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ABSTRACT: 1,2-Dichloroethanes (EDCs) with different water
contents were used as feedstock for the catalytic dehydrochlori-
nation of 1,2-dichloroethane to produce a vinyl chloride monomer
(VCM) reaction using zeolite catalysts. It was found that the
presence of trace water had a significant negative impact on both
the activity and stability of zeolite catalysts for the 1,2-
dichloroethane catalytic cracking reaction. Various characterization
tools and theoretical calculations confirm that the presence of trace
water affects the active center of the zeolite and enhances the
adsorption of VCM and EDC, resulting in the deactivation of the
zeolite catalyst. This study provides useful ideas for the
development of practical catalysts and the stable operation of
industrial EDC catalytic cracking processes.

B INTRODUCTION

Polyvinyl chloride (PVC) is one of the five major general
plastics and plays a significant role in daily life and industrial
processes. Vinyl chloride monomer (VCM) is currently the
monomer used for the production of PVC, which is mainly
produced by the direct hydrochlorination of acetylene' and
ethylene chlorination to 1,2-dichloroethane (EDC), followed
by EDC thermal cracking.” The EDC thermal cracking
reaction has a high temperature and low efliciency, which
needs to be replaced by a milder and more eflicient
technology.” Catalytic cracking of EDC to VCM has a high
efficiency under relatively mild reaction conditions and is
considered the most promising alternative technology to EDC
thermal cracking.”** Improving the activity and stability of
catalysts is the focus of research in this field, but it is also a
great challenge.6

Current EDC cracking catalysts mainly include metal
chlorides,”® metal oxides,”'® zeolites,"""'* activated car-
bons,”"*~" and ionic liquids."® Among the numerous EDC
cracking catalysts, zeolites have attracted the attention of
researchers due to their high activity and regeneration
capability.'> Cook et al.'” reported the application of zeolite
catalysts in EDC cracking and proposed a correlation between
the size of zeolite particles and the catalytic activity for EDC
cracking. Shalygin’ provided a detailed exploration of the
catalytic mechanism of the HZSM-S catalytic cracking of EDC
to VCM with the Fourier transform infrared spectroscopy
(FTIR). The study revealed that the catalytic efficiency of the
Lewis acid of the zeolite was much higher than that of the
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Bronsted acid center in this reaction. Oligomers in Bronsted
acids were proven to be the main reason for catalyst
deactivation.

There is no water involved in the EDC catalytic cracking
reaction. However, current typical EDC industrial production
is mainly achieved through the ethylene oxychlorination
reaction, and water is simultaneously produced with the
formation of the EDC product.” The water content require-
ment of chemically pure 1,2-dichloroethane in the National
Standard of China (GB/T15895—2021) is <0.1%. Therefore,
trace water is inevitably present in EDC products despite the
subsequent rigorous dehydration process. The effect of trace
water on the subsequent EDC reactions is easy to ignore in
specific research work. To date, the effect of trace water in
feedstocks on the catalytic cracking of EDC to produce VCM
has not been reported. In this paper, the effect of trace water in
EDC feedstocks on the reaction performance of zeolite
catalysts was investigated, and the variation in zeolite acidity
in the presence of water was explored by using various
characterization tools, such as solid-state NMR, thermogravim-
etry, Py-FTIR, FTIR, and in situ feedstock switching tests. A
theoretical calculation study was used to reveal the effect of
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trace water on the catalytic cracking performance of zeolite
catalysts.

B EXPERIMENTAL SECTION

Materials. HZSM-S (molar ratio, SiO,/AL,O; = 35, Nankai
Catalyst Plant)

USY (molar ratio, SiO,/Al,0, = 8, Nankai Catalyst Plant)

1,2-Dichloroethane (Daimao Reagent Plant, water content:
181 ppm, 1203 ppm)

1,2-Dichloroethane (water content:73 ppm): 15 g of zeolites
(3A) were placed in 500 mL of 1,2-dichloroethane (water
content:181 ppm) for 12 h. The zeolites were removed, the
above process was repeated twice, and the final reagent
obtained is 1,2-dichloroethane with 73 ppm water.

