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Abstract—Chlorinated volatile organic compounds (CVOCs) have been regarded as hazardous atmospheric pollut-
ants, and catalytic oxidative destruction has been considered as the most efficient method to handle such contami-
nants. Herein, characteristics of Al, Si and Ti based supporting materials were modified with cupric chloride to
enhance catalytic performance for the complete oxidation of 1,2-dichlroethane (DCE). According to the supporting
materials in the presence or absence of active materials, physicochemical properties of catalysts appear to be quite dif-
ferentiated, and the relationship between modified properties and its catalytic performance was observed and dis-
cussed. Among the studied catalysts, CuCL/Al, T, O, composite showed the highest catalytic performance, which could
be attributed to several beneficial effects associated with proper textural property, abundant acid sites and oxidizing
ability. This catalyst designing strategy described in this study suggests a prospective way to develop efficient catalysts
fashioned of non-precious, earth-abundant materials for the catalytic oxidation of CVOCs.
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INTRODUCTION

The emission of artificial hazardous pollutants has increased rap-
idly. Among them, volatile organic compounds (VOCs) are dis-
charged regardless of the scope of human activity (such as home
life, industry and transportation), which can significantly affect the
environment while circulating in the atmosphere [1]. Recently, vari-
ous methods have been newly attempted [2-4], but traditional cat-
alytic oxidation is still considered one of the most effective removal
methods for VOCs because of low operating temperatures and prod-
ucts formation of non-toxic H,O and CO, [5]. However, some
VOC:s containing Cl element would make its catalytic removal pro-
cess to be even more difficult [6]. When these chlorinated VOCs
(CVOCs) are not completely oxidized, polychlorinated byprod-
ucts (which are frequently much toxic than the original CVOCs)
could be emitted. Moreover, the Cl-species can function as poi-
soning agents, causing deactivation by covering the surface of cata-
lyst where the reactant molecules could be adsorbed and converted.
Thus, in order to properly remove CVOCs, the catalyst should not
only be active, but also be chemically stable under Cl-containing
atmosphere with high selectivity toward non-toxic products.

It has been reported that the mechanism of catalytic destruction
of CVOC:s could be quite different depending on physicochemi-
cal properties of catalyst [7]. Among the reported mechanisms, it
is widely accepted that the CVOCs could be removed much read-
ily when the C-Cl bonds were cleaved first and the residual inter-
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mediates were decomposed after [7-12]. For the C-Cl bond cleavage
as an initiation step, acid sites of the surface of catalyst play an im-
portant role and HCI molecules are released (i.e., dehydrochlori-
nation) from the original CVOCs. Afterward, dehydrochlorinated
intermediate is further oxidized by the oxygen species present on
surface of the catalysts, and it is a much easier route compared with
the direct destruction of original CVOCs. In this sense, it could be
deduced that the catalyst should possess both of proper acidic prop-
erties and excellent ability to provide oxygen species (i.e., oxidizing
ability) for the efficient catalytic oxidative destruction of CVOCs.
Various types of catalytic materials have been studied for oxida-
tive removal of CVOCs. Supported noble metal catalysts [12-15]
show frequently more active and selective results than others, but
they are generally expensive due to their scarcity;, and poor struc-
tural stability is often observed with agglomeration of noble metal
components under the heated atmosphere of reaction condition.
Zeolites [16-19] have the advantage that their structure and acidity
are easily adjustable with relatively cheap cost, but they also have
several demerits of diversity of formed byproducts and vulnerability
against coke deposition. Considering both aspects of cost and sta-
bility; transition metal based materials [20-32] are regarded as the
prospective catalysts and numerous researches have been reported
recently for the catalytic CVOCs removal (selected reports were sum-
marized and compared in Table S1). In most cases, they are com-
monly used as composited form rather than being used as single
phase in order to achieve more efficient catalytic process by modify-
ing the characteristics of catalyst toward more appropriate degree
in various aspect. For the supported catalytic materials, Al-based
materials are most frequently used as the supporting material [12-
15,32-35]. They can contribute to the heterogeneous catalysis by



