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Abstract :



This paper reports on the scaling-up of a one-step methanol production process from the laboratory scale
to the pilot scale. This lays the foundation for the industrialization of a one-step process for preparing
DMM from methanol. After a long period of operation in the circulating fluidized bed, the Fe-Mo/HZSM-5
catalyst was shown to have high stability and carbon deposition resistance, and the regeneration effect of
the circulating regeneration fluidized bed was better. In addition, in-situ DRIFTS was used to explore the
effects of reaction time, the Mo-Fe ratio and carrier Si-Al ratio on the reaction and product distribution. It
was found that the synergistic effect of oxidation centers and acid centers was the fundamental reason for
the excellent catalytic performance of the Fe-Mo/HZSM-5 catalyst. And proposed the reaction mechanisms
in the one-step synthesis of methylal via methanol oxidation.
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1. Introduction

Methanol is mainly produced from synthesis gas, which is usually obtained from methane or coal.! Al-
though currently there is surplus global methanol production capacity?, with the continuous development of
methanol applications, methanol—which is the cornerstone product of C1 chemistry—has promising market
prospects®. Recently, the production of “bioethanol” has commenced at a new plant for processing biomass
synthesis gas*. Methanol can now be considered as a sustainable platform compound with very promising
chemical applications.
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Scheme 1 Methanol oxidation pathways (adapted from ref. 16).

Dimethoxymethane (DMM) is a chemically stable compound with many uses, including as a solvent, pharma-
ceutical and fuel-additive applications®. For example, the selective oxidation of DMM can be used to prepare
concentrated formaldehyde (FA) solution®. Due to its low toxicity, It is also an excellent solvent with low
toxicity that is used in the pharmaceutical and perfume industries”. The polyoxymethylene dimethyl ether
(PODE)?® synthesized from DMM can be mixed with diesel to reduce its freezing point while increasing the
combustion efficiency, decreasing COx and NOx emissions in diesel exhaust, or it can be used in fuel cells in
a low-toxic and efficient way”. PODE is also used as a preservative, which is safer and healthier than FA'0.

Industrially, DMM is produced by reaction catalyzed polycondensation of FA produced by the oxidation
of methanol and methanol!'!. However, this traditional method is complicated and expensive due to the
high reaction temperature of the acid catalyst and the resulting corrosion of the equipment'2. Considering
that the one-step selective oxidation of methanol to DMM is economical and environmentally friendly, this
promising reaction warrants further study'3. This one-step reaction is very sensitive to the nature of the
catalytic active center'?. Continuous redox reaction and acid catalysis pathways (Scheme 1)® can generate
different products. The difficulty of selectively generate DMM explains the dearth of literature reports
on this subject'®17. However, most of the existing research on dual-functional catalysts for the one-step



preparation of DMM from methanol has shown that it is possible to increase DMM selectivity'®, but not to
simultaneously increase the methanol conversion; therefore, high DMM yields have not been achieved. The
highest previously reported yield of DMM was only 61.38%(TableS1). However, prior to the present study,
our team used Fe-Mo—based dual-function catalysts under optimized conditions in a fluidized bed reactor to
achieve the highest DMM yield to date'®.

This paper reports the scale-up pilot process in the laboratory. This lays the foundation for the in-depth de-
velopment, popularization and application of this new technology, and potentially the future industrialization
of this one-step process to generate DMM from methanol. Using the optimal Fe-Mo/HZSM-5 dual-function
catalyst developed by the team, the reaction effect was verified in the circulating regenerated fluidized bed,
the optimal process conditions were explored, and the reaction mechanism was probed using In-situ infrared
(DRIFTS).

2. Experimental
2.1. Synthesis and characterization of catalysts

The preparation and characterization of the catalysts are described in detail in the ESI. These methods are
consistent with those of previous studies'®.

2.2. Operation steps of the equipment

The fluidized bed device comprised four parts: a feeding system, reaction system, catalyst regeneration
system, and separation system. The total height of the laboratory circulating fluidized bed scaled-up reactor
is 4300mm, the reactor, regenerator and separator are 800mm long, with an inner diameter of 108mm, and
the riser part is 2100 mm long and 32 mm in diameter. It was mainly designed to separate catalyst and gas
products in the separation tank. The catalyst enters the regenerator by gravity and the gas products are
discharged through a filter in the separation tank and are collected by secondary condensation. There is a
filter on the top of the separation tank to further prevent catalyst from being entrained by the product and
entering the separation system. The reaction volume of the pilot plant was 11 times larger than that of the
laboratory micro-reactor(total length 800 mm, inner diameter 25 mm)'?, providing a more favourable basis
for industrial scale-up. The liquid reaction products are quantitatively analysed by Agilent 7890 A (SE-54
capillary column) gas chromatography, and the gas phase products are quantitatively analysed by molecular
sieve packed column TCD thermal conductivity cell. The circulating fluidized bed scaled-up reactor is shown
in Fig. 1. The total carbon balance exceeded 97 + 2%, which is satisfactory.



