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Highlights

e Five CuCl: catalysts were compared in ethylene oxychlorination.
e Extensive physical-chemical analysis was done

e Catalysts with y-Al,Oz and TiO; as supports demonstrated very good activity and
1,2-dichloroethane selectivity.

e Zeolite H-Beta-25 and SiO, as support materials were unusable for ethylene
oxychlorination.

Abstract

Five different support materials were modified with 5 wt.% Cu, using an evaporation
impregnation method. The synthesized CuCl./y-Al203, CuCl2/TiO2 (Hombikat), CuCl2/TiO;
(Alfa Aesar), CuCl,/SiO; and CuCl,/H-Beta-25 materials were characterized by nitrogen
physisorption, X-ray powder diffraction, scanning electron microscopy, energy dispersive
X-ray microanalysis, transmission electron microscopy, Fourier transform infrared
spectroscopy and CO»-temperature programmed desorption. The physical-chemical
characterization was correlated with catalytic activity, stability and selectivity in the ethylene
oxychlorination. It was found that y-Al.O3 and TiO> support materials demonstrate very good
activity and 1,2-dichloroethane selectivity compare to other catalysts. Zeolite H-Beta-25 and

SiO2 support materials proved to be unusable for this reaction.

Keywords: oxychlorination, copper, support effect, alumina, titania, zeolite

1 Introduction

The heterogeneously catalyzed gas-phase ethylene oxychlorination by oxygen and hydrogen
chloride to 1,2-dichloroethane (1,2-DCEA) over supported copper(ll) chloride catalysts is one

of the principal steps in the industrial production of an important monomer chloroethene (vinyl
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chloride, VC), needed for synthesis of poly-vinyl chloride (PVC). This a versatile plastic
material is produced with worldwide production of 44 M ton per year [1-7].

A highly exothermic oxychlorination (AH%% 298k = —295 kJ/mol) and formation of volatile
copper chloride are two factors which have to be taken into account during process development
[4]. Therefore, temperature control is essential to limit the sublimation rate of copper chlorides,
prevent rapid catalyst deactivation and to ensure high selectivity to 1,2-dichloroethane. Indeed,
onset of selectivity loss due to further oxychlorination and oxidation reactions is found above
240 °C. The main Dby-products being ethyl chloride, 1,1,2-trichloroethane,
trichloroacetaldehyde, tetrachlormethane, trichloromethane, carbon monoxide, and carbon
dioxide.  Vinyl  chloride, chloromethane,  dichloromethane, 2-chloroethanol,
1,2-dichloroethylenes (cis/trans), 1,1-dichloroethane, and 1,1,2,2-tetrachloroethane are also
formed, but only in minor amounts. Trichloroacetaldehyde is the least desirable product, due to
the difficulty of its separation and a need to create a special unit for its decomposition with an
alkali solution [8]. The detailed chlorination mechanism generating such a wide variety of
by-products and determining the process selectivity is likely a result of a combination of parallel
and successive oxychlorination and hydrochlorination steps. An open debate still exists about
the origin of carbon oxides: under oxidative conditions in the absence of HCI. Ethylene
oxychlorination is commonly performed at temperature 200 — 300 °C at 1 — 10 bar in
fluidized-bed reactors [4, 7, 8].

Despite many decades of research and commercial experience, the catalysts for ethylene
oxychlorination are still under investigation. Promoted CuClz-containing catalysts are
commonly used in oxychlorination. Commercial oxychlorination catalysts are synthesized by
impregnation of y-Al.O3 with CuClz (4 — 16 wt % Cu). Besides the active phase a range of
promoters, for example, K, Na, and La are applied [4]. There is now a general agreement that

the overall mechanism involves a copper oxychloride intermediate in the redox process where
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copper is cycled between Cu(l) and Cu(ll) oxidation states, being periodically reduced by

ethylene and reoxidized by oxygen [1-7]:

