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Methyl methoxyacetate (MMAc), which is an important fine chemical, can be used as an intermediate to
produce ethylene glycol from syngas. For the reported vapor-phase carbonylation of dimethoxymethane
(DMM,), the reaction was conducted under a higher (>100) CO/DMM molar ratio with a lower CO conver-
sion (<0.5%). This paper systematically studied the effects of different zeolites and sulfonic acid resin cata-
lysts, reaction temperature, CO pressure, CO/DMM ratio, reaction time, drying temperature, as well as H,O
and methanol contents on DMM conversion and products selectivities, using a slurry phase reactor. A
highly efficient sulfonic acid resin was selected without the assistance of a solvent and the DMM conver-
sion reached nearly 100%, with 64.39% MMACc selectivity at 110 °C and 5.0 MPa for 6 h, with a CO/DMM ra-
tio of only 1.67/1. The effects of H,O (32 ppm-10 wt%) and methanol (0.5-10 wt%) content on the carbon-
ylation efficiency were also systematically studied. After removing H,O from the DMM and resin catalyst,
the MMAC selectivity got as high as 74.14% under the same reaction conditions. According to these reac-
tion results and a precise GC-MS analysis, DMM,, MG, DMG, MA, and MMAc, were evidently produced,
along with MMAc, DME, MF, and methanol. We propose reaction routes from these results, and anticipate
that this direct carbonylation of DMM to produce an MMAc process is promising for industrial
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1. Introduction

Methyl methoxyacetate (MMAc), an important and highly
value-added fine chemical, can be used as an intermediate for
the synthesis of medicines, pesticides, and dyes. For example,
MMACc can be applied to synthesize vitamin B6 and sulfa-5-
pyrimidine, for dynamic kinetic resolution of chiral amine
substances, as a polymerization catalyst, and so on." More im-
portantly, it is readily converted to ethylene glycol (EG), a bulk
commodity chemical widely used as antifreeze and a polyester
monomer, via a hydrogenation process to produce
2-methoxyethanol and further a hydrolysis reaction. Currently
EG is industrially manufactured by the epoxidation of ethyl-
ene, derived directly from naphtha cracking and subsequent
hydration of ethylene oxide.>™* With the increasing depletion
of crude oil resources, the development of non-oil routes to
synthesize EG, a process which starts with syngas via
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reforming of nature gas, the gasification of coal or biomass,
has attracted extensive attention.>”

Previously reported MMAc synthesis methods, including
the reactions of methyl chloroacetate with sodium methoxide,
oxidation of 2-methoxyethanol, and coupling of formaldehyde
derivatives with methyl formate,'”'" were all complicated,
highly corrosive, and unsuitable for large-scale manufacture.
In 2008, A. T. Bell et al.® reported liquid-phase carbonylation
of dimethoxymethane (DMM) to MMAc using heteropoly acid
catalysts, but the selectivity of MMAc was less than 30%. One
year later, they first accomplished vapor-phase carbonylation
of DMM with 79% selectivity and 20% yield of MMAc, using
H-FAU zeolite.">™** The disproportionation of DMM was the
only competing reaction, leading to the formation of methyl
formate (MF) and dimethyl ether (DME)."> S. D. Badmaev
et al.*® reported gas-phase carbonylation of DMM to MMAc
over the Cs, sH sPW;,040 With 54% selectivity and 40% yield
of MMAc at 110 °C, 10 bar and GHSV = 6000 h™* with the mole
ratio of DMM/CO/Ar = 4/76/20. In our former work, an
H-Nafion resin'” without microporous structure was applied
as the catalyst and the selectivity of MMAc was raised to 90%,
but the price of H-Nafion resin was higher than $100 per g,
making the entire process uneconomical.

Although the whole vapor-phase carbonylation of DMM pro-
cess is easily operated and the MMACc selectivity is higher than

This journal is © The Royal Society of Chemistry 2018
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70%,'>**” the actual amount of DMM injected is only a thim-
bleful. The DMM-saturated vapor at a chilled temperature is
carried by CO into the reactor, resulting in a high mole ratio of
CO/DMM, generally greater than 100/1, but a low CO conver-
sion rate, usually less than 0.5%. J. P. Wang et al.'® achieved
liquid-phase carbonylation of DMM with 99.1% conversion and
63.9% selectivity of MMAc using H;PW;,0,, (PW;,) as the cata-
lyst and sulfolane as the solvent at 130 °C and 3.0 MPa for 3 h.
The effects of solid acids catalysts as well as different solvents,
reaction temperature, initial CO pressure, reaction time and re-
cycle times were investigatived. In our previous study of the
liquid-phase carbonylation of DMM where CO/DMM = 5/1, the
DMM conversion reached nearly 100% with 74.32% MMAc se-
lectivity, using sulfolane as the solvent and D-009B as the cata-
lyst conducted at 110 °C and 5 MPa for 6 h."® The solubility of
CO in the liquid phase is significantly promoted and the side
reactions of DMM in the sulfolane solvent are obviously
suppressed. In this work, we have identified a highly efficient
sulfonic acid resin catalyst from commercial production, based
on the acid strength, preparation methods, BET surface area,
and pore structures, with which carbonylation can readily pro-
ceed without the assistance of the sulfolane solvent. The effects
of sulfonic acid resin catalysts as well as different zeolites, reac-
tion temperature, CO pressure, CO/DMM ratio, reaction time,
drying temperature, as well as H,O and methanol content on
the DMM conversion, along with the selectivities of different
products, were systematically studied using a slurry phase reac-
tor. Many unreported and complicated side reactions from
DMM were first observed during the carbonylation process, and
the possible reaction routes in the liquid phase were proposed.
The effects of H,O and methanol content, which not only
served as reactants but also acted as the products from esterifi-
cation, significantly influenced the carbonylation efficiency and
products distribution.

