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Abstract
In this study, Cu/Zn/Al2O3-AC (AC = activated carbon) catalyst was synthesized and evaluated for dimethoxymethane (DMM) 
reformation to hydrogen. The Cu/Zn/Al2O3-AC catalyst was prepared using high surface area metal organic frameworks 
(MOFs) consisting of Cu3(BTC)2 (MOF-199) and Zn4O(BDC)3 (MOF-5) for Cu(II) and Zn(II) sources respectively, as 
precursors while γ-Al2O3 was applied as support. The synthesized catalyst was investigated by scanning electron micros-
copy (SEM), Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), Brunauer–Emmett–Teller analysis 
(BET), Temperature programmed desorption (NH3-TPD) and Energy-dispersive X-ray spectroscopy (EDX) techniques. 
Complete DMM conversion was observed over Cu/Zn/Al2O3-AC catalyst (Cu:Zn:Al mole ratio of 6:3:2) under atmospheric 
pressure, T = 533 K, GHSV = 20 NL h−1 gcat

−1, N2/H2O/DMM = 24/5/1 volume percent (vol%) with hydrogen productivity 
of 12.8 L H2 h−1 gcat

−1 and 64% hydrogen concentration. Application of MOFs as precursors and modified activated carbon 
as an acidic component provided the catalyst with the porous structure and high specific surface area for the hydrolysis of 
DMM, subsequently, high selectivity and productivity of hydrogen was obtained.
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1  Introduction

Fuel cells suggest great power and low weight density and 
are being considered for automotive and stationary power 
tenders [1–3]. A fuel cell is talented for portable applications 
with the advantages of cleanness; smallness and are con-
sidered as other environmental sources of electricity [3–5] 
which fuelled by H2.

Hydrogen is great excellence secondary energy carrier, 
not a primary fuel, and thus has to be made from primary 
energy sources such as electric power or thermal [5]. Hydro-
gen can be produced from a variety of extensively available 
feed stocks, including various fossils and renewable energy 
sources [4–6]. Today almost 50% of hydrogen is produced 
by steam reforming, which for huge scale hydrogen produc-
tion is the most economical way [7]. The organic compounds 
reforming are the main H2 fuel source for application in 

fuel cell [6–8]. Earlier, the methanol fuel disadvantage is 
high toxicity while dimethoxymethane (DMM) is danger 
less chemical. Nowadays, special attention is focused on the 
catalytic DMM steam reforming process expansion for the 
H2 generation. It has been shown that these compounds, in 
contrast to hydrocarbons, can be steam reformed effortlessly 
and selectively to hydrogen-rich gas at relatively low tem-
peratures [9–11]. At standard conditions, DMM is liquid, so 
it can be easily kept and transported. It is worth emphasizing 
that DMM is a nontoxic, noncorrosive material with a wide 
possibility of usage [11–13] and is used as a unique authori-
tative solvent for aerosols, pump sprays in pharmaceutical 
and perfume industries [13–16].

The steam reforming of DMM is generally composed of 
the following steps [14]: 

The general reaction can be stated as: 

(1)CH3OCH2OCH3 + H2O → 2CH3OH + CH2O

(2)CH3OH + H2O → 3H2 + CO2

(3)CH2O + H2O → 2H2 + CO2

(4)CH3OCH2OCH3 + 4H2O → 8H2 + 3CO2
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Efficient CuO–CeO2/γ-Al2O3 catalysts have been recom-
mended for DMM steam reforming. These catalysts cover 
both the surface acid sites of γ-Al2O3 for DMM hydra-
tion and Cu-based type for methanol/formaldehyde steam 
reforming [15]. Nowadays, the Cu/Zn/Al2O3-40% H-CNF 
(H-CNF = acidic carbon nanofibers) as complex catalyst dis-
played active performance for the reforming of DMM. Since 
DMM hydrolysis generated ~33% formaldehyde which is 
reformed more quickly than methanol, therefore, the rate 
of H2 making from the DMM reforming over a suitable 
composite catalyst might be ~33% better than that from the 
reforming of methanol over Cu/Zn/Al2O3 [14].

