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Abstract: The catalytic properties of CuO-CeO2 supported on alumina for the oxidative steam
reforming (OSR) of dimethoxymethane (DMM) to hydrogen-rich gas in a tubular fixed bed reactor
were studied. The CuO-CeO2/γ-Al2O3 catalyst provided complete DMM conversion and hydrogen
productivity > 10 L h−1 gcat

−1 at 280 ◦C, GHSV (gas hourly space velocity) = 15,000 h−1 and
DMM:O2:H2O:N2 = 10:2.5:40:47.5 vol.%. Comparative studies showed that DMM OSR exceeded
DMM steam reforming (SR) and DMM partial oxidation (PO) in terms of hydrogen productivity.
Thus, the outcomes of lab-scale catalytic experiments show high promise of DMM oxidative steam
reforming to produce hydrogen-rich gas for fuel cell feeding.

Keywords: dimethoxymethane; hydrogen production; CuO-CeO2/γ-Al2O3; oxidative steam
reforming; partial oxidation; copper catalyst; fuel cell

1. Introduction

Growing worldwide concerns about the increase in greenhouse gas emission and local
environmental pollution have stimulated active research and development in fuel cell technology
in the past decades [1]. There is no doubt that fuel cells will play an important role in the global
restructuring of energy supply, because they have several advantages over conventional power
units such as high efficiency, noiseless operation, simple and modular design and environmental
friendliness [2]. Generally, fuel cells are fed by hydrogen or hydrogen-containing gas produced by the
catalytic conversion of various hydrocarbons and oxygenates [3–5].

Recently, dimethoxymethane (DMM) has been declared as a promising environmentally safe raw
material for hydrogen production for fuel cell feeding [6–16]. At present, DMM is commonly synthesized
from methanol [17,18]. It is worth noting that DMM synthesis using renewable feedstocks—namely,
CO2 produced from biomass and hydrogen generated by water electrolysis—is currently under
development [19]. Since DMM is a relatively inert (non-corrosive and non-toxic) liquid compound,
it can be easily handled, stored and transported.

Analysis of the current literature shows that DMM can be converted into hydrogen-rich gas by
steam reforming (SR) (1) [6–14], decomposition (2) [15] and partial oxidation (PO) (3) [16] at relatively
low temperatures. The reactions of DMM conversion are shown as follows:

CH3OCH2OCH3 + 4H2O = 8H2 + 3CO2 (1)

CH3OCH2OCH3 = H2 + CO + CH3OCH3 (2)

CH3OCH2OCH3 + 0.5O2 = 4H2 + 3CO (3)
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Among these catalytic methods, steam reforming is the most efficient in terms of maximum
hydrogen yield and negligible CO content. In accordance with the kinetic scheme of the DMM SR
reaction, effective CuO-CeO2 and CuO-ZnO catalysts supported on γ-Al2O3 have been proposed in
our group [8–11]. Since DMM SR is a highly endothermic reaction (∆H0

298 = +140 kJ/mol), the use
of conventional granulated catalysts causes the formation of cold spot temperature gradients in the
catalyst bed, resulting in reduced activity. Therefore, a solution suggested in our previous work [12],
depositing the active catalytic components for DMM SR on metallic FeCrAl wire mesh support, was
quite successful. However, an obvious drawback of using FeCrAl mesh support is a significant increase
in the reactor volume.

It is well known that the temperature distribution in the catalytic reactor can be optimized by a
combination of steam reforming (1) and partial oxidation (3) reactions [20–22]. The oxidative steam
reforming (OSR) of hydrocarbons and oxygenates is being studied not only to minimize the cold/hot
spot effect in the catalytic reactor, but in some cases the reaction shows enhanced effectivity over steam
reforming or partial oxidation [20,21]. In particular, Velu et al. [20,21] found that methanol OSR was
more efficient in many aspects than methanol SR and methanol PO for hydrogen production. Moreover,
the presence of oxygen in the reaction mixture helps to control coking by the efficient removal of
carbonaceous species produced during the reaction [22].

