O3 = 25), were developed using the wet
impregnation method followed by calcination. Chemical precursors
used in these catalyst syntheses were nickel nitrate (Ni(NO3)2·6H2O,
Sigma-Aldrich), copper nitrate (Cu(NO3)2·3H2O, Sigma-Aldrich),
ruthenium chloride (RuCl3, Sigma-Aldrich), β-Zeolite (BEA)
(CP814C, Zeolyst International), and HZSM-5 (NKF-5, Nankai
University Catalyst Co., Ltd.) supports. The monometallic Ru catalyst

had 1 wt % Ru loading, and bimetallic Ru−Ni or Ru−Cu had 10 wt %
Ni or Cu content and 1 wt % Ru content as promoter. Detailed
synthesis procedures of the catalyst can be found in our previous
publication.17

Catalyst Characterization. BET Surface Area and Nitrogen
Adsorption.Catalyst properties such as specific surface area, adsorption
isotherms, pore size distribution, and pore volume were characterized
based on Brunauer, Emmett, and Teller (BET) and BJHmethods using
a Micromeritics 3Flex 3500 N2 physisorption analyzer. Samples were
degassed at the minimum temperature of 393 K under high vacuum for
at least 5 h prior to the characterization.

Hydrogen-Temperature-Programmed Reduction (TPR). H2-TPR
studies were carried out with a custom-built vacuum instrument
equipped with a mass spectrometer. A detailed description of this
instrument can be found in our previous publication.17 500 mg of the
catalyst was first loaded into a quartz reactor prior to installation in a
drop-tube furnace. During the H2-TPR analysis, the catalyst sample was
heated from room temperature to 800 °C at the heating rate of 10 °C/
min under 100mL/min of 10.0%H2/Ar gas flow. Gases eluted from the
reduction reaction along with unreacted gases were constantly
monitored with the mass spectrometer.

Ammonia-Temperature-Programmed Desorption (NH3-TPD).
NH3-TPD was conducted to evaluate the acidity of the BEA support
and impregnated catalysts, using a BelCat II catalyst analyzer
(microtracBEL). 50 mg of each sample was heated to 873.15 K and
maintained for 1 h under He flow. Prior to dosing, the sample was
cooled under He flow to 373.15 K. The degassed samples were then
subjected to NH3/He mixture flow for 30 min, followed by another 15
min ofHe flow at 373.15 K for purging. Thereafter, NH3 desorption was
investigated in the range of 373.15−873.15 K with a temperature ramp
rate of 10 K/min.

X-ray Powder Diffraction (XRD). Catalysts were subjected to X-ray
diffraction analysis using a Rigaku Miniflex powder diffractometer with
monochromatized CuKα radiation (l = 0.154 nm) at 40 kV and 15 mA
to investigate the structure, metal crystal phases, and crystal size. A thin
layer of petroleum jelly was applied to adhere 1%Ru/BEA, 1%Ru−10%
Ni/BEA, and 1%Ru−10%Cu/BEA catalysts onto the “zero-back-
ground” sample holder. As for 10%Ni/BEA and 10%Cu/BEA catalysts,
samples were directly compressed into pellets on the sample holder.

Transmission Electron Microscopy (TEM). A Tecani G2 T20
machine was used for the transmission electron microscopy (TEM)
study to investigate the size, shape, and distribution of catalysts for the
studied monometallic and bimetallic catalysts. The TEM images were
captured for reduced monometallic (1%Ru/BEA, 10%Cu/BEA, and
10%Ni/BEA) and bimetallic (1%Ru−10%Cu/BEA and 1%Ru−10%
Ni/BEA) catalysts.

