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Gas-Phase Catalytic Dehydration of Glycerol with Methanol to
Methyl Glyceryl Ethers over Phosphotungstic Acid Supported on
Alumina
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ABSTRACT: Glycerol can be dehydrated with methanol to
produce methyl glyceryl ethers as biologicals and diesel fuel
additives. Considering the high efficiency of mass transfer and
product separation in the gas—solid catalytic process, a fixed-bed
continuous-flow reactor was used to carry out the catalyst
evaluation test of the process at 564 K. Compared with zirconium
sulfate, lanthanum nitrate, and ammonium molybdate, phospho-
tungstic acid exhibits a higher target product selectivity. Through
loading experiments, it was found that the optimal loading fraction
of phosphotungstic acid on alumina is 10 wt %. After the alumina
carrier is impregnated with nitric acid, the selectivity and yield of
monomethyl glycerol ether can be eftectively improved, and it has
little effect on other products. A test of the addition amount of cerium nitrate as a promoter was carried out. It was shown in the test
that when the addition amount of cerium nitrate is 10 wt %, the catalyst life increases from 2 to 3.5 h and the selectivity of dimethyl
glycerol ether increases to 54.51%, which is twice the original. However, the selectivities of monomethyl glycerol ether and trimethyl
glycerol ether decrease by one-half each. Through catalyst characterization, it was shown that carbon deposition on the catalyst
surface is one of the reasons for catalyst deactivation.
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1. INTRODUCTION

Due to the overexploitation and continuous consumption of
petroleum resources, clean renewable alternative energy has
attracted more and more attention. Among all renewable
energies, biodiesel has been widely used in recent years due
to its unique combustion and blending properties. However,
its synthesis process through the transesterification reaction

reduce pollutant emissions of respirable particles, hydro-
carbons, carbon monoxide, and unregulated aldehydes.lz_15
Alkyl glycerol ethers can be synthesized by etherification of
glycerol with isobutene and dehydration of glycerol with
alcohols such as tert-butyl alcohol, ethanol, and methanol.'®
The etherification process of glycerol with isobutene is
limited because of isobutene self-polymerization.'”"® In view
of low cost and wide source of raw materials, the dehydration

produces glycerol with a mass fraction of 10%. In view of
this, the development of high value-added derivatives for
glycerol has been attracting a lot of attention from
researchers.'

Among all glycerol derivatives, alkyl glycerol ethers have
attracted much attention. Alkyl glyceryl ethers are a mixture
of monoalkyl glyceryl ether (MAGE), dialkylglyceryl ether
(DAGE), and trialkyl glyceryl ether (TAGE) prepared by the
dehydration of glycerol and monohydric alcohols.

MAGE can be applied in immunostimulatory, antimicro-
bial, and antitumor applications and anesthesia due to its
special biological characteristics.” Moreover, it can be used as
additives in drugs,s’6 cosmetics,” liquid detergents,8 herbi-
cides,” lubricants,'® and solvents."' DAGE and TAGE can be
used as fuel additives for diesel, biodiesel, and ethanol
gasoline, which can effectively improve fuel quality and

© 2021 The Authors. Published by
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of glycerol with alcohol has more advantages.'”*’

The dehydration process of glycerol with alcohols is shown
in Figure 1.

As seen in Figure 1, there are three consecutive reversible
reactions catalyzed by the acid. Most researchers focus on the
preparation and development of the catalyst but ignore the
evaluation process of the catalyst. Because most catalyst
evaluations are carried out in closed stirred reactors,>'” >’
they lead to a dilemma: the higher the catalyst activity, the
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Figure 1. Dehydration process of glycerol with alcohols.
Table 1. Effect of Impregnation Components on Catalyst Performance
selectivity (%)
impregnation component  reaction time (h)  glycerol conversion (%) MMGE DMGE TMGE MMGE + DMGE + TMGE  byproducts
zirconium sulfate 0.5 91.6 22.0 10.2 6.7 389 61.1
1 72.4 6.9 3.6 4.8 153 84.7
lanthanum nitrate 0.5 65.1 4.4 3.9 4.9 13.2 86.8
1 35.1 4.1 2.9 1.4 8.4 91.6
ammonium molybdate 0.5 917 2.5 S.1 10.8 18.4 81.6
1 87.6 19.5 24.6 9.8 53.9 46.1
15 43.3 9.6 S.3 0.9 15.8 84.2
HPW 0.5 90.1 22.1 28.7 16.7 67.5 32.5
1 91.7 18.1 284 233 69.8 30.2
1.5 86.2 10.7 11.0 13.8 36.1 63.9
2 78.1 1.1 2.6 2.0 5.70 94.3