1,2-Dichloroethane (water content: 20 ppm): 15 g of
zeolites (3A) were placed in 500 mL of 1,2-dichloroethane
(water content:181 ppm) for 12 h. The zeolites were removed,
the above process was repeated four times, and the final
reagent obtained is 1,2-dichloroethane with 20 ppm of water.

Characterization.

1. The powder XRD pattern was recorded on a PAN-
alytical X'Pert PRO X-ray diffractometer with Cu-Ka
radiation (1 1/4 0.15418 nm), operating at 40 kV and 40
mA.

2. The chemical composition of the solid samples was
determined with a Philips Magix-601 X-ray fluorescence
(XRF) spectrometer.

3. The crystal morphology was observed by scanning
electron microscopy (Hitachi SU8020).

4. N, adsorption—desorption isotherms at —196 °C were
determined on a Micromeritics ASAP 2020 system. Prior
to the measurement, samples were degassed at 350 °C
under a vacuum for S h. The total surface area was
calculated based on the BET equation. The micropore
volume and micropore surface area were evaluated using
the t-plot method.

S. Temperature-programmed desorption of ammonia
(NH;-TPD) was measured on a Micromeritics 2920
chemical adsorption instrument of . Each sample (20—
40 mesh, 0.15 g) was loaded into a stainless U-shaped
micro reactor (i.d.= 5 mm) and pretreated at 600 °C for
1 h in flowing He. After the pretreatment, the sample
was cooled to 100 °C and saturated with NH; gas. NH;-
TPD was then carried out in a constant flow of He (20
mL min™") from 100 to 700 °C at a heating rate of 20
°C/min.

6. Catalyst acidities were characterized by Fourier trans-
form infrared spectroscopy with the adsorption of
pyridine (Py-FTIR) on a Bruker Tensor 27 spectrometer
with an MCT detector. It is divided into the following
categories. (I) HZSM-S (15 mg) was pressed into a self-
supporting wafer and placed in a quartz cell. The
samples were pretreated at 500 °C for 240 min under a
vacuum and cooled to 300 °C. The spectrum of HZSM-
S without pyridine perturbations was collected. After-
ward, the IR cell was saturated by water, the sample
adsorbs water vapor for S min and evacuated for 30 min
to remove physically adsorbed water. Afterward, the IR
cell was saturated with pyridine and subsequently
evacuated for 30 min to remove physically adsorbed
pyridine. The spectrum of Py-FTIR was collected from
4000 to 1000 cm™' by averaging 64 scans with a

resolution of 4 cm™". (II) HZSM-$ (15 mg) was pressed
into a self-supporting wafer and placed in a quartz cell.
The samples were pretreated at 500 °C for 240 min
under a vacuum and cooled to 300 °C. The spectrum of
HZSM-5 without pyridine perturbations was collected.
Afterward, the IR cell was saturated with pyridine and
subsequently evacuated for 30 min to remove physically
adsorbed pyridine. The spectrum of Py-FTIR was
collected from 4000 to 1000 cm™ by averaging 64

scans with a resolution of 4 cm™!.

7. Catalysts were characterized by Fourier transform
infrared spectroscopy with adsorption of water on a
Bruker Tensor 27 spectrometer with an MCT detector.
HZSM-S (15 mg) was pressed into a self-supporting
wafer and placed in a quartz cell. The samples were
pretreated at 500 °C for 240 min under a vacuum and
cooled to 300 °C. The spectrum of HZSM-S was
collected. Afterward, the IR cell was saturated by water,
the sample adsorbs water vapor for 5 min and evacuated
for 30 min to remove physically adsorbed water. The
spectrum of FTIR was then collected from 4000 to 1000

cm™! by averaging 64 scans with a resolution of 4 cm™".

8. C MAS NMR spectra were performed on a Bruker
Avance III 600 spectrometer equipped with a 14.1 T
wide-bore magnet using a 4 mm or 7 mm MAS probe.
The resonance frequency was 150.9 MHz for 13C.