Catalytic Activity Evaluation. A set of four 100 mL high pressure
stirred batch autoclave reactors (M4, Amar Equipment Pty. Ltd.) was
used for these catalytic activity investigations. Prior to the experiment,
500 mg of the catalysts was reduced ex situ for 4 h under H2/N2 flow.
The reduction of Ru−Cu was carried out at 523 K, and monometallic
Ru and Ru−Ni were performed at 623 K and 673 K. Then, the reduced

Figure 1. Current two-step commercial process to produce dimethoxymethane from methanol.
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catalyst was added into the autoclave reactor along with 50−60 mL of
99.99% methanol (Scharlau Chemicals, HPLC basic), and the reactor
was subsequently assembled. Once the reactor was fully assembled, CO
and H2 were used to pressurize the reactor to the desired pressure set
point according to the required CO:H2 ratio. The experiment was
started by heating the reactor to its target temperature (323, 353, 373,
and 393/398 K) under constant stirring at 100 rpm. Each experiment
was run for 24−48 h while liquid samples were collected periodically
during the run. Afterward, the collected liquid samples were filtered and
analyzed using a Shimadzu 2014 GC equipped with ZB-1 capillary
column and FID detector.
Investigation of ReactionMechanism.To confirm that the reaction

mechanism is mediated by formaldehyde formation, H2 and CO were
used as the gaseous reactants with Ru−Ni/BEA as the catalyst in
ethanol as liquid media. The reaction was performed at 120 °C and 40
bar (equimolar CO:H2) for 48 h. To maximize the yields of product for
the purpose of this study, no sampling was done during the 48 h but at
the end of the experiment. The reaction liquid sample was analyzed by
GCMS (Agilent 6890 with 5973 MSD) for the presence of
diethoxymethane.

■ RESULTS AND DISCUSSION

Catalyst Characterization. BET Surface Area and Nitro-
gen Adsorption. The adsorption−desorption curves of
monometallic and bimetallic BEA supported catalysts and the
BEA support are shown in Figure 2a. All samples exhibit a similar
trend and display types I and IV isotherm profiles. This indicates
that a majority of the pores in these samples are micropores. In
addition, all four isotherms consistently showed a weak
hysteresis loop between P/P0 of 0.4−0.9, which has a good
resemblance with the H1 type. It also revealed the presence of
interconnected mesopores in these materials. The presence of
both micropores and mesopores was confirmed through the
existence of two steep steps during nitrogen filling in the
analyses. The micropores nitrogen filling was noticed between 0
< P/P0 < 0.05 (1st step) while adsorption and desorption of
nitrogen in mesopores occurred between 0.4 < P/P0 < 0.9 (2nd
step).18,19 BJH desorption pores size distribution (inset of
Figure 2a) showed no significant difference of mesopores after
the impregnation of monometallic and bimetallic catalysts.
Moreover, the range of mesopores falls in the region of 3−10 nm
because a flat line is observed above 10 nm, and it peaks at 3.8
nm for all the materials.
H−K pore size distribution presents a considerable difference

in micropores after the impregnation of studied catalysts over
the BEA support as shown in Figure 2b. The micropores of the
BEA support and monometallic Ru catalyst ranged between 0.4
and 1.87 nm where the median pore width was measured to be
0.51 and 0.56 nm, respectively. As for bimetallic Ru−Ni/BEA
and Ru−Cu/BEA catalysts, their median pore widths were
found to be 0.48, 0.54 nm and 0.52, 0.54, 0.55 nm, respectively.
This increase in micropore size of studied materials after catalyst
impregnation is related to pore blockage. Table 1 summarizes
the nitrogen physisorption results for monometallic and
bimetallic BEA supported catalysts. The BET specific surface
areas of all prepared catalysts were calculated from the nitrogen
isotherm, and the monometallic catalyst result is in good
agreement with the unloaded BEA support. The small decrease
in surface area for the 1%Ru/BEA catalyst can be attributed to
partial pore blockage caused by Ru loading. Conversely,
bimetallic catalysts show a significant difference in specific
surface area as compared to the catalyst support which is related
to blockage of various micropores in both catalysts as shown in
Figure 2b.

