
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 3

/3
/2

02
6 

7:
19

:2
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Synthesis of poly
aCollege of Science, China University of Pe

Shandong, P. R. China. E-mail: catagroupsh
bChinese People's Liberation Army Oil Resea

Cite this: RSC Adv., 2017, 7, 20300

Received 5th March 2017
Accepted 14th March 2017

DOI: 10.1039/c7ra02678a

rsc.li/rsc-advances

20300 | RSC Adv., 2017, 7, 20300–203
oxymethylene dimethyl ethers
catalyzed by sulfonic acid-functionalized
mesoporous SBA-15

Zhenzhen Xue, a Hongyan Shang,*a Chunhua Xiong,b Changbo Lu,b Gaojun An,b

Zailong Zhang,a Chuntao Cuia and Mingjie Xua

Sulfonic acid-functionalized mesoporous SBA-15 (SO3H-SBA-15) with different sulfur loading was

synthesized via a post-synthesis method with 3-mercaptopropyltrimethoxysilane (MPTMS) and was used

to investigate the catalytic performance for the synthesis of polyoxymethylene dimethyl ethers (PODEn)

from methylal (DMM) and trioxymethylene (TOX). X-ray diffraction, N2 adsorption–desorption, Fourier

transform infrared spectra, 13C-NMR and 29Si-NMR, elemental analyses, and X-ray fluorescence were

used to characterize the structures and sulfur loading of the obtained catalysts, and chemistry titration

was carried out to investigate the acid amounts of the catalysts. Through the comparison of the catalysts

with different sulfur loading, it was found that the acidity of the catalysts has a decisive effect on the

product distribution and the chain length of the products: under the catalysis of the SO3H-SBA-15(0.8)

catalyst, which has an acid amount of 0.166 mmol g�1, the highest DMM and TOX conversion and

PODEn yield and selectivity were achieved and the desired chain length of PODE2–8 was obtained. The

optimum reaction conditions such as reaction time, temperature, and molar ratio of DMM and TOX were

investigated, and by comparison of different reaction temperatures, it was demonstrated that

temperature played an important role in the TOX depolymerization rate and selectivity of the main

products and by-products. By adjusting the molar ratio of DMM and TOX, it was observed that an

increasing amount of TOX was beneficial for promoting the reaction to generate the products with

a higher degree of polymerization. The comparison test of the reaction time confirmed that the reaction

reached chemical equilibrium within 60 min and could not be promoted by further extending the time.
1. Introduction

With the increasing depletion of oil resources and environ-
mental pressure, researchers have been developing a new diesel
engine fuel or additive that could replace diesel and reduce
engine emissions. According to the combustion characteristics
of the diesel engine fuel, it is considered that the oxygenated
compounds are very suitable to be used as diesel fuel additives.
As a representative of an oxygenated compound, polyoxy-
methylene dimethyl ethers (PODEn) have the characteristics of
high cetane number,1 high oxygen content,2 and are free of
sulfur and aromatics. They can achieve highly efficient and
clean combustion3,4 that effectively reduces soot emission, PM
emission, and particle number without changing the engine
infrastructure.3,5,6 On the other hand, the feedstock for PODEn

synthesis primarily consists of methanol and methanol deriv-
atives; therefore, the development of PODEn is of great signi-
cance in promoting the development of methanol downstream
troleum (East China), Qingdao 266580,
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products of high added value and the healthy development of
the coal chemical industry.

It is well known that the synthesis of PODEn is a type of acid
catalytic process, at present; there are relatively few reports on
the PODEn synthesis catalysts. Several acid catalysts such as ion-
exchanged resin,7–9 molecular sieve,10,11 ionic liquids,12–14 het-
eropoly acids,15 Zr–Alumina,16 graphene oxide,17 solid super
acid,18 etc. have been studied for the synthesis of PODEn.
However, only few catalysts are suitable for industrial applica-
tion because of the unsatisfactory conversion rate and selec-
tivity of PODEn. Wu et al.11 evaluated the catalytic performance
of ZSM-5 molecular sieves with different Si/Al ratios for the
synthesis of PODEn, and they indicated that under the catalysis
of ZSM-5 with the Si/Al ratio of 580, the conversion rate of TOX
and selectivity of PODEn were 85.3% and 88.5%, respectively. Li
et al.18 prepared SO4

