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Abstract—Using the biomass material chitosan as a precursor and potassium citrate (PC) as a substitute for tradi-
tional corrosive activators such as KOH and ZnClL, a chitosan-based porous carbon material with high specific surface
area was successfully prepared and used as a support for the catalytic acetylene acetoxylation reaction. By controlling
the PC content and the calcination temperature, chitosan-based porous carbon with a suitable pore structure and abun-
dant surface oxygen functional groups was obtained. The inductively coupled plasma analysis confirmed that the zinc
content of the 0.9Zn/CS-PC,-800 catalyst was about 14 wt%, and the acetic acid conversion reached 81%. Further-
more, the scanning electron microscopy and Brunauer-Emmett-Teller (BET) analysis showed that the catalyst carrier
was mesoporous carbon material, and different PC content formed different pore size distribution at different calcina-
tion temperatures. In addition, X-ray photoelectron spectroscopy analysis demonstrated that the content of O in chi-
tosan-based porous carbon was rich, and PC consumed the O content on the surface of carbon materials during
activation. Because O content and pore size structure on carrier surface are closely related to acetic acid conversion,
reasonable PC content and calcination temperature are very important for acetic acid conversion.
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based Catalysts

INTRODUCTION

Vinyl acetate (VAc) is an important chemical raw material, mainly
used in the production of ethylene-vinyl acetate (EVA) and polyvi-
nyl alcohol (PVA) [1] VAc is extensively used in a various of fields,
including paints [2], aviation [3], construction [4], medicine [5],
and soil improvement. At present, VAc is mainly produced via the
acetylene (C,H,) method in China due to its rich coal resources.

In this reaction, the order of activity of metallic components is
Hg>Bi>Cd>Zn. However, among the available catalysts, zinc ace-
tate has attracted much attention because of its low cost, ease of man-
ufacture, and good performance in the C,H, acetoxylation reaction.
In the industrial version of this reaction, zinc acetate is adsorbed
on activated carbon (AC) by impregnation as a catalyst [6].

However, using AC as a support presents a series of drawbacks
such as low conversion of acetic acid (CH,COOH) and fast deacti-
vation of the catalyst. According to the rational mechanism of C,H,
acetoxylation [7], CH;COOH combines with the active component
and then reacts with the adsorbed C,H, to produce ethylene ace-
tate while zinc acetate is reduced. However, the adsorption capac-
ity of Zn is stronger for C,H, than for CH;COOH, and abundant
C,H, occupies more active sites, resulting in reduced activity and
instability of the catalyst. Therefore, to improve the adsorption per-
formance of the catalyst for CH;COOH, bimetallic catalysis and
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heteroatomic doping have been extensively studied. For example,
He et al. [8] found that the addition of bimetal considerably im-
proves the catalyst performance; the conversion of CH;COOH in-
creased by ten percentage points, and N doping could change the
electron cloud density of Zn. Wu et al. [9] used cyanide to modify
AC with N and found that the CH;COOH conversion of N-doped
AC catalyst was improved. Zhu et al. prepared B-doped AC cata-
lyst. The introduction of B atom enhance the electron transfer and
adsorption capacity between Zn and CH;COOH, and effectively
increased the conversion of CH;COOH from 50% to 65%. By chang-
ing the contents of -COOH and -OH on the AC surface, Zhu et al.
[10] proved that adding -COOH into the dicarboxylic catalytic sys-
tem could enhance the adsorption capacity of the active component
over C,H, in the reaction process, thus improving the conversion
of CH,COOH. However, a high CH;COOH conversion could not
be achieved; therefore, a high-performance catalyst carrier still needs
to be developed.

In recent years, the use of polymer materials extracted from bio-
mass, such as cellulose, lignin, and chitosan, to prepare carbon-based
catalysts has attracted extensive attention due to their remarkable
advantages in terms of nontoxicity, biodegradability, and biocom-
patibility [11,12]. Biochar has been widely used in catalysis, espe-
cially as a carrier for metals, owing to its wide range of raw material
precursors, low cost, large surface area (high dispersion and stabil-
ity of metallic phases), and stability in alkaline and acidic media,
among other favorable physical/chemical surface properties [13].