more water will be generated. However, this excess water, in
turn, leads to catalyst deactivation. Therefore, only when the
reaction system is in a continuous-flow reaction state is it
possible to eliminate this dilemma. At present, few research
studies that involved dehydration of glycerol with alcohols in
a fix-bed reactor have been reported.”* ">’ Since the boiling
point of glycerol is as high as 564 K, the reaction temperature
must be maintained at least at 564 K. Under these
conditions, the better catalyst in closed reaction tank, such
as ion exchange resin, is completely unusable.”*~*

Based on the above analysis, the development of a more
efficient and stable catalyst suitable for a fixed-bed reactor has
become the key to the synthesis of alkyl glycerol ethers. In
recent studies, some supported phosphotungstic acid (HPW)
catalysts presented superior catalytic activity in other
dehydration reactions.”’ ~**

In this article, the gas-phase dehydration reaction process
of glycerol and methanol was carried out in a fixed bed. The
focus is on the catalytic behavior of acid catalysts including
HPW on the synthesis of alkyl glycerol ethers. It is expected
that this research will provide help and support for the
follow-up research on alkyl glycerol ethers.

2. RESULTS AND DISCUSSION

2.1. Effect of Different Impregnation Components
on Catalyst Performance. Under the condition of
pretreated commercial alumina as the carrier, the effect of
different impregnation components on catalyst performance
was evaluated in the fix-bed reactor at 564 K, a 6:1 molar
ratio of methanol-to-glycerol, a feed flow rate of 0.14 mL-
min~', and 3.0 g of the catalyst. Zirconium sulfate, cerium
nitrate, ammonium molybdate, and HPW were employed as
impregnation components. As the target products of the
reaction, monomethyl glyceryl ether, dimethyl glyceryl ether,
and trimethyl glyceryl ether are abbreviated as MMGE,
DMGE, and TMGE, respectively. The results are shown in
Table 1.

It can be seen from Table 1 that there is a great difference
in the catalytic effects of the four impregnation components.
Opverall, the glycerol conversion ranges from 35.1 to 91.7%,
while MMGE + DMGE + TMGE selectivities range from 5.7
to 69.8%. It is worth noting that glycerol conversions and
MMGE + DMGE + TMGE selectivities for the HPW catalyst
reached 91.7 and 69.8%, respectively, at 1 h. Under this
condition, the selectivities of MMGE, DMGE, and TMGE
are 18.1, 28.4, and 23.3%, respectively. It is proved by the
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Figure 2. (A) Photo of the HPW/AL O, catalyst before reaction; (B) photo of the HPW/AL O catalyst after use; and (C) photo of the catalyst
calcined at 773 K for the used HPW/ALO;. (A1) SEM image of the HPW/AL O, catalyst before reaction; (B1) SEM image of the HPW/AL O,
catalyst after use; (C1) SEM image of the catalyst calcined at 773 K for the used HPW/ALOs;.

data that phosphotungstic acid is a more suitable catalyst for
the dehydration reaction of glycerol and methanol, which is
consistent with the reports in the literature reported by
Sakthivel.”

As shown in Table 1, although HPW presents excellent
initial activity, the glycerol conversion decreases sharply with
time, and the byproduct occupies an absolute majority at 2 h.
According to gas chromatography-mass spectrometry analysis,
the byproducts of the reaction system not only contain
dimethyl ether but also include acrolein, cycloacetone,
methacrylate, glycidol, and 3-hydroxypropionaldehyde. Their
mole fractions are directly related to the catalyst composition,
preparation method, reaction temperature, and feed compo-
sition.

The photos showing the appearance and scanning electron
microscope (SEM) images of HPW catalysts are shown in
Figure 2.

As shown in Figure 2A,B, the catalyst exhibits an obvious
color change from white to black after the reaction. However,
as shown in Figure 2C, the catalyst becomes white again
when calcined at 773 K for 2 h.

Compared with Figure 2A1,B1, it can be seen that before
the reaction, the HPW distribution in the catalyst is relatively
uniform and the particles are larger. However, after the
catalyst is used, the particles become finer and the surface
morphology is rough. It is shown that the catalyst surface is
covered by a substance, which causes catalyst deactivation.
After the reacted catalyst was calcined at 773 K, the surface
of the catalyst became clear and the particles became larger
again. This change is more like a process in which deposited
carbon is formed on the catalyst surface and then the
deposited carbon disappears. This phenomenon is consistent
with the carbon deposition process reported in the
literature.*®

To further reveal the difference between the phospho-
tungstic acid catalyst before and after the reaction, the X-ray
diffraction (XRD) characterization of the three samples was
performed. The corresponding spectrum is shown in Figure
3.