2�/Fe2O3–SiO2 catalysts with varied acid
strength and acid sites, by which the conversion rate of TOX and
selectivity of PODEn were only 81.9% and 34.4%, respectively.
Zhao and coworkers10 compared the catalytic performance of
HY, HZSM-5, Hb, and HMCM-22, and they indicated that
HMCM-22 showed the best catalytic performance; however, the
selectivity of PODE3–8 was only 29%. Therefore, an effective
This journal is © The Royal Society of Chemistry 2017
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catalyst with high activity is urgently required for PODEn

synthesis from methylal and trioxymethylene.
Sulfonic acid mesoporous SBA-15 catalyst as a type of excel-

lent and efficient Brønsted acid catalyst has been applied in
different elds such as ethylene polymerization,19,20 biodiesel
synthesis,21,22 bio-oil upgrading,23 fatty acid esterication,24–26

glycerol acetylation,27 and dimethyl ether synthesis.28 In our
previous research, we synthesized a series of mesoporous Al-
SBA-15 molecular sieves with different Si/Al ratios and investi-
gated the inuences of acid strength, acid amount, acid type,
and pore sizes on the PODEn synthesis.29 In this study, as
a continuation of our previous study, a series of sulfonic acid-
functionalized mesoporous SBA-15 with different sulfur
loading were synthesized by a post-synthesis method. X-ray
diffraction (XRD), N2 adsorption–desorption, X-ray uores-
cence (XRF), nuclear magnetic resonance (NMR), Fourier
transform infrared (FT-IR) spectroscopy, elemental analysis,
and acid–base titration were used to characterize the structure
and acidity of the as-synthesized catalysts. Moreover, reusability
performance of sulfonic acid-functionalized mesoporous SBA-
15 was also studied herein.
2. Experimental
2.1. Catalyst preparation

Preparation of SBA-15. Pure silica SBA-15 materials were
synthesized according to the procedure described by Zhao
et al.30 Typically, 4 g P123 (Aldrich, EO20-PO70-EO20) was
dispersed in 30 ml of deionized water and 120 ml of 2 M HCl
solution under sufficient stirring, followed by the drop-wise
addition of 9 g TEOS (Aldrich, Si(OC2H5)4) to the above-
mentioned solution. The mixtures were continuously stirred at
room temperature for 24 h and crystallized in a Teon-lined
autoclave at 100 �C. The mixtures were ltered, washed, dried
at 100 �C for 12 h, and then calcined at 550 �C for 6 h.

Preparation of sulfonic acid-functionalized SBA-15. The
procedure for the synthesis of organosilane-sulfonated SBA-15
was carried out as reported in a previous study.31 Typically, 1 g
SBA-15 was dispersed in 30 ml of toluene and stirred for 10 min
under a N2 atmosphere, and specic amounts of 3-mercapto-
propyltrimethoxysilane (0.2, 0.5, 0.8, 1, and 2 g per gram SBA-
15) were added dropwise using an injector. The mixture solu-
tion was reuxed at 110 �C under a N2 atmosphere for 24 h.
Then, the mixture was ltered and washed with toluene and
ethanol and dried at 60 �C for 12 h. The obtained solid was
oxidized with 30 ml of aqueous H2O2 (30 wt%) at room
temperature for 24 h under a N2 atmosphere. The catalysts were
ltered and washed with deionized water and ethanol and dried
at 60 �C under vacuum for 12 h. The sulfonated SBA-15 was
denoted as SO3H-SBA-15(n), where n refers to the sulfur loading
on the SBA-15 surface.
2.2. Catalyst characterization