Fig. 1 . Schematic diagram of a circulating fluidized bed scaled-up reactor.
3. Results anddiscussion
3.1 Laboratory scale-up experiment

We used the Fe-Mo/ZSM-5 dual-function catalyst in the circulating fluidized bed scaled-up reactor to verify
the reaction effect after 3 filling cycles and continuous feeding under the same reaction conditions(reaction
temperature = 390 °C, methanol/air ratio = 0.5, reaction space velocity = 15000 h™!). The performance
of the Fe-Mo/ZSM-5 catalyst in the micro-reactor and the circulating fluidized bed scaled-up reactor were
compared in Tablel. It can be seen from Table 1 that the methanol conversion rate of the three scaled-up
reactors is better than that of the micro fluidized bed reactor. We believe this was because the regenerated
catalyst brings more catalytic active centers and accelerates the methanol reaction rate. At the same time,
the selectivity decreased for DMM and increased for FA. This was because the regenerated catalyst brings
too many oxidation active centers to promote the adsorption of more methanol to form methoxy groups,
but it is not desorbed in time for the next polycondensation reaction. Compared with the micro-fluidized



bed reactor, the pilot-scale test results showed a better conversion rate, indicating that the pilot scale-up
experiment of the process was successful. The yield of DMM was as high as 79.6%, which is the best reported
in the literature so far(as shown in Table S1). These results indicate that the successful completion of the
laboratory micro-reaction to the pilot scale-up process experiment has laid a foundation for the in-depth
development, popularization and application of new process technologies.

Table. 1. Catalytic activity of Fe-Mo/ZSM-5 catalyst in micro fluidized bed and Circulating fluidized bed
scaled-up reactor.

Methanol Product Product Product Product Product Product
Fe- conversion selectivity selectivity selectivity selectivity selectivity selectivity
Mo/ZSM-5 (%) (%) (%) (%) () () (%)
DMM FA MF DME COy DMM
Yield
Micro 87.4 93.0 2.0 4.1 0.2 0.6 81.3
fluidized
bed
reactor
Circulating 89.1 88.7 6.9 3.7 0.3 0.4 79.1
fluidized
bed
scaled-up
reactor
88.7 89.1 6.2 3.9 0.3 0.5 79.0
88.1 90.3 5.5 3.7 0.2 0.3 79.6

Subsequently, the pilot reactor was used to investigate the effects of the reaction conditions on catalysis. As
shown in Table 2, with the change of reaction temperature, the methanol conversion rate fluctuated slightly
and the selectivity for DMM and byproducts FA and methyl formate (MF) changed considerably. At 360 °C
and 380 °C, far from equilibrium, the oxidative dehydrogenation of FA from methanol was thermodynamically
favorable??. The higher temperature was conducive to the activation of the C-H bond of FA by methanol,
and the reaction of methanol with FA converted DMM and DME intermediates into FA, methanol and MF!!.
The increase in temperature led to lower DMM selectivity and higher FA and MF selectivity.

Table 2 . Catalytic activity of Fe-Mo/HZSM-5 catalyst in circulating fluidized bed pilot reactor with different
temperatures and methanol/air ratios.

Fe-Mo/HZSM-5 Methanol conversion (%) Product selectivity (%) Product selectivity (%) Product selectivity (%)

DMM FA MF
Temperature/°C
340 84.2 84.7 9.2 5.0
360 86.5 86.2 7.9 4.8
380 89.1 88.7 6.9 3.7
400 88.6 80.1 11.0 7.7
420 86.0 77.5 12.8 8.4
CH3OH/Air ratio
0.6 69.3 74.1 19.1 5.9
0.8 71.2 80.8 13.1 5.3
1 80.2 84.3 9.2 5.9
1.2 89.1 88.8 6.9 3.7



Fe-Mo/HZSM-5 Methanol conversion (%) Product selectivity (%) Product selectivity (%) Product selectivity (%)

1.5 79.6 82.1 6.3 10.8

Simultaneously, as the methanol/air ratio increased, the reaction rate first increased and then decreased.
The side reaction that occurs in the synthesis of DMM (continuous bimolecular coupling of methanol and
its derivative intermediates with FA) forms by-products and DMM?2!. As the methanol/air ratio increased,
the enhancement of these secondary reactions led to an increase in the FA conversion rate and decreases
in the DMM formation rate and selectivity??. At the same time, it was observed that the MF selectivity
increased from 5.9% to 10.8%, which is consistent with the expected properties of the methanol bimolecular
dehydration reaction.