9. The water content was tested using a Karl Fischer
analyzer.

10. The TG test was performed by the SDT Q600 thermal
analyzer from TA, USA, for sample weight change and
heat flow analysis. Analysis conditions: sample filling
volume 15 mg, air atmosphere, air flow rate of 100 mL/
min, temperature increase rate 10 °C/min.

Catalytic Evaluation. The catalytic dehydrochlorination of
1,2-dichloroethane to produce the vinyl chloride monomer
reaction was carried out in a fixed bed reactor. The reactor
selected was a quartz tube reactor with an inner diameter of
@6. Under atmospheric pressure conditions, the feed was fed
by means of saturated vapor carried by nitrogen, the ambient
temperature of 1,2-dichloroethane was 10 °C, the N, flow rate
was 60 mL/min, and the catalyst mass was 1.59 g.

B RESULTS AND DISCUSSION

Two typical zeolites, HZSM-5 and USY, were selected and
investigated in this research. Figures S2—S4 show the XRD,
SEM, and NH;-TPD results of the selected zeolites. Zeolite
HZSM-S has characteristic Bragg reflections at 7.86, 8.77,
22.99, 23.21, 23.61, 23.84, and 24.30°. Zeolite USY has
characteristic Bragg reflections at 6.28, 10.26, 12.04, 15.85,
20.61, 23.94, and 27.38°. These Bragg reflections peaks are
consistent with the respective standard cards (JCPDS: 00—
049—0657) (JCPDS: 01—077—1549). From Figures S3 and
S4, it can be seen that the selected zeolites have good
crystallinity with crystal sizes ranging from 0.5 to 2 um, and
both showed two types of classic acidic sites. The SiO,/Al,O4
ratios, BET surface areas, and total pore volumes of the
selected zeolites were also summarized in Table S1. The SiO,/
AL, O, ratios of HZSM-5 and USY were 34.6 and 7.2,
respectively. Both zeolites have large specific surface areas
and microporous pore capacity characteristics. The EDC
catalytic cracking performance of zeolite catalysts was
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Figure 1. (a, c¢) EDC conversion and (b, d) the selectivity of VCM over zeolite catalysts under different water content EDCs as feedstocks. (a, b)
WHSV = 0.5 h™!, zeolite: HZSM-5; (c, d) USY, 300 °C, 0.1 MPa, N,/CH,CICH,CI = 19/1. (Red curve, EDC (20 ppm water content); dark green
curve, EDC (73 ppm water content); blue curve, EDC (181 ppm water content); light green curve, EDC (1203 ppm water content).).

investigated by using four EDC feedstocks with different water
contents (1203, 181, 73, and 20 ppm).

As shown in Figure 1, the effect of different water contents
in EDC feedstocks on the performance of the catalytic cracking
of EDC using HZSM-S or USY as catalysts was investigated.
The results of the HZSM-S catalyst (Figure 1a, b) showed that
the conversion of EDC was maintained at 100% until 1.5 h of
the reaction regardless of the water content in the EDC
feedstocks. Subsequently, it gradually accelerated with
increasing water content. In terms of VCM selectivity, the
HZSM-5 catalyst had the lowest initial selectivity when EDC
with a water content of 1203 ppm was used as the feedstock.
As the reaction proceeded, the selectivity tended to be close to
100% for all feedstocks. In contrast, the results of the USY
catalyst were different from those of the HZSM-5 catalyst, as
shown in Figure 1c, d. It can be seen that the initial activity of
USY is the highest activity for all the four different water
contents of EDC as feedstock, compared to HZSM-§
maintained for a period of time. As the reaction proceeds,
the activity of zeolite USY gradually decreases. The conversion
of EDC is about 10% different when the water content of EDC
is increased from 20 to 181 ppm. This indicates that USY has
water resistance in comparison with HZSM-S. Once the water
content increased to 1203 ppm, the difference in the activity of
USY became more obvious. The catalytic activity of USY was
substantially decreased. The VCM selectivity of the USY
catalyst remained less than 80% during the reaction of 6 h
when EDC with the water content of 1203 ppm was used as
the feedstock, while others’ selectivity was close to 100% after
2 h of reaction.