It can be seen from Figure 3 that the diffraction peak
intensity of the phosphotungstic acid crystal phase reflects the
dispersion of the phosphotungstic acid on the carrier. When
20 is 8.5 and 23.6°, the angles of the diffraction peaks before
and after the reaction are the same but the intensities are
different. This may be due to the fact that the active sites of

8000

7000

6000

5000

Intensity

4000

3000

2000 o -

1000
!
"o M

0 10 20 30 40 50 60 70

26

Figure 3. (a) XRD spectrum of the unreacted HPW/AL,O; catalyst.
(b) XRD spectrum of the HPW/ALOj; catalyst after the reaction.
(c) XRD spectrum of the HPW/ALO; catalyst after recalcination at
773 K.
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Figure 4. HPW loading investigation on glycerol dehydration with methanol.

the catalyst are covered by deposited carbon after the
reaction. The diffraction peak intensity of the catalyst after
calcination at 773 K increases but the angle remains
unchanged. This phenomenon indicates that the reaction
and calcination process did not damage the framework
structure of the catalyst, the charge balance of the procatalyst
can still be maintained, and the structure of the procatalyst is
not destroyed.

Since the catalyst life is only 2 h, the catalyst deactivation
may not only be related to carbon deposition but also be
related to the loss of active components caused by the surface
of the phosphoric acid catalyst with water.*”

2.2. Effect of HPW Loading on Catalyst Perform-
ance. The HPW loading investigation on glycerol dehy-
dration with methanol was carried out over 5-HPW/y-AlL,O,,
10-HPW/y-AL,O,, 20-HPW/y-ALO,, and 30-HPW/y-AlLO,
catalysts at 564 K, a 6:1 molar ratio of methanol-to-glycerol,

29373

a feed flow rate of 0.14 mL-min~’, and 3.0 g of catalyst. The
results are given in Figure 4.

The complex relationship between glycerol conversion,
product selectivity, yield, and catalyst life as the HPW loading
increases is shown in Figure 4. The abscissa in Figure 4
represents the reaction time of 0.5, 1.0, 1.5, and 2.0 h. The
results of the HPW loading investigation were placed in
sequence near these four time points for comparison.

By comparing the background data in Figure 4, it can be
seen that the 10-HPW/y-AL,O; catalyst at 1.5 h shows the
best catalytic results in all experiments, that is, the
selectivities of MMGE, DMGE, and TMGE were 34.2,
27.1, and 20.3%, the total ether selectivity reaches 81.6%, and
the byproducts are the least. However, when the HPW
loading amount was increased to 20 and 30%, the glycerol
conversion and product selectivity dropped significantly and
the catalyst life also reduced to 1.5 and 1 h, respectively, from

https://doi.org/10.1021/acsomega.1c02891
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Figure S. Comparison of HPW/y-Al,O; before and after treatment with nitric acid.

2 h at 10% loading. This shows that 10% loading is the best
and that too low or too high loading will affect the catalytic
performance. The reason could be that when the loading is
less than 10%, the catalyst is covered by a monomolecular
layer on the catalyst surface. The smaller the loading, the
smaller the surface area covered by the active components.
When the loading is greater than 10%, the surface of the
catalyst gradually begins to be a multimolecular layer
covering, which blocks the surface of the carrier to a certain
extent. This directly leads to the following results: the larger
the catalyst loading, the smaller the surface area covered by
the active components.

However, the catalyst life of only 2 h is far from enough
for a normal experiment and follow-up research. The
improvement research needs to be carried out from the
two aspects of catalyst carrier pretreatment and cocatalyst
addition.

2.3. Influence of Carrier Impregnation with Nitric
Acid. To improve the structure of the carrier surface and
make it more suitable for the loading process, the catalyst
carrier was impregnated with dilute nitric acid before loading.
This experiment was carried out on the basis of the previous
HPW loading investigation. Therefore, the loading weight
ratio of HPW and y-Al,O; is determined to be 10%, and the
process of nitric acid impregnation of alumina belongs to
excessive impregnation.