X-ray diffraction (XRD) was carried out using an X'Pert Pro MPD
equipment produced by Panalytical with CuKa radiation. The
scan range was set between 0.5� and 5� for small angle
This journal is © The Royal Society of Chemistry 2017
measurements. N2 adsorption–desorption experiments were
carried out via a TriStar II instrument (micromeritics, USA)
using nitrogen as the adsorption agent at �196 �C. The specic
surface areas were calculated from the Brunauer–Emmett–
Teller (BET) equation, and the total pore volumes were calcu-
lated by the BJH method. The BJH pore sizes were calculated
from the desorption branch of the isotherms. The S, C, and H
elemental analyses were carried out by a Thermo EA1112
Element Analyzer. X-ray uorescence (XRF) was performed via
a PANalytical Axios instrument. Fourier transform infrared
spectra (FT-IR) were obtained using a Thermo Fisher Nicolet-
6700 instrument. The 13C-NMR and 29Si-NMR spectra were ob-
tained using a Bruker MSL 300 NMR spectrometer with the
resonance frequencies of 75.5 MHz and 59.6 MHz, respectively.
Thermogravimetric analysis was carried out under a high-purity
N2 atmosphere at the heating rate of 10 �C min�1. The acid
amounts of the catalysts were detected via a titration method as
follows: 0.1 g of SO3H-SBA-15 catalyst was added to 20 ml of
NaCl (2 M) aqueous solution; the mixture was stirred at room
temperature for 12 h and then titrated with 0.05 M NaOH
solution.32,33
2.3. Catalytic performance test

Experiments for the catalytic performance tests were carried out
using a 100 ml stirred autoclave reactor. DMM, TOX, and SO3H-
SBA-15 catalysts were quantitatively loaded into the reactor. The
amounts of DMM and TOX were basically added according to
the molar ratio from 2.5 : 1 to 1 : 2 and the amount of SO3H-
SBA-15 catalysts were 2 wt% of the total amount of the feed-
stock loading. The reaction temperature was set at 70–130 �C
and controlled with �1 �C of the set value via a modular
controller; the reaction times were set from 20 to 120 min. The
reaction pressure was xed at 1 MPa and the agitation speed
was set at 300 rpm.

Synthetic products were analyzed by an Agilent 7820 gas
chromatograph with an FID detector. An Agilent HP-5 capillary
column (30 m � 0.32 mm � 0.25 mm) was used. Chromato-
graphic conditions were set as follows: injection port temper-
ature, 280 �C; detector temperature, 280 �C; oven temperature
program: initially the temperature was maintained at 32 �C for
5 min, then increased to 45 �C at the rate of 3 �C min�1, and
nally to 245 �C at the rate of 50 �C min�1 and maintained
for 5 min. The internal standard method was adopted as
a quantitative method and octane was used as the internal
standard.

To estimate the conversion of feedstocks and the yield and
selectivity of PODEn, the calculation formulas were employed as
follows: DMM conversion:

XDMM ¼ mDMM;feed �mDMM;product

mCH2O;feed

� 100%

TOX conversion:

XCH2O ¼ mCH2O;feed �mCH2O;product

mCH2O;feed

� 100%
RSC Adv., 2017, 7, 20300–20308 | 20301
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PODEn yield:

YPODEn
¼ mPODEn ;product

mCH2OþDMM;feed

� 100%

PODEn selectivity:

SPODEn
¼ mPODEnX

n. 1

mPODEn

� 100%

where mDMM,feed and mCH2O,feed is the feeding quality of meth-
ylal and trioxymethylene, respectively; mDMM,product and mCH2-

O,product is the quality of methylal and trioxymethylene in the
product, respectively.
Fig. 2 N2 adsorption–desorption isotherms (a) and pore size distri-
bution (b) of SBA-15 and SO3H-SBA-15.
3. Results and discussion
3.1. Structural features of the catalysts

The small angle XRD patterns of SBA-15 and SO3H-SBA-15 with
different sulfur loading are shown in Fig. 1. All the samples have
three well-resolved diffraction peaks at about 0.92�, 1.55�, and
1.77�, corresponding to the (100), (110), and (200) reections,
respectively, which can be identied as typical two-dimensional
hexagonal mesostructures (space group p6mm). XRD patterns
for SO3H-SBA-15 catalysts did not change aer the graing
process, evidencing that the two-dimensional hexagonal mes-
ostructure was stable during the functionalization process.23

The N2 adsorption–desorption isotherms and pore size
distribution of SBA-15 and SO3H-SBA-15 are shown in Fig. 2. It
can be seen that both the SBA-15 and SO3H-SBA-15 catalysts
show type IV isotherm with H1 hysteresis capillary at 0.65 < P/P0
< 0.80 due to the presence of mesoporous structure and have
narrow pore size distribution, which centralizes at about
6.5 nm.