C,H, +2CuCl, —>C,H,Cl, + 2CuCl 1)
2CuCl + 40, ——»CuO-CuCl, @)
CuO-CuCl, + 2HCl—>2CuCl, + H,0 3)

The active site probably comprises an isolated CuxCly complex, which is anchored to a high-
surface-area catalyst support. One of the main challenges of this process is Cu'* deposits on the
catalyst surface during the reaction, causing aggregation and loss of Cu due to its low melting
temperature and volatility. Therefore, alkali metal compounds such as K, Na, and/or rare earth
metals e.g. La are often used as promoters to increase the activity, selectivity, and stability of
CuCl»-based catalysts in industrial reactors [4, 9, 10]. Despite the use of rare earth and alkali
metal chlorides as promoters and the mature state of the process there is still a substantial
product loss (up to 10%) because of side and secondary reactions leading to CO, CO; and C;
and C> chlorohydrocarbons [1, 2, 10-12].

Selectivity is the main governing factor, determining the technological and, finally,
economic efficiency of the process. In the best operating regimes, chlorine selectivity exceeds
99%; ethylene selectivity is 96 — 98%, depending on the oxidizer, which is either oxygen or air.
The significance of high selectivity is illustrated, for example, by the fact that an increase of
ethylene selectivity by 1% in the vinyl chloride production with a capacity of 300000 t/yr results
in ethylene savings of ca. 800 t/yr [13].

Therefore, the present study is devoted to elucidation of catalytic performance, especially
selectivity of 1,2-dichloroethane, in relation to the catalyst support type which is not addressed

in the literature so far. Moreover, tested catalysts were devoid of any promoters making
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elucidation of the role of the support in activity, stability and selectivity more apparent. This
work and an on-going study of oxychlorination in a microchannel reactor represents further

effort to elucidate the parameters influencing catalytic behaviour.

2 Experimental

2.1  Catalyst synthesis

Five different supports were used, namely y-alumina (y-Al.03 VGL-25, UOP Inc.), silica gel
(SiO2, Merck & Co., Inc.), titanium dioxide Hombikat (TiO2, Hombikat UV-100, anatase and
rutile, Sigma Aldrich), titanium dioxide Alfa Aesar (TiO2, anatase, Alfa Aesar GmbH) and
NHy-Beta-25 zeolite (CP814E, 25 = SiO2/Al.O3 molar ratio, Zeolyst International). The NH4*
form of zeolite was transformed to the corresponding proton form in a muffle oven by using a
step calcination procedure: initial temperature 250 °C held for 50 min and then increased at 4
°C/min to 400 °C and held at the final temperature for 4 h. Before synthesis of catalysts, the
support materials were crushed and sieved into a fraction < 63 um in a vibratory micro mill
(Fritsch).

The synthesis procedure was the same for all catalysts. As a method of cupric chloride
introduction a conventional evaporation impregnation method (EIM) was used. In all cases
copper(Il) chloride dihydrate (CuCl-2H20, p.a., Honeywell) was used as a precursor. The
catalyst synthesis was carried out using a constant concentration in a stirred bath containing
250 mL of 0.02 M aqueous solution and 5 g of the catalyst support. The solution was rotated
for 24 h at 60 °C, and subsequently, water was evaporated at 40 °C under vacuum. The copper-
modified catalysts with a nominal loading of 5 wt. % was dried in an oven at 100 °C for 7 h,
and calcined in a step calcination procedure: initial temperature 250 °C held for 50 min and

then increased at 4 °C/min to 450 °C and held at the final temperature for 3 h.
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2.2  Catalyst characterization

2.2.1 Nitrogen physisorption

The specific surface area of supports and copper chloride containing catalysts was
determined by nitrogen-physisorption using Sorptometer 1900 (Carlo Erba Instruments). The
sample was outgassed at 150 °C for 3 h before each measurement. The BET and Dubinin
equations were used for calculation of the specific surface area of the mesoporous materials and
microporous zeolites, respectively. The pore volumes were calculated with the Dollimore-Heal
method [14] for mesoporous material and the Horvath-Kawazoe method [15] for microporous

zeolites.