Fig. 2 . Example of long-term reaction test using the Fe-Mo/ZSM-5 catalyst.

The long-term experimental results regarding the Fe-Mo/ZSM-5 catalyst in the circulating regenerating
fluidized bed are shown in Fig. 2 (Table S2). The methanol conversion rate and DMM selectivity remained
basically unchanged in the first 30 minutes. After 60 minutes, the catalyst activity decreased significantly,
the methanol selectivity decreased to 87.6%, and the DMM selectivity decreased to 87.0%. It can be seen
from Figure 2 that the catalytic activity was stable and high catalytic activity was still maintained with
the extension of the fluidization bed reaction time, with a DMM yield of about 76%. The Fe-Mo/ZSM-
5 catalyst showed better stability in the circulating regenerating fluidized bed, which was consistent with
actual industrial FA production. The scanning electron microscopy (SEM) image (Fig. S1) of the catalyst
after the long-term stability test showed that its apparent morphology did not change, with fresh HZSM-5
also having a hexagonal prism morphology?3, nor was it found on the surface. The presence of four phases,
Fea(MoOy)s, FeaOg, MoOs, and B-Fea(MoOy)s, was confirmed by X-ray diffraction (XRD) analysis (Fig.
3)?%. In addition, there was no significant change in the XRD peak intensity before and after recycling, and
no diffraction peak of graphitic carbon was found, indicating that there was no carbon deposit on the surface
of the catalyst or the carbon deposit value was very low?>. Therefore, the Fe-Mo/HZSM-5 catalyst has high
resistance to carbon deposition and stability. This also showed that the regeneration effect of the circulating
regenerating fluidized bed was superior, effectively achieving catalyst regeneration and utilization.




Fig.3. SEM image and XRD pattern of the catalyst after stability inspection .
3.2 In-situ infrared exploration of reaction mechanism

In the process of methanol oxidative polycondensation, there will be hydroxyl groups, carbonyl groups,
and large lattice oxygen, which will generate formaldehyde, dimethyl ether, methyl formate and other by-
products.. In this study, the oxidative polycondensation of Os+CH3OH on Fe-Mo/ZSM-5 was analyzed using
DRIFTS. Fig.4 shows the DRIFTS spectra of methanol adsorbed on Fe-Mo/ZSM-5 catalyst for different
durations. The peak at about 3400-3600 cm™' corresponded to the tensile vibration band of -OH and the
peak at 2890 cm™ corresponded to the antisymmetric and symmetric tensile vibration bands of the C-H bond
on methanol?®. The peak at 2750 cm™ corresponded to the stretching vibration of HCOO-27. The tensile
vibration band at 1650-1725 cm™! belongs to the carbonyl group, the tensile vibration band at about 1430
cm™! belongs to -COO-, and the vibration band at 1100450 cm™ belongs to the ether bond R-O-R. The peak
at 2120 cm™' corresponded to the stretching vibration of -OH on the formate group?®. At the same time,
the deformation vibration of methyl ether in methylal can be observed at 900-1000 cm™, which indicates
that methanol is adsorbed on the surface of the catalyst to generate methoxy groups, and then desorbed
to obtain CH3O for further polycondensation reaction?”. Fig.3 shows that, at a reaction time of 0.5 min,
the characteristic peak intensities corresponding to the hydroxyl, carbonyl, and formic groups were all high,
and the peak intensities corresponding to the ether bonds and methoxy groups were very weak. The large
and broad peaks at 35002750 cm-1 in the first 3 minutes were mainly due to the formation of FA during
the initial oxidation of methanol and the formation of a large number of water molecules®?. As the reaction
time increased, the vibration peak intensity of the carbonyl and formic acid groups gradually weakened, the
peak intensity of -COO- increased slightly, and the methyl ether peak of DMM intensified®. These changes
showed that methanol was first oxidized to form FA and a small amount of dimethyl ether (DME) on the
Fe-Mo/ZSM-5 catalyst and then FA was further oxidized to form formic acid®'. Then, FA and methanol
underwent polycondensation to form DMM, and formic acid and methanol underwent polycondensation to
form MF. After 7 minutes, there was almost no change in the peak intensities, which indicated that the
reaction became stable. Therefore, DRIFTS analysis of methanol adsorption on the Fe-Mo/ZSM-5 catalyst
for different reaction durations confirmed the previous theoretical speculation of all the chemical reactions
and products that could occur in the process of preparing DMM from methanol by the one-step method32.