1056 S. Lee et al.

providing outstanding textural properties (adsorption sites) where
the gas phase reactants can be adsorbed, even if the catalytic oxi-
dative destruction activity of themselves is negligible. Especially in
the case of these CVOCs removal, they can also assist the catalytic
removal process by accelerating the initiation step of C-Cl bond
cleavage with their acid sites [36]. Moreover, their physicochemi-
cal properties as the supporting materials or the catalytic activity of
themselves can be improved by forming mixed oxide with other
elements [20,24-26]. Furthermore, the redox properties can be also
enhanced by incorporation of additional active materials with strong
oxidizing ability over these kinds of supporting materials [12-15,
32-35]. Thus, we hypothesized that hybridization of a transition
metal based active material with excellent redox property and the
Al-based supporting materials with sufficient surface area and abun-
dant acid sites would be a prospective designing strategy for the
efficient catalytic material. Among the various transition metals, cop-
per is chosen as the active element because its oxidation state can be
easily changed even at the relatively low temperature range, mean-
ing that they can exhibit good activity toward redox interaction at
low temperature [32,37,38]. Besides, cupric chloride is used as the
Cu species incorporating agent. There are two advantages to use
Cu(l, as the active material: (1) calcination process is not required
to deposit active materials on the surface, and (2) the CuCl, is a
chloride form; therefore, its chemical stability under Cl-containing
atmosphere would not be deteriorated. Indeed, it was confirmed
from the XPS analysis results that the chemical state of Cu was not
transformed (well maintained) under the reaction condition, even
if the temperature of synthetic process was lower than reaction tem-
perature.

In this paper, a series of supported CuCl, catalysts were synthe-
sized by a wet impregnation of the CuCl, over the various support-
ing materials which consist of Al-based oxide. Single oxide of AlO,,
mixed oxide of Al Ti,O, (Al-Ti mixed material) and the Y zeolite
(Al-Si mixed material) were used as the Al-base supporting mate-
rials. The resulting composite catalysts were investigated for catalytic
oxidation of 1,2-dichloroethane (DCE) as representative CVOCs
using a typical fixed-bed catalytic reactor system, but herein the reac-
tion condition would be somewhat harsh compared with previously
reported researches (Table S1). According to the constituent elements
of the supporting materials, characteristics of catalysts appeared to
be quite differentiated, and the relationship between the physico-
chemical properties and their catalytic performances was observed
and discussed. In addition, ZSM-5 zeolites (Si-based material) was
also investigated for comparison, but the single oxide of TiO, was
not considered because it has extremely small surface area that it
could not function as a supporting material where the active materi-
als can be dispersed. Among the studied catalysts, CuCL/Al, Ti,O,
composite shows the highest catalytic performance, which could be
attributed to several beneficial effects associated with proper tex-
tural property, abundant acid sites and sufficient oxidizing ability.

EXPERIMENTAL
1. Preparation of Catalysts
Aluminum oxide and aluminum-titanium mixed oxide (molar

ratio of Al:Ti=1:1) were synthesized by a typical sol-gel method
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according to the following procedure reported in our previous work
[7]. Total moles of metals in the synthesized oxides were fixed to
0.2 mol. Pre-mixed solvent solution was prepared using 4.88 mL of
acetylacetone (Sigma Aldrich, >299%) and 181 mL of 2-propanol
(Sigma Aldrich, 99.5%) and calculated amount of aluminum-tri-
sec-butoxide (Sigma Aldrich, 97%) was added in the solution, and
then vigorously stirred for 0.5 h. Titanium (IV) isopropoxide (Sigma
Aldrich, 97%) was dissolved with continuous stirring for 0.5 h, fol-
lowed by adding 7.87 mL of 0.5M nitric acid. The mixture was
heated at 80 °C with stirring for two days to form viscous gel and
evaporate solvent, and resultants were calcined in air atmosphere
at 600 °C for 5h to obtain the Al-Ti oxides. For the CuCl, incorpora-
tion, four kinds of oxide materials (Y zeolite, ZSM-5 zeolite, alumi-
num single oxide and aluminum-titanium mixed oxide) were selected
as the supporting material. Y zeolite (Alfa Aesar, 45868) and ZSM-
5 zeolite (Acros Organic, 279571000) were purchased as commer-
cial products, and they were calcined at 550 °C for 5 h before used.
Deposition of CuCl, on the prepared supporting material was car-
ried out using a wet impregnation method. Calculated amounts of
CuCl,-2H,0 (Sigma Aldrich, 221783) were dissolved in deionized
water (DI). The precursor solutions were mixed with supporting
materials and sonicated for 0.5 h to allow the active species to be
well impregnated, then dried overnight at 120 °C to evaporate DL
Hereafter, each supporting material was denoted as @Y, @ZSM5,
@Al and @ALT], and the # wt% CuCl, supported catalysts were
named as #support name'. For comparison, unsupported CuCl, was
prepared by simply drying CuCl,-2H,O overnight at 120 °C and
denoted as bulk-CuCl,.
2. Physicochemical Characterizations of Catalysts