In particular, chitosan, a kind of renewable natural biomass with
low cost and high O and N content, is a potential raw material for



Chitosan-based porous carbon as a support for Zn-based catalysts in acetylene acetoxylation 1769

the synthesis of carbon materials [14]. Carbon materials made from
directly carbonized of biomass materials usually have a relatively
simple pore structure and relatively low specific surface area, which
is of interest because the construction of a porous structure is an
effective way to obtain high-performance catalysts. Traditionally,
porous carbon is mainly produced via the template method using
hard and soft templates, which requires activation of the carbon
materials to form hierarchical pore structures [15,16]. To this aim,
several chemical activators (such as KOH, K,CO, and ZnCl,) have
been widely used; however, these compounds are highly corrosive
[17-21]. In recent years, potassium citrate (PC), a neutral potassium
compound, has emerged as a more benign alternative for the
preparation of microporous AC [22-24].

In this study, chitosan-based porous AC was prepared by hydro-
thermal activation method using PC as an activator instead of cor-
rosive KOH. By adjusting the mass ratio of PC and the activation
temperature, various AC materials with different specific surface
areas and surface oxygen contents were prepared as catalyst carri-
ers, and Zn-based catalysts with high performance were obtained.

MATERIALS AND EXPERIMENTAL

1. Chemicals

Deionized water (FBZ1002-SUP, Fulemu Qingdao, China) was
used as the solvent for this experiment. chitosan (MW=300,000),
PC (CH;K;0,), KOH, K,C,0,, K,CO;, CH;COOH (Yongsheng
Tianjin, China, 99.5%), zinc acetate (Aldrich, 99.8%), and C,H,
(Weichuang gas Urumgi, China, 99.99%) used in the experiment
were all analytical grade materials.
2. Preparation of Porous Carbon

The chitosan-based porous carbon materials (CS-PCy) were syn-
thesized as follows: First, 30 g chitosan was mixed with 400 mL deion-
ized water under mechanical stirring, and the mixture was then
added into 30 mL. CH;COOH, producing a homogeneous thick
solution. Next, the thick solution was put into an autoclave lined
with Teflon and hydrothermally carbonized for 150 min at 200 °C.
The brownish black powders collected by vacuum filtration were
washed with deionized water until neutral and then dried at 90 °C
overnight. After that, the powders were impregnated with the acti-
vation agent at different mass ratios of powder to activation agent
(X=0, 0.5, 1, 2) and stirred for 10 h at 25 °C. Subsequently, the sam-
ples were dried at 110 °C until moisture was completely removed.
The CS-PCy, materials were obtained after carbonization under flow-
ing N, at 400 °C for 2 h at a heating rate of 5°C/min, followed by
heating at different temperatures to find the optimum conditions
(700 °C, 800 °C, 900 °C) at a rate of 5 °C/min. The mixture was main-
tained at that temperature for an additional 2 h. The resultant materi-
als were washed with a 2 M HCI solution and distilled water until
neutral. After drying at 90 °C overnight, the CS-PCx-700, CS-PCx-
800, and CS-PC-900 products were obtained.
3. Preparation of the Catalysts

Zinc acetate (1 g) was dissolved in 30 mL deionized water and
stirred at room temperature for 30 min. Then, CS-PC,-800 by (3 g)
was added and stirred at 25 °C for 10 h and 80 °C for another 12h
until dry. The resulting catalyst was named as 0.3Zn/CS-PC,-800,
where 0.3 represents the mass ratio of zinc acetate to carbon car-

rier; 1 represents the mass ratio of PC to chitosan, and 800 represents
the calcination temperature in °C.
4. Catalytic Performance Test

The C,H, acetoxylation reaction was performed in a fixed bed
reactor with a 1.2 cm stainless steel tube. The catalyst (0.6 g) was put
into the reactor and heated to 200 °C under N, atmosphere. Then,
a peristaltic pump was used to continuously pump the CH;COOH
preheated at 150 °C to activate the catalyst, and the reaction tem-
perature was adjusted to 220 °C. After heating at 220 °C for 30 min,
N, was replaced with pure C,H, (10 mL/min), and the gas volume
flow ratio of C,H, to CH;COOH was 3: 1. For the analysis of the
products, a Shimadzu GC-9A gas chromatograph and an N2000
chromatographic data station (double channel) were used.
5. Catalyst Characterization

A scanning electron microscope (SEM; TESCAN MIRA4) was
used to investigate the microstructure of the as-obtained products.
Brunauer-Emmett-Teller (BET) analysis was conducted using a
Micromeritics ASAP 2460 apparatus at —196 °C. Raman spectra were
recorded on a Horiba Scientific LabRAM HR Evolution instrument.
X-ray photoelectron spectroscopy (XPS) analysis was conducted
utilizing a Thermo Scientific K-Alpha apparatus (hv=1,486 eV). The
metal elements were determined by Inductively coupled plasma
emission spectrometry (ICP-OES).