Inspired by the above-mentioned works, and by the fact that no studies have been conducted
on DMM OSR to date (literature survey revealed no references devoted to the reaction), herein we
report the first example of the titled reaction to produce hydrogen-rich gas for fuel cell feeding.
In our experiments, we used the CuO-CeO2/γ-Al2O3 catalyst which is known for its high activity
and selectivity in DMM SR [8,9]. A comparative investigation of partial oxidation as well as steam
reforming of DMM was performed to elucidate the prospects of DMM OSR in producing hydrogen-rich
gas with low CO content for fuel cell feeding.

2. Materials and Methods

The catalyst 10 wt.% CuO-5 wt.% CeO2 supported on γ-Al2O3 (further denoted as
CuO-CeO2/γ-Al2O3), which demonstrated good performance in DMM SR reaction [8,9], was used in
the OSR and PO catalytic experiments. The catalyst was prepared by impregnating γ-Al2O3 (200 m2/g,
0.25–0.5 mm particles) with aqueous solutions of copper (II) and cerium (III) nitrates as described in
detail in [8,9]. According to [9], the catalyst contained on its surface the Lewis acid sites of γ-Al2O3

(active sites for DMM hydrolysis to methanol and formaldehyde) and copper species as ~10 nm particles
and agglomerates containing both copper and cerium (responsible for methanol and formaldehyde SR).

DMM OSR as well as DMM PO were studied using a fixed-bed flow reactor (i.d. 6 mm) in the
temperature range 150–330 ◦C under ambient pressure (1 atm). The reactor has two inlets for a separate
supply of O2 and DMM to prevent homogeneous DMM oxidation in the gas phase, as reported in
our recent work [16]. The DMM-H2O-N2 and O2 flows were immediately mixed before entering the
catalyst bed. The catalyst temperature was measured by a chromel/alumel thermocouple positioned in
the center of the catalyst bed. Prior to the SR and OSR reactions (except partial oxidation), the catalyst
(0.25–0.5 mm) was reduced in situ at 300 ◦C for 1 h using 5 vol.% H2/N2 with a total flow rate of
3000 mL/h.

Then, the catalyst was exposed to the feed composed of (vol.%): 16.7 DMM, 16.7 O2 and 66.6 N2

(DMM:air ≈ 1:5) for DMM PO; 10 DMM, 40 H2O, 2.5 O2 and 47.5 N2 for DMM OSR; 10 DMM, 0–45 H2O,
0–10 O2 and 45–80 N2 for comparative investigation. Note that the reagents were significantly
diluted by N2 exceeding 40 vol.% in order to correctly measure the reaction mixture composition
during catalyst testing. Total GHSV (gas hourly space velocity) was maintained at 10,000 h−1.
Comparative investigations were performed at GHSV = 15,000 h−1 as special experiments.

The deionized water was injected by a plunger pump into an evaporator at 120 ◦C. DMM was
fed to the catalytic reactor by bubbling N2 through a glass saturator filled with 99.5% purity DMM
(Acros Organics) maintained at 20 ◦C. Additional N2 and O2 were fed to get the required reaction
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mixture. All the gases, N2, O2 and H2 (for catalyst reduction) were introduced to the reactor by a
mass-flow controller (Bronkhorst). The inlet reaction mixture and the outlet products were analyzed
online by a gas chromatograph (Chromos-1000) equipped with two TCD detectors maintained at
130 ◦C. Argon was used as a carrier gas. DMM and O2 conversion (X), H2 productivity (W) and yields
(Y) of carbon-containing products were calculated by the following equations:

Xi(%) =

C0
i −Ci ×

C0
N2

CN2

C0
i

× 100 (4)

WH2

(
L

h ·gcat

)
=

F×CH2
×

C0
N2

CN2

100×mcat
(5)

Yi(%) =

Ci ×
C0

N2
CN2

(C0
DMM) ×Ni

× 100 (6)

where C0, C are the inlet and outlet concentrations, F is the total reagents flow rate (L/h), mcat is the
catalyst weight (g), and Ni is the number of carbon molecules in the compound.