The physical properties of SO3H-SBA-15 catalysts are shown
in Table 1. The specic surface and pore volume and pore
diameter of SBA-15 are 747 m2 g�1, 1.04 cm3 g�1, and 5.92 nm,
respectively, and the surface area, pore volume, and pore sizes
of the as-synthesized materials gradually decreased with the
increase of sulfur loading, indicating that the graing reactions
not only proceeded on the surface of the catalyst, but also
Fig. 1 Small angle XRD patterns of SBA-15 and SO3H-SBA-15 with
different sulfur loading.

20302 | RSC Adv., 2017, 7, 20300–20308
occurred inside of the pore and caused a certain degree of
plugging phenomenon. The sulfur loadings of SO3H-SBA-15
catalysts, which are shown in Table 1, were determined by
elemental analysis and further conrmed via XRF detection. It
can be seen that the sulfur contents on the surface of SBA-15
supports gradually increased with the increase of silane
concentration, and the actual measured sulfur contents are
always lower than that of the feeding amount used for the
graing, which is consistent with a previous report.31 Acid
amounts of SO3H-SBA-15 catalysts with different sulfur loading
are shown in Table 1. The acid amounts are proportional to the
sulfur content of the catalyst and gradually increased from
0.056 to 0.443 mmol g�1.

Infrared spectrum detection was used as a qualitative
method to identify whether silane was successfully graed on
the silica surface.31,34 The strong and wide absorption band at
1093 cm�1 can be attributed to the Si–O–Si antisymmetric
stretching vibration (Fig. 3). The bands at 809 cm�1 and 460
cm�1 are assigned to the Si–O stretching vibration and bending
vibration, respectively. The peak at 958 cm�1 belongs to the
bending vibration absorption peaks of the Si–OH bond. The
attachment of silane on the silica surface was identied by the
bands at 2940 cm�1 and 2854 cm�1, which are assigned to the
asymmetric and symmetric stretching peaks of methylene, and
the band at 1460 cm�1 can be attributed to the methylene
symmetric bending vibration.

The incorporation of silane on the silica surface was further
conrmed by 29Si MAS NMR and 13C-MAS NMR.31,35–37 The 13C
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra02678a


Table 1 Physical properties of SO3H-SBA-15 catalysts

Catalyst
Specic surface
area m2 g�1

Pore volume
cm3 g�1

Pore diameter
nm

S contenta

wt%
S contentb

wt%
Amount of acid
sites mmol g�1

SBA-15 747 1.04 5.92 — — —
SO3H-SBA-15(0.2) 658 1.02 5.89 0.18 0.16 0.056
SO3H-SBA-15(0.5) 639 0.98 5.86 0.42 0.43 0.132
SO3H-SBA-15(0.8) 625 0.95 5.85 0.53 0.54 0.166
SO3H-SBA-15(1.0) 618 0.92 5.81 0.84 0.89 0.262
SO3H-SBA-15(2.0) 609 0.92 5.79 1.42 1.45 0.443

a S content detected from the elemental analysis. b Calculated by XRF.

Fig. 3 The Fourier transform infrared spectra of SBA-15 and SO3H-
SBA-15 catalysts.

