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A B S T R A C T   

Methyl formate (MF) is an important building block in the modern chemical industry, primarily produced 
through homogeneous carbonylation of methanol under harsh reaction conditions. It is of great interest but 
remains challenges to develop new heterogeneous catalytic system under mild reaction conditions to replace the 
homogeneous route. Herein, we report an efficient and green strategy for MF production by dimethoxymethane 
(DMM) disproportionation over acidic zeolites. Up to nearly100 % DMM conversion and 0.76 g gcat

− 1 h− 1 of MF 
space time yield (STY) is achieved over H-SSZ-13 under moderate conditions of 0.1 MPa and 393 K. Moreover, H- 
SSZ-13 shows superior stability during a 100 h continuous test. Combined with multiple characterizations, 
formaldehyde (FA) has been proved to be a crucial precursor for the formation of MF and the complete mech
anism is proposed. This strategy provides a new and feasible approach for continuous large-scale MF production 
using acidic zeolite as catalyst by heterogeneous catalytic systems.   

1. Introduction 

As one of the most important C1 intermediates, methyl formate(MF) 
is widely employed as feedstock to produce formic acid, dimethyl car
bonate, ethylene glycol, methyl acrylate, et al. [1,2]. At present, the 
liquid-phase methanol (MeOH) carbonylation catalyzed by sodium 
methoxide is the primary industrial method for MF production, which 
needs the high pressure and homogeneous catalysts. Unfortunately, 
some inevitable drawbacks in the process such as severe corrosion, strict 
reactant purity, low methanol conversion (Table S1) and difficulty in the 
separation constrain its further development. Although considerable 
advancement towards catalysts [3–6] and novel production methods 
have been proposed, the aforementioned constraints still prevent the 
commercialization of MF synthesis route. Thereinto, more attention has 
been paid to the alternative synthesis methods, such as dehydrogenation 
[7,8], oxidative of methanol [9,10], one-step syngas synthesis [11,12] 
and so on [13–15], as shown in Table S1 - S2. Among these, only 
methanol dehydrogenation has achieved relatively limited 
industrial-scare production due to the thermodynamic limitation, 
whereas others are deficient to achieve the industry practice. Therefore, 

it is imperative to develop an efficient technology for MF production. 
Dimethoxymethane (DMM), produced easily from green methanol or 

dimethyl ether (DME) [16,17], is widely used for the production of high 
value-added chemicals, especially for oxygenates. Notably, Bell et al. 
[18–20] first reported a new production method of methyl methox
yacetate from DMM carbonylation catalyzed by acidic zeolites, and 79 % 
selectivity was achieved over H-Y zeolite at 393 K and 2 MPa. Subse
quently, the reaction has garnered significant attention and interest 
[21–23]. Interestingly, trace of MF was always observed during the 
process of DMM carbonylation over solid acid [18,19,24–26], especially 
for zeolite catalysts. These inspire us to consider whether MF can be 
produced from DMM. 

Acidic zeolites attract much attentions as green solid catalysts due to 
their unique shape selectivity, tuneable acidity and low production costs 
[27]. Recently, abundant new reactions and technologies using different 
zeolites as catalysts have been developed and even commercialized. For 
example, the world’s first MTO plant was started up in 2010 in China 
using H-SAPO-34 as catalysts [28]. Selective carbonylation of DME to 
methyl acetate over acidic zeolites was first reported in 2006 [29]. 
Remarkably, the DME carbonylation reaction has been commercialized 
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successfully [30]. Moreover, the process about selective catalytic 
reduction of NOx with ammonia over SSZ-13 zeolite was developed and 
implemented [31,32]. These huge progresses achieved in the past de
cades based on zeolites encourage us to explore its potential capacity for 
DMM disproportionation. 