MOFs are structures made up of inorganic nodes, which 
can either be single ions or clusters of ions, and organic 
linkers [17–19]. They contain potential voids which can be 
used for gas storage and separation, catalysis or drug deliv-
ery [19–21]. A logical and apparently simple technique to 
avoid combinatorial searching for innovative materials is 
to link together molecular building blocks displaying the 
wanted property. To create a robust porous material one 
could envisage constructing the equivalent of a ‘‘molecu-
lar scaffold’’ by connecting rigid rod-like organic moieties 
with unbending inorganic clusters that act as joints [21–24]. 
The plans used in the design of MOFs show crucial role in 
point of view of the wanted request. The foremost MOFs 
application is their catalytic activity. On the other hands, 
MOFs have been exploited as precursors for metal oxides 
nano structure fabrication [25–27]. Finding the anticipated 
morphologies will become conceivable by choosing appro-
priate MOFs precursors with special morphologies under 
appropriate operational conditions [18–22]. As a result, 
MOF-199 and MOF-5 (due to the high specific surface area 
and simple preparation) as Cu(II) and Zn(II) precursors were 
synthesized while γ-Al2O3 (as catalyst support) was applied 
to synthesize Cu/Zn/Al2O3-AC catalyst. The current work 
reports the outcomes of studies on DMM steam reforming to 
H2-rich gas over the most efficient Cu/Zn/Al2O3-AC catalyst.

2 � Experimental

2.1 � Materials and Apparatus

All chemicals used in this project were of analytical rea-
gent grade and purchased from Merck Company without 
any purification. X-ray diffraction patterns were gained 
using a Philips-PW 17C diffractometer with Cu Kα radia-
tion (Philips PW, The Netherlands). The surface analysis 
of Cu/Zn/Al2O3-AC was carried out using a Tescan Mira 
II FE-SEM. Brunauer–Emmett–Teller (BET) surface area 
measurements and pore volumes were performed by Bel-
sorp mini II Bel (Japan). For all X-ray diffraction (XRD) 
patterns reported in this study, XRD was performed under 

atmospheric conditions with a Philips X-Pert. FTIR spectra 
were documented by a Bruker IFS-66 FT-IR Spectropho-
tometer (Karlsruhe, Germany). The elemental analysis of 
samples was achieved by Energy-dispersive X-ray spectros-
copy (EDX) (30XL, Philips Company, Holland). Procedure 
for evaluation of the catalyst was achieved with a fixed bed 
reactor in a catalyst testing system which was employed in 
earlier work [28].

2.2 � Synthesis of MOF‑5

Ultrasonic irradiation technique established in the literature 
was employed for MOF-5 fabrication [29]. At first, 1.21 g 
Zn(NO3)2·6H2O and 0.34 g H2BDC (Terephthalic acid) were 
dissolved in 40 mL DMF accomplished by ultrasonic irra-
diation for 1 h with a high-density ultrasonic probe. After-
ward, triethylamine (1.60 g) was added drop wise to the 
solution. Under ultrasonic irradiation for 1 h, a colorless 
precipitate was gained that was gathered by centrifugation at 
13,000 rpm for 10 min. At last, the resultant product cleaned 
by DMF for numerous times and at 373 K for 12 h was dried.

2.3 � Functionalization of Activated Carbon

In the parallel step, 1.0 g of activated carbon was mixed 
with 100 mL of 6 M HNO3 into a round-bottom flask and 
refluxed for 3 h in order to enhance carboxylic acid contents 
on the activated carbon surface [30]. The oxidized material 
was consequently washed with distilled water until neutral 
pH, and subsequently dried for 24 h at 383 K.

2.4 � Synthesis of Modified MOF‑199 with Activated 
Carbon

MOF-199 modification with activated carbon (MOF-199/
AC) was achieved under reflux condition by the reaction 
of 0.84 g of H3BTC (benzene-1,3,5-tricarboxylic acid) and 
1.75 g of Cu(NO3)2·3H2O in 50 mL of ethanol including 
0.05 g AC similar described procedure for encapsulation 
of MOF-199 with Fe3O4 (magnetic MOF) [31]. The mix-
ture was cooled to room temperature after 48 h and the blue 
powder was recovered by filtration, washed with water and 
ethanol and dried under vacuum at 373 K for 12 h.