2.2.2 Fourier transform infrared spectroscopy (FTIR)

The amount of Lewis and Brgnsted acid sites on the copper chloride modified catalysts was
quantified by Fourier transform infrared spectroscopy using pyridine (> 99.5%) as the probe
molecule (ATl Mattson FTIR Infinity Series). The samples were pressed into thin pellets
(10 — 20 mg) and placed in the measurement cell. Prior to the pyridine adsorption, the samples
were outgassed under vacuum (0.08 mbar) at 450 °C for 2 h and the background spectra were
recorded at 100 °C. The strength of acid sites was classified depending on pyridine desorption
temperature, i.e. desorption at 250 and 350 °C was assigned to weak and medium acid sites
respectively. Strong acid sites retain pyridine at 450 °C. The Lewis acidity was determined from
the adsorption band at 1450 cm™ and the Bransted acidity from the adsorption band at 1550 cm-

! using the molar extinction parameters previously reported by Emeis [16].

2.2.3 Scanning electron microscopy (SEM) and energy dispersive X-ray microanalysis (EDX)
Morphological studies were performed by scanning electron microscopy. A scanning
electron microscope (Zeiss Leo Gemini 1530) was used for determination of the crystal

morphology of the proton forms and copper chloride containing catalysts.
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The copper and chlorine content was investigated by energy-dispersive X-ray microanalysis

(Zeiss Leo Gemini 1530).

2.2.4 Transmission electron microscopy (TEM)
The catalysts were characterized by transmission electron microscopy (JEOL JEM-
1400Plus) using imaging and electron diffraction functions. The samples were prepared by

blowing a powder on the TEM grid with a pipette.

2.2.5 Temperature programme desorption (TPD) of CO2 and NH3

The basicity of the catalysts was studied by performing temperature programme desorption
of CO2 (CO2-TPD, Micromeritics Instrument AutoChem 290) using a conventional flow-
through reactor with CO> as a probe molecule. The catalyst was first dried under helium flow,
followed by adsorption of CO», flushing away physisorbed CO> and temperature programmed
desorption up to 900 °C. The eluent from the reactor was analysed by a thermal conductivity
detector.

The acidity of TiO> pristine supports and Cu modified TiO> catalysts were studied by TPD

using NHs as a probe molecule with a procedure similar to that of CO>-TPD.

2.2.6 X-ray powder diffraction

The catalyst crystal structure was determined by X-ray diffraction (XRD) with a Philips
X’Pert Pro MPD X-ray powder diffractometer. The device was operated in Bragg-Brentano
diffraction mode, and the monochromatized Cu-Ko radiation (A = 1.541874 A) was generated
with a voltage of 40 kV and a current of 45 mA. The measured 20 angle range was 5.0°-85.0°,
with a step size of 0.026° and measurement time of 100 s per step. The measured diffractograms
were analyzed with Philips X'Pert HighScore and MAUD programs. HighScore together with

MAUD was used for the phase analysis and MAUD for the Rietveld refinement.
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2.3  Catalytic tests of the ethylene oxychlorination

2.3.1 Experimental setup

The reaction was carried out in a quartz tubular reactor with a length of 30 cm and an inner
diameter of 1 cm. A catalyst sample of 0.5 g with the size 250 — 500 um was mixed with 8.5 g
of inert glass beads. This mixture was loaded into the reactor as a fixed bed between glass beads
and quartz wool. The length of the catalyst bed was 10 cm. In order to determine whether the
internal diffusion is limiting the reaction, the Weisz—Prater criterion (WP) was used [17]. The
calculated Weisz-Prater criterion was 0.0004 for the measurement over CuClz/y-Al>03 with the
size 250 — 500 um at 250 °C, which means that diffusion limitations in the pores of the catalyst
particles can be excluded.