2. Experimental

2.1 Preparation of catalysts

The zeolites (H-Y, Si/Al = 2.7, Nankai Univ.; H-B, Si/Al = 40,
Shentan Co. Ltd; H-ZSM-5, Si/Al = 50, Japan H,O Chem.; Na-
MOR, Si/Al = 6.7, Hongda Chem. Co. Ltd) were purchased
commercially. Na-mordenite (Na-MOR) was converted into its
NH," form by exchanging 30.0 g Na-MOR with 0.3 L NH,NO;
(1 mol L™) in an aqueous solution at 80 °C for 3 h, followed
by filtration and washing with deionized H,O. After repeating
the above-mentioned process three times, the desired precur-
sor was dried at 120 °C for 10 h, followed by calcination at
550 °C for another 6 h to obtain the H" form (H-MOR). Be-
fore application, all the H" form zeolites were calcined at 550
°C in air for 6 h to remove the adsorbed H,O. Sulfonic acid
resins DA330 (Dandong Mingzhu Special Resin Co. Ltd.),
D-009B (Dandong Mingzhu Special Resin Co. Ltd.), DICP-001,
and DICP-002 were also commercially obtained. Prior to use,
all the resin catalysts were dried at 120 °C for 6 h in an air
atmosphere.

This journal is © The Royal Society of Chemistry 2018
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2.2 Catalytic activity tests

A batch reactor with 120 mL inner volume and a stirrer
was used to study the catalytic activity in the carbonyla-
tion of DMM. In a typical experiment, 10 g DMM and 1 g
catalyst were first poured into the autoclave. The air in-
side was purged by 1.0 MPa CO for three times, then the
pressure in the reactor was raised to 5.0 MPa at room
temperature and the reaction took place at 110 °C for 6
h. After the reaction, 0.5 g methyl acetate was added into
the products as an inner standard. The products were an-
alyzed by GC-MS on an Agilent 7890A/5975C GC/MSD sys-
tem, equipped with a bonded polyethylene glycol (HP-
FFAP) capillary column connected to a flame ionization
detector (FID). The conversion of DMM and the selectivity
of MMAc were -calculated according to the following
equations:

Conversion of DMM = (Mj, — Mies)/Min

Selectivity of MMAc = Myivac/Man

where M, is the initial weight of DMM fed; M. is the mass
of DMM identified in the products according to the internal
standard; Mymac is the weight of MMAc formed in the prod-
ucts; My is the mass of all products.

3. Results and discussion

3.1 The influence of zeolites and sulfonic acid resin catalysts
on DMM carbonylation

Dimethoxymethane (DMM) carbonylation was conducted at
110 °C for 6 h with an initial CO pressure of 5.0 MPa at room
temperature, in a slurry phase reactor. For the vapor-phase
carbonylation of DMM,'> H-FAU exhibited the higher DMM
conversion and methyl methoxyacetate (MMAc) selectivity.
Therefore, zeolites (H-B, H-ZSM-5, H-Y, and H-MOR) with dif-
ferent framework types were used as references, while com-
mercially obtained sulfonic acid resins (DA-330, D-009B,
DICP-001, and DICP-002) were applied as the catalysts. In a
typical experiment, 10 g DMM and 1 g catalyst were poured
into a 120 mL autoclave. The mole ratio of CO/DMM was cal-
culated as below:

Npmm = M/M = 10/76.1 = 0.131 mol

Nco = PV/RT = 50 x 101325 x (120 — 10/0.8593 — 1)
x 10°%/(8.314 x 298) = 0.219 mol

Neo/Mpvm = 0.219/0.131 = 1.67/1

Unlike the previously reported vapor-phase carbonyla-
tion'” of DMM with CO/DMM greater than 100/1 and liquid-
phase carbonylation'® under CO/DMM higher than 5/1, this
reaction system used a much lower mole ratio of CO/DMM =
1.67/1, indicating that it is very difficult to proceed a carbon-
ylation reaction under the studied conditions.
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DMM conversion and product selectivities for different ze-
olites and sulfonic acid resins catalysts are shown in Table 1.
All the zeolite catalysts displayed the lower MMACc selectivity
and higher dimethyl ether (DME) selectivity. The highest
MMACc selectivity was only 18.80%, but the lowest DME selec-
tivity was 65.61%, illustrating that more than 65.61% of the
product was DME when the zeolites were applied. This result
indicated that the disproportionation rate was much higher
than the carbonylation rate on the active sites with zeolites
under the studied system. It also supported attributing the
high rate of DMM disproportionation to the micropores of
the zeolite,">"*'> which facilitated a critical initial step in the
formation of DME and methyl formate (MF) (see reaction
(1)). According to the stoichiometry of the disproportion-
ation, the ratio of DME/MF is approximately two, but the
DME/MF ratios in Table 1 does deviate far from the theoreti-
cal value across all zeolites (14, 24, 56, and 112 on H-B, H-
ZSM-5, H-Y, and H-MOR, respectively). This phenomenon is
derived from the decomposition of MF to produce methanol,
and followed by the dehydration of methanol to form DME
on the acid sites (see reactions (2) and (3)).

2CH;0CH,0CH; — 2CH;0CH; (DME) + HCOOCH; (MF) (1)
HCOOCH; — CH;0H + CO (2)
2CH;0H — CH;OCH; + H,0 3)

Four commercially obtained sulfonic acid resins, which
were pretreated by different methods, were tested under
the same conditions and noted as DA330, D-009B, DICP-
001, and DICP-002, respectively. Compared to the zeolites,
all the resin catalysts showed much higher catalytic activity
and MMAc selectivity. The lowest MMAc selectivity among
all the resins was 37.14%, which was about twofold larger
than that of H-f. DICP-001 displayed about 100% DMM
conversion and 64.39% MMAc selectivity. Methyl glycolate
(MG), methyl methoxyacetate dimer (MMAc,), methyl
glycolate dimer (DMG), and methoxyacetic acid (MA), all of
which are accurately measured by GC-MS, are all carbonyla-
tion products. The total mass ratios of the carbonylation

Table 1 The effect of different catalysts on DMM carbonylation reaction
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products were about 80.47 wt% (64.39% + 1.17% + 2.01% +
11.76% + 1.14%), exhibiting excellent carbonylation capac-
ity. In a formerly reported DMM carbonylation reaction
with D-009B as the catalyst and sulfolane as the solvent,
which significantly promoted the solubility of CO in the lig-
uid phase, the mole ratio of CO/DMM was higher than 5/1;
however, the CO/DMM ratio in this reaction system was
only 1.67/1 without the help of a solvent. Therefore, the
DICP-001 catalyst is promising for the industrial manufac-
ture of MMAc.