The stability of the two types of zeolite catalysts was further
investigated and the results are shown in Figure S5. The EDC

conversion curves were plotted as slope curves to compare the
stability difference between catalysts. The total conversion of
EDC on HZSM-$§ and USY decreased from 100% to about
60% and 92% to about 57%, respectively, when EDC with 20
ppm water content was feedstock. Meanwhile, when EDC with
1203 ppm water content was feedstock, the total conversion of
EDC on HZSM-S and USY decreased from 100% to about
25% and 83% to about 17% on EDC at 1203 ppm, respectively.
In terms of the general trend, the stability of the zeolite catalyst
in the EDC feedstock with 20 ppm water content was superior
to that in the EDC feedstock with 1203 ppm water content.
From the three slope curves, the presence of water particularly
affects the first slope curve, and the next two slope curves are
parallel to each other, showing that the deactivation rates of
the two catalysts are similar in the later stages.

The noteworthy differences in the catalytic activity,
selectivity, and stability on zeolite catalysts when using EDC
feedstocks with different water contents indicate that the
presence of trace water has a significant negative impact on the
catalytic cracking of EDC to produce VCM. This result is
different from previous reports indicating that the presence of
water tends to facilitate catalytic cracking reactions."*™>° This
facilitation is mainly reflected in the fact that water molecules
can reduce carbon deposition on the active site of zeolite
catalysts and are also conducive to mass and heat transfer in
the reaction process.”' >’ In addition to the promotion effect
on the reaction performance, the presence of water also
changes the acidic property of the zeolite catalyst, which has a
positive or negative effect on the reaction performance, mainly
depending on the mechanism of the catalyzed reaction.”* >
Previous studies have shown that acidic species have an
important effect on the catalytic cracking of EDC.” Based on
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this, it was speculated that the presence of water in the
feedstock might change the acidity or quantity of the zeolite
catalyst and then change the catalytic performance in EDC
cracking. A series of experiments and characterizations were
carried out to reveal the effect of water on the catalytic
performance of zeolites in the EDC cracking reaction.

The carbon depositions of selected zeolites after reaction for
10 h using two kinds of EDC (20 ppm, 1203 ppm) feedstocks
were determined by thermogravimetry (Table 1, Figure S6).

Table 1. Mass Loss Amount from TG Results (Figure S5)

conditions HZSM-S (%) USY (%)
20 ppm-10h 7.6 9.7
1203 ppm-10h 7.1 10.3

The TG curves showed little difference of about 0.5% in the
amount of carbon deposition by the same catalyst under two
kinds of EDC feedstocks. However, Figure 1 shows that the
EDC conversions of the two feedstocks with water contents of
20 and 1203 ppm were extremely different. This means that
the carbon deposition of selected zeolites using EDC feedstock
with a water content of 1203 ppm was significantly more
serious than that of EDC with a water content of 20 ppm
compared with the unit EDC conversion. Notably, the
composition of the carbon species in the zeolites used was
probed using solid-state NMR techniques, and the chemical
shifts of the carbon species in the zeolites with the same
topological structure with EDC feedstock with different water
contents remained essentially the same, as shown in Figure S7.
According to Shalygin,” the formation of oligomers in Bronsted
acids was the main reason for zeolite catalyst deactivation,
indicating that the participation of water might lead to a
change in zeolite acid sites during the reaction.