Herein, we present an efficient and green strategy for MF production 
from DMM based on methanol/DME over acidic zeolites under moderate 
conditions, as shown in Fig. 1(a). Specifically, DMM is transformed into 
MF and DME catalyzed by acidic zeolites. Subsequently, MF could be 
separated simply from products, and DME which could be directly 
synthesized by C1 chemicals [33,34], is recycled to produce DMM. 
Based on this strategy, we first prove that all H-zeolites investigated in 
this research can efficiently transform DMM to MF. Specifically, nearly 
100 % DMM conversion and 0.76 g gcat

− 1 h− 1 of MF STY could be obtained 
over H-SSZ-13 at 0.1 MPa and 393 K. Moreover, the H-SSZ-13 shows 
outstanding stability during the 100 h test. Compared with previous 
industrial technology, DMM disproportionation circumvents the draw
backs caused by homogeneous catalyst, and displays more sustainable 
and energy saving, possessing a great potential for continuous 
large-scale production. 

2. Experimental section 

2.1. Catalyst information 

H-Y, H-SAPO-34, H-ZSM-5, H-ZSM-35, Na-MCM-22, H-SSZ-13 zeo
lites were purchased from Nankai University Catalyst Ltd. Na-MOR (Si/ 
Al = 13.3) was obtained from YanChang-ZhongKe Catalyst Ltd. Typi
cally, Na-zeolites were treated by ion exchange using 1 M NH4NO3 
aqueous three times at 353 K followed by filtration and washing with 
distilled water three times, then dried at 393 K for 24 h and calcined at 
823 K for 4 h in air to obtain H-zeolites. 

In order to regulate the acid properties of zeolite, the commercial H- 
SSZ-13 was exchanged by different concentration NaNO3 aqueous so
lution with mass ratio of 1:10 at 353 K, followed by filtration and 
washing with deionized water, then dried at 393 K for 10 h. Then the 
sample was calcined at 823 K for another 4 h in air to obtain a series of x 
%H-SSZ-13 zeolites (“x” indicates the degree of H+-exchange, which is 
determined by 100-(Na/Al) mol% in this work). The detailed informa
tion is shown in Table 1. 

2.2. Catalyst characterization 

The crystallinity of zeolites was characterized by PANalytical X’Pert 

PRO X-ray powder diffraction using a Cu-Kα (λ = 0.151 nm) radiation 
source operated at 40 kV and 40 mA. The composition of zeolites was 
determined by Philips Magix-601 X-ray fluorescence (XRF). The images 
of zeolites were obtained by a Hitachi SU8020 Scanning Electron Mi
croscopy (SEM) operated at 20 kV. The acidity of zeolites was measured 
on a Micromeritics Auto Chem 2920 equipped with a TCD. 0.2 g sample 
was loaded into a U-shaped quartz tube and pretreated on 823 K for 4 h 
in He. Then, the sample was cooled to 373 K and saturated with NH3. 
After removing physically adsorbed NH3 in He, desorption was per
formed from 423 K to 923 K at a heating rate of 10 K min− 1 in He. The 
textural properties of zeolites with different topology were obtained 
from N2 adsorption and desorption using Micromeritics ASAP 2020. 
Before test, the sample was pretreated at 623 K for 6 h to remove the 
water. Nitrogen adsorption - desorption isotherms were obtained at 
77 K, and the micropore surface area and pore volumes of samples were 
calculated by the t-plot method. 

2.3. Catalyst test 

The conversion of DMM is performed in an atmospheric-pressure 
fixed-bed flow reactor (inside diameter = 7 mm) made by stainless 
steel. Typically, a proper amount of the catalyst (20–40 mesh) was 
loaded into reactor then filled with quartz sand (20–40 mesh). Prior to 
reaction, the catalyst was first pretreated at 673 K for 3 h with Ar flow 
(30 mL/min) to remove water in zeolite and reactor and then cooled 
down to reaction temperature. DMM (0.008 mL/min) was steadily 
pumped into the reactor by a pump. The results of catalyst evaluation 
were analyzed by online gas chromatographs (Agilent 7890B), which 
was equipped with a flame ionization detector (FID). The PLOT-Q 
capillary column (27.5 m x 0.32 mm) is connected with FID to sepa
rate and analyze the products (carrier gas: N2, flow rate at a minimum: 
5 mL/min). The retention time of different chemicals are shown in 
Table S3 The DMM conversion, products selectivity, and MF STY are 
calculated as followed: 