Fig. 4 (A) 13C-NMR and (B) 29Si-NMR spectra.
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MAS NMR spectra of SO3H-SBA-15(0.8) (Fig. 4(A)) exhibit the
signals at 12.77, 17.52, and 55.39 ppm, which are assigned to
the C1, C2, and C3 carbon peaks, respectively. No peak can be
found at about 23 and 41 ppm, indicating that no disulphide
was formed during the preparation. Fig. 4(B) shows the 29Si MAS
NMR spectra of SO3H-SBA-15(0.8). The two distinct resonances
at �112 ppm and �103 ppm refer to Q4 [Si(OSi)3] and Q3
[HOSi(OSi)3], respectively. The spectrum of SO3H-SBA-15(0.8)
shows another two resonances at �67 ppm and �59 ppm,
which illustrate that the Si–C bonds were successfully gener-
ated, and the organic functional groups were incorporated into
the frameworks.
3.2. Catalytic performance

The catalytic performance of SO3H-SBA-15 catalysts with
different sulfur loading for the synthesis of PODEn is presented
in Fig. 5. There is a signicant inuence of the sulfur loading on
the conversion rate of feedstock DMM and TOX and the selec-
tivity and yield of main product PODE2–8. It can be seen from
Fig. 5a that the conversion of DMM and TOX and the yield of
PODE2–8 rst increased and then decreased when the sulfur
loading increased from 0.2 to 2 wt% and reached maximum
values of 51.84, 95.57, and 61.86%, respectively, under the
catalysis of SO3H-SBA-15(0.8). In addition, as shown in Fig. 5b,
with the increase of sulfur loading, the selectivity of by-product
methyl formate gradually increased and reached its highest
This journal is © The Royal Society of Chemistry 2017
value under the catalysis of SO3H-SBA-15(2.0), which could be
attributed to the highest acid amount of SO3H-SBA-15(2.0), as
illustrated in Table 1. Therefore, the SO3H-SBA-15(0.8) catalyst
has the best catalytic performance for PODEn synthesis.

It is well known that the production process of PODEn can be
roughly summarized as two steps: depolymerization of trioxy-
methylene into formaldehyde monomer and condensation
reaction of formaldehyde monomer with DMM and PODEn�1.
Moreover, the excessive formaldehyde monomer in the acidic
environment will cause the generation of the by-product methyl
formate in a Tischenko reaction.38 It was reported18 that the
trioxymethylene dissociation process was a crucial step and
depolymerization and transformation situation of trioxy-
methylene was related with the catalyst acidity, which directly
RSC Adv., 2017, 7, 20300–20308 | 20303
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Fig. 5 Catalytic activity of the catalysts with different sulfur loading.
Reaction conditions: n(DMM)/n(TOX)¼ 1; catalyst loading: 2%; 100 �C;
60 min; 1 MPa.
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affected the further condensation reaction and side reaction.
Fig. 6 shows the reaction and depolymerization tendency of
TOX in the presence of catalysts with different acid amounts,
which can clearly explain the reaction rules. It can be seen that
under the catalysis of SO3H-SBA-15(0.2) and SO3H-SBA-15(0.5)
catalysts, which have relatively weak acidity, trioxymethylene
was insufficiently depolymerized; therefore, the corresponding
the concentration of trioxymethylene, which was converted to
the main product PODE2–8 and byproduct MF, was relatively
low. Under the catalysis of SO3H-SBA-15(0.8), which has
moderate acidity, the undecomposed trioxymethylene in the
product reached a minimum value and at the same time the
Fig. 6 Conversion and depolymerization tendency of TOX in the
presence of catalysts with different acid amounts.

20304 | RSC Adv., 2017, 7, 20300–20308
depolymerized trioxymethylene, which was converted to PODEn,
reached a maximum value. With the further increase of catalyst
acidity, the depolymerized trioxymethylene, which was con-
verted to the byproduct methyl formate, obviously increased,
indicating that the depolymerization rate of trioxymethylene is
far greater than its condensation rate with methylal in the
presence of the catalyst with large amounts of acid, and
accordingly, the excessive formaldehyde monomer generates
methyl formate. Moreover, the trioxymethylene content in the
product also increased under the catalysis of SO3H-SBA-15(1.0)
and SO3H-SBA-15(2.0), illustrating that the excessive amount of
acid will not only promote the occurrence of the side reaction,
but also inhibits the depolymerization reaction of trioxy-
methylene, or accelerates the repolymerization of formaldehyde
monomers into trioxymethylene. It can be concluded that the
depolymerization of TOX requires a relatively moderate acid
amount as an insufficient or excessive amount of acid will lead
to incomplete depolymerization.