We recognized that the excellent catalytic performance
of DICP-001 was probably due to its structure and unique
chemical properties. As discussed, the micropores of zeo-
lites could promote DMM disproportionation, leading to an
obvious decrease in MMAc selectivity. The DICP-001 resins
had fewer small channels or cavities in which dispropor-
tionation mainly occurred. Therefore, the DMM dispropor-
tionation reaction over DICP-001 was effectively inhibited.
Besides, it has been proven'’ that DMM carbonylation is a
typical Bronsted acid-catalyzed process, and that the car-
bonylation efficiency is closely related to the acidity of the
as-used catalyst. DICP-001 had higher acid strength than
DA330, D-009B, and DICP-002, resulting in superior cata-
Iytic performance. So, DICP-001 was selected as the catalyst
for the following investigation.

3.2 The influence of reaction temperature on DMM
carbonylation

Fig. 1 shows the effect of reaction temperatures on DMM
conversion and product selectivities in the range of 90 to 150
°C. At a low reaction temperature (90 °C), the conversion of
DMM was as low as 56.27%. By gradually increasing the tem-
perature from 90 to 110 °C, the conversion of DMM signifi-
cantly increased to 99.18%. When the reaction temperature
was higher than 110 °C, the conversion of DMM was
maintained at above 99%.

With a reaction temperature of 90 °C, the selectivity of
MMAc was only 31.93%, but the DME selectivity raised to
56.97%, illustrating that more than half of the product's
weight was DME. By gradually increasing the temperature

DMM Sel. (%)

Catalysts Conv. (%) DME MF MeOH DMM, MMAc MG MMAc, DMG MA
DA-330 64.06 46.41 1.95 0.63 1.25 40.18 0.33 3.41 2.80 3.03
D-009B 76.25 48.72 1.43 0.50 1.00 37.14 0.44 4.85 0.74 5.19
DICP-001 99.18 18.30 0.85 0.38 0.01 64.39 1.17 2.01 11.76 1.14
DICP-002 88.77 26.53 1.77 0.42 0.27 55.68 1.55 4.59 6.67 2.51
H-B 64.89 65.61 5.88 0.58 1.89 18.80 — 1.37 — 5.86
H-ZSM-5 57.78 76.80 4.12 0.71 — 15.41 — 2.22 — 0.74
H-Y 69.69 87.59 2.03 0.43 — 8.81 — 1.15 — —

H-MOR 49.02 82.79 0.96 1.12 6.94 3.58 3.92 0.69 — —

Reaction conditions: 10 g DMM, 1 g catalyst, reaction temperature: 110 °C, CO pressure: 5.0 MPa, reaction time: 6 h, the mole ratio of CO/

DMM = 1.67/1.
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Fig. 1 The influence of reaction temperature on DMM carbonylation
using a DICP-001 resin catalyst. Reaction conditions: 10 g DMM, 1 g

catalyst, CO pressure: 5.0 MPa, reaction time: 6 h, the mole ratio of
CO/DMM = 1.67/1.

from 90 to 110 °C, the selectivity of MMAc increased and
exhibited a maximum value (64.39%) at 110 °C. However,
DME selectivity obviously dropped and showed a minimum
level (18.30%) at 110 °C. Further increasing the temperature
(110-150 °C) led to a sharp decrease of MMAc selectivity from
64.39% to 38.76%, and a rapid increase in DME selectivity
from 18.30% to 32.50%.

These phenomena could be explained by the fact that
DMM carbonylation and DMM disproportionation are two
competitive reactions. At low temperatures (90-100 °C), the
rate of disproportionation was much higher than that of
DMM carbonylation. Therefore, the selectivity of MMAc was
low and the selectivity of DME was high. By slowly increasing
the reaction temperature, both carbonylation and dispropor-
tionation reactions rates were promoted. Nevertheless, the
enhanced rate of carbonylation was higher than that of DMM
disproportionation. Accordingly, the selectivity of MMAc
gradually increased while the DME selectivity gradually de-
creased. But a high reaction temperature led to the sulfonic
acid resin catalyst's sintering inactivation, resulting in an ob-
vious decrease of MMACc selectivity.

Polymethyldimethylether (DMM,), methyl glycolate (MG),
methyl glycolate dimer (DMG), methyl methoxyacetate dimer
(MMAc,), and methoxyacetic acid (MA) products are clearly
identified by GC-MS on an Agilent 7890A/5975C GC/MSD sys-
tem, equipped with a bonded polyethylene glycol (HP-FFAP)
capillary column connected to a flame ionization detector
(FID).

2CH;0CH,0CH; + H,0 — CH;0CH,0CH,0CH; + 2CH;0H (4)
HCHO + CO + H,0 — HOCH,COOH (GA) (5)
HOCH,COOH + CH;0H — HOCH,COOCH; (MG) (6)
2HOCH,COOH + CH;0H — HOCH,COOCH,COOCH; + 2H,0 (7)

CH;0CH,COOCH; + H,0 — CH;0CH,COOH (MA) + CH;0H (8)

This journal is © The Royal Society of Chemistry 2018
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CH,OCH,COOH + HOCH,COOCH,
— CH3;0CH,COOCH,COOCH; (MMACc,) (9)

In the presence of H,0, dissociative-like formaldehyde and
methanol were generated from the hydrolysis of DMM, which
was a reversible reaction. Simultaneously, free formaldehyde
could also be inserted into and react with DMM to form DMM,
(ref. 20 and 21) (see reaction (4)). MG was derived from the car-
bonylation of formaldehyde to produce glycolic acid (GA)** and
the subsequent esterification of GA with methanol (see reaction
(5) and (6)). It had already proven® that MG could be produced
following the above-mentioned routes, using heteropolyacids as
catalysts under mild reaction conditions. Hence, it could be de-
duced that under the study system with a sulfonic acid resin cat-
alyst at 110 °C, the esterification reaction was readily accom-
plished. DMG was probably produced from the esterification of
GA with MG or the esterification of two molecules of GA and
one molecule of methanol (see reaction (7)). Given the presence
of H,0, MA arose from the hydrolysis of MMAc® (see reaction
(8)), because most of the product was MMAc and the reaction
equilibrium spontaneously moved to reduce MMAc. MMAc, was
not only derived from the carbonylation of DMM, (ref. 23) but
also from the esterification of MA with MG (see reaction (9)).