DMM Conv. =
nMF + nDME+nMeOH

nMF+nDME+nDMM+nMeOH
× 100% 

Fig. 1. (a) The diagram of the reaction strategy for MF production; (b) DMM conversion and MF STY over zeolites with different topologies, the theoretical selectivity 
of MF is 33 %. Reaction conditions: (b) P = 0.1 MPa, T = 373 K, WHSV(DMM) = 2 g gcat

− 1 h− 1, n(Ar):n(DMM) = 15:1;. 

Table 1 
The detailed treatment parameter for H+ exchange.  

Sample c(NaNO3)/ (mol L− 1) Exchange times 

90.0 %H-SSZ-13  0.1  3 
77.4 %H-SSZ-13  2.0  3  
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MF Sel. =
nMF

nMF + nDME + nMeOH
× 100%  

MeOH Sel. =
nMeOH

nMF + nDME + nMeOH
× 100%  

DME Sel. =
nDME

nMF + nDME + nMeOH
× 100%  

MF STY =
DMM Conv.× WHSVDMM × 3

2 × MF Sel.
76

× 60  

2.4. Temperature program surface reaction (TPSR) 

To better understand the mechanism of DMM disproportionation, a 
TPSR was conducted at 0.1 MPa. Typically, 0.2 g H-SSZ-13 zeolite was 
loaded in a U-shaped quartz tube and pretreated on 823 K for 60 min in 
He, then cooled down to room temperature. DMM was introduced into 
zeolite continuously for 4 h, and then swept by He for 4 h at room 
temperature. Subsequently, the temperature was increased from room 
temperature to 573 K with 3 K min− 1, and the gas phase was detected by 
online-MS. 

2.5. In situ diffuse reflectance infrared fourier transform spectra 
(DRIFTs) 

In order to further confirmed reaction mechanism, in-situ DRIFT 
spectra were carried out on a Bruker Tensor 27 instrument equipped 
with a diffuse reflectance attachment and MCT detector under reaction 
conditions. Firstly, 20 mg of H-SSZ-13 was placed in the diffuse reflec
tance infrared cell and calcined in the N2 (30 mL/min) stream at 673 K 
for 1 h. Afterward, the catalyst was cooled down to reaction temperature 
in the N2 stream. The stream of DMM (0.4 % of DMM and Ar as balance 
gas) at 30 mL/min was introduced into the cell at 0.1 MPa. Moreover, 
MF was introduced into the cell by evaporation at 303 K. The spectra 
were scanned continuously to observe surface species. 

2.6. Colorimetric analysis of formaldehyde (FA) 

FA was detected by colorimetric analysis during the reaction process 
and the detailed mechanism is shown in Scheme 1. Before the chro
mogenic reaction process, the reaction effluents are collected for 5 min 
by 10 mL absorption liquid which prepared by trolamine, sodium 
pyrosulfite and EDTA-2Na [35]. Subsequently, 1 mL of above sample is 
added into glass bottle to detect HCHO, and the following procedure 
have been summarized in the literature [35]. After 5 min of reaction, the 
color of the solution is recorded. If the color changes from colorless to 
purple-red, the existence of HCHO is proved, and the depth of color is 
correlated with the concentration of HCHO [36]. 