RESULTS AND DISCUSSION

Chitosan porous carbon materials treated with different activa-
tors (PC, K,C,0,, K,CO;, KOH) were selected as catalyst carriers,
and their properties were tested after the same content of zinc ace-
tate was loaded on these carriers. As shown in Fig. S1, the cata-
Iytic performance of the catalysts treated with the four activators is
slightly different, among which the catalyst Zn/CS-PC activated by
potassium citrate has the best catalytic performance. Therefore, we
used chitosan as carbon source and potassium citrate as activator
for further study.

Details of the porous structure of the supports are summarized
in Table 1. The specific surface area of CS-PC,-800 was only 857
m’ g, and a dlear increase to 1,451.2m’ g' for CS-PC,-800 was
observed with the addition of PC. The total pore volume of CS-
PC,-800 was 0.78 cm’ g'. However, upon further increasing the PC
content in CS-PC,-800, no change in either the specific surface area
or the pore size was observed. Meanwhile, the specific surface area
of the CS-PC, samples increased with the temperature. It can be
seen that PC as an activator changes the specific surface area and

Table 1. Pore structure information of the supports

Sample Surface area Pore size Pore volume
(m’ g™ (nm) (cm®g™")
CS-PC,-800 8.57 8.45 0.02
CS-PC,5-800 843.17 2.01 042
CS-PC,-800 1,451.24 2.14 0.78
CS-PC,-800 1,430.8 2.14 0.77
CS-PC,-700 1,080.81 2.05 0.55
CS-PC,-900 1,603.41 2.05 0.82
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Fig. 1. Scanning electron microscopy images of the synthesized catalysts: (a) CS-PC;-800, (b) CS-PC,;-800, (c) CS-PC,-800, (d) CS-PC,-800,

(e) CS-PC,-700 and (f) CS-PC,-900.
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Fig. 2. N, adsorption-desorption isotherms of the supports at (a) different PC content and (b) different temperature.

pore size structure.

To further explore the role of PC at different conditions, the sur-
face morphology of the CS-PC-800, CS-PC,5-800, CS-PC,-800,
CS-PC,-800, CS-PC,-700, and CS-PC,-900 samples was investigated
via SEM, and the results are displayed in Fig. 1. The SEM images
of nonactivated chitosan-based carbon (CS-PC; Fig. 1(a)) showed
a small number of folds and particles of various microns, with irregu-
lar morphology. Moreover, no obvious aperture was observed. The
SEM images of CS-PC,;-800, CS-PC,-800 and CS-PC,-800 (Fig.
1(b), (c) and (d)) showed that the activation of PC resulted in the
formation of stratified pores with sizes ranging from several nano-
meters to microns on the SEM surface of the samples. The acti-
vated samples, CS-PC,-800 and CS-PC,-800 showed higher porosity
and more open holes than CS-PC,5-800. The porosity of CS-PC;-
800 and CS-PC,-800 can effectively increase the surface area of the
support. The SEM images of the CS-PC,-700 and CS-PC,-900 sam-
ples (Fig. 1(e) and (f)) revealed that porous carbon materials were
formed at 700 °C and 900 °C. To further investigate the activation
effect of the PC content and the calcination temperature on the
pore structure, N, adsorption-desorption isotherms were recorded
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(Fig. 2(a) and (b)).

As shown in Fig. 2(a) and (b), N, adsorption-desorption iso-
therms of the porous carbon carriers exhibited both type I (a sharp
increase at low relative pressure indicating rich micropores) and
type IV (an obvious hysteresis loop at medium relative pressure
indicating the existence of mesopores) characteristics, which sug-
gests a well-developed hierarchical porous structure according to
the IUPAC dassification [25]. These results are consistent with the
results of the SEM measurements. The N, adsorption level of the
CS-PC;-800 and CS-PC,-800 samples was significantly higher than
that of CS-PC,-800 and CS-PC,;5-800, which can be attributed to
the presence of abundant pores in the former samples. Compared
with other samples, CS-PC,-800 and CS-PC,;-900 exhibited an obvi-
ous hysteresis loop, indicating that the formation of mesopores was
related to the activator and the carbonization temperature.