As shown in Fig. 1, by gradually increasing the tempera-
ture from 90 to 150 °C, the selectivity of MG gradually in-
creased and reached a maximum of 5.46% at 150 °C. The se-
lectivity of DMG increased from 0.43% to 2.28% with the
reaction temperature rising from 90 to 100 °C and sharply in-
creased to 11.76% (110 °C), then continuously increased and
reached its maximum (18.37%) at 150 °C. These phenomena
demonstrated that the selectivities of MG and DMG, which
are both formaldehyde carbonylation downstream products,
were significantly influenced by the reaction temperature,
and that the higher temperature was beneficial for the car-
bonylation of formaldehyde. Using an Amberlyst-15 resin cat-
alyst, S. Y. Lee et al.>® reported that the conversion of formal-
dehyde increased with the increased temperature and the
maximum MG yield appeared near 135 °C, which is in good
agreement with our reaction results. Under the studied sys-
tem, the selectivities of MG and DMG were also influenced
by esterification efficiency, which was obviously affected by
the reaction temperature, as well as the content of H,O and
methanol. The MA selectivity increased from 0.59% to 4.77%
as the temperature increased from 90 to 150 °C, because
more H,O content came from the esterification reaction and
existed in the system, resulting in the hydrolysis of MMAc be-
ing more efficient at a higher temperature. The selectivity of
MMAc, (about 2.20%), which could be considered as both
carbonylation and esterification product, stayed nearly
unchanged with the temperature variation.

3.3 The influence of CO pressure and CO/DMM ratios on
DMM carbonylation

Fig. 2 exhibits the effect of a CO pressure increase from 0.625
to 5.0 MPa on the performance of DMM carbonylation over

Catal. Sci. Technol., 2018, 8, 580-590 | 583
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the DICP-001 resin catalyst, with a mole ratio of CO/DMM =
1/1. It was clear that the conversion of DMM was dependent
on CO pressure. At low CO pressure (0.625 MPa), DMM con-
version was 85.06%. With gradually increasing CO pressure
from 0.625 to 2.5 MPa, the DMM conversion increased to
91.31%. After further increasing the CO pressure from 2.5 to
5.0 MPa, the DMM conversion reached 95.81%, indicating
that high CO pressure was beneficial for DMM conversion be-
cause high pressure significantly increased the collision effi-
ciency of CO with the DMM molecules.

At 0.625 MPa CO and CO/DMM = 1/1, the selectivity of
MMAc was only 1.15% but the DME selectivity was high, up
to 95.70%, demonstrating that DMM was mainly converted to
DME via a disproportionation route at low CO pressure. By
gradually increasing CO pressure from 0.625 to 2.5 MPa, the
MMAc selectivity exhibited a linear increase from 1.15% to
38.23% and the DME selectivity showed a linear decrease
from 95.70% to 50.42%.

Further increasing the CO pressure (2.5-5.0 MPa) led to a
rapid increase of MMAc selectivity from 38.23% to 55.98%,
yet the DME selectivity obviously dropped from 50.42% to
27.12%. Under the study conditions, the mole ratio of CO/
DMM was consistently kept at a constant (= 1/1). It could be
deduced that the solubility of CO in the liquid phase in-
creased with increasing CO pressure. Accordingly, the proba-
bility of simultaneous contact of the acid centers with DMM
and CO was enhanced. Overall, the carbonylation of DMM
was significantly promoted while the disproportionation of
DMM was obviously suppressed, resulting in a rapid increase
of MMACc selectivity and a sharp decrease of DME selectivity.

The selectivity variations of MG, DMG, MMAc,, and MA
are also displayed in Fig. 2. As discussed above, both MG and
DMG were derived from the carbonylation of a dissociative-
like formaldehyde. Hence, their selectivities also increased
when increasing CO pressure from 0.625 to 5.0 MPa and
reached maximum levels (1.04% and 8.76%, respectively) at
5.0 MPa. These experimental results illustrated that gradually
increasing CO pressure not only promoted the carbonylation

o 100
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: ] 470 ~
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2 70+ e 4 DMG Sel. 150 g
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© // 777777777777’ ] 10
60 . . . . .
0 1 2 3 . -

CO Pressure (MPa)

Fig. 2 The influence of CO pressure on DMM carbonylation using a DICP-
001 resin catalyst. Reaction conditions: 10 g DMM, 1 g catalyst, reaction
temperature: 110 °C, reaction time: 6 h, the mole ratio of CO/DMM = 1/1.
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of DMM but also facilitated the carbonylation of formalde-
hyde. S. Y. Lee et al.>® reported a similar regular pattern for
formaldehyde carbonylation by using an Amberlyst-36 resin
catalyst. The selectivities of MMAc, and MA (about 1.54%
and 1.17%), which were considered the products from esteri-
fication and hydrolysis reactions, remained essentially con-
stant with CO pressure changes.

Fig. 3 shows the effect of different mole ratios of CO/
DMM, from 1/1 to 4/1, on DMM conversion and products se-
lectivities over a DICP-001 resin catalyst with a constant ini-
tial CO pressure (5.0 MPa). As stated, the DMM conversion
was 95.81% with CO/DMM = 1/1, which is consistent with the
exact stoichiometry of DMM carbonylation. By gradually in-
creasing the mole ratio of CO/DMM from 1/1 to 1.67/1, the
conversion of DMM increased to 99.18%. Thereafter, the
DMM conversion was still higher than 99.90% when the CO/
DMM ratio was greater than 2/1.