3. Results and discussion 

3.1. Feasibility verification of DMM disproportionation catalyzed by 
zeolites 

To identify the feasibility of our strategy, acidic zeolites with 
different topologies, including CHA, MFI, FER, MWW, MOR and FAU, 
were employed as catalysts in the DMM disproportionation. The relative 
information of structure and physicochemical properties of different 
zeolites are depicted in Fig. S1 - S3 and Table S4 - S5. These results 
indicate that all employed zeolites have a typically crystal morphology 
and high crystallinity without impurities, respectively. Fig. 1(b) exhibits 
the DMM conversion, MF selectivity and MF STY catalyzed by acidic 
zeolites with different topologies at 0.1 MPa and 373 K. Obviously, MF 
could be observed over all the investigated zeolites, which reveals that it 
is feasible for acidic zeolites to catalyze DMM disproportionation. 
Although the selectivity of MF over all zeolites are approaching to the 
theoretical value of 33 %, a significant variation in DMM conversion and 
the STY of MF could be observed over the different zeolite catalysts. A 
highest DMM conversion (91.2 %) and MF STY (0.70 g gcat

− 1 h− 1) could be 
observed over H-SSZ-13 among the investigated zeolites. Additionally, 
different DMM conversion can be obtained over H-ZSM-5 (76.0 %), H- 
MCM-22 (83.6 %) and H-ZSM-35 (60.3 %), respectively, which all 
contain 10-membered ring (10-MR). Moreover, the zeolites with 12-MR, 
including H-MOR and H-Y, exhibit low DMM conversion and MF yield. 
These results indicate that the topology of the zeolite plays an important 
role on the DMM disproportionation reaction. On the other hand, 
different DMM conversion can be found over H-SSZ-13 and H-SAPO-34 
with the same topology, respectively. These observations might be 
owing to the difference on acid strength, as shown in Fig. S3. The results 
mentioned above indicate that H-SSZ-13 with CHA topology and high 
acid strength is an excellent catalyst for MF formation. Moreover, the 
highest MF STY over H-SSZ-13 under the mild conditions indicates that 
our provided route avoids the drawbacks such as corrosion, high pres
sure and high temperature for the routes shown in Table S1. Therefore, 
we can conclude that our strategy about MF production from DMM is 
feasible, and H-SSZ-13 is proven to be the most efficient catalyst among 
the zeolites investigated and employed as the preferred catalyst in the 
following research. 

3.2. Effect of reaction conditions on DMM disproportionation 

The influence of reaction temperature on DMM disproportionation 
over H-SSZ-13 has been investigated, as illustrated in Fig. 2(a). With 
increasing temperature from 333 K to 393 K, DMM conversion and MF 
STY increase monotonically from 22.3 % to nearly 100 %, and 0.17 g 
gcat
− 1 h− 1 to 0.76 g gcat

− 1 h− 1, respectively. These results indicate that a 
higher temperature is beneficial for the formation of MF. As demon
strated in Fig. 2(b), reaction pressure also plays an important role on the 
DMM disproportionation, the MF STY decreases from 0.70 g gcat

− 1 h− 1 to 
0.42 g gcat

− 1 h− 1 with increasing pressure from 0.1 MPa to 1 MPa, in 
agreement with that the equation of DMM disproportionation reaction. 
Those results reveal that a higher pressure is harmful for DMM dispro
portionation. On the other hand, a longer contact time facilitates the MF 

Scheme 1. Colorimetric reaction for HCHO detection. HCHO reacts with compound (1) under alkaline conditions to form compound (2), which is colorless under 
this condition. Afterwards, the later is oxidized by KIO4 into compound (3) exhibiting the color of purple-red. 
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formation over H-SSZ-13. As shown in Fig. S4, conversion of DMM and 
MF STY increase from 76.4 % to 100 % and 0.58 g gcat

− 1 h− 1 to 0.76 g gcat
− 1 

h− 1 respectively, when the contact time is prolonged from 0.44 s to 
2.63 s. The acidity of zeolite has an important influence on the catalytic 
performance. H-SSZ-13 catalysts with different acidity, which are pre
pared via NaNO3 exchange methods, have been chosen for investigating 
the influence of acidity. 