PODEnwith the structure of CH3O–(CH2O)n–CH3 is a mixture
of different degrees of polymerization, and with the increase of
the degree of polymerization, the cetane number, which is one
of the most important indexes for diesel oil, gradually improve.1

However, a high degree of polymerization (n > 8) will cause the
increase of pour point and the cold lter plugging point of the
mixture, which is not suitable to be used as a diesel fuel
blending component and will need to be returned to the
synthetic unit. Moreover, the PODE2 component does not meet
the security criterion of the diesel fuel due to its low boiling
point and low ash point; therefore, it cannot be used as
a diesel blending component either. Thus, among PODEn

products, relatively more PODE3–8 should be generated, and
PODE2 and PODEn>8 components should be largely suppressed.
The effects of sulfur loading on the product distribution and
chain length are shown in Fig. 7. It can be clearly seen that the
selectivity of PODEn with different polymerization and chain
length obviously varied with the change of sulfur loading. With
the increase of sulfur loading, the selectivity of PODE2–8

increased rst and then decreased, and on the SO3H-SBA-
15(0.8) catalyst, the selectivity of PODE3–8 reached the highest
value among all the catalysts. In addition, the maximum chain
length of PODEn obviously increased with the increase of sulfur
Fig. 7 Effect of sulfur loading on the product distribution and chain
length.

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 The influence of temperature on the conversion rate of DMM
and TOX and selectivity of PODEn and by-product on SO3H-SBA-
15(0.8) catalyst. Reaction conditions: n(DMM)/n(TOX) ¼ 1; catalyst
loading: 2%; 60 min; 1 MPa.

Fig. 9 Effect of the molar ratio of DMM and TOX on the conversion
rate of DMM and TOX and yield of PODEn (a) and product distribution
(b). Reaction conditions: SO3H-SBA-15(0.8), catalyst loading: 2%;
100 �C; 60 min; 1 MPa.
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loading. Under the catalysis of SO3H-SBA-15(0.2) catalyst, only
PODE2–6 were generated and the product with the polymeriza-
tion degree of n > 7 was not formed. On the SO3H-SBA-15(0.5)
catalyst, PODE7 can be detected, and furthermore, PODE10

was generated under the catalysis of SO3H-SBA-15(2.0). Fortu-
nately, only the desired components PODE3–8 were formed
under the catalysis of SO3H-SBA-15(0.8). This result fully
explains that the acidity of the catalysts also has a decisive effect
on the product distribution and the chain length of the prod-
ucts. Thus, it is also an effective way to obtain the desired
product distribution by adjusting the acidity of the catalyst.

From a thermodynamic point of view, the ring opening
depolymerization reaction of trioxymethylene is endothermic;
thus, a relatively higher temperature is in favor of the depoly-
merization of trioxymethylene. However, the condensation
reaction of formaldehyde and methylal is conversely a slightly
exothermic reaction. Thus, it is very important to select an
appropriate temperature to achieve the maximum efficiency of
the reaction. The inuence of temperature on the conversion
rate of DMM and TOX and selectivity of PODEn and byproduct is
shown in Fig. 8. With the increase of temperature, the conver-
sion rate of TOX gradually increased, indicating that a higher
temperature will accelerate the depolymerization process of
TOX. A relatively low temperature will lead to the incomplete
depolymerization of TOX. However, the selectivity of the
byproduct MF also increased with the increase of temperature,
especially aer a temperature greater than 100 �C. This is
probably due to the fact that the depolymerization rate of tri-
oxymethylene is far greater than its condensation rate with
methylal at high temperature; thus, the competitive reaction of
the formation of the byproduct methyl formate is greatly
promoted. Therefore, considering the feedstock conversion rate
and product selectivity, 100 �C is the most appropriate
temperature for the PODEn synthesis.