To investigate the defects and graphitization of the prepared sup-
ports, Raman spectra of the supports fabricated with different pro-
portions and temperatures were recorded, and the results are shown
in Fig. 3(a) and (b). All the spectra showed two independent peaks
at ca. 1,360 and ~1,589 cm™', which can be assigned to defective and
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Fig. 3. Raman spectra of (a) CS-PCy (X=0, 0.5, 1, 2) and (b) CS-PC,-700, CS-PC,-800 and CS-PC,-900.

ordered graphite, respectively [26]. Furthermore, the relative degree
of defects in the carbon materials was estimated according to the
strength ratio I,/I;, which was determined to be 1.06, 1.12, 1.13,
1.17, 1.30, and 1.09 for CS-PC,-800, CS-PC,;-800, CS-PC,-800,
CS-PC,-800, CS-PC,-700, and CS-PC,-900, respectively. After the
addition of PC, the I/I; ratio of CS-PCy increased from 1.06 to
1.17, indicating that the number of defects increased, which is consis-
tent with the increase in the BET specific surface area. Moreover,
the I/I; value decreased from 1.30 for CS-PC;-700 to 1.09 for CS-
PC,-900 upon increasing the temperature, indicating that the graphi-
tization degree increased most likely due to the removal of amor-
phous carbon or other impurities [27].

By comparing Table 2 and Table 1, it can be seen that the zinc
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Table 2. Pore structure information of the catalysts

Sample Surfaceiarea Pore size Pore volElme
(m’g™ (nm) (cm®g™)
Zn/CS-PC,-800 3.73 16.19 0.02
Zn/CS-PC;-800 1,126.13 2.12 0.58
Zn/CS-PC,-800 976.64 2.18 0.53
Zn/CS-PC;-900 1,103.65 2.10 0.58

acetate loading had a significant impact on the pore structure of the
CS-PC carrier. The specific surface area of CS-PC;-800 was reduced
by approximately 22.4%, from 1,451.2 to 1,126.1 m* g . In addi-
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Fig. 4. X-ray photoelectron Cls spectrum of (a) Zn/CS-PC,-800, (b) Zn/CS-PC,-800, (c) Zn/CS-PC,-700 and (d) Zn/CS-PC,-900.
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Table 3. Total O, N, and oxygen-containing functional groups con-
tents of different carriers calculated by XPS analysis

Contents atomic%

Sample C=0 CO

(0] N
Zn/CS-PC;-800 14.52 1.03 0.122 0.454
Zn/CS-PC,-800 9.32 0.95 0.095 0.384
Zn/CS-PC;-700 14.58 1.16 0.122 0.457
Zn/CS-PC1-900 11.05 0.85 0.098 0.421

tion, a significant change in the pore volume of CS-PC,-800 from
0.78 to 0.58 cm’ g ' was observed. The results show that a suitable
channel structure was formed in the supports and the catalysts
and no rock-ribbed channel blockage phenomenon occurred; the
active component was successfully loaded.

XPS measurements were used to evaluate the effect of the ele-
mental composition on the surface of the carbon materials, as shown
in Fig. 4 and Table 3. To gain a deeper understanding of the sur-
face functional groups of the samples, the Cls XPS spectra of Zn/
CS-PC,-800, Zn/CS-PC,-800, Zn/CS-PC,-700, and Zn/CS-PC;-
900 were deconvoluted into three peaks (Fig. 4(a), (b), (c) and (d)).
The strong peak at a binding energy of 284.6 eV corresponds to
the carbon atom located in the graphite ring (C-C), and the strong
peak at 285.5eV can be assigned to the carbon atom attached to
an oxygen atom (C-O). In addition, the wide and low-intensity de-

J. Zhang et al.

convolution peak at a binding energy of 289.2 eV corresponds to
ester and carboxyl groups (C=0) [28].

The presence of N can improve the adsorption capacity of the
catalyst for CH;COOH, thereby enhancing the conversion. As
shown in Table 3, there is little difference in the total N content
among the catalysts; therefore, the effect of the N content in the per-
formance can be ignored. The total oxygen content and C=0O con-
tent of Zn/CS-PC,-800 was 14.52% and 0.122, respectively. However,
with the increase in the PC content, the total oxygen content and
C=0 content of Zn/CS-PC,-800 decreased to 9.32% and 0.095,
indicating that PC consumed O, especially C=0, in the etching pro-
cess. Meanwhile, the total oxygen content and C=O content de-
creased with increasing the calcination temperature, especially for
Zn/CS-PC,-900.