Based on the above, FTIR and Py-FTIR were used to further
investigate whether water molecules affected the acid
distribution of zeolite catalysts. The FTIR spectra of HZSM-
5 (H) and USY (U) under aqueous and anhydrous conditions
are shown in Figure S8, respectively. Compared with the
anhydrous condition, the stretching vibration of Bronsted acid
sites bridging hydroxyl groups at 3740 cm™' was significantly
reduced in the aqueous condition, while the stretching
vibration peaks of the hydroxyl nests represented at 3700—
3400 cm™' are also obviously enhanced. These results
indicated a reduction in the number of bridged hydroxyls
and an increase in the number of hydroxyl nests in the zeolite
frameworks in the presence of water.””*® It is generally
believed that at high temperatures and in the presence of
water, skeletal aluminum delamination occurs on zeolites,
which leads to the formation of hydroxyl nests.””*° The
hydrogen-bonded hydroxyl clusters formed by these frame-
work defects are called hydroxyl nests. The defects caused by
the first T atom are mainly to adjust the acidity of the zeolites,
optimizing the catalytic and diffusion properties of the zeolites.
Based on this, it is necessary to modify the structure of zeolites,
such as high-temperature steam passivation and acid treatment.
When defects have negative effects on the catalytic reaction of
zeolites, silicon species need used to supplement the defects of
zeolites to further eliminate the defect acidity.”

New findings were observed by Py-FTIR, as presented in
Figure 2 and Table 2. First, we learned from the literature that
the absorption peak of Py-FTIR at approximately 1540 cm™
represents Bronsted acid sites and the absorption peak at 1460

2.0

—— H-anhydrous.— H-aqueous.
U-anhydrous.— U-aqueous.

1.5+

o ——— |
;_/\_/k/g

00 %

1600 1550 1500 1450 1400
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Figure 2. Py-FTIR of zeolites before and after water adsorption. (Blue
curve, HZSM-S under anhydrous conditions; navy blue curve, HZSM-
S under aqueous conditions; orange curve, USY under anhydrous
conditions; yellow, USY under aqueous conditions.)

Table 2. Ratio of Bronsted Acid Sites to Lewis Acid Sites
under Several Conditions”

conditions HZSM-5 Usy
anhydrous 1.47 1.69
aqueous 1.96 2.60

2 min-20 ppm 2.61 141
2 min-1203 ppm 1.62 0.61
20 min-20 ppm 2.69 1.44
20 min-1203 ppm 3.22 1.00

“The ratio is measured by Fourier transform infrared spectroscopy
with the adsorption of pyridine.

cm™ represents Lewis acid sites.”’ With the presence of water,
the ratio of Bronsted acid sites to Lewis acid sites is
significantly improved. This means that part of the nonframe-
work aluminum is transformed into framework aluminum in
the presence of water, Lewis acid sites can transform to
Bronsted acid sites, one reversible change. Combining the
results of the two IR spectra, the following conclusions can be
drawn, showing that the existence of water can easily change
the types of acid sites in zeolites. At 300 °C, the entry of water
molecules achieves the dealumination of the molecular sieve
skeleton and forms hydroxyl nests on the one hand, and the
presence of water converts the Lewis acid to Bronsted acid on
the other.

To quantitatively describe the change in the acid sites of
zeolites caused by different water contents, we used Py-FTIR
to analyze the catalysts after reaction for 2 and 20 min (Table
2). Compared to the results of EDC with a water content of 20
ppm, the ratio of the Bronsted acid sites to Lewis acid sites of
the catalysts decreased after 2 min of reaction when EDC with
a water content of 1203 ppm was used as the feedstock.
However, when the EDC with a water content of 20 ppm was
used as the feedstock, the ratio increased after 20 min of
reaction compared with the result of 2 min of reaction. In
contrast, the ratio for all zeolite catalysts remained essentially
unchanged when EDC with a water content of 20 ppm was
used as the feedstock. This result is in agreement with the
results of previous characterizations (Figure S8, Figure 2, Table
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Figure 3. (a, c) EDC conversion and (b, d) the selectivity of VCM over zeolite catalysts by in situ feedstock switching. Reaction conditions: WHSV
= 0.5 h™!, zeolite: (a, b) HZSM-S, (¢, d) USY, 300 °C, 0.1 MPa, N,/CH,CICH,CI = 19/1, feedstock switching at the third and seventh hour.

2) showing that the involvement of water molecules leads to
changes in the acidity of zeolites.

The IR spectra show that the involvement of water
molecules in the EDC feedstock led to a change in the
Bronsted acid site to Lewis acid site ratio during the reaction,
which may be the main reason for the rapid deactivation of the
zeolite catalyst in the presence of water. To verify this
conclusion, we carried out feedstock switching experiments, as
shown in Figure 3.