2.5 � Cu/Zn/Al2O3 Catalyst Synthesis

By incipient wetness impregnation method, Cu/Zn/Al2O3 
catalyst with Cu:Zn:Al mole ratio of 6:3:2 was fabricated 
[32]. An aqueous solution containing copper(II) and zinc(II) 
nitrates were added drop wise onto γ-Al2O3 powder under 
vigorous stirring for 2 h. For drying, the mixture was evapo-
rated at 373 K and then the achieved powder was calcined 
for 4 h at 673 K with 72% product yield.
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2.6 � Cu/Zn/Al2O3‑AC Synthesis with MOF Precursor

As a new strategy, for the synthesis of Cu/Zn/Al2O3-AC cat-
alyst (with Cu:Zn:Al molar ratio of 6:3:2), the MOF-199/AC 
and MOF-5 aqueous solution was stirred vigorously for 2 h 
in order to attain a homogeneous light blue mixture. Then, 
this mixture was added drop wise onto γ-Al2O3 powder to 
obtain a homogeneous mixture. The mixture stirred for 3 h 
and dried in an oven at 373 K. The resultant precipitate was 
calcined at 673 K for 4 h. The catalyst color was dark-brown 
with 54% product yield.

3 � Results and Discussion

3.1 � Catalysts Characterization by FT‑IR, SEM‑EDX, 
XRD, BET and NH3‑TPD Techniques

The MOF-5 FT-IR spectrum was recorded (Fig. 1). Samples 
are the collection of a KBr pellet spectrum of an aliquot 
of the powdered sample. The 1505 and 1580 cm−1 bands 
owing to the asymmetric stretching vibration of –COO while 
the 1335 and 1410 cm−1 bands are agreed with the sym-
metric –COO stretching vibration group. Then, the bands at 
1150, 1120 and 1020 cm−1 represent the in-plane bending 
vibration of C–H and the bands at 670, 740 and 830 cm−1 
ascribed the out-of-plane bending vibration of C–H group. 
These bands proved the MOF-5 synthesis (Fig. 1a) [29].

The MOF-199 FT-IR spectra (Fig.  1b) presented a 
3050 cm−1 band related to C–H stretching vibration of aro-
matic groups while the bands at 1540 and 1430 cm−1 due 
to asymmetric and symmetric starching vibrations of the 
O–C–O group [31]. Afterward, the broad bands at 1620 and 
3100–3500 cm−1 owing to the attendance of carboxylate 
groups on activated carbon surface [30].

Finally, for Cu/Zn/Al2O3 and Cu/Zn/Al2O3-AC cata-
lysts, the strong and broad absorption bands in the 
450–950 cm−1 region correspond to the inorganic network 
(Cu–O, Zn–O, and Al–O) [33]. The absorption bands at 
1430, 1550 cm−1 corresponding to C=C, 2950 cm−1 to 
C–H aromatic, 1620 cm−1 to C=O attached to metallic ions 
and 3100–3500 cm−1 to O–H, while as whole, broad band 
implied the presence of activated carbon with carboxy-
late groups in the framework of Cu/Zn/Al2O3-AC catalyst 
(Fig. 1c) [30].

The surface characterization results of Cu/Zn/Al2O3 and 
Cu/Zn/Al2O3-AC morphology were achieved by SEM tech-
nique. As shown in Fig. 2, The Cu/Zn/Al2O3 catalyst micro-
graph displayed a non-uniform disordered structure, while 
Cu/Zn/Al2O3-AC has spherical nanoparticle morphology. 
The size distribution histogram of the Cu/Zn/Al2O3 and Cu/
Zn/Al2O3-AC shows a comparatively uniform distribution 
with an average size of 120–130 and 50–60 nm respectively 

and proved by using metal organic frameworks as a precur-
sor, the catalyst particle size is reduced compared to the 
catalyst that was organized by metal salts.

For better catalysts investigation, EDX analysis was 
exploited (Fig. 3). The EDX spectrum of Cu/Zn/Al2O3 cata-
lyst demonstrates the presence of Al, Cu, Zn, and O while 
for Cu/Zn/Al2O3-AC catalyst, the elements of Al, Cu, Zn, O, 
and C was displayed (Table 1). This analysis indicates the 
purity of the product.