Fig. 2(c) exhibits the relationship between the catalytic performance 
of DMM disproportionation and H+ exchange degree. With decreasing of 
H+ exchange, the DMM conversion and MF STY decreases from 91.2 % 
and 0.70 g gcat

− 1 h− 1 to 46.4 % and 0.36 g gcat
− 1 h− 1 respectively. As illus

trated in Fig. S5 and Table S6, the amount of acidity decreases with 
decreasing H+ exchange degree. These observations demonstrate that 
the higher amounts of acidic sites are favorable for the formation of MF. 
Furthermore, γ-Al2O3 and Silicalite-1 without BAS were also used as 
catalysts at 373 K and 0.1 MPa (Table S7). Obviously, no products are 
observed. Therefore, it can be deduced that the DMM disproportionation 
is catalyzed by BAS. After optimizing reaction conditions, the stability 
test has been carried out over H-SSZ-13 at 0.1 MPa and 353 K, as shown 
in Fig. 2(d), the DMM conversion and MF STY maintain at ca. 63.9 % 
and 0.24 g gcat

− 1 h− 1 during 100 h stability test, and the XRD patterns 
(Fig. S6) demonstrate that the crystallinity of SSZ-13 is almost un
changed after reaction. In summary, an effective and moderate strategy 

for MF generation can be achieved over H-SSZ-13 from DMM, providing 
a feasible route for continuous large-scale production for MF. 

3.3. Mechanism of DMM disproportionation over H-SSZ-13 

As shown in Fig. 3(a), an obvious induction period is observed at 
different reaction temperatures. DMM conversion increases gradually 
with prolonging the reaction time. Additionally, MF selectivity in
creases, whereas the selectivity to methanol declines (Fig. S7). There
fore, we speculate that methanol might be originated from the 
adsorption of DMM along with the formation of surface methoxy
methylene species on H-SSZ-13. In order to further identify the reaction 
mechanism, DRIFTs is conducted at 353 K and 0.1 MPa. Fig. 3(b) dis
plays that the evolution of surface species over H-SSZ-13 with pro
longing the reaction time. Two obvious negative peaks at 3736 cm− 1 

and 3664 cm− 1 are observed, which are assigned to Si-OH and BAS (as 
shown in Fig. S8), respectively. The intensities of two peaks increase 
with prolonging the reaction time when DMM is fed on H-SSZ-13. To 
distinguish the role of Si-OH and BAS in the reaction, Silicalite-1 which 
only contains Si-OH is also employed as catalyst in our works. Obvi
ously, MF is not detected in the effluent shown in Table S7, demon
strating that Si-OH on Silicalite-1 zeolite cannot catalyze DMM to 
produce MF. In other words, it can be deduced that the BAS play a 

Fig. 2. The effect of (a)reaction temperature; (b) pressure; (c) different H+ exchange degree on DMM disproportionation over H-SSZ-13; (d) The stability test of DMM 
disproportionation over H-SSZ-13. Reaction conditions: (a) P = 0.1 MPa, WHSV(DMM) = 2 g gcat

− 1 h− 1, n(Ar):n(DMM) = 15:1; (b) T = 373 K, WHSV(DMM) = 2 g gcat
− 1 h− 1, 

n(Ar):n(DMM) = 15:1; (c) P = 0.1 MPa, T = 373 K, WHSV(DMM) = 2 g gcat
− 1 h− 1, n(Ar):n(DMM) = 15:1; (d) P = 0.1 MPa, T = 353 K, WHSV(DMM) = 1 g gcat

− 1 h− 1, n(Ar):n(DMM) 
= 15:1. 
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determining role on the conversion of DMM whereas the effect of Si-OH 
over the H-SSZ-13 could be neglected. 