TEM Analysis. Figure 3a−e shows the TEM micrographs of
the BEA support and monometallic and bimetallic BEA
supported reduced catalysts. Based on the multiple captured
images, the aggregates of the BEA support have a spherical shape

Figure 2. (a) Nitrogen linear adsorption−desorption curves and (b)
Horvath−Kawazoe (H−K) micropore size distribution of mono-
metallic and bimetallic BEA supported catalysts.

Table 1. Physicochemical Properties of Monometallic and
Bimetallic BEA Supported Catalysts

catalysts

BET
surface area
(m2/g)

BJH desorption
pore volume
(cm3/g)

BJH desorption
pore diameter

(Å)

NH3
desorbed
(mmol/g)

BEA
support

673.9 0.11 52.8 0.646

1%Ru/
BEA

661.2 0.12 55.3 0.785

10%Cu/
BEA

553.8 0.11 54.1 1.452

10%Ni/
BEA

571.8 0.11 56.9 0.901

1%Ru−
10%Cu/
BEA

523.1 0.09 46.9 1.546

1%Ru−
10%Ni/
BEA

518.8 0.09 54.8 0.968
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with an estimated size range between 200 and 800 nm.20 In the
Ru/BEA micrograph (Figure 3b), only a small population of Ru
metal was found, which is due to low loading. In comparison,
monometallic Cu/BEA and Ni/BEA catalysts reveal a higher
population of metal particles on the support. The dispersion of
Cu and Ni metal is even over the BEA support. The insets of
Figure 3b−d illustrate the particle size distributions of
monometallic Ru, Cu, and Ni catalysts, and their average
particle sizes were 7.0, 4.8, and 9.8 nm, respectively.
Bimetallic Ru−Cu and Ru−Ni catalysts demonstrate higher

metal particle population and even dispersion of particles over
the BEA support. The high population of catalysts can be
attributed to the high loading of catalysts. Furthermore, the Ru−
Ni bimetallic catalyst has a larger particle size (Figure 3f) as
compared to the Ru−Cu catalyst (Figure 3e). It is also observed
that a few larger metal particles are located at the edge of the
aggregated catalyst support or are apparently unsupported in all
the studied materials.20,21

Temperature Programmed Reduction. H2-TPR studies
were carried out on monometallic Ru, Ru−Ni, and Ru−Cu
catalysts, and the results are presented in Figure 4a−c. In Figure
4a, a single low temperature reduction peak with an onset
temperature of 500 K is observed, which can be attributed to a
free or weak interaction of Ru3+ reduction to Ru0 on BEA.22

In the TPR profile of the bimetallic Ru−Ni catalyst, two
distinct and segregated peaks are observed in Figure 4b. The first
peak with an onset temperature of 500 K (dotted line) can be
attributed to the reduction of the Ru substrate. The second
broad peak with an onset temperature of 620 K may be assigned
to reduction of a different type of nickel species on the support.
The first deconvoluted peak at 720 K is believed to be the

reduction of pseudotetrahedral NiO to Ni0. The second
deconvoluted peak at 875 K may be associated with the
reduction of Ni presented in nickel aluminates.23 The third
deconvoluted peak at 925 K may be the reduction of Ni(OH)+,
which is formed when NiO associates with the protons on the
BEA support.24 There is no evidence of any bimetallic entity
formed. This result concurs with the reported literature on the
bimetallic Ru−Ni catalyst, which suggests that Ni and Ru reduce
separately on the zeolite support due to its pore structure.25 The
onset temperature of Ni reduction in the Ru−Ni catalyst was
similar to the monometallic Ni catalyst (620 K), which suggests
that there is no H2 spillover. Nonetheless, the catalyst was
completely reduced at a temperature below 1000 K.
In the Ru−Cu/BEA TPR profile (Figure 4c), formation of

bimetallic particles is clearly evident in the overlapping peaks.
The first deconvoluted peak at T = 520 K, believed to be a
reduction of Ru3+ to Ru0, matches with the first reduction peak
found in Ru−Ni/BEA in Figure 4b. The second peak with an
onset temperature of 480 K and the largest peak with an onset
temperature of 600 K may be attributed to the reduction of
highly dispersed copper oxide species and the isolated Cu2+ ion
to Cu0, respectively.26−28 The smallest peak at T = 730 K is
believed to be the result of reduction of Cu+ ions to Cu0.26,29