X-ray diffraction (XRD) patterns of prepared catalysts were ob-
tained on Ultima IV (Rigaku) using a Cu-Ke radiation source X-ray
in the 26 range of 10° to 80°. The N, adsorption-desorption iso-
therms were carried out using ASAP 2020 and ASAP 2010 equip-
ment (Micromeritics), and Brunauer-Emmett-Teller (BET) method
was used to calculate the specific surface area. Scanning electron
microscopy (SEM) and energy dispersive X-ray spectrometry (EDS)
were used to observe the morphological characteristics of the sur-
face of prepared catalytic materials on S-4800 (HITACHI). The
amount and strength of the acid site on the surface of prepared
catalysts were investigated by ammonia temperature programmed
desorption (NH;-TPD). Before the NH;-TPD measurement, the
catalysts were pretreated at 300 °C for 1 h under He atmosphere to
remove contaminants (such as moisture) on the surface of catalyst,
then cooled to 90 °C and exposed to NH; gas for 1 h. To remove
physisorbed NH, on the surface, the catalysts were purged at 90 °C
for 0.5 h under He atmosphere. Purging with He gas flow, desorp-
tion of the chemisorbed NH; on the surface of catalysts was ana-
lyzed within the temperature range of 90-700 °C and the ramping
rate was 10 °C min™". During the NH,-TPD measurement, all of the
heat and gas flow was controlled by BELCAT-II (MicrotracBEL)
and the exhaust gas was analyzed by HPR-20 (Hiden Analytical)
mass spectrometry. The kinds of acid sites were classified by the
ammonia Fourier-transform infrared spectroscopy (NH,-FTIR)
using NICOLET iS50 (ThermoFisherScientific). The catalysts were
pretreated at 300 °C for 0.5 h under He atmosphere, then cooled to
50 °C and exposed to NH; gas for 0.5 h. After the removal of phy-
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sisorbed NH; on the catalyst surface by He purging for 0.5h at 50 °C,
the FT-IR spectra were obtained. H, temperature-programmed reduc-
tion (H,-TPR) was performed on BELCAT-II (MicrotracBEL) equip-
ment, to investigate reducibility of the catalysts. The catalysts were
reduced under H, atmosphere within the temperature range of
90-800 °C at the ramping rate of 10 °C min™". The amount of con-
sumed H, by the reduction was measured with a thermal conduc-
tivity detector (TCD). The composition and oxidation states of the
catalyst surface elements were investigated from the XPS spectra,
which were obtained on K-ALPHA+ (ThermoFisherScientific)
equipment (All of the XPS data were calibrated based on C 1s
spectra).
3. Measurement of Catalytic Performance

Catalytic oxidation reaction of DCE was performed on a typi-
cal fixed-bed flow reactor system (Fig. S1(a)). Liquid phase DCE
was evaporated in a jacketed glass saturator with the temperature
control system, and the generated DCE vapor was carried by a He
flow. To make desired feed stream condition, O, flow and another
He flow were mixed to the DCE vapor flow stream. The resultant
gas mixture consisted of 20% O, and 1,150 ppmv DCE balanced
with He, and the total flow rate was maintained at 100 ml min .
Catalytic performance was measured in the temperature range of
200 to 500 °C with 50 mg of each catalytic material, the gas hourly
space velocity (GHSV) was fixed to 120,000mL h™" g_,". The tem-
perature of fixed bed reactor system during the catalytic oxidation
reaction was controlled in a 50 °C interval step mode (details in Fig.
S1(b)), and the experimental data were measured five times for each
temperature and their average values were used to represent the
catalytic performance at that temperature. The stability test was also
performed at 400 °C for 80 h with 50 mg of catalysts (1,050 ppmv
DCE, 20% O, balanced with He and GHSV condition of 120,000
mL h™' g, ). Reactant or product gas mixtures were analyzed by
7890A (Agilent) on-line gas chromatography system with flame ion-
ization detector (FID) and thermal conductivity detector (TCD).
Commercial reference gas mixtures were calibrated to estimate the
concentrations of DCE, CO and CO,. The concentrations of other
compounds were calculated by converting GC peak area, based
on the FID signals with relative response factors.