The molar ratio of feedstocks has a great inuence on the
conversion rate of the feedstocks and the yield of the products.
It can be seen that increasing the amount of trioxymethylene is
benecial for enhancing the yield of PODE2–8 (Fig. 9a) and
improving the conversion rate of DMM; however, the conver-
sion rate of TOX was gradually reduced due to the limit of the
This journal is © The Royal Society of Chemistry 2017
equilibrium of the reaction. In addition, as shown in Fig. 9b, the
product distribution and chain length obviously varied with the
change of the molar ratio of DMM and TOX. With the increase
of TOX proportion, the selectivity of PODE2 decreased, whereas
the selectivity of PODE3–8 gradually increased, indicating that
increasing the amount of TOX is in favour of promoting the
reaction to generate products with a higher degree of poly-
merization. When the DMM/TOX molar ratio was 1 : 2, the
product with the chain length of 10 was generated. With the
increase of DMM proportion, the high degree of polymerization
selectivity gradually decreased, and when the molar ratio of
DMM/TOX reached 1 : 1, no product of n > 8 was formed.
Therefore, to avoid the generation of products with a high
degree of polymerization, a relatively large proportion of
methylal was required. Although with the change of the DMM/
TOX molar ratio from 2 : 1 to 1 : 2, the yield of PODE2–8 grad-
ually decreased, whereas the conversion rate of TOX signi-
cantly increased. Thus, a relatively large proportion of methylal
will not only inhibit the generation of high degree of polymer-
ization products, but also greatly improves the conversion rate
of TOX. Therefore, to avoid the generation of a high degree of
polymerization products, it is necessary to lose a certain yield of
PODE2–8. Considering the yield of PODEn and conversion of
TOX under the premise of no generation of PODEn in which n >
8, 1 : 1 is the optimum molar ratio of DMM and TOX in the
reaction system.

The yield of PODEn and the conversion rate of DMM and TOX
all have a signicant increase in the reaction for the rst 60
RSC Adv., 2017, 7, 20300–20308 | 20305
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Fig. 10 The influence of reaction time on the conversion rate of DMM
and TOX and yield of PODEn over SO3H-SBA-15(0.8) catalyst. Reaction
conditions: n(DMM)/n(TOX) ¼ 1; catalyst loading: 2%; 100 �C; 1 MPa.

Fig. 11 Comparison of SO3H-SBA-15(0.8), Amberlyst-15, ZSM-5
zeolite, and HY zeolite for PODEn synthesis. Reaction conditions:
n(DMM)/n(TOX) ¼ 1; catalyst loading: 2%; 100 �C; 1 MPa.

Fig. 12 Recycling experiment of SO3H-SBA-15(0.8) catalyst. Reaction
conditions: n(DMM)/n(TOX) ¼ 1; catalyst loading: 2%; 100 �C; 1 MPa;
60 min.

Fig. 13 TGA curves of the as-synthesized and the 6th run recycled
SO3H-SBA-15(0.8) catalyst.
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minutes, which is shown in Fig. 10. Because the depolymer-
ization process of TOX is relatively slow, a certain period of time
is required to achieve the balance of trioxymethylene depoly-
merization. However, when the reaction time is prolonged to
90 min and 120 min, the conversion rate of feedstocks and the
yield of the products are essentially at compared with those at
60 min, which shows that the reaction system has basically
reached chemical equilibrium and cannot be promoted by
extending time. Thus, 60 min is the most appropriate time for
PODEn synthesis.