The onset temperature of the reduction of highly dispersed
copper oxide was lower than the temperature reported in the
literature (550 K),30 which may be due to the interaction
between Ru−Cu.31,32

Ammonia Temperature Program Desorption (NH3-TPD).
Figure 5 compares the NH3-TPD profiles of the catalysts. In this
study, acidic sites of BEA supported catalysts can be categorized
into four groups: weak (375−525 K), medium (525−625 K),

Figure 3. TEM micrographs of monometallic and bimetallic Ru/BEA catalysts: (a) BEA support, (b) Ru/BEA, (c) Cu/BEA, (d) Ni/BEA, (e) Ru−
Cu/BEA, and (f) Ru−Ni/BEA.
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strong (625−725 K), and very strong (725−873.15 K) acidic
sites. The BEA support reveals two major peaks at 488 K (weak)
and 675 K (strong acid sites).33 The medium and very strong
acidic sites are only observed after the impregnation of metal

catalysts over the BEA support. The majority of the acid sites of
the monometallic Ru/BEA catalyst is medium strength acidic
sites, centered at 595 K. An increase in the acidic strength of
weak and strong acidic sites is also observed in this catalyst.
The monometallic Ni and bimetallic Ru−Ni catalysts exhibit

similar NH3 desorption in the weak acidic strength region but
differ in the very strong acidic region. The Ni catalyst peaked at
813 K, and Ru−Ni peaked at 763 K. The temperature of very
strong acidic sites for Ru−Ni is shifted toward a lower
temperature. A similar promoting effect of Ru with Cu metal
can also be observed. For the Cu monometallic catalyst, a broad
and moderate NH3 desorption peak can be seen in the very
strong acidic region but is absent in the Ru−Cu desorption
profile. Table 1 summarizes the amount of NH3 desorbed from
these catalysts. The acidity strengths of these catalysts are in the
following order: 1%Ru−10%Cu/BEA > 10%Cu/BEA > 1%Ru−
10%Ni/BEA > 10%Ni/BEA > 1%Ru/BEA > BEA support.

X-ray Powder Diffraction (XRD). Calcined and reduced
monometallic and bimetallic BEA supported catalysts were
characterized using XRD, as shown in Figure 6a−e. All the
results show an intense peak at 2θ = 22.5°, which corresponds to
BEA (JCPDS: 48-0038). In the calcined monometallic Ru
catalyst (Figure 6a), a weak peak at 2θ = 35.1° indicates the
presence of tetragonal RuO2 with crystalline phases of (101)
(JCPDS: 431027).34−36 In the diffraction pattern of reduced
monometallic Ru/BEA, a small weak peak at 2θ = 44.0 may be
related to the crystalline phase (101) of hexagonal Ru (JCPDS:
006-0663).37,38 The absence of other Ru species characteristic
peaks at 2θ = 38.4°, 42.3° (JCPDS: 006-0663), 28.1° (JCPDS:
48-0038), 35.1°, 54.3° (JCPDS: 40-1290) in both calcined and
reduced samples may be caused by low Ru loading.39,40