Fig.4. In situ DRIFTS spectra of the adsorption-oxidation- polycondensation of CH3OH on Fe-Mo/HZSM-5
catalysts, as a function of time on reaction. (a) 0.5 min, (b) 2 min, (¢) 3 min, (d) 5 min, (¢) 7 min, (f) 10
min.

In-situ infrared spectroscopy was used to investigate the reaction of methanol on the Fe-Mo/ZSM-5 catalyst
surface for different reaction times. This revealed that it took 7 minutes for the reaction to stabilize from
contact. Therefore, under the same conditions, in-situ infrared spectroscopy was used to investigate the
effect of changes in the Mo-Fe ratio and the Si-Al ratio of the carrier on the reaction process®®, with the
results shown in Fig.5 (A) and (B), respectively. Table S3 shows the results of our previous findings on the
catalytic activity of different Mo-Fe and Si-Al ratios®*. Fig.5 (A) shows that as the Mo-Fe ratio increased,
the peak intensity of the carbonyl, ether, and methoxy groups firstly weakened and then increased®®. When
Mo:Fe = 2, the DMM methyl ether peak reached maximum intensity, which was consistent with the results
in Table S3. Our team’s previous research!'® (adapted from ref. 8) found that Mo:Fe = 2 was the optimal
ratio and revealed that underpinning the Mo-Fe catalytic effect was the mutual promotion of the formation
of the Fes(MoOy)s octahedral crystal structure and molybdenum oxide tetrahedron formation. With an
increase in the ratio of Mo to Fe, the mutual promotion was greater, resulting in the further oxidation of
part of the formaldehyde obtained by methanol oxidative dehydrogenation to obtain formic acid and MF
as by-products3¢. Fig.5 (B) shows that the Fe-Mo/ZSM-5 catalyst with Si:Al = 80 had the smallest peak
intensities corresponding to hydroxyl, carbonyl, ether, and methoxy groups, and the highest intensity of
the DMM methyl ether peak. Additionally, the methyl ether peak intensity of the Fe-Mo/ZSM-5 catalyst
with Si:Al = 40 was greater than that of the Fe-Mo/ZSM-5 catalyst with Si:Al = 60. In previous studies®’
(adapted from ref. 9), our team revealed that the tetrahedral coordination of Al provided Bronsted acid



(B acid) sites and Lewis acid (L acid) sites on the Si-Al framework. Differences in the catalyst Si:Al ratio
directly affected the distribution of B acid and L acid sites®.

Fig.5. In situ DRIFTS spectra of the adsorption—oxidation- polycondensation of CH3OH on different cat-
alysts.(A) Fe-Mo/HZSM-5 catalysts with different Mo-Fe ratios (a) Mo-Fe ratio=1, (b) Mo-Fe ratio=2, (c)
Mo-Fe ratio=3; (B) Fe-Mo/HZSM-5 catalysts with different Si : Al ratio (d) Si : Al ratio=40, (e) Si: Al
ratio=60, (f) Si: Al ratio=80.

Fig.5 (C) shows the in-situ infrared spectroscopy results of Fe-Mo/ZSM-5 with different Si:Al ratios under the
same conditions. In HZSM-5, the weak peak at 3745 cm ! and the strong peak at 3610 cm ! were attributed
to the terminal silanol group (Si-OH) and the acidic bridged hydroxyl group (Si-OH-Al), respectively>®.
The Si-OH-AI group is considered to be a B acid center, and the B acidity strength affects its structure.
Fig.4(C) shows that the Si-OH-Al peak intensity gradually increased with increasing Si:Al, which proved
that the B acidity of the catalyst gradually increased®. An important control step in the DMM production
from methanol is the methanol acetalization stage, in which the B acid site of the catalyst plays a vital
role. If the catalyst has no B acid sites, it is difficult for methanol to undergo acetalization to form DMM.
Therefore, the in-situ infrared spectroscopy results in the present study further confirmed this previous
theory. In-situ infrared spectroscopy also showed that the abundant oxygen vacancies on the Fe-Mo/ZSM-5
surface promoted the adsorption and oxidation of methanol to FA. These species could undergo further
polycondensation at the acidic site of ZSM-5 to obtain DMM, which led to a positive shift in the reaction
equilibrium. This synergistic effect of oxidation centers and acid centers may be the reason for the excellent
catalytic performance obtained.