3. Results

3.1. DMM Partial Oxidation

Recently, we proposed an efficient Pt/CeO2-ZrO2 catalyst for DMM PO to syngas, showing
high promise for Solid Oxide Fuel Cells (SOFC) applications [16]. The low cost of copper compared
to noble metals, as well as the good performance of copper-containing catalysts in the partial
oxidation of methanol [23] and dimethyl ether [24], encouraged our studies of DMM PO over the
CuO-CeO2/γ-Al2O3 catalyst.

Figure 1 shows the effect of reaction temperature on DMM and O2 conversions, as well as the
reaction product concentrations during DMM PO over the CuO-CeO2/γ-Al2O3 catalyst using the
reaction mixture CH3OCH2OCH3:O2:N2 = 16.7:16.7:66.6 vol.% at GHSV = 10,000 h−1. Under these
conditions, the O2 conversion was 100% in the whole test temperature range. DMM conversion was
~70% at 150 ◦C, which increased with increasing temperature and reached ~100% at 200 ◦C.

As can be seen in Figure 1, two nominal temperature ranges at 150–200 ◦C and 250–330 ◦C
with characteristic product distribution were observed. In the first range, CO2 and CH3OH were
predominantly formed (> 13 vol.% concentration). In addition, H2, CO, CH3OCH3 and H2O were
observed in an amount not exceeding 6 vol.%. Then, as the temperature increased (second range),
the product distribution changed drastically; CH3OH and H2O concentrations decreased to 0 with
simultaneous increase in H2 and CO concentrations, respectively, up to 26 and 7–9 vol.%. Note that
CO2 concentration remained almost unchanged at 150–330 ◦C. Dimethyl ether (DME) concentration
was about 3 vol.% at 150 ◦C, passed through a maximum (8 vol.%) at 250 ◦C and lowered to 5 vol.%
with further temperature increase up to 330 ◦C.

Analysis of the product distributions, taking into account the recent papers on DMM hydrolysis [9],
DMM decomposition [15], methanol [23] and DME [24,25] partial oxidation, helps us to clarify the
kinetic scheme of the DMM PO reaction over the CuO-CeO2/γ-Al2O3 catalyst. In our opinion, initially,
DMM total oxidation (7) most likely proceeds in the frontal layer of the catalyst [23]. The produced
water hydrolyzes DMM to methanol and formaldehyde (8) on the acid sites of γ-Al2O3 [9]:

CH3OCH2OCH3 + 4O2 = 3CO2+4H2O (7)

CH3OCH2OCH3 + H2O = 2CH3OH + CH2O (8)
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Figure 1. Effect of reaction temperature on dimethoxymethane (DMM) conversion and outlet
concentrations in DMM partial oxidation (PO) over CuO-CeO2/γ-Al2O3 catalyst. Reaction conditions:
P = 1 atm; GHSV (gas hourly space velocity) = 10,000 h−1; Inlet composition: CH3OCH2OCH3:O2:N2

= 16.7:16.7:66.6 vol.%.

However, formaldehyde was not detected in the reaction products, probably due to its higher
reactivity (9,10) compared to methanol on the copper-containing catalyst [26].

CH2O + H2O = 2H2 + CO2 (9)

CH2O = H2 + CO (10)

Thus, consideration of reactions (7)–(10) adequately explains the product distribution in the
low-temperature region. At higher temperatures (250–330 ◦C) methanol can be converted to
hydrogen-rich gas on the copper-based catalysts by steam reforming (11) or decomposition (12)
reactions [4,23,26]:

CH3OH + H2O = 3H2 + CO2 (11)

CH3OH = 2H2 + CO (12)

As for DME, its formation can be realized by a DMM decomposition reaction (2). A decrease in
its concentration at >250 ◦C is probably associated with an increase in the reaction mixture volume
during the DMM PO reaction (3).

Figure 2 shows the effect of time-on-stream on the DMM and O2 conversions, the outlet product
concentrations in DMM PO over the CuO-CeO2/γ-Al2O3 catalyst. The stability experiment was
carried out at 280 ◦C, with the inlet composition CH3OCH2OCH3:O2:N2 = 16.7:16.7:66.6 (vol.%) and
GHSV = 10,000 h−1. Under these conditions, complete DMM and O2 conversions were provided.
As seen in Figure 2, during the first hour on-stream, H2, CO2, CO and DME were the main reaction
products, while only traces of CH4, CH3OH and H2O were detected not exceeding 0.3 vol.%.
Unlike DMM SR [8,9], the CuO-CeO2/γ-Al2O3 demonstrated continuous deactivation during the first
6 h on DMM PO stream in terms of H2 and CO concentrations (Figure 2). Then the outlet product
concentrations remained constant and did not change with time.