RESULTS AND DISCUSSION

1. Characterization of the Catalysts

Textural properties of prepared catalysts were investigated by N,
adsorption-desorption isotherm with BET calculation (Fig. 1 and
S2); the results are summarized in Table 1. Single component of
CuCl, without support, ie., bulk-CuCl,, revealed very small spe-
cific surface area and total pore volume. Consequently, bulk-CuCl,
exhibited negligible value of conversion compared with that of other
catalytic materials tested in this work. On the other hand, support-
ing materials showed sufficiently high surface area and pore vol-
umes larger than 250 m’ g ' and 0.2 cm’ g, respectively. Thus, it
could be expected that introduction of the supporting materials
with superior textural properties would be helpful to increase the
accessibility of gas phase reactants. Although the surface area and
pore volume frequently decreased as the amount of deposited CuCl,
was increased on the surface, supported CuCl, catalytic materials
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Fig. 1.N, adsorption-desorption isotherm profiles of supporting
materials.

Table 1. Textural properties of prepared catalytic materials

Catalyst Seer [m’ g '] me,b [em® g']
@Y 640.8 3.59x10™"
25@Y 5749 3.80x10™"
10@Y 604.9 3.19x10™
@ZSM 395.5 2.09%107"
2.5@ZSM 331.0 1.96x107"
10@ZSM 322.5 1.58x107"
@Al 312.3 4.97%x107"
2.5@Al1 365.1 3.73x107"
10@Al 330.2 3.26x107"
@AITi 266.7 3.26x107"
25@AITi 259.4 3.04x107"
10@AITi 2129 2.42x107"
bulk-CuCl, 2283 8.04x107°

“Specific surface area calculated by BET method.
*Single point total pore volume (at P/P,=0.995).

still maintained high values of surface area and pore volumes larger
than 200m’ g ' and 0.15cm’ g, leading to much higher conver-
sion values than that of bulk-CuCl,.

XRD patterns of the prepared catalytic materials were obtained
(Fig. 2). Zeolites, @Y and @ZSM5 showed clear peaks of their own
crystal structure and @Al had broad peaks of j-ALO, phase with
amorphous feature, whereas @AITi did not possess any peak of spe-
cific crystal structure. When the mixed oxide is formed with similar
molar ratio of metal elements, it has been reported that each spe-
cies hindered the growth of crystalline phases; therefore, the crys-
tal size could be too small to be detected over the resolution limit
of XRD equipment [39,40]. In this respect, the nature of @AITi
with 1: 1 molar ratio of Al to Ti would be similar accordingly. Mean-
while, all of the supported CuCl, catalysts did not reveal any peak
related to cupric chloride phase. It could be possible that the depos-
ited copper compounds exhibit amorphous feature when highly
dispersed on the surface of support materials [41]. Thus, element
mapping images of supported CuCl, catalysts were observed by

Korean J. Chem. Eng.(Vol. 40, No. 5)
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Fig. 3. NH,-TPD profiles of the supporting materials and unsup-
ported CuCl,.

SEM-EDS (Fig. S3), because the XRD patterns in Fig. 2 could not
provide any evidence for presence of CuCl, phase. It can be seen
that Cu and Cl species obviously exist on the supporting material,
and their high dispersion would be the reason for the undetect-
able peak.

The amounts of acid sites on the surface of prepared catalytic
materials were estimated by NH,-TPD measurement (Fig. 3 and
S$4). It is very important to identify the acidic properties of the sur-
face of catalytic materials, because they play an important role of
C-Cl bond cleavage causing dehydrochlorination process. In the
case of supporting materials, zeolites exhibit lower amount of acid
site compared with @Al or @AITj; especially @ZSM show negligi-
ble acidity. Considering that the specific surface area of the zeo-
lites is higher, the density of acid site is even much lower. It can be
explained by chemical composition of each material (Table 2), that
the specific atomic ratio of Si, Al and Ti elements is closely related
to the number of surface acid sites. Al can produce not only Bren-
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Table 2. Chemical composition of supporting materials

Atomic ration [%]

Catalyst

c 0 Si Al Ti Na
@Y 18.86  62.81 12.79 545 - 0.09
@ZSM 2551 5560  18.88 0.01 - -
@AITi 2063  55.84 - 1052 12.67 -