Based on these results, we summarized and proposed the reaction mechanism of methanol forming DMM
under the action of Fe-Mo/ZSM-5 catalyst, as shown in Fig.6. Methanol and Oy were chemically adsorbed
on the catalyst surface for the first time, with surface hydroxyl and oxygen vacancies, respectively. The
presence of surface oxygen vacancies promoted the adsorption of Osand further converted it into active
oxygen species (Og+Fe?T-Mo5+-02, O7), which react with the adsorbed methanol to form FA*!. The FA
was further oxidized at this oxidation vacancy to form formate, which directly decomposed into CO and
H>0. CO may exist as an intermediate and react quickly with Oy to form COs, and therefore be undetected
by in-situ infrared spectroscopy. Methanol and FA were chemically adsorbed on the catalyst surface for the
second time with surface hydroxyl and carbonyl groups respectively*2. The presence of L acid sites on the
Si-Al framework of the catalyst and B acid sites provided by the tetrahedral coordination of Al promoted
the polycondensation of methanol and FA to form DMM, and at the same time generated a molecule of
Hy0. H20 reacts with active oxygen to generate -OH (O*+H30-2-OH), and with formate to generate
COy and Hy0%3. After the chemical adsorption of formic acid and methanol, MF was generated by the
catalysis of L acid sites on the Si-Al framework. Methanol generated DME by the catalysis of B acid sites
provided by the tetrahedral coordination of Al. Since FA was the main intermediate in the formation of
the target product DMM, the conversion of methanol to FA was likely to be the rate-determining step in
the entire process. With the continuous supply of oxygen, the consumption of O? and O~ would promote
the coordination of two terminal oxygens and the Mo double bond in the Fes(MoOy4)soctahedron through
the appearance of Mo®t on the catalyst surface. This would coordinate the supply, resulting in methanol
hydroxyl hydrogen activation to produce methoxy species. As these are intermediates formed by FA, the
next step of the reaction could proceed quickly. Therefore, combined with our previous research findings,
it could be concluded that the Fe-Mo/HZSM-5 catalyst has both acidic active centers and oxidation active
centers. The former are due to the synergistic effect of the L acid on the Si-Al framework and the B acid
provided by the tetrahedral coordination of Al, promoting acidic active centers. The latter are due to the
surface Fea(MoOy)s octahedral crystal structure and the molybdenum oxide tetrahedron forming shared,
mutually promoting oxidation active centers. To use Fe-Mo/ZSM-5 dual functional catalyst to selectively
obtain more target products, it is necessary to achieve synergistic selective catalysis by these two activation
centers.
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Fig.6. Schematic of the reaction mechanism of methanol over the surface of Fe-Mo/ZSM-5 catalysts.
4. Conclusion

In conclusion, the pilot experiment of the circulating fluidized bed scaled-up reactor was successful, with
the Fe-Mo/ZSM-5 catalyst enabling the production of the valuable product DMM with a sustainable high
yield. The influence of the change of reaction conditions on the product distribution was explored. After
a long period of operation in the circulating fluidized bed, the Fe-Mo/ZSM-5 catalyst was shown to have
high stability and carbon deposition resistance, and the regeneration effect of the circulating regeneration
fluidized bed was better. In situ infrared spectroscopy was used to explore the effect of the reaction time
on the reaction of methanol and the product distribution. It was found that methanol was first oxidized to
form FA and a small amount of DME on the Fe-Mo/ZSM-5 catalyst, following which FA further oxidized to
form formic acid. Then, FA and methanol underwent polycondensation to form DMM, and formic acid and
methanol underwent polycondensation to form MF. In situ infrared spectroscopy was also used to explore
the influence of changes in the ratio of Mo to Fe and the ratio of Si to Al in the carrier on the reaction and
product distribution. It was found that the synergistic effect of oxidation centers and acid centers was the
basic reason for the excellent catalytic performance of the Fe-Mo/ZSM-5 catalyst. Finally, through in-situ
online exploration, the reaction mechanism of the one-step process of preparing DMM from methanol was
proposed. These studies have laid the foundation for the in-depth development, promotion and application
of new technology.
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