The comparison experiments before and after treatment
with nitric acid were carried out at 564 K, a 6:1 molar ratio
of methanol-to-glycerol, a feed flow rate of 0.14 mL-min",
and 3.0 g of the catalyst. The catalyst pretreated with nitric
acid is labeled 10-HPW/y-Al,O;-H, and the catalyst without
pretreatment is labeled 10-HPW/y-AL,O;. The results are
illustrated in Figure 5.

It can be seen from Figure S that the glycerol conversion
after nitric acid treatment of the carrier only increased slightly

https://doi.org/10.1021/acsomega.1c02891
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Table 2. Effect of Cerium Nitrate Loading on the Catalytic Performance

impregnation component  reaction time (h)  glycerol conversion (%)

10-HPW/7-ALO, 0.5 923
1 93.4
15 92.2
2 86.9
10-HPW/y-AL O5-CeS 0.5 90.2
1 99.2
15 80.3
2 60.9
10-HPW/y-Al,05-Cel0 0.5 94.9
1 90.9
1.5 924
2 94.1
2.5 90.3
3 69.6
3.5 39.4
10-HPW/7-ALO,-Ce20 05 82.8
1 83.4
1S 39.1
2 30.1
10-HPW/7-ALO;-Ce30 0.5 81.9
1 97.9
LS 39.6
2 29.9

selectivity (%)

MMGE DMGE TMGE MMGE + DMGE + TMGE  byproducts
10.60 14.80 12.90 38.30 61.70
17.80 19.60 14.40 51.80 48.20
34.2 27.10 20.30 81.60 18.40
10.7 5.40 3.10 19.20 80.80

8.17 15.85 1.79 25.81 74.18
15.74 19.83 4.09 39.66 60.34
33.84 20.31 3.38 57.53 42.47
18.65 9.81 1.51 29.97 70.03
11.9 25.26 2.86 40.02 59.97
15.06 37.25 5.40 57.71 42.29
15.87 54.51 7.17 77.55 22.44
10.8 43.85 8.24 62.89 37.11

943 39.37 2.64 51.44 48.55

2.78 22.67 122 26.67 73.38

1.97 8.60 0.70 11.27 88.72
13.81 12.40 6.00 32.21 67.79
12.26 9.80 6.92 28.98 71.02
10.34 7.79 3.73 21.86 78.13

1.83 191 0.68 4.42 95.57
14.44 11.22 4.30 29.96 70.03
18.71 6.28 2.24 27.23 72.77

8.95 5.17 0.70 14.82 85.17

1.89 1.86 0.67 442 95.57

at the time point of 0.5 h, while the glycerol conversion
began to decrease after 1.0 h. It is worth noting that the
nitric acid treatment of the carrier catalyst significantly
improved the selectivity of MMGE. However, the selectivities
and yields for DMGE and TMGE increase very little or even
decrease slightly.

It was shown from the experiments that the surface
structure of the alumina pretreated by nitric acid is beneficial
to the first-step dehydration process between more glycerol
and methanol molecules.

According to the analysis and characterization results of
nitric acid impregnation of vermiculite for alcohol dehy-
dration in the literature, it can be considered that the
treatment of alumina with nitric acid may bring about two
results: first, the specific surface area and pore volume of the
support are significantly increased, and second, the AI’*
cations in the pores are partially leached.”” The increase of
pore volume and specific surface area is beneficial for more
methanol and glycerol molecules to enter the pores and be
adsorbed and activated, while the leaching of AI** cations will
weaken the acid density of the pore surface to a certain
extent. This will directly lead to an increase in the content of
monomethyl glyceryl ether but a decrease in the content of
dimethyl ether and trimethyl glyceryl ether. The experimental
results are basically consistent with the alcohol dehydration
results reported in the literature.”’

2.4. Influence of Carrier Impregnation with Cerium
Nitrate. To improve the catalytic performance of the
phosphotungstic acid catalyst, a loading test of cerium nitrate
as a cocatalyst was carried out on the basis of the 10-HPW/y-
AL, O; catalyst. The catalysts are 10-HPW/y-Al,O,,10-HPW/
7-ALO,-CeS, 10-HPW/y-Al,O,-Cel0, 10-HPW/y-ALO,-
Ce20, and 10-HPW/y-Al,0;-Ce30. The loading test was
carried out under the condition of 564 K, the 6:1 molar ratio
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of methanol-to-glycerol, a feed flow rate of 0.14 mL-min™",

and 3.0 g of the catalyst. The results are shown in Table 2.