“Caused by carbon tape on the SEM sample holder

sted acid site when they are hydrated forming hydroxyl functional
group [12], but also be converted to Lewis acid site by itself where
the electron pair could be accepted [42]. On the other hand, Si has
four valence electrons; therefore, it is very neutral in various chem-
ical interactions including acid-base relation [43]. In this sense, @Al
and @AITi with numerous Al species have abundant acid sites,
whereas @Y with small amount of Al have medium acidity, and
@ZSM with Si-dominant composition [48] (Table 2 and Fig. S2)
reveals negligible acidity (Fig. 3). Meanwhile, bulk-CuCl, also shows
some acidity. The CuO,, reported in our previous work [32] did
not have its own acidity; thus the acidity of supported catalysts de-
creased as the content of incorporated CuQ, increased, but the CuCl,
could be expected to have different effects when they are deposited.
In fact, supported catalysts exhibited different acidic properties com-
pared to their support, but interestingly they showed different ten-
dencies depending on the supporting material (Fig. $4). Zeolite
supported CuCl, catalysts revealed significantly increased amount
of acid site according to the content of CuCl,. Although their own
acidity is poor, zeolites can provide very large surface for CuCl,
deposition; then highly dispersed CuCl, with acidity could lead to
dramatically increased number of surface acid sites. However, the
others exhibited decreased number of acid sites, and it was some-
what recovered as the content of CuCl, increased, but showed still
a small quantity compared to that of @Al or @AITi. To understand
the effect of CuCl, incorporation, NH,-FTIR was performed (Fig.
S5). Before the CuCl, was supported, Bronsted acid sites were domi-
nant on the surface of @AITi. Then, the intensity of Brensted acid
site was decreased to a certain degree as the CuCl, was deposited,
and the signal of Lewis acid site was obviously increased. Thus, it
seems that the number of total acid sites was decreased by the
deposition of CuCl, that can occupy the Bronsted acid sites at the
first, and then recovered some extent as the number of Lewis acid
sites increased with more content of CuCl,.

Reducibility properties of supporting materials were investigated
by H,-TPR, and the results are displayed in Fig. 4. When oxygen is
the only element that can react with H,, the reducibility (in terms
of the amount of consumed H,) can represent the ability to pro-
vide oxygen species, which is also directly associated with its oxi-
dizing strength. Most of supporting materials show poor reducibility,
except the @AITL. Similar to the case of acidic properties, it could
be also explained by the characteristics of constituent elements of
each material (Table 2). Since Al and Si are typical elements, the
oxidation state is rarely changed and thus there is scant amount of
intrinsic defects (oxygen vacancy). On the other hand, since Ti is a
transition metal which can possess various oxidation states (mainly
Ti*" and Ti™"), it is much easier to generate oxygen vacancies in the
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Fig. 4. H,-TPR profiles of the supporting materials.

crystal structure. Moreover, extrinsic defects can be much more
generated to maintain electroneutrality of the material when het-
eroatoms are doped into the Ti compounds. Such oxygen vacancies
can facilitate the migration of oxygen atoms in the lattice, or can
serve as sites where the dissociative adsorption of atmospheric O,
can occur [44]. In this regard, the @AIT], which is doped with Al
heteroatom in Ti oxides, could reveal the highest reducibility among
the supporting materials, and therefore it would be also expected
that the @AITi could well assist the oxidation process in catalysis.
Indeed, @AITi produced the largest amount of oxidation products
(CO and CO,) among the supporting materials (Fig. 6). However,
CuCl,-containing catalysts could not be analyzed unfortunately.
Oxygen will also participate to the reaction with H,, but in this
case, Cl also reacts with H, to form HCI, making it practically im-
possible to separate each signal from the TCD detector. Thus, the
influence of incorporated CuCl, at the oxidation process of cataly-
sis should be investigated by XPS analysis along with the catalytic
performance results.