Thus, the feasibility of DMM PO on a copper-containing catalyst was demonstrated for the first
time. Although the CuO-CeO2/γ-Al2O3 catalyst was not sufficiently stable during the DMM PO,
the first example of the reaction is quite promising. Obviously, it seems appropriate to perform further
studies aimed at developing a more active and stable copper-based catalyst for DMM PO as well as
detailed reaction mechanism investigations.
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Figure 2. Effect of time-on-stream on DMM conversion and product concentrations in DMM
partial oxidation over the CuO-CeO2/γ-Al2O3 catalyst. Reaction conditions: P = 1 atm; T = 280 ◦C;
GHSV = 10,000 h−1; Inlet composition: CH3OCH2OCH3:O2:N2 = 16.7:16.7:66.6 vol.%.

3.2. DMM Oxidative Steam Reforming

One should note that a catalyst active for both SR and PO reactions is expected to be effective for
the OSR reaction. Since CuO-CeO2/γ-Al2O3 catalyst was active for DMM PO and DMM SR (see above
Section 3.1 and our previous works [8,9]), we studied its behavior in DMM OSR.

The influence of the inlet composition on the catalytic performance of the CuO-CeO2/γ-Al2O3 in
DMM OSR is shown in Table 1. This study was performed at 280 ◦C using a constant concentration
of DMM (10 vol.%) in DMM SR (composition 1), DMM OSR (composition 2 and 3) and DMM PO
(composition 4). H2O, O2 and N2 content in the reaction mixture was varied as shown in Table 1.
Total GHSV was maintained at 15,000 h−1. The higher GHSV was chosen in order to clearly demonstrate
the effect of the reaction composition. Note that H2, CO2, CO, DME and methanol were the main
noticeable reaction products. The catalytic data in the table were obtained 1 h after the start of
catalyst testing.

Table 1. Effect of inlet reaction mixture on hydrogen productivity and yield in DMM OSR 1 over the
CuO-CeO2/γ-Al2O3 catalyst.

Inlet Reaction Mixture DMM:O2:H2O:N2, vol.% W(H2), L h−1 gcat−1
Yield, %

CO2 CO CH3OCH3 CH3OH

1 10 : 0 : 45 : 45 12.4 82 1.4 4 12.6
2 10 : 2.5 : 40 : 47.5 14 87.7 1.8 3.2 7.3
3 10 : 5 : 25 : 60 10 70.6 3.3 16.6 9.5
4 10 : 10 : 0 : 80 5 43 21 34 1

1 Reaction conditions: P = 1 atm, T = 280 ◦C and GHSV = 15,000 h−1.

As reported earlier, the CuO-CeO2/γ-Al2O3 catalyst provides excellent performance in DMM SR. A
special experiment (composition 1, see Table 1) showed that H2 productivity reached 12.4 L h−1 gcat

−1,
CO2 selectivity—82%. In our OSR experiments, the H2O concentration in the reaction mixture was
gradually decreased, while the O2 concentration increased. Table 1 shows that the catalyst performance
increased notably as O2 was added in an amount of 2.5 vol.% to the DMM SR reaction mixture
(composition 2): the H2 productivity and CO2 yield increased up to 14 L h−1 gcat

−1 and ~88%,
respectively, mainly due to the consumption of methanol (its yield decreased from 12.6 to 7.3 vol.%).
At the same time, a slight increase in CO yield was observed.
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The catalyst behavior in DMM OSR was sensitive to both H2O and O2 content in the reaction
mixture. As the H2O concentration decreased below 40 vol.%, that is the stoichiometric value for
DMM SR, the hydrogen productivity reduced significantly (composition 3). This observation is most
likely associated with the fact that water deficiency promotes the side reaction of DMM decomposition
(Equation (2)), leading to undesired CO and DME formation. Further addition of O2 and the progressive
decrease of H2O concentration to 0 led to a decrease in the H2 productivity down to 5 L h−1 gcat

−1 due
to the predominant proceeding of DMM decomposition and partial oxidation reactions.