It can be seen from Table 2 that when the loading amount
of cerium nitrate is 10%, the reaction time for maintaining
the glycerol conversion above 90% is extended to 2.5 from
1.5 h and the total reaction time is extended to 3.5 from 2 h.
Although the selectivity of the MMGE + DMGE + TMGE
decreased to a certain extent, the total selectivity of dimethyl
glycerol ether and trimethyl glycerol was higher than that of
unsupported cerium nitrate under the same conditions, and
the selectivity of dimethyl glycerol is far greater than that of
trimethyl glycerol.

From the comparison data of cerium nitrate loading in
Table 2, it can be seen that the optimal loading of cerium
nitrate is 10%. Both trace and excess amounts will affect the
catalytic performance of cerium nitrate. A small amount of
cerium nitrate will not have the proper catalytic effect, while
excessive cerium nitrate will affect the catalytic performance
of the main catalyst due to excessive occupation of active
sites.”®

To reveal the influence of the addition of cerium nitrate on
the reaction, the NH;-TPD characterization of different
supported catalysts was carried out. The specific spectrum is
shown in Figure 66.

The results showed that most of the catalysts show weak
(423—573 K) and medium (573—773 K) acid site desorption
peaks. It can be roughly seen from the relative integrated area
of the spectral peaks that as the loading of cerium nitrate
increases, the amount of acid at the weak acid sites gradually
decreases, while the strong acid sites change slightly. It was
shown that the lower content of cerium nitrate is beneficial to
the reaction process. From the comparison of S and 10%
content of cerium nitrate loading, it can be found that the
10% content of cerium nitrate catalyst contains a small part
of strong acid sites, which leads to a significant increase in

https://doi.org/10.1021/acsomega.1c02891
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Figure 6. (a) NH;-TPD spectra of 10-HPW/y-Al,O5-CeS, (b) 10-
HPW/y-ALO5-Cel0, (c) 10-HPW/y-Al,O5-Ce20, and (d) 10-
HPW/7-Al,05-Ce30.

the selectivity of dimethyl glycerol ether. These analysis
results are basically consistent with the conclusions of the
literature.>>*

3. CONCLUSIONS

Compared with zirconium sulfate, cerium nitrate, and
ammonium molybdate, phosphotungstic acid is more suitable
as an active component in the catalytic dehydration process
of glycerol and methanol. Through the load test of
phosphotungstic acid on alumina, it was found that when
phosphotungstic acid is loaded on alumina at a weight ratio
of 10%, it shows the best catalytic results. Considering that
the catalyst life is only 2 h, the improvement is made by two
means: carrier pretreatment and cocatalyst addition. The
results showed that the selectivity of monomethyl glycerol
ether was greatly improved after y-Al,O; was pretreated with
nitric acid. After adding cerium nitrate at a mass ratio of 10%,
the total selectivity of dimethyl ether, glycerol ether, and
trimethyl glycerol ether was significantly increased, the
selectivity of monomethyl glycerol ether was reduced, and
the catalyst life was extended to 3.5 from 2 h.

4. EXPERIMENTAL SECTION

4.1. Chemical Reagents and Materials. All chemical
reagents used in this work were of analytical reagent (AR)
grade. Glycerol (Tianjin Fuyu Fine Chemical Co. Ltd.),
methanol (Tianjin Chemical Reagent Plant), cerium nitrate
(Shanghai Boer Chemical Reagents Co. Ltd.), phospho-
tungstic acid (H;PW,,0,) (Shanghai Zhanyun Chemical
Co., Ltd.), p-toluene sulfonic acid (Tianjin Kaitong Chemical
Reagents Co., Ltd.), zirconium sulfate/lanthanum nitrate
(Tianjin Guangfu Fine Chemical Research Institute), nitric
acid (HNO;) (Tianjin Yaohua Chemical Reagent Co., Ltd.),
ammonium molybdate (Tianjin Chemical Reagent Plant),
and commercial alumina (Zibo Chaoke alumina materials
Co., Ltd.) were obtained.

4.2, Carrier Preparation. Commercial alumina (y-Al,O;)
was obtained by calcining commercial alumina in a muffle
furnace at 823 K for 10 h.

4.3. Impregnation of Different Impregnation Com-
ponents. Ten grams of alumina was impregnated with
zirconium sulfate, cerium nitrate, ammonium molybdate, and
HPW aqueous solution separately as S wt % to obtain the
four impregnated precursors, and then those precursors were
placed in vacuum at 393 K for S h and finally calcined at 773
K for 6 h in a muffle furnace.