Surface element composition and their chemical bonding envi-
ronment were investigated by XPS analysis (Fig. 5 and summarized
in Table 3). As displayed in Fig. 5(a), O 1s signal could be divided
into three peaks of the oxygen species (1) contained in the surface

Table 3. Surface chemical composition of fresh and used catalysts

1059
(@) (b)
- /1 (fresh)
éa’f;r/:ﬁ'"% L\ 2.5@AITi
(used)
(used) .
FT.@A”i o —_ 2.5@AITi
- o 5l = :
i [|(fresh) SR Rl
2.5@AITi (satellite)
) - 2
.;; 12
(fresh)
5 (used) f E 5 10@AITi
w |25@ArTi E
= . '
ifg;: satellit
e (fresh) [ (satellite)
10@AITi ‘
(used) (used)
usel /
10@AITi 10@AITi

B B B B e
945 942 939 936 933 930
Binding Energy [eV]

538 536 534 532 530 528
Binding Energy [eV]
Fig. 5. XPS spectra of the fresh and used catalysts: (a) O 1s; (b) Cu
2p.

hydroxyl group (Oyyuu)» (2) attributed to adsorbed oxygen species
on the vacancy site (O, can,,)> and (3) occupied at the lattice site (Oyice)
[45,46]. Among them, O, is closely related with the oxidation
process where the C-H bonds are broken by the surface adsorbed
reactive oxygen species [11]. As the amount of incorporated CuCl,
increased, the relative abundance of O, also increased (Table
3); thus it could be expected that catalytic material with higher
contents of CuCl, would possess higher activity for the oxidation
process. Indeed, it is well associated with the catalytic oxidation
results in which the catalytic materials with higher amount of CuCl,
reveal higher yield for the completely oxidized products of CO, (Fig.
S9(d)). Moreover, the relative abundance of O,,,,,, was decreased
in 25@AITi and 10@AITi after used,; it also confirmed that the
O,aaney Sites play an important role in the catalysis. However, ironi-
cally, the relative abundance of O, over the @AITi increased
after used. From the oxidized product profiles of CO and CO,, it
could be seen that the selectivity toward CO over the @AITi was
increased as the reaction temperature increased; thus, it seems that
the oxygen species from the atmospheric oxygen molecule could
not be transferred to CO well, but used to replenish the oxygen

Surface atomic ratio [%)]

Relative abundance

Catalysts 5

C Al Ti Ohydroxyl Ovacancy Oluttice Cu * Cu+ Cl Ovacancy/ Olatﬁce
@AITi
fresh 19.67 14.62 12.04 5.71 14.14 33.80 - - - 0.418
used 21.35 14.70 11.08 4.64 16.87 30.26 - - 1.10 0.558
2.5@AITi
fresh 20.40 14.33 11.35 5.82 17.11 29.74 - 045 0.78 0.575
used 20.93 15.61 10.81 3.87 15.40 31.98 - 0.35 1.06 0.482
10@AITi
fresh 22.70 12.27 9.10 591 19.32 23.24 1.80 1.16 451 0.831
used 21.99 13.95 7.36 6.62 18.29 23.06 2.68 1.52 4.54 0.793
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Fig. 6. Catalytic performance profiles with temperature changes for the catalytic oxidative destruction of DCE over the selected catalytic
materials: (a) DCE conversion; (b) Vinyl chloride concentration; (c) Acetylene concentration; (d) CO concentration; (e) CO, concen-

tration.

vacant site at the high reaction temperature. In the case of Cu spe-
cies, there are different tendencies in 2.5@AlTi and 10@AITi. Most
of surface Cu species on 2.5@AITi have the oxidation state of Cu’,
but the 10@AITi possesses both oxidation states of Cu”" and Cu"
[47]. Tt seems that the increase of the relative abundance of O,
according to the CuCl, incorporation likely took place because the
oxygen vacancy generated to maintain electroneutrality as the Cu’*
ion in the precursor became Cu" during the highly dispersed deposi-
tion process on the @AIT] surface. In addition, excess amount of
Cu’" after highly dispersed seems to be locally agglomerated, form-
ing a cluster (Fig. $3) without change of the oxidation state of Cu’".
2. Catalytic DCE Decomposition Performance