Figure 3 shows the feedstock switching experiments
performed on the USY and HZSM-S catalyst. Using EDC
(20 ppm water) and EDC (1203 ppm water) as initial
feedstocks, the reaction was carried out for 3 h by rapidly
switching the initial feedstock to the other feedstock and then
switching back to the initial feedstock after 4 h of reaction.
When EDC with 20 ppm water was used as the feedstock, the
EDC conversion and VCM selectivity decreased rapidly as the
feedstock was switched the first time. After the feedstock was
switched the second time, the EDC conversion was improved,
but the value was much lower than that before feedstock
switching, while the VCM selectivity increased to the same
value observed before feedstock switching (Figure 1). In
contrast, when EDC with 1203 ppm water was used as the
initial feedstock, the EDC conversion only slightly increased by
10—20% after switching the feedstock the first time, and the
VCM selectivity increased to the same value as that observed
with the feedstock containing 20 ppm water. After the
feedstock was switched the second time, both the EDC
conversion and VCM selectivity decreased again to the
corresponding results of the feedstock with 1203 ppm water.

The two types of switching tests again reveal that the activity
of zeolites was strongly influenced by the water content in the
EDC feedstock. This is consistent with Shalygin,’ who
reported that Bronsted acids easily form oligomers, which
led to rapid zeolite deactivation, and with the previous findings
of IR characterizations suggesting that a dynamic transition
from Lewis acid sites to Bronsted acid sites took place on the
zeolite catalyst in the presence of water molecules.

In addition to the above experiments, theoretical calcu-
lations were also carried out to study the effect of water on the
adsorption of reactants and products on zeolites. The host—
guest interactions between zeolites (MFI, FAU) and EDC or
VCM were also investigated by density functional theory
(DFT) calculations.”>™** Two conditions, aqueous and
anhydrous, were selected for detailed analysis. The calculations
show that the interaction energies were all enhanced with the
involvement of water molecules. By introducing water
molecules into the zeolite-EDC system, the interaction energy
(Table S2) of substances decreased. The interaction energy
between the zeolite and water was much lower than the
interaction energy between the zeolite and EDC. This indicates
that H,O preferentially adsorbed on the zeolites and
coadsorbed with EDC. In addition, the interaction energy
calculations were extended to the zeolite-VCM system. The
interaction energy (Figure 4) of MFI with water molecules and
VCM molecules was —0.11 X 10° kcal/mol, while the
interaction energy of MFI with VCM was —0.09 X 10° kcal/
mol. Meanwhile, the interaction energy of FAU with water and
VCM was —0.03 X 10° kcal/mol, while the interaction energy
of FAU with VCM was —0.01 X 10° kcal/mol. The above
theoretical calculation results indicate that the presence of
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water enhances the adsorption of EDC and VCM on the
zeolites, which has an important impact on the catalytic
performance of zeolites. In particular, the adsorption of the
VCM product reduces the selectivity for EDC cracking,
accelerates carbon deposition on the zeolites, and thus
accelerates the deactivation of the catalysts.

B CONCLUSION

In conclusion, it was found for the first time that the presence
of trace water in EDC feedstock had a significant negative
impact on the catalytic performance of zeolite catalysts in the
catalytic cracking of EDC to produce VCM. FTIR, Py-FTIR,
thermogravimetry, solid-state NMR, feedstock switching tests,
and TDDFT calculations revealed that the presence of trace
water in the EDC feedstock easily affects the Bronsted acid site
to Lewis acid site ratio of zeolites and tends to enhance the
adsorption of EDC or VCM on zeolites, which together lead to
a decrease in the catalyst activity, selectivity, and stability of
zeolite catalysts for the catalytic cracking of EDC to produce
VCM. This study provides a new idea for follow-up research by
showing that strictly controlling the water content in EDC can
help improve the activity, selectivity, and most importantly, the
stability of the EDC catalytic cracking reaction.
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