XRD as a rapid analytical technique principally was 
done for phase identification of a catalyst crystalline 
material and can afford information. Figure 4 displays the 
XRD of MOFs powder pattern. The MOF-5 XRD pattern 
(Fig. 4a) illustrated high crystallinity with sharp reflec-
tion peaks in the range of 10–50°. The main characteris-
tic peaks at 2θ = 13.8, 15.4, 17.9, 19.5, 20.5, 22.5, 24.7, 

Fig. 1   FT-IR spectrum of a MOF-5, b MOF-199, c Cu/Zn/Al2O3 (a) 
and Cu/Zn/Al2O3-AC (b)
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26.6, 29.8, 31.5, 34.7, 36.1 and 38.2 were the same as 
MOF-5 standard data and proves fruitful MOF-5 synthesis 
[29]. Figure 4b demonstrates the MOF-199/AC diffraction 
peaks in the range of 10–50°. All of the diffraction peaks 
displayed that the MOF sketch crystal is fine retained even 
after the modification with activated carbon which agrees 
with the previous report [34]. Finally, the XRD pattern of 
Cu/Zn/Al2O3-AC and Cu/Zn/Al2O3 in the range of 30–80° 
showed special peaks that related to CuO and ZnO phases 
as presented in Fig. 5. All samples conserved their gross 
crystallinity after the incorporation of Cu(II) and Zn(II) 
(metal salts or MOF) onto the support matrix (γ-Al2O3). 
The crystalline phases of copper oxide and zinc oxide of 
the freshly organized catalysts were tenorite (CuO) and 
zincite (ZnO). Alumina and activated carbon are amor-
phous, so did not display any special peak in the patterns, 
but the intensity of the peaks reduced [14, 32].

The BET analysis is usually employed for determining 
surface areas of catalysts. The isotherms of nitrogen adsorp-
tion–desorption accomplished by BJH pore size distributions 
for the Cu/Zn/Al2O3 and Cu/Zn/Al2O3-AC catalysts were 
shown in Fig. 6. Based on BET analysis, the surface area of 
the obtained Cu/Zn/Al2O3 catalyst was 20 m2g−1 with the 
total pore volume of 0.126 cm3g−1 which were meaning-
fully lower than Cu/Zn/Al2O3-AC with 303 m2g−1 surface 
area and total pore volume of 0.537 cm3g. The Cu/Zn/Al2O3 
isotherm related to nonporous and non-wetting solids (type 
III) with the weak interaction between adsorbent and des-
orbent based on IUPAC cataloging. The Cu/Zn/Al2O3-AC 
isotherm agreed with type IV with an H3 hysteresis loop, 
mesoporous morphologies characteristic with slit-shaped 
and non-rigid pores. The gained data established the more 
porous morphology and available active sites for Cu/Zn/
Al2O3-AC compared to Cu/Zn/Al2O3 [35, 36].

Fig. 2   SEM images of a Cu/Zn/Al2O3-AC, b Cu/Zn/Al2O3 and the size distribution histogram of the prepared catalysts
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NH3–TPD technique affords information on the strength 
and amount of acid sites by using NH3 as a basic probe mol-
ecule. The peaks in the NH3–TPD profiles are classified to 
three acid sites types with different acid strengths. As shown 
in Fig. 7, two catalysts show three desorption peaks located at 
100–200, 300–500 and 600–800 °C, corresponding to weak, 
medium and strong surface acidity respectively [37] and Cu/

Zn/Al2O3-AC catalyst has the higher amount of acidic sites as 
compared to Cu/Zn/Al2O3 catalyst (amount of desorbed NH3 
(mmol/gcat) for Cu/Zn/Al2O3 and Cu/Zn/Al2O3-AC were 2.53 
and 5.86 respectively).

3.2 � Catalytic Performance Tests

The catalytic reactions for the hydrolysis and reforming of 
DMM were done in a fixed-bed reactor. For investigation of the 
performance of the synthesized catalyst, at each experiment, 
1.0 g of the catalyst was loaded into the reactor with stainless 
steel grid at both ends. The catalysts were pre-reduced in situ 
at 553 K for 2 h using 5 vol% H2 in N2 and then the tempera-
ture was diminished to 473 K. The catalysts were exposed to 
the feed composed of N2/H2O/DMM with 24/5/1 ratio (vol%). 
The gas hourly space velocity (GHSV) was tuned to 20 NL h−1 
gcat

−1. The tests were completed at atmospheric pressure and 
493, 513, 533, 553, 573 K temperature while the products were 
sent to GC analyzer (Teif-Gostar Co, Iran).