The experimental results of catalytic oxidation of DCE were
divided and displayed (Fig. 6 for supports and selected catalytic mate-
rial, and Fig. S6 to S9 depending on the supporting material). The
bulk-CuCl, exhibits quite low conversion at temperature below
450 °C; it would come from poor textural properties as previously
mentioned. As the reaction temperature increases to 500 °C, the
conversion value could reach 50%. However, it could be seen that
most of converted DCE transformed to vinyl chloride rather than
CO or CO,, indicating that the dehydrochlorination process was
dominant in catalysis and it could rarely lead to following oxida-
tion step. It seems that the bulk-CuCl, had activity for the dehy-
drochlorination step based on its own acidity; but without the
supporting material, it could not function as a site where the atmo-
spheric O, could be adsorbed and transferred to intermediates. In
the case of supporting materials, all of them show much higher con-
version values compared to bulk-CuCL, but the diversity of reac-
tion products is quite different according to the physicochemical
characteristics of each material. The conversion values of zeolites
were not too low, but most of reaction product remained as vinyl
chloride. As expected at the reducibility analysis, it seems to be due
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to the poor oxidizing power which can cause the following oxida-
tion step after the dehydrochlorination, like the result of bulk-CuCl,.
However, there was an interesting discovery that the @ZSM showed
higher activity for dehydrochlorination compared with @Y though
the @ZSM revealed negligible acidity. Moreover, there was no sig-
nificant difference between dehydrochlorination activity of @ZSM
based catalysts (Fig. S7(a)) even the CuCl, provided some acid sites
(Fig. S4(b)). From these results, the dehydrochlorination mecha-
nism over the @ZSM base catalysts could be assumed somewhat
different with other catalytic materials using acid sites; this phe-
nomenon should also be further investigated as another research
topic in order to fully understand the dehydrochlorination mecha-
nism. Since the @Al also had low reducibility; it could not lead most
of converted DCE to be oxidized in the same manner. However,
@Al revealed somewhat different results for the dehydrochlorina-
tion process compared to zeolites. Most of vinyl chloride, dehydro-
chlorinated product of DCE, was further dehydrochlorinated on
the @Al at the temperature above 400 °C forming acetylene, the
secondary dehydrochlorinated product of DCE. It seems that @Al
has more sufficient acidic properties, which is closely related to
dehydrochlorination process, rather than @Y or @ZSM. It could be
expected that the @AITi also generated similar products via dehy-
drochlorination because it had equivalent degree of acidity, but the
composition of the products over @AITi was quite different from
that of @Al in reality. Unlike the other supporting materials, @AITi
possesses considerable reducibility, which could be directly associ-
ated with oxidizing ability; thus the dehydrochlorinated intermedi-
ates could be oxidized to form CO and CO,. However, it still had
a limitation that the main final product, CO, was not completely
oxidized form, although the oxidation process could progress on
the @AITL. In brief, each supporting material had its own limita-
tions to remove DCE via catalytic combustion, and it was the reason
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why incorporation of active material, which could modify physico-
chemical characteristics of the surface, was considered. In the case
of supported CuCl, catalysts, all of them showed remarkably in-
creased production of oxidation products of CO and CO, compared
to each supporting material (Fig. S6 to S9). Moreover, the selectiv-
ity toward CO,, completely oxidized product, was increased as the
amount of deposited CuCl, was increased. Therefore, it could be
deduced that the active material of CuCl, could provide oxidizing
strength enough to oxidize the dehydrochlorinated intermediates
of vinyl chloride or acetylene. However, the incorporation of active
phase had not only caused a positive effect on all aspects. In some
cases, too much deposition decreased overall destruction efficiency,
covering surface or pore structure [32]. More serious problems
could be found in Fig. S10; it was observed that some of CuCl,
incorporated catalysts emitted a series of polychlorinated ethylene
species, whose undesired byproducts were frequently more toxic
than the original contaminant, DCE. From the distribution of by-
products according to reaction temperature, it could be derived
that the dehydrochlorination product of vinyl chloride with dou-
ble bond was chlorinated (via substitution process, not addition
reaction) to form dichloroethylene species (both cis- and trans-),
and such substitutional chlorination side reaction was accelerated
and further occurred as the reaction temperature increased, result-
ing in generation of more chlorinated products of trichloroeth-
ylene and tetrachloroethylene. In the case of tetrachloroethylene,
they generally show the highest amount of emission at 450 °C, then
decrease from the temperature above 500 °C, meaning that these
polychlorinated compounds are even more difficult to be decom-
posed than vinyl chloride or acetylene intermediates. In this wise,
it could be confirmed again that a good catalysis should not only
exhibit high conversion, but also minimize the formation of unde-
sired byproducts. Noteworthily, unlike the other supporting mate-
rials, the selectivity toward the completely oxidized product of CO,
(rather than CO) was significantly high and the emission of poly-
chlorinated byproduct was negligible, when the CuCl, was incor-
porated on @AITi. Therefore, although the CuCl, could provide
oxidizing power to oxidize vinyl chloride or acetylene, it was not
enough to oxidize polychlorinated ethylene intermediates by itself
alone, and it seems that only the @AITi with reasonable reducibil-
ity could assist oxidative function of the copper-induced active site.
In addition, the stability test for selected catalysts was also performed
(Fig. S11). There were some decreases in catalytic performance
during the stability test under harsh reaction condition, which seems
to be caused by accumulative coke deposition on active sites. In
the case of 10@Y, it shows a steady decrease in its catalytic activity,
especially for oxidation process that the CO, yield has decreased
by less than half of its initial value. On the other hand, all of the
@AITI based catalysts well maintained catalytic performance more
than 80% degree of the initial performance even though the time
on stream passed over 90 hours. Thus, it is expected that the higher
oxidizing ability provides more resistance to coke deposition. Interest-
ingly; there was almost no change in the distribution of the chemi-
cal state of copper species between the fresh and used catalysts (Fig.
5(b)), even if the temperature of synthetic process was lower than
reaction temperature. Based on aforementioned investigations, we
deduced that the physicochemical properties of catalytic materials