Compared with Zn/CS-PC,-800, the total oxygen content of Zn/
CS-PC,-900 decreased by 24% (from 14.52% to 11.05%) and the
C=0 content decreased by 20% (from 0.122% to 0.098%). Accord-
ing to these results, PC consumed a certain amount of O in the
carbon materials during the activation process. Therefore, the Zn/
CS-PC,-800 and Zn/CS-PC,-800 catalysts having the same pore
size exhibited the best performance.

First, the stability of catalyst in reaction was studied. It can be
observed from Fig. S2 that the XPS peak of zinc has not been shifted
by X-ray photoelectron Zn 2p spectral analysis of fresh and used
catalysts, so we believe that zinc still exists in the form of zinc ace-
tate after the reaction. TGA and DTG analysis of 0.9Zn/CS-PC;-
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Table 4. Zn content (wt%) of different catalysts

Actual loading (wt%)
Catalyst
Zn K
0.3 Zn/CS-PC,-800 6.50 0.260
0.6 Zn/CS-PC,-800 10.55 0.260
0.9 Zn/CS-PC,-800 14.31 0.235
1.2 Zn/CS-PC,-800 16.14 0.295

800 catalyst are shown in Fig. S3. It is clear that the mass of cata-
lyst loses 2.7% at 100 °C, and decreases by 1.2% at 220 °C, indicat-
ing that the catalyst is relatively stable at the reaction temperature.

Next, the performance of the catalysts in the C,H, acetoxylation
reaction was investigated. First, as can be seen from Fig. 5(a), the
conversion of CH;COOH increased gradually with the PC ratio.
When the mass ratio of PC to chitosan was 1, the conversion of
CH,COOH was the highest (ca. 59.8%). In a certain range, the
conversion of acetic acid is proportional to the specific surface area
and C=0O content of the carrier. Then, using the optimal ratio of
PC and chitosan, the calcination temperature of the carrier was
optimized. A carrier with high specific surface area and high C=0
content was obtained. As can be extracted from Fig. 5(b), Zn/CS-
PC,-800 outperformed Zn/CS-PC,-700 and Zn/CS-PC,-900, reveal-
ing that the former was the best catalyst. It is clear from Fig. 5(c)
and 5(d) that the selectivity of vinyl acetate is about 89%. The other
by-products are acetone and crotonaldehyde.

Finally, the Zn content of the catalysts was optimized under the
conditions of a mass ratio of PC to chitosan of 1 and a calcination
temperature of 800°C. The CH;COOH conversion under different
Zn loadings is depicted in Fig. 6(a). According to Table 4, when
the Zn content increased to a certain extent, the CH;COOH con-
version reached its maximum value. The Zn content in the cata-
lysts was determined via ICP-OES (Table 4). When the Zn content
reached 14 wt%, the CS-PC,-800 carrier had the best loading ca-
pacity and the CH;COOH conversion reached 81%. However, the
CH,;COOH conversion decreased significantly when the Zn con-
tent was excessive. In general, the optimum reaction conditions
were as follows: Zn loading of 14 wt%, a mass ratio of PC to chi-
tosan of 1, and a calcination temperature of the carrier of 800 °C.
Compared with the conversion of CH;COOH over AC with dif-
ferent Zn loadings (Fig. 6(b)), the performance of the Zn/N, cata-

lyst was significantly improved, as can be clearly observed in Fig,
6(c).

CONCLUSIONS

Chitosan-based hierarchical porous carbon materials were pre-
pared using chitosan as carbon source and PC as an activator via a
one-pot heat treatment method, and a series of Zn-based catalysts
were fabricated via a simple impregnation method using the as-
prepared carbon materials. The porous carbon material obtained
by optimizing the PC to chitosan ratio and the calcination tem-
perature was used as a carrier for C,H, acetoxylation catalysts. By
selecting the ratio of PC and chitosan and optimizing the appro-
priate calcination temperature, the porous carbon material CS-PC,-
800 can be used as a carrier of acetylene acetoxylation catalyst. The
CH,COOH conversion of Zn/CS-PC was 81% when Zn loading
was 14 wt%, which was significantly higher than that of traditional
Zn/AC catalyst. It was because potassium citrate regulated the oxy-
gen-containing functional groups and pore structures on the sur-
face of carbon materials. Within a certain range, the conversion rate
is proportional to the specific surface area and the content of oxy-
gen-containing functional groups. Overall, this study provides a
new platform for the development of C,H, acetoxylation catalysts.
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Fig. S2. X-ray photoelectron Zn2p spectroscopic analysis of fresh
and used Zn/CS-PC1-800 catalysts.