Comparative studies (Table 1) have shown the high promise of DMM OSR to produce hydrogen-rich
gas. In particular, the DMM SR process was significantly promoted by a small O2 additive (2.5 vol.%)
resulting in an increase in H2 productivity and a decrease in by-product formation in sum. As seen in
Figure 3, the catalyst performance was sensitive to the O2 addition in a wide range of temperatures
between 200 and 300 ◦C in terms of DMM conversion and H2 outlet concentration. The fundamental
reason behind such behavior is likely related to the chemical state of copper in the active catalyst. It is
claimed that O2 in the reaction mixture causes oxidation of surface copper particles, which leads to the
formation of Cu+ or Cu2O species that improve the catalyst activity in methanol [27–29] and DME [30]
reforming to hydrogen-rich gas.

The optimum composition of reagents for DMM OSR over the CuO-CeO2/γ-Al2O3 catalyst is
as follows: DMM:O2:H2O:N2 = 10:2.5:40:47.5 (vol.%). This composition provided the maximum H2

productivity; therefore, it was chosen for further studies.
Figure 4 shows the effect of temperature on the outlet product concentration for DMM OSR over

the CuO-CeO2/γ-Al2O3 catalyst. The experiment was carried out using the inlet reaction mixture
DMM:O2:H2O:N2 = 10:2.5:40:47.5 (vol.%) and GHSV = 10,000 h−1. The equilibrium values of product
concentrations were calculated in the assumption that H2, CO2, CO, CH3OH, CH2O and CH3OCH3

were formed during the DMM OSR reaction. The equilibrium concentrations of oxygenates (CH3OH,
CH2O, CH3OCH3 and CH3OCH2OCH3) did not exceed 6 × 10−3 vol.%, and are not shown in Figure 4.

As shown in Figure 3, complete DMM conversion during DMM OSR over the CuO-CeO2/γ-Al2O3

catalyst was reached at temperatures above 200 ◦C. Note that the temperature dependencies of the outlet
product concentrations for DMM OSR were generally similar to those for DMM SR [8,9], but shifted
to a lower temperature region. Similar to DMM SR, DME formation in DMM OSR was observed at
temperatures 250–300 ◦C in amounts below 0.3 vol.% and is not shown in Figure 4.
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Figure 3. Effect of temperature on DMM conversion and outlet H2 concentration in DMM
steam reforming (♦�) and oxidative steam reforming (#•) over CuO-CeO2/γ-Al2O3 catalyst.
Reaction conditions: P = 1 atm, inlet composition, vol.%: DMM:H2O:N2 = 10:45:45 for DMM
SR and DMM:O2:H2O:N2 = 10:2.5:40:47.5 for DMM OSR, GHSV = 10,000 h−1.
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As Figure 4 shows, methanol was the main reaction product in DMM OSR at temperatures
below 200 ◦C. The CH3OH concentration increased with temperature and passed through a maximum
at 200 ◦C, then gradually reduced with further increasing temperature and fell to ~0 at 300 ◦C.
Such dependence is in agreement with the previously proposed consecutive kinetic scheme of DMM
SR [6–12]. According to this scheme, methanol and formaldehyde are produced as intermediates by
DMM hydrolysis (8) on the γ-Al2O3 surface. However, during the catalyst testing, we did not observe
the formation of formaldehyde, most likely, as mentioned above, due to its higher reactivity in the
steam reforming (9) reaction over Cu-containing species [26] as compared to that of methanol (11).

The H2 and CO2 outlet concentrations increased with temperature and slightly exceeded respective
equilibrium values at 280–300 ◦C. As for CO, a noticeable amount was observed at 250 ◦C. The CO
concentration increased from 0.17 to 1.6 vol.% as the temperature increased from 250 to 300 ◦C.
Nevertheless, the CO concentration was significantly lower than its equilibrium value. This behavior is
related to the fact that H2 and CO2 are the primary products of formaldehyde (9) and methanol steam
reforming (11), while CO is produced by reverse Water Gas Shift (WGS) reaction (13). Apparently, if the
WGS reaction does not reach equilibrium in DMM OSR, the H2 and CO2 outlet concentrations should
exceed respective equilibrium values and the CO concentration should remain below it.