In the diffraction pattern of calcined Ni/BEA and Ru−Ni/
BEA (Figure 6b and d), peaks at 37.3°, 43.3°, 62.8°, 75.4°, and
79.4° were the characteristic peaks of NiO, indexed as (111),
(200), (220), (222), and (311), respectively (JCPDS: 47-1049).
The reduced Ru−Ni/BEA sample did not show any NiO peak.
In turn, only the characteristic peaks of the face centered cubic
(fcc) phase of crystalline nickel at 2θ = 44.4°, 51.7°, and 76.3°,
which corresponds to (111), (200), and (220) planes of
crystalline nickel (JCPDS: 04-0850), were detected. Therefore,
it is clear that the reduction temperature used (673 K for 4 h) in
this study was sufficient to fully reduceNiO toNi, particularly Ni
(111), which is known to be essential for dissociated H2
adsorption.41 In addition, the absence of NiO peaks in the
reduced sample also indicates that short-term exposure to
oxygen in the air during transfer had a minimal impact in its
catalytic activity as no Ni substrates are reoxidized.
In the diffraction pattern of calcined Cu/BEA and Ru−Cu/

BEA (Figure 6c and e), peaks at 32.5° (110), 35.5° (002), 38.7°
(111), 48.8° (−202), 53.3° (020), 58.4° (202), 61.5° (−113),
66.3° (−311), 68.0° (113), and 75.1° (−222) may be associated
with the monoclinic CuO (JCPDS: 41-0254). Reduced Ru−
Cu/BEA shows a major characteristic peak at 43.4° along with
two minor peaks at 50.5° and 74.2°, which may be assigned to
the diffraction peaks of Cu crystal planes of (111), (200), and
(220) (JCPDS: 04-0836). It is widely reported that the presence
of Cu (111) helps to facilitate the decomposition of H2 into
adsorbed H atoms, which later interacts with the chemisorbed
CO to form a surface formate intermediate.42−44 At the same
time, no characteristic peaks of CuO (JCPDS: 41-0254) or
Cu2O (JCPDS: 05-0667) can be detected, which proves that the
catalyst is fully reduced.

Figure 4. Comparison of the TPR profile of (a) monometallic Ru, (b)
Ru−Ni, and (c) Ru−Cu catalysts supported on BEA. Deconvolution of
overlapping peaks was done in Origin using Gaussian peaks.
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Catalytic Activity. Effect of Support. Support acidity is an
important parameter affecting the acetalization reaction. Figure
7 shows that while the equilibrium yield of OME1 was
comparable for BEA and HZSM-5, the initial rate of OME1
production was faster with BEA. This is because HZSM-5 has
stronger acidity than BEA,45 which favors the competing
reactions like dehydration of methanol to DME. DME was
detected over both BEA and HZSM-5; however, DME
production does not affect the selectivity of CO conversion
(Supporting Information, Figure S1 illustrates the GC-FID
chromatrograms which show peaks of DME, methanol, and
OME1.). Since BEA was a better support, the remaining study
focuses on production of OME1.
Monometallic BEA Supported Catalysts. Figure 8a shows

that over 1%Ru/BEA, increasing the reaction temperature from
323 to 398 K increased both reaction rate and equilibrium yield
of OME1. Higher temperatures were tested here since the
reactions tends to be equilibrium limited.45,46 [However, the
initial rate of reaction is slow at 323 K, and hence the reaction
was not tested at lower temperatures.] Unlike the Ru catalyst,
lower yield of OME1 was observed over the 10%Ni/BEA catalyst
at higher temperatures. At 323 K, there was no production of
OME1 for the entire 24 h run. Increasing the temperature to 373
K led to higher yield of OME1; however, a higher reaction
temperature of 393 K resulted in a marginal decrease of
equilibrium OME1 yield (Figure 8b). Similar to Ni/BEA, the
yield of OME1 first increased and then decreased with a
temperature over 10%Cu/BEA.
The literature shows that the rate-limiting step of the

formation of OME1 is the formation of HCHO directly from
CO and H2, which is believed to be a kinetically limited reaction
over Ru−Ni/Al2O3.