At CO/DMM = 1/1, the selectivities of MMAc and DME
were 55.98% and 27.12%, respectively. By gradually increas-
ing the mole ratio of CO/DMM from 1/1 to 2/1, the MMAc se-
lectivity rapidly increased from 55.98% to 65.90%, and the
DME selectivity obviously decreased from 27.12% to 16.48%.
The partial pressure of CO increased with increasing CO/
DMM ratios at a stable initial CO pressure (5.0 MPa). There-
fore, the reaction of the DMM carbonylation was significantly
promoted, which agrees with the results from previously
reported vapor-phase carbonylations of DMM.">">'” After fur-
ther increasing the mole ratio of CO/DMM to 4/1, both the
MMAc and DME selectivities were nearly consistent with
those at CO/DMM = 2/1.

The effects of CO/DMM ratios on other products’ selectiv-
ities are displayed in Fig. 3 as well. The MG and DMG selec-
tivities, which probably arose from the carbonylation of form-
aldehyde and subsequent esterification of GA with methanol,
increased when increasing the mole ratio of CO/DMM from
1/1 to 2/1 and exhibited maximum levels (1.60% and 11.77%,
respectively). They remained constant when CO/DMM was
further raised to 4/1, suggesting that the carbonylation of

Lo0F e 100
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&E_ 90t 170 —~
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g P ey —e— MA Sel. 160 ]
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Fig. 3 The influence of CO/DMM ratios on DMM carbonylation using
a DICP-001 resin catalyst. Reaction conditions: 10 g DMM, 1 g catalyst,
reaction temperature: 110 °C, CO pressure: 5.0 MPa, reaction time: 6 h.
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formaldehyde was enhanced by the increased CO/DMM ratio.
The selectivities of MMAc, derived from the esterification of
MG with MA, and the MA produced by the hydrolysis of
MMAc, were closely related to H,O and methanol content in
the system and maintained almost unchanged levels (about
1.54% and 1.17%) with given CO/DMM variations.

In conclusion, the initial CO pressure and the mole ratio
of CO/DMM had an obvious impact on DMM carbonylation.
The solubility of CO in a liquid phase and the concentration
of CO were both enhanced with gradually increasing CO pres-
sure and CO/DMM ratios. Thus, the carbonylation of DMM
and formaldehyde were significantly promoted, resulting in
increased MMAc, MG, and DMG selectivities and decreased
DME selectivity. The MMAc, and MA selectivities were kept at
a constant level with CO pressure and CO/DMM variations.

3.4 The influence of reaction time on DMM carbonylation

Fig. 4 exhibits the effect of reaction time, ranging from 0.5 h
to 20 h, on the performance of DMM carbonylation with a
DICP-001 resin catalyst. At the shorter reaction time (0.5 h),
the conversion of DMM was as low as 63.32%. With gradually
increasing reaction times from 1 h to 4 h, the conversion of
DMM significantly increased from 71.15% to 97.38%. When
the reaction time was longer than 6 h, the DMM conversion
stayed above 99.50%.

The MMAc selectivity is also shown in Fig. 4, again with
the influence of reaction time from 0.5 h to 20 h. At 0.5 h,
the selectivity of MMAc was only 56.17% but the DME selec-
tivity was high, up to 35.69%. One reason for the high DME
selectivity was that the disproportionation reaction of DMM
was carried out at a low temperature during the heating pro-
cess, while the DMM carbonylation rate was very low in the
meantime. Besides, it is much easier to produce a reversible
reaction with DMM, using the residual H,O left in the system
to generate DMM, and MeOH. This could also produce DME
on Bronsted acid sites, resulting in the formation of a large
amount of MeOH (1.85%) and DME (see reactions (4) and
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Fig. 4 The influence of reaction time on DMM carbonylation using a
DICP-001 resin catalyst. Reaction conditions: 10 g DMM, 1 g catalyst,
reaction temperature: 110 °C, CO pressure: 5.0 MPa, the mole ratio of
CO/DMM = 1.67/1.
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(3)). Given an increased reaction time from 1 h to 8 h, the
MMACc selectivity gradually increased and reached its maxi-
mum (66.05%) at 8 h, but the DME selectivity decreased and
reached a minimum (17.95%) at 8 h. These reaction results
illustrated that the DMM carbonylation efficiency was higher
than that of the DMM disproportionation at 110 °C, showing
that more DMM tended to proceed the carbonylation reac-
tion. This conclusion was also supported by the reaction re-
sults from the reaction temperature variations. When the re-
action time was further increased to 20 h, both DME and
MMACc selectivities were nearly consistent with those at 8 h,
indicating that the carbonylation and disproportionation of
DMM already reached the chemical equilibrium point at 8 h.

The influence of reaction time from 0.5 h to 20 h on other
products’ selectivities is also demonstrated in Fig. 4. MG se-
lectivity, which arose from the carbonylation of dissociative-
like formaldehyde and the esterification of GA with metha-
nol, increased from 0.52% to 1.17% with gradually increasing
reaction times (0.5-6 h), and stayed almost constant (about
1%) when the reaction time was raised to 20 h. The MG selec-
tivity was influenced by the concentration of formaldehyde,
H,0, GA, DMG, and MMAc,. The DMG selectivity, which
probably came from the esterification of GA and MG, in-
creased from 0.42% to 6.37% with increasing reaction times
from 0.5 h to 4 h, and sharply increased to 11.76% at 6 h, be-
fore reaching its maximum (12.73%) at 8 h. This phenome-
non could be explained by the fact that with the formation of
DME, which is an irreversible process, more H,O was pro-
duced and accumulated, leading to a higher ratio of H,O/
DMM in the reaction system. Therefore, both the hydrolysis
of DMM and dissociation of formaldehyde were promoted
with the extension of the reaction time, resulting in the addi-
tional formation of methanol and dissociative-like formalde-
hyde. GA was exactly derived from the carbonylation of form-
aldehyde, and MG clearly arose from the esterification of
methanol with GA. Hence, the DMG selectivity was promoted
by the increased reaction time. MMAc, selectivity, which was
possibly produced from MA and MG, increased and reached
its maximum (4.66%) at 2 h. Further increasing the reaction
time (2-20 h) led to a slight decrease from 4.66% to 0.18%.
MA selectivity, which was generated from the hydrolysis of
MMACc to produce methanol, was too small to measure at 0.5
h, but it increased and reached a maximum value (2.99%) at
4 h, decreased to 1.14% at 8 h, and remained constant
(1.14%) at 20 h. Actually, the selectivities of all the products
were closely related to the concentrations of H,O and metha-
nol in the system, which simultaneously acted as reactants
and products, taking part in multiple parallel or cascade
reactions.