The steam reforming of DMM is generally composed of the 
following steps [14]: 

The general reaction can be stated as: 

The methanol steam reforming (MSR) (reaction 2) can be 
including as a combination of methanol decomposition and 
water–gas shift reactions: 

(5)CH3OCH2OCH3 + H2O → 2CH3OH + CH2O

(6)
CH3OH + H2O → 3H2 + CO2 ΔH◦

298
= +49.4 kJ/mol

(7)CH2O + H2O → 2H2 + CO2

(8)CH3OCH2OCH3 + 4H2O → 8H2 + 3CO2

(9)CH3OH ↔ CO + 2H2 ΔH◦

298
= +92 kJ/mol

Fig. 3   EDAX spectrum of a Cu/Zn/Al2O3-AC and b Cu/Zn/Al2O3

Table 1   EDX analysis of Cu/Zn/Al2O3 and Cu/Zn/Al2O3-AC catalysts

Quantitative results for Cu/Zn/Al2O3

Elt Line Int K Kr W% A% ZAF

O Ka 307.6 0.3192 0.1989 44.40 71.21 0.4480
Al Ka 245.9 0.0718 0.0447 11.88 11.30 0.3765
Cu Ka 260.1 0.3935 0.2452 28.15 11.37 0.8710
Zn Ka 117.7 0.2155 0.1343 15.57 6.11 0.8628

Quantitative results for Cu/Zn/Al2O3-AC

Elt Line Int K Kr W% A% ZAF

C Ka 9.2 0.0253 0.0139 8.46 16.38 0.1647
O Ka 245.1 0.2839 0.1562 41.86 60.88 0.3732
Al Ka 204.3 0.0666 0.0366 9.47 8.16 0.3870
Cu Ka 232.6 0.3928 0.2161 25.21 9.23 0.8573
Zn Ka 113.2 0.2314 0.1273 15.01 5.34 0.8484
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Methanol decomposition reaction is a reversion of methanol 
production reaction from synthesis gas (H2 and CO). Accord-
ing to the enthalpy of reaction, this is an endothermic reaction, 
therefore MSR reaction goes toward the production of carbon 
monoxide as temperature goes up (reaction 9) and cause the 
production of carbon monoxide as a by-product [38]. Hence 
CO as the main byproduct was studied while the other byprod-
ucts were discarded.

Equations (11)–(14) were employed for DMM conver-
sion, H2 selectivity, H2 yield and H2 productivity (WH2) 
calculations: 

(10)CO + H2O ↔ CO2 + H2 ΔH◦

298
= −41.1 kJ/mol

(11)

DMM conversion (%) =
mol (DMMin − DMMout)

mol (DMMin)
× 100

where CH2
 is the outlet hydrogen concentration and F is the 

total flow rate of the inlet reaction mixture (L h−1) [39].
The reaction temperature effect on the DMM conver-

sion over Cu/Zn/Al2O3 and Cu/Zn/Al2O3-AC catalysts 
was investigated. The H2 is the main product of DMM 
conversion was monitored. The temperature has an impor-
tant influence on the products distribution. As shown in 
Fig. 8a, the DMM conversion progressively increased for 
both catalysts with increasing temperature from 493 up to 
573 K. Cu/Zn/Al2O3 displayed lower DMM conversion 
(82%), however, Cu/Zn/Al2O3-AC offered a 100% conver-
sion due to more porous structure and acidic sites.

H2 and CO selectivity evolution were regularly 
decreased and increased respectively with the reac-
tion temperature increasing (Fig. 8b, c). The highest H2 
selectivity was detected over Cu/Zn/Al2O3-AC (97.3% at 
493 K). Likewise, a high H2 selectivity of 93.2% at 493 K 
was detected with Cu/Zn/Al2O3. On the other hand, the 
highest CO selectivity was obtained with Cu/Zn/Al2O3 
(9.4% at 573 K) and Cu/Zn/Al2O3-AC catalyst showed 
lower CO selectivity (5.1% at 573 K).

In addition, H2 yield as a catalytic performance indi-
cator was assessed so that the H2 yield enhances with 
the reaction temperature increases up to 533 K and then 
the yield of reaction remained constant with temperature 
increasing (Fig. 8d).