13,46 Our previous report also shows that
HCHO production in aqueous phase CO hydrogenation is
thermodynamically favorable at a lower temperature. This is
because the equilibrium constant is higher at 298 K as compared
to 373 K.13 The finding is consistent with reports available
elsewhere. The Trapp group investigated the effect of temper-
ature on OME1 production from methanol mediated CO2
hydrogenation by using homogeneous Ru catalysts with an

acid cocatalyst in the temperature range 193−393 K. The
highest TON (324) for OME1 was achieved at 358 K, which
confirmed the high production rate of OME1 at low temper-
ature.9

Bimetallic Ru−Ni/BEA and Ru−Cu/BEA Catalysts. Bimet-
allic Ru promoted Ni- and Cu-based catalysts were tested for
their activity at mentioned temperatures. These temperatures
were selected based on our previous studies on HCHO
production, at which the thermodynamics is more favorable.
The highest amount of the equilibrium molar yield of OME1

was 5.11 mmol/(gcat·Lmethanol) with Ru−Ni/BEA (Figure 9a)
and 5.34 mmol/(gcat·Lmethanol) with Ru−Cu/BEA (Figure 9b).
Although the equilibrium OME1 yield with these two catalysts
was similar, it is to be noted that the highest yield of OME1 was
achieved at the highest reaction temperature with Ru−Ni but at
the lowest reaction temperature with the Ru−Cu catalyst, which
suggests that the reaction pathway can be different with these
two catalysts.
With Ru−Ni/BEA, the highest OME1 yield was achieved after

48 h at 393 K. Thereafter, yield of OME1 decreased at higher
temperatures (413 and 433 K). This result is in good agreement
with our previous study where the highest HCHO yield was
achieved in a temperature range of 353−403 K.13 The rate of
OME1 production was proportional to the temperature in the
first hour of the experiment, which suggests that the initial rate is
kinetically limited. The rate of formation of OME1 with Ru−Ni
follows the Arrhenius plot, as shown in Figure 10. OME1 yield
approximately doubled with every 20 K increment of the
reaction temperature in the first hour of run. After the first hour,
the production of OME1 increased only gradually, which may
indicate that the reaction was approaching equilibrium. The fast
reaction rate can be attributed to the higher activity of Ni in
adsorbing H+ from dissolved H2 in liquid media.47

However, over Ru−Cu/BEA, higher reaction temperatures
reduced equilibrium yield of OME1. The equilibrium yield was
highest at the lowest reaction temperature (323 K), which may
be decomposition of HCHO over Cu at elevated temper-
atures.47

Figure 5.Comparison of the NH3-TPD profiles of the BEA support andmonometallic (Ru, Ni, and Cu) and bimetallic (Ru−Ni and Ru−Cu) catalysts
over BEA.
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Kinetic Evaluation. Figure 10a−c shows the Arrhenius plots
of each catalyst, calculated based on the yield of OME1 per unit
time at 1 h, assuming the reaction kinetics is a first-order batch
reaction. From these plots, the apparent activation energy
(Ea‑apparent) and pre-exponential factor (Aapparent) of mono-

metallic Ru/BEA, bimetallic Ru−Ni/BEA, and Ru−Cu/BEA
were calculated to be 8.62 kJ/mol and 4.06 × 10−6, 39.0 kJ/mol
and 1.56 × 10−1, and 7.27 kJ/mol and 4.99 × 10−6, respectively.
These results have revealed that Ea‑apparent of Ru−Ni is ∼4.8

times the other two catalysts, and the Aapparent is 5 orders of

Figure 6. Powder XRD patterns of (a) Ru/BEA, (b) Ni/BEA, (c) Cu/BEA, (d) Ru−Ni/BEA, and (e) Ru−Cu/BEA.
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magnitude higher. The higher Ea‑apparent suggests that the Ru−Ni
catalyst is more sensitive to change in the reaction temper-
ature.48 This explains the significant faster reaction rate in
yielding OME1 as the temperature increased compared to Ru−

Cu andmonometallic Ru catalysts. For Ru−Cu and Ru catalysts,
their Ea‑apparent and Aapparent values were comparable. This implies
that impregnation of the Cu metal substrate had only a minimal
effect in the reaction rate in yielding OME1, despite its high Cu
loading.The Constable-Cremer plot compares the calculated
Ea‑apparent andAapparent of these catalysts and is presented in Figure
10d. This concurs with our previous publication where the
catalyst with the highest catalytic activity also has the higher
apparent pre-exponential factor and Ea‑apparent values.