The catalytic performance of SO3H-SBA-15(0.8) catalyst was
further evaluated by comparing with the reference catalysts
such as Amberlyst-15 sulfonic acid resin, ZSM-5 zeolite with Si/
Al ratio of 200, and HY zeolite with the Si/Al ratio of 5.3. It can be
seen from Fig. 11 that the conversion rate of TOX and the
PODEn yield and selectivity under the catalysis of SO3H-SBA-
15(0.8) are obviously higher than those of Amberlyst-15
sulfonic acid resin, and ZSM-5 and HY zeolite. One reason for
the better performance of the SO3H-SBA-15(0.8) catalyst is
attributed to the enhanced mesoporosity, which would over-
come the diffusion limitation and promote the transformation
20306 | RSC Adv., 2017, 7, 20300–20308
of the reactants and products in the two-dimensional hexagonal
mesostructure. Another more important reason is probably
ascribed to the moderate acidity of the SO3H-SBA-15(0.8) cata-
lyst. We know that the depolymerization of TOX requires
a relatively moderate acid amount; insufficient or excessive
amount of acid will promote the formation of the by-product
methyl formate and lead to the incomplete depolymerization
of TOX, thus affecting the conversion of TOX and yield of
PODEn. There is a relatively high acid amount in the pores of
Amberlyst-15 sulfonic acid resin, ZSM-5 zeolite, and HY zeolite,
which leads to the far greater depolymerization rate of TOX than
its condensation rate with methylal; therefore, a large number
of methyl formate is generated and the depolymerization of
TOX is suppressed.

The catalytic stability of the as-synthesized catalyst, which is
an important index for selecting the catalysts, was evaluated in
the PODEn synthesis. SO3H-SBA-15(0.8) catalyst was used to
evaluate the reusability. Aer completing a catalytic reaction,
SO3H-SBA-15(0.8) was separated from the reaction system by
ltration and was dried in vacuum at 60 �C for 12 h and then
used for the next reaction. As illustrated in Fig. 12, the activity of
the catalysts only slightly declined aer being reused six times;
the conversion rate of TOX decreased from 95.57% to 93.09%,
This journal is © The Royal Society of Chemistry 2017
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and the yield of PODE2–8 also decreased from 61.86% to 59.13%.
Moreover, the as-synthesized and the 6th run recycled SO3H-
SBA-15(0.8) catalyst were characterized by elemental analysis
and further veried by TGA (Fig. 13), showing that the sulfur
content of the catalyst slightly reduced from 0.53% to 0.51%.
4. Conclusion

Herein, SO3H-SBA-15 catalysts with different sulfur loading
were successfully prepared for the synthesis of PODEn from
DMM and TOX. In the study of the effect of different sulfur
loading (acid property) on the catalytic performance, it was
found that a moderate amount of acid was required for PODEn

synthesis, as proven by SO3H-SBA-15(0.8) catalyst, which
showed the best catalytic performance, in that the conversion
rate of DMM and TOX and the yield of PODE2–8 reached high
values of 51.84, 95.57, and 61.86%, respectively. Inadequate or
excessive amounts of acid will lead to the incomplete depoly-
merization of trioxymethylene. Moreover, the excessive amount
of acid can cause the formation of a large number of by-product,
methyl formate. In addition, the acidity of the catalysts also had
a decisive effect on the product distribution and the chain
length of the products. The optimum reaction conditions were
investigated; through the comparison of reaction temperature,
it can be concluded that a relatively low temperature ranging
from 70 to 90 �C will lead to the incomplete depolymerization of
trioxymethylene, and a higher temperature ranging from 110 to
130 �C will accelerate the depolymerization process of TOX and
greatly promote the formation of the by-product methyl
formate; thus, 100 �C was the most appropriate temperature. By
adjusting the molar ratio of DMM and TOX, it was found that an
increasing amount of TOX was in favor of improving the yield of
PODEn and promoting the generation of the products with
a higher degree of polymerization. Considering a higher
product yield and reasonable product chain length, 1 : 1 was the
optimum molar ratio of DMM and TOX, at which no PODEn>8

was generated. The reaction time analysis demonstrated that
the reaction system had basically reached chemical equilibrium
within 60 min and the reaction could not be promoted by
further extending time. Moreover, according to the comparison
of SO3H-SBA-15(0.8) catalyst and the reference catalysts, it can
be concluded that the SO3H-SBA-15(0.8) catalyst had better
catalytic activity than Amberlyst-15 sulfonic acid resin, and
ZSM-5 and HY zeolite for PODEn synthesis. The activity of SO3H-
SBA-15(0.8) catalyst just slightly declined aer being reused six
times, showing good application prospects.
Acknowledgements

This work was supported by the National Key Technology R&D
Program (No. 2013BAB11B03).
Notes and references
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