3.5 The influence of drying temperature on DMM
carbonylation

The effect of varying the drying temperature from 90 to 130
°C on the performance of DMM carbonylation using a DICP-
001 catalyst is shown in Fig. 5. At a low drying temperature
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(90 °C), the conversion of DMM was 73.20%. With gradually
increasing drying temperatures from 90 to 120 °C, the con-
version of DMM clearly increased from 73.20% to 99.18%.
When the drying temperature was raised to 130 °C, the con-
version of DMM remained almost unchanged.

The selectivity of MMAc was as low as 10.25% with DICP-
001 dried at 90 °C, and the DME selectivity was as high as
27.60%, because the as-used resin catalyst still contained a
large amount of moisture, including physically adsorbed wa-
ter and chemically adsorbed crystal water, which significantly
influenced the formation of multiple relevant products. For
one reason, the residual moisture reliably interacted with H"
and covered the Bronsted acid sites, leading to a reduced col-
lision probability of DMM, CO, and active sites. Additionally,
the reaction of DMM with H,O producing DMM, and metha-
nol, which was also a competitive reaction with DMM carbon-
ylation, was promoted with more H,O left in the system,
resulting in the decreased MMAc selectivity and the en-
hanced methanol (14.28%) selectivity. Finally, the molecule
numbers of free formaldehyde and hemiacetal, which con-
tributed to the formation of MF, increased with the increased
content of H,O. Accordingly, DMM disproportionation to MF
and DME was enhanced to a certain degree. In a word, the
competitive reactions of DMM carbonylation were promoted
when increasing the H,O content in the study system, lead-
ing to the lower MMAc selectivity when DICP-001 was dried
at 90 °C. By gradually increasing the drying temperature from
90 to 120 °C, the selectivity of MMAc rapidly increased and
exhibited its maximum (64.39%) at 120 °C, because the con-
tent of the residual moisture was significantly reduced with a
higher drying temperature. But the MMAc selectivity
displayed a slight decrease (4.83%) with drying at 130 °C, al-
though more chemically adsorbed water was removed. We
recognized that the higher drying temperature led to the col-
lapse of pores and surface sintering of the as-used catalyst,
resulting in the decreased ability for DMM carbonylation.

The effects of drying temperature on other products' selec-
tivities are also exhibited in Fig. 5. Both MG and DMG selec-
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Fig. 5 The influence of drying temperature on DMM carbonylation
using a DICP-001 resin catalyst. Reaction conditions: 10 g DMM, 1 g

catalyst, reaction temperature: 110 °C, CO pressure: 5.0 MPa, reaction
time: 6 h, the mole ratio of CO/DMM = 1.67/1.
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tivities displayed maximums of 6.20% and 16.65%, respec-
tively, when DICP-001 was dried at 90 °C. As stated, more
residual moisture existed in the reaction system so the hydro-
lysis of DMM was promoted, resulting in the quantity of
dissociative-like formaldehyde evidently increasing. There-
fore, the carbonylation of formaldehyde reaction was easily
conducted to form GA. Accordingly, the subsequent esterifica-
tion of GA with methanol to generate MG and DMG was also
promoted. After further increasing the drying temperature
from 90 to 130 °C, the MG and DMG selectivities gradually
decreased and displayed minimums of 1.05% and 11.57%, re-
spectively. At low H,O content, the hydrolysis of DMM was
suppressed so less GA, MG, and DMG content was produced.
Hence, the lower temperature at which the resin catalyst was
dried, the greater H,O content was left, and the higher selec-
tivities of MG and DMG were realized. The selectivity of MA,
which was derived from the hydrolysis of MMAc, exhibited its
maximum (6.37%) with DICP-001 dried at 90 °C because of
the maximum residual H,O, and decreased from 6.37% to
0.98% as the drying temperatures gradually increased from
90 to 130 °C, due to the continuous decrease of H,O content.
The selectivity of MMAc, reached its maximum (2.59%) at 90
°C and its minimum (0.13%) at 130 °C, possibly because
MMACc, came from the esterification of MG with MA. The var-
iation law of MMACc, selectivity is in accordance with that of
MG and MA.

3.6 The influence of H,0 content on DMM carbonylation

According to the former work'” and the above-mentioned re-
action results, we considered that DMM first reacted with the
sulfonic acid groups to form methanol and methoxymethyl
species. Thereafter, CO was inserted into methoxymethyl to
form methoxyacetyl species, which could further react with
DMM to produce MMAc and regenerate the methoxymethyl
species. During the reaction cycle, H,O interacted with H,
which was the active center for DMM carbonylation. There-
fore, the effect of H,O content on DMM carbonylation was
systematically studied. In typical experiments, 5A zeolites
were implemented to remove H,O from DMM and 1,4-diox-
ane was used to extract H,O from resin catalysts; extra H,O
was also added to the system to obtain the target H,O con-
tent, which was measured by a Karl Fischer method. As
exhibited in Fig. 6, the conversion of DMM was as high as
99.98% with 32 ppm H,O in the reaction system. With gradu-
ally increasing H,O amounts from 32 to 2192 ppm, the con-
version of DMM only had a slight decrease, from 99.98% to
98.31%. By further increasing the H,O content from 2192 to
5 x 10* ppm, the conversion of DMM sharply decreased from
98.31% to 40.14%. At 10° ppm H,O content (10 wt% of
DMM), the DMM conversion was only 25.60%. These phe-
nomena indicated that adding extra H,O significantly de-
creased the activity of the sulfonic acid resin.