should be well harmonized (such as textural properties, acidity;, and
reducibility) in order to achieve appropriate removal of CVOCs in
terms of both destruction activity and product selectivity.

CONCLUSIONS

Catalytic destruction reaction of DCE was investigated over the
CuCl, catalysts with various supporting materials. Based on the
results in this work, it can be derived how each physicochemical
characteristic would function on catalysis. Among the tested cata-
lytic materials, Al,Ti,O, supported CuCl, catalysts showed most
excellent catalysis in regard of high conversion with least forma-
tion of undesired byproducts. It could be achieved due to the har-
mony of (1) sufficient surface area where the gas phase reactants
could well approach and be adsorbed, (2) abundant acid sites for
dehydrochlorination, which could make the destruction of DCE
to be initiated readily, and (3) excellent oxidizing ability, which could
be originated by CuCl, and assisted by ALTi,O,. The role of each
physicochemical property in this catalysis and the designing strat-
egy for composite catalytic materials discovered in this study would
be able to contribute to the development of efficient catalyst based
on non-precious materials for the sustainable CVOCs decomposition.
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During the single-run reaction operation, there was no dra- It could be indirectly found that the @ZSM used in present
matic differences between 4-5 times measurements (i.e., signifi- work would possess extremely high Si:Al ratio, by comparing N,
cant deactivation was not observed). adsorption-desorption isotherm profiles.
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roethylene; (c) Trichloroethylene; (d) Tetrachloroethylene.
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Fig. S11. Catalytic performance profiles at 400 °C with reaction times for the complete oxidation of DCE over the prepared catalytic materi-
als: (a) Conversion; (b) Vinylchloride concentration; (c) CO concentration; (d) CO, concentration.



Table S1. Comparison table for previous reported researches and present work

Reference Material GHEV 4 Reactant fllo W ,ra,tle Reactiog raFei 1
(mlg, h) (umol g, min ") (umol g, min ")
300°C 350°C 400°C

. Scétoa;' 1?06‘32 4 Cr/Ti 4,000 29.8 283

5 (§(§1C5)A fgvé 6 Al-Ce 16,000 119 35 82 115
i’;ﬁ;%?g;ig‘;g; (Ce-Cr)/Nb 15,000 11.2 1.2
Aggl% (Czag;‘;)Bl' f:‘gzn Nb-W 9,000 67 6.0
A;;I;léc(;gall.g;s 1?2:;1;80 n Cr/(Mn-Co) 36,000 268 268
- 1'9)Cjtﬁl)'0_ 1108 Ce-Cr 9,000 6.7 6.7

o égg’;;ols gg:_rleo " Mn-Zr 35,300 263 118 205 257

Appzl'zg?;ﬂ'lg g’_lr;mn' Co 35,300 263 184 249

Apl;lg'lcétgll' S';E;‘gon' Ce-Cr 9,000 67 6.7
J Llcz(;ugg lgtzrsz:g 38;' Mn-Ce-La 15,000 112 112

Apé’ll'l ?;g;llﬁ?;;;gal V/(ALTi) 60,000 446 19.8 326 413

J Eﬁ)virz(z)r;z?llggg zing' CuO,/(ALT}) 60,000 513 334 476 50.9

Present work CuCl,/(Al-Ti) 120,000 102.3 474 85.2 99.1
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