The peaks, attributed to the vibration of -CH3 [20], can be observed 
at 3001 cm− 1, 2950 cm− 1, 2835 cm− 1 and 2778 cm− 1. Meanwhile, 
those assigned to stretching vibration of -CH2- at 2935 cm− 1 and 
2896 cm− 1 are found when DMM is introduced into the reaction system. 
These indicate that methoxymethylene groups are produced originating 
from DMM absorption over the BAS of H-SSZ-13. Remarkably, the new 
peak at 1734 cm− 1 which is ascribed to the C––O bond of FA [37–39] is 
detected and gradually increased after the appearance of peaks at 
2778 cm− 1 - 3001 cm− 1. These suggest that FA can be generated from 
methoxymethylene groups over the H-SSZ-13, in agreement with the 
previous reports [36,40–44]. Interestingly, two peaks at 1746 cm− 1 and 
1766 cm− 1 corresponding the characteristic peaks to the C––O bond of 
ester are detected in Fig. 3(b). the similar peaks at 1740 cm− 1 and 
1766 cm− 1 can be observed in Fig. S9 when MF is introduced into 
H-SSZ-13. These suggest that FA producing from methoxymethylene 
over the surface of H-SSZ-13 might be converted to MF along with re
sults in the literature [2,45,46]. Therefore, we can deduce that FA 
should be an important intermediate for the formation of MF. 

To further verify the role of FA in the DMM disproportionation, 
colorimetric analysis of FA has been carried out, as shown in Fig. 3(c). 
Moreover, the corresponding of DMM conversion and MF STY during the 
process are depicted in Fig. S10. Obviously, the color of the solution 
changed to purple gradually in sample (II) of Fig. 3(c), which directly 
confirms the existence of (FA). Fig. 3(d) exhibits the evolution of effluent 
with increasing temperature after the adsorption of DMM over H-SSZ-13 

detected by mass spectrometry. The signal of DMM is hardly detected, 
indicating methoxymethylene is formed by chemisorption of DMM. FA 
and methanol are detected simultaneously at approximately 333 K, and 
then MF and DME are observed with temperature increasing to 373 K. 
These results imply that the absorbed methoxymethylene groups are 
transformed into FA and then converted to MF, which are agreement 
with in-situ DRIFT. 

Based on the mentioned above, we proposed a complete mechanism 
for DMM disproportionation, as shown in Fig. 4. Specifically, DMM is 
first adsorbed on BAS forming methoxymethylene group and methanol. 
Subsequently, the methoxymethylene group is converted to FA and 
methoxy group. Where into, FA is transformed into MF. Moreover, the 
methoxy group could reacts with DMM to produce dimethyl ether and 
methoxymethylene groups. 

4. Conclusions 

In conclusion, we first develop a green and efficient strategy for 
directly synthesis of MF via the DMM disproportionation under the 
heterogeneous catalytic system. H-SSZ-13 presents excellent catalytic 
performance due to its acidity and unique structure. The BAS over 
zeolite were found to be the primary active site for DMM conversion. 
Moreover, the reaction mechanism is proposed which HCHO plays as a 
key intermediate for MF formation. After optimizing reaction condi
tions, 0.76 g gcat

− 1 h− 1 of MF STY is obtained over H-SSZ-13 at 393 K, and 
displays excellent stability. This strategy with enhanced environmental 
friendliness and energy efficiency presents a competitive option for 

Fig. 3. (a) Changes in DMM conversion during the duration of induction period at different temperature over H-SSZ-13; (b) In situ DRIFT spectra in the DMM 
disproportionation over H-SSZ-13 with prolonging reaction time; (c) Colorimetric determination results of (I) the contrast sample which DMM, DME, MeOH were 
added into the absorption liquid and (II) the reaction effusion is collected at steady state; (d)Temperature Programmed Surface Reaction of DMM adsorbed on H- 
SSZ-13. 
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large-scale production of MF. 
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