The MMACc selectivity, which was influenced by the content
of H,O from 32 to 10°> ppm, is also shown in Fig. 6. At 32 ppm
H,0, the MMAc selectivity was as high as 74.14%, yet the
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Fig. 6 The influence of H,O content on DMM carbonylation using a
DICP-001 resin catalyst. Notes: The solid symbols represent the real
reaction data, while the dotted lines indicate the mutative trend of
DMM conversion and product selectivities. Reaction conditions: 10 g
DMM, 1 g catalyst, reaction temperature: 110 °C, CO pressure: 5.0
MPa, reaction time: 6 h, the mole ratio of CO/DMM = 1.67/1.

selectivity of DME was only 16.15%. By gradually increasing
H,0 amounts from 32 to 2192 ppm, the MMAc selectivity
exhibited a significant decrease from 73.14% to 58.77%, while
the DME selectivity showed a gradual increase from 16.15% to
20.79%. Further increasing the H,O content from 2192 to 10°
ppm, the selectivity of MMAc sharply decreased and exhibited
a minimum level of 1.67% at 10° ppm. Nevertheless, the selec-
tivity of the DME rapidly increased and displayed a maximum
of 74.76% at 10° ppm, illustrating that DMM carbonylation was
obviously suppressed at higher H,O content. The methanol se-
lectivity evidently increased from 0.10% to 10.28% with increas-
ing H,0 amounts from 32 to 10° ppm. It was deduced that the
number of methoxymethyl groups, which were formed by the
reaction of DMM with Bronsted acid sites and further reacted
with CO to produce methoxyacetyl species, were reduced by
competitive adsorption of H,O through hydrogen-bond interac-
tion, to form -SO;H;0" on acid sites. The dissociative H" was
also surrounded by H,O via hydrogen-bond interaction. An-
other reason was that the Bronsted acid sites, which were the
active sites for CO insertion into methoxymethyl groups, might
be covered by the [(CH;0CH,)(H,0),]" clusters. The hydrolysis
of DMM was promoted by increasing H,O content to some ex-
tent, leading to an increased amount of methanol, free formal-
dehyde, and hemiacetal. Consequently, the more H,O content
there was, the lower the efficiency of DMM carbonylation was,
resulting in lower MMACc selectivity and higher DME and meth-
anol selectivity.

The selectivity of MG slowly increased from 0.2% by grad-
ually increasing H,O content from 32 to 2.77 x 10* ppm, and
displayed a maximum of 1.85%. Further increasing the H,O
content (2.77 x 10" to 10° ppm) led to a slight decrease of
MG selectivity from 1.85% to 0.65%. In fact, the dissociative
formaldehyde content, which contributed to the production
of GA, increased with increasing H,O amounts. MG came
from the esterification of GA and methanol. It was a com-
bined effect in that the selectivity of MG was not only
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influenced by the content of GA, methanol, and H,O, but also
affected by the carbonylation and esterification efficiency of
the catalyst, which was reduced by continually increasing the
H,0 amount. Therefore, the MG selectivity formed a volcano
character. The DMG selectivity increased from 6.34% to
8.17% by increasing the H,O content from 32 to 200 ppm,
and displayed a maximum of 11.76% when the H,O content
reached 1200 ppm, and exhibited a sharp decrease from
11.76% to 0.27% when further elevating the H,O content
from 1200 to 2.77 x 10* ppm. Almost no DMG was observed
at 10° ppm H,O.

DMG selectivity was affected by the content of GA, which
was influenced by the dissociative formaldehyde content and
formaldehyde carbonylation activity; the content of methanol,
which was directly impacted by the H,O amount; and the es-
terification ability of the as-used catalyst. Hence, the DMG se-
lectivity also exhibited a volcano shape and there was almost
no DMG at a large amount of given H,0, because the rate of
DMG hydrolysis was much higher than that of esterification
in high H,O content. MA selectivity, which was closely related
to MMAc and H,O content, as well as the hydrolysis capacity,
was 0.15% at 32 ppm H,0, and gradually increased with in-
creasing H,O content before reaching a maximum of 8.89%
at 2.77 x 10" ppm. It was nearly zero when the H,O content
was 10° ppm. More H,O contributed to the higher MA selec-
tivity, but plenty of H,O led to almost no MA being produced,
owing to very low upstream MMAc selectivity (1.67%). MMAc,
selectivity, which mainly came from the esterification of MG
with MA and was kept consistent with that of MG and MA,
was 1.88% at 32 ppm H,O amount, and gradually increased
with increasing H,O content, and reached a maximum of
7.42% at 2.77 x 10" ppm and was also nearly zero when the
H,O content was 10> ppm.

3.7 The influence of methanol content on DMM
carbonylation

As known, DMM is industrially synthesized from the dehy-
dration of methanol and formaldehyde. However, DMM can-
not be completely separated through atmospheric distilla-
tion because DMM-methanol forms a minimum-boiling
azeotrope with 94.06 wt% DMM.>* Therefore, the influence
of methanol content from 0.5-10 wt% on the performance
of DMM carbonylation was systematically studied, and the
experimental results are shown in Fig. 7. The conversion of
DMM was as high as 97.06% when the methanol content
was 0.5%. With gradually increasing methanol content from
0.5% to 5%, the DMM conversion had a slight decrease
from 97.06% to 92.24%. When the methanol content
reached 10%, the DMM conversion sharply decreased and
displayed only 33.62%.

As displayed in Fig. 7, the selectivity of MMAc was 59.27%
and the DME selectivity was 29.36% at 5% methanol content.
With increasing the methanol content from 0.5% to 5%, the
MMAc selectivity showed a linear decrease from 59.27% to
21.63%, while the selectivity of DME exhibited a linear
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Fig. 7 The influence of methanol content on DMM carbonylation
using a DICP-001 resin catalyst. Reaction conditions: 10 g DMM, 1 g

catalyst, reaction temperature: 110 °C, CO pressure: 5.0 MPa, reaction
time: 6 h, the mole ratio of CO/DMM = 1.67/1.

increase from 29.36% to 46.48%. After further increasing the
methanol content from 5% to 10%, the MMAc selectivity
sharply decreased and exhibited a minimum of 2.78%, while
the DME selectivity significantly increased and showed a
maximum of 82.28%. As a reference, an extra experiment by
using 10 g methanol and 1 g DICP-001 was conducted at 110
°C and 5.0 MPa CO for 6 h. All the methanol was converted
to DME with 100% selectivity, demonstrating that the dehy-
dration reaction of methanol was readily carried out to pro-
duce DME and H,O under the studied conditions. We con-
cluded that the effect of methanol addition nearly equalled
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the impact of simultaneous DME and H,O addition. Namely,
the influence of methanol on DMM carbonylation was more
likely to resemble the effect of H,O. Therefore, the MMAc se-
lectivity clearly decreased, yet the DME selectivity obviously
increased when gradually increasing the methanol. The hy-
drolysis of DMM was also promoted due to the produced
H,O0, resulting in the DMM, selectivity significantly increas-
ing from 3.05% to 11.18% as the methanol content increased
from 0.5% to 10%. With gradual methanol adding, the varia-
tion trends of other products’ selectivities are also consistent
with that of H,O increases.