4.4. HPW Loading Investigation. Ten grams of alumina
was impregnated with HPW aqueous solution as S, 10, 20,
and 30 wt % and then calcined at 773 K for 6 h to obtain the
catalyst samples: S-HPW/y-Al,O;, 10-HPW/y-AL, O, 20-
HPW/y-Al,O;, and 30-HPW/y-Al, O3, respectively.

4.5. Nitric Acid Treatment of the Carrier. Concen-
trated nitric acid (HNO;) (68 wt %) was diluted to 17 wt %.
After that, the y-Al,O; was impregnated with HNO; (17 wt
%) under stirring for 3 h at 333 K, filtered and washed with
deionized water to neutrality, and then calcined at 393 K to
remove the water on the surface. The HPW loading
experiment was carried out according to the method
mentioned in the previous section to obtain the pretreated
carrier: HPW/y-AlL,O5-H.

4.6. Cerium Nitrate Treatment of the Carrier.
Alumina was treated with cerium nitrate aqueous solutions
as 5, 10, 20, and 30 wt % with stirring at 333 K for 3 h and
then calcined at 773 K for 6 h in the furnace to obtain the
following: y-Al,0;-CeS, y-Al,05-Cel0, y-Al,O03-Ce20, and y-
Al,0;-Ce30. The above carriers were impregnated with HPW
as 10 wt % and stirred at 333 K for 3 h and then calcined at
773 K for 6 h in a mufile furnace. Thus, the modified catalyst
was prepared and named 10-HPW/y-AlL,O;-CeS, 10-HPW/y-
ALO,-Cel0, 10-HPW/y-Al,O,-Ce20, and 10-HPW/y-ALO,-
Ce30, respectively.

4.7. Synthesis of Methyl Glyceryl Ethers. The catalyst
(3.0 g) was placed in the vertical cylindrical fix-bed reactor
(diameter: 19 mm, length: 20 cm). The diagram of the
reaction process is illustrated in Figure 7.

The feeds at a methanol-to-glycerol molar ratio of 6:1 were
injected with an HPLC pump at a feed flow rate of 0.14 mL/

11
13

Figure 7. Diagram of the experimental setup for the dehydration of
glycerol with methanol ((1) nitrogen gas cylinder; (2) feed tank;
(3) cutoff valve; (4) pressure reducing value; (S) flow indicator
control (FIC); (6) HPLC pump; (7) check valve; (8) preheater;
(9) fixed-bed reactor; (10) three-way valve; (11) gas—liquid
separator; (12) flow control valve; (13) back pressure valve; (14)
volatile component tank; (15) gas chromatography; (16) six-way
valve; and (17) vent).
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Figure 8. Typical gas chromatographic composition spectrum ((1) dimethyl ether; (2) methanol; (3) acrolein; (4) cycloacetone; (S)
methacrylate; (6) trimethyl glyceryl ether; (7) glycidol; (8) 3-hydroxypropionaldehyde; (9) dimethyl glyceryl ether; (10) monomethyl glyceryl

ether; and (11) glycerol).

min in a N, flow (10 mL/min) through the preheater and
reactor. The preheater and the reactor temperatures were set
at 558 and 564 K, respectively. Furthermore, the pipe
highlighted in red was insulated by a heater band. N, was
used as a carrier gas to ensure that the reactants and products
can be transported more fluently. The samples were injected
on-line or off-line through a three-way ball valve switch and
analyzed with the flame ionization detector (FID) in a gas
chromatograph (Shimadzu, GCS5890) equipped with a
capillary column (WONACAP 530 m X 0.32 mm X 0.2
um). Methanol, glycerol, monomethyl glycerol ether, and
dimethyl ether were bought, and their retention times could
be confirmed. The retention times of other samples were
determined by the GC—MS on the same column and under
the same test conditions. The confidence level of the
components tested by mass spectrometry was more than
85%.

The samples were analyzed with the temperature
programmed as follows: 323 K for 2 min, heating at 30 K/
min until 513 K, with 2 min of hold time, and then heating
at 35 K/min to 573 K and holding for S min. A typical gas
chromatographic composition spectrum is shown in Figure 8.

The glycerol conversion, product selectivity, and product
yield were calculated as follows:

glycerol conversion (%)

= mole of glycerol reacted /mole of glycerol feed X 100

(1)
product selectivity (%)
= mole of product obtained/mole of reacted glycerol
X 100 )

product yield (%) = mole of product obtained
/mole of reacted glycerol X 100  (3)

Due to some unforeseen experimental errors, the carbon
balance of all experiments in this manuscript is in the range
of 98—102%.
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