Figure 8e shows the reaction temperature effect on the 
H2 concentration over Cu/Zn/Al2O3 and Cu/Zn/Al2O3-
AC catalysts. As can be seen, H2 concentration increases 
with the reaction temperature increase up to 533 K and 
reach to 64% and 53% for Cu/Zn/Al2O3-AC and Cu/Zn/
Al2O3 catalysts respectively and then the concentration 
of H2 remained constant approximately with temperature 
increasing up to 573 K.

As a result, 533 K was the best temperature for the 
H2 generation with high conversion of DMM and lower 
production of CO in compared with the higher tempera-
tures. High DMM conversion and also, high selectivity 
and yield of Cu/Zn/Al2O3-AC respect to H2 production, 
can be related to its higher specific surface area and acces-
sible acidic active sites in comparison with Cu/Zn/Al2O3. 

(12)H2 selectivity (% ) =

mol

(

H2out

)

mol (H2out
+ COout)

× 100

(13)
Yield(%) =

(

DMM conversion × H2 selectivity
)

× 100

(14)WH2

(

L g−1
cat
h−1

)

=
F × CH2

100 ×mcat

Fig. 4   XRD patterns of (a) MOF-199 and (b) MOF-5

Fig. 5   XRD patterns of (a) Cu/Zn/Al2O3-AC and (b) Cu/Zn/Al2O3
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These results showed that the activity of Cu/Zn/Al2O3-AC 
catalyst was meaningfully better than Cu/Zn/Al2O3.

3.3 � Effects of GHSV and H2O to DMM Ratio

The effects of GHSV changes on DMM conversion was 
investigated in the domain of 25–35 NL h−1 gcat

−1 at 533 K. 
Fig.  9a shows that DMM conversion was decreased by 

increasing GHSV for both catalysts. So that, for Cu/Zn/
Al2O3-AC and Cu/Zn/Al2O3 catalysts with GHSV increas-
ing, the conversion of DMM was decreased from 96% to 
91% and 77% to 74% respectively.

The effect of H2O/DMM ratios (1–5, v/v) on the con-
version of DMM by Cu/Zn/Al2O3 and Cu/Zn/Al2O3-AC 
catalysts are shown in Fig. 9b (T = 533 K). The DMM 
conversion slowly enhanced by H2O/DMM increasing up 
to 4 ratios, afterward, the DMM conversion remained con-
stant up to 5 ratios. As can be seen, the same results were 
obtained for both catalysts.

4 � Conclusion

As a novel approach, DMM can be successfully reformed 
to hydrogen on specially planned Cu/Zn/Al2O3-AC multi-
part catalysts. In addition, MOF as porous precursor nano-
material provides catalysts with the larger surface area 
available for DMM conversion for the DMM to access 
the substrate, which may improve the performance of the 
catalyst. In this work, exploited MOFs, (MOF-199 and 
MOF-5) as precursors, were afforded extensive surface 
area in order to prepare porous catalysts for gas phase 
selective conversion of DMM to H2 and subsequently 
higher selectivity and productivity of H2. The addition of 
an acidic component with proper nature and strength can 
be a good proposal for the DMM reforming. Step by step 

Fig. 6   Nitrogen adsorption–desorption isotherms for the a Cu/Zn/Al2O3-AC and b Cu/Zn/Al2O3

Fig. 7   NH3–TPD profiles of (a) Cu/Zn/Al2O3-AC and (b) Cu/Zn/
Al2O3
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monitoring of synthesized catalysts was investigated by 
different methods and was confirmed Cu/Zn/Al2O3-AC 
capability for DMM reformation. So that, this catalyst pro-
vides 100% DMM conversion with hydrogen productivity 
of 12.8 L H2 h−1 gcat

−1 and 64% hydrogen concentration at 

533 K temperature and GHSV = 20 NL h−1 gcat
−1. Accord-

ing to the obtained results and on the fact that DMM is an 
environmentally friendly compound, we expect it can be 
a more proper fuel for movable and domestic H2 sources.
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Fig. 9   Influence of a GHSV and b H2O to DMM mol ratio on DMM 
conversion over Cu/Zn/Al2O3-AC (blue diamond) and Cu/Zn/Al2O3 
(red square). Experimental conditions: T = 533 K and GHSV = 20 NL 
h−1 g−1 for H2O to DMM mol ratio on DMM conversion. (Color fig-
ure online)
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