In conclusion, different H,O and methanol contents had a
major influence on DMM carbonylation, which could be es-
sentially ascribed to the impact of H,0. H,O interacted with
Bronsted acid sites through hydrogen-bond to form
R-SO;H;0", leading to a number of methoxymethyl groups,
which were produced by the reaction of DMM with Bronsted
acid sites, being significantly decreased because of the com-
petitive adsorption of H,O on acid sites. Likewise, the
Bronsted acid sites, which were the active sites for the reac-
tion of CO insertion into methoxymethyl groups to produce
methoxyacetyl —species, might be covered by the
[(CH;0CH,)(H,0),]" clusters. In contrast, the hydrolysis of
DMM was conspicuously promoted, resulting in the in-
creased amount of methanol, free formaldehyde, and hemiac-
etal. Hence, the efficiency of DMM carbonylation was evi-
dently reduced when increasing H,O or methanol content,
resulting in obviously decreased MMAc selectivity, while the
DME selectivity clearly increased. During the reaction cycle,
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H,0 and methanol not only served as the reactants, but also
acted as the products from esterification.

3.8 Discussion for the proposed reaction route

According to the reaction results and a precise GC-MS analy-
sis of the products, as well as an understanding of the whole
reaction processes,'”'® several possible reaction routes are
proposed and displayed in Fig. 8. The main reaction was the
direct carbonylation of DMM with CO to produce MMAc. The
disproportionation of DMM to yield DME and MF was one of
the side reactions, which is in good agreement with the
vapor-phase carbonylation of DMM to MMAc using zeolites
with different framework structures."**> According to the
stoichiometry of disproportionation the mole ratio of DME/
MF is approximately two, but we observed that the DME/MF
ratio was much greater than the theoretical value with the
DICP-001 resin catalyst. As a reference, an additional experi-
ment was carried out by using 10 g MF and 1 g DICP-001 at
110 °C and 5.0 MPa CO for 6 h. All the MF was converted to
DME with 100% selectivity, illustrating that the decomposi-
tion reaction of MF could first decompose to form methanol
and CO, then the subsequent dehydration of methanol to
generate DME and H,O proceeded under the study system,
which caused a significant increase in the DME/MF ratio.

Compared with vapor-phase carbonylation of DMM,
many complicated and unreported side reactions accompa-
nied the liquid-phase carbonylation process. According to the
analysis results (by GC-MS), DMM,, MG, DMG, MA, and
MMAc, were measured and produced, along with MMAc,
DME, MF, and methanol. We considered that in the presence
of H,0 and Bronsted acid sites, hemiacetal was produced by
the protonation of DMM,® while free formaldehyde, which
was in the form of HO(CH,O)H in an aqueous solution, was
yielded via the hydrolysis of DMM. GA could be generated
through the carbonylation of free formaldehyde with CO, and
DMM, was formed via the reaction of free formaldehyde with
another molecule of DMM. Simultaneously, methanol was
also produced from the hydrolysis of DMM. In this reaction
system, DME was not only formed from the disproportion-
ation of DMM, but also from the dehydration of methanol.
MG was produced from the esterification of GA with metha-
nol, and DMG was generated from the esterification of GA
with MG, or from the esterification of one molecule of meth-
anol and two molecules of GA, which was not easy to accom-
plish with the trimolecular reaction. MA was readily formed
from the hydrolysis of MMAc because the main product
(more than 50 wt%) in the system was MMAc. MMAc, proba-
bly came from not only the esterification of MG with MA, but
also the carbonylation of DMM, >* In the above-mentioned
procedures, the H,O and methanol content had significant
effects on the formation of various products.

12-17

4. Conclusions

A highly efficient sulfonic acid resin was selected for the
liquid-phase carbonylation of DMM to produce MMAc with-
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out the assistance of a solvent. The conversion of DMM
reached nearly 100% with 64.39% MMAc selectivity, using
the DICP-001 resin catalyst at 110 °C and 5.0 MPa CO for 6 h,
with a CO/DMM ratio of only 1.67/1. The effects of reaction
temperature, CO pressure, mole ratio of CO/DMM, reaction
time, drying temperature, and H,O and methanol content
were systematically studied. The DMM conversion increased
with increasing reaction temperature, CO pressure, the mole
ratio of CO/DMM, reaction time, and drying temperature,
while it decreased with increasing H,O and methanol con-
tent. The MMAc selectivity exhibited a volcano shape with in-
creasing the reaction temperature and drying temperature,
and it increased with enhancing the CO pressure, the mole
ratio of CO/DMM, and the reaction time, while it decreased
with increasing the H,O and methanol content. After remov-
ing H,O from the DMM and resin catalyst, the MMAc selec-
tivity was as high as 74.14% under the same reaction condi-
tions. For liquid phase carbonylation of DMM, many
complicated and unreported side reactions were observed.
According to the analysis results, DMM,, MG, MMAc,, DMG,
and MA were produced apart from MMAc, DME, MF, and
methanol formation. The H,0 and methanol content had sig-
nificant influences on the formation of these products. The
reaction routes were first proposed to illustrate the relation-
ships between reactants and products. This direct carbonyla-
tion of DMM to produce an MMAc process, which was more
efficient and selective, exhibits enormous potential for indus-
trial manufacturing.
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