48

Investigation of the Reaction Pathway. Our previous work
has demonstrated that formaldehyde can be synthesized with
Ru−Ni/alumina in methanol media; by replacing the catalyst
support with the acidic BEA support, the produced form-
aldehyde can further react with methanol to produce higher
value OME1. The postulated reactionmechanism is presented in
Figure 11.
An analogous experiment with ethanol instead of methanol

was carried out to validate the proposed reaction mechanism,
and the result is shown in the Supporting Information (In Figure
S2 the GCMS chromatogram shows the presence of
intermediates and final products of ethanol mediated CO
hydrogenation.). According to the proposed mechanism, it is
possible to produce diethoxymethane when the liquid media is
swapped from CH3OH to ethanol. In this case, the produced
HCHO reacts with ethanol and forms ethoxy methanol before

Figure 7. Compares the effect of supports on CO hydrogenation to
OME1 using 1% Ru on various zeolite supports (BEA and HZSM-5).
Reaction conditions: H2/CO = 2, P = 75 bar, stirring speed = 100 rpm.

Figure 8. Effect of temperature on OME1 production with monometallic catalysts: (a) 1%Ru/BEA, (b) 10%Ni/BEA, and (c) 10%Cu/BEA. Reaction
conditions: H2/CO = 2, P = 75 bar, stirring speed = 100 rpm.
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further converting to diethoxymethane. Therefore, it can be said
with a degree of certainty that the reaction proceeds via
formation of formaldehyde as an intermediate, which goes
through the acetalization reaction over acid sites to form
dimethoxymethane in methanol media and diethoxymethane in
ethanol media, supporting our proposed mechanism.

■ CONCLUSIONS
In this Article, we demonstrate that dimethoxymethane (OME1)
is produced via a formaldehyde mediated pathway during direct
catalytic hydrogenation of carbon monoxide with methanol as

liquid phase media. Ru−Ni supported on the zeolite beta (BEA)
catalyst exhibits the highest catalytic activity for OME1

production. The production rate of OME1 in the first hour
with Ru−Ni was twice the rate achieved with Ru−Cu or
monometallic Ru under the same reaction conditions. This
higher activity can be attributed to the efficiency of Ni in
adsorbing H2. Performance of the Ru−Cu catalyst is only
marginally better than the monometallic Ru catalyst, measured
at 1.55 and 0.68 mmol/(gcat·L), respectively. Overall, catalytic
activities of these three BEA supported catalysts in converting

Figure 9. Effect of temperature on OME1 production with (a) Ru−Ni/BEA and (b) Ru−Cu/BEA catalysts. Reaction conditions: H2/CO = 2, P = 75
bar, stirring speed = 100 rpm.

Figure 10. Arrhenius plot of CO hydrogenation to OME1 with (a) Ru/BEA, (b) Ru−Ni/BEA, and (c) Ru−Cu/BEA, calculated based on the rate of
reaction calculated at t = 1 h. (d) Constable-Cremer plot of monometallic Ru, Ru−Ni, and Ru−Cu catalysts.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.9b06913
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

I

https://pubs.acs.org/doi/10.1021/acssuschemeng.9b06913?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.9b06913?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.9b06913?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.9b06913?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.9b06913?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.9b06913?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.9b06913?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.9b06913?fig=fig10&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.9b06913?ref=pdf


CO andH2 to OME1 were in the following order: Ru−Ni > Ru−
Cu > Ru.
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