H2 + CO2 = H2O + CO (13)

Thus, the data shown in Figure 4 prove that the favorable DMM OSR operation temperature to
produce the maximum amount of H2 over the CuO-CeO2/γ-Al2O3 catalyst is ~280 ◦C. Moreover, as
seen in Figure 5, the catalyst provides good stability during DMM OSR. The results prove there was
no catalyst deactivation at 280 ◦C and GHSV= 15000 h−1 for 10 h on-stream. Under these conditions,
H2 productivity reached 14 L h−1 gcat

−1 and the outlet CO concentration was less than 0.4 vol.%.
Impact of GHSV on the catalytic behavior of the CuO-CeO2/γ-Al2O3 in DMM OSR is

shown in Figure 6. The data on DMM conversion and product yields were obtained at
300 ◦C using the inlet reaction mixture composed of (vol.%): 10 DMM, 40 H2O, 2.5 O2 and
47.5 N2 at GHSV = 10,000–40,000 h−1. Under these conditions, the DMM conversion was 100%.
At GHSV = 10,000–15,000 h−1, the catalyst contact time was sufficient to effectively convert DMM to
H2 and CO2 with ~90% yields. Therefore, the GHSV should be set at 10,000–15,000 h−1 for efficient
DMM OSR operation. Further increasing the velocity to 40,000 h−1 led to a significant decrease in the
H2 and CO2 yields to 60–70% while the methanol and DME yields increased.
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Figure 6. Effect of GHSV on catalyst performance in DMM oxidative steam reforming over
CuO-CeO2/γ-Al2O3 catalyst. Reaction conditions: P = 1 atm; T = 300 ◦C; Inlet composition:
DMM:O2:H2O:N2 = 10:2.5:40:47.5 vol.%.

Note again that the reagents in our lab-scale experiments were diluted by a significant amount of
nitrogen to correctly evaluate the catalytic performance. Obviously, commercial DMM fuel reformer for
fuel cell feeding applications should contain no additional diluents in the reagents, except the nitrogen
of air required for DMM OSR operation. We made some calculations excluding excess nitrogen in
order to evaluate the real composition of hydrogen-rich gas. The simulation results show that DMM
OSR (with inlet mixture DMM:H2O:air = 16:64:20 vol.%) over the CuO-CeO2/γ-Al2O3 catalyst can
produce a gas mixture containing ~60 vol.% H2 with low (1 vol.%) CO content. As stated in [31], a gas
mixture with this composition can be used directly for feeding high-temperature polymer electrolyte
membrane (PEM) fuel cells. For low-temperature PEM fuel cell feeding, the gas mixture needs to be
purified up to 10 ppm of CO, for example, by selective CO methanation [32].

4. Conclusions

Using the CuO-CeO2/γ-Al2O3 catalyst, the feasibility of hydrogen production by partial oxidation
and oxidative steam reforming of DMM was shown for the first time. The oxidative steam reforming of
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DMM was more efficient for hydrogen production than steam reforming and partial oxidation of DMM.
In particular, the DMM steam reforming process was significantly promoted by a small O2 additive that
resulted in an increase in the DMM conversion and H2 productivity. The CuO-CeO2/γ-Al2O3

catalyst provided complete conversion of DMM to hydrogen-rich gas with a high production
rate (>14 L h−1 gcat

−1) and low CO content (~1 vol.%) at 280–300 ◦C using the reaction mixture
DMM:O2:H2O:N2 = 10:2.5:40:47.5 (vol.%) and GHSV = 15,000 h−1. The results obtained show that an
efficient CuO-CeO2/γ-Al2O3 catalyst has been proposed for the oxidative steam reforming of DMM.
It shows high promise for polymer electrolyte membrane fuel cell feeding applications.

Author Contributions: Conceptualization, methodology, investigation, writing—original draft preparation, S.B.;
supervision, V.S.; All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Ministry of Science and Higher Education of the Russian Federation
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