The reaction system is illustrated in Figure 1. The reactor was equipped with a thermocouple
positioned close to the catalytic bed to record the gas-phase temperature. Swagelok stainless
steel lines and valves were used in the equipment. All the lines after reactor were isolated and

heated to 120 °C.

Heated area

Syringe pump for I
ToGC

liguid standards

Catalyst
[

:
i

Figure 1. Schematic presentation of the fixed bed reactor for catalyst evaluation.

The reaction was conducted at 200 — 250 °C and under atmospheric pressure, with a weight

space velocity (WHSV) of 0.9 g(CoHas)/g(cat)/h and residence time 5 s. The reaction
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temperature program for catalyst screening consisted of two parts. During the first phase, the
catalyst was pre-treated in a nitrogen flow rate of 10 NmL/min (STP) by heating it with the rate
of 4 °C/min up to 250 °C for 2 h. In the second phase, ethylene oxychlorination proceeded
subsequently at different temperatures (200 °C, 225 °C, 250 °C and 200 °C) for at least 7 h at
each temperature. The total flow rate was 20 NmL/min being composed from: 6.1 NmL/min
CoHs (AGA Industrial Gases), 2.7 NmL/min Oz/He (AGA Industrial Gases, 19.8%),
10 NmL/min HCI/He (AGA Industrial Gases, 19%), 1.2 NmL/min N2 (AGA Industrial Gases).
A nitrogen with the content of 6% was used as an inert standard for GC analysis, while helium
(51.4%) was used as a balance gas. At the reactor outlet, a large amount of the reaction mixture
was fed to the calcium hydroxide absorber. Both measures, diluting the reaction mixture with
inert gases (He + N2) and analysing only a small portion of the reaction stream were used to
avoid corrosion of the device. The apparatus was heated to prevent partial condensation of any

gas component. Mass flow controllers (Bronkhorst EL-flow) controlled the gas flow.

2.3.2 Analytical method

The gaseous products were analyzed on-line applying Agilent GC 6890N equipped with FID
and TCD detectors and HP-Plot/U Column (30 m x 530 um x 20 pm), molsieve/Column (60
m x 50 pm x 20 um). Injection was performed a six-way valve. The transfer line temperature
was held at 150 °C and the temperature program started at 50 °C for 10 min followed by a
temperature gradient to 185 °C at a ramp 6 °C/min, holding 18.6 min and then increasing to
190 °C at a ramp 10 °C/min with subsequent holding for 7 min. The mobile phase was helium.
Temperatures of FID and TCD detectors were 300 °C and 250 °C, respectively. Continuous GC

analysis was applied with a sampling frequency of 65 min.
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3 Results and discussion

3.1  Catalyst characterization results

3.1.1 Effect of copper loading on the surface area and pore volume

The specific surface areas and pore volumes of the catalysts were determined by nitrogen
physisorption, before and after impregnation with CuCly, as well as spent and regenerated Cu
modified catalysts. The results are summarized in Table 1.

Upon modification with copper, the surface area and the pore volume were as expected
decreased due to pore blocking. Blocking of some micro- or mesopores can be attributed to the
bulk copper species (large particles of CuQO) or eventually also to the support hydrolysis during
impregnation. Lower specific surface areas were measured for CuCl,/TiO; (Alfa Aesar) (by
82%), CuCl2/TiO2 (Hombikat) (by 30%) and CuCly/H-Beta-25 (by 25%) catalysts. For
CuClu/y-Al20s3, the decrease of the surface area was ca. 10%, as compared to the pristine
support. The mesoporous CuCl2/TiOz (Alfa Aesar) catalyst exhibited the lowest specific surface

areas while the microporous CuCl,/H-Beta-25 catalyst displayed the highest one.

Table 1. Specific surface area and pore volume of catalysts before and after impregnation with CuCl,, and of spent
and regenerated Cu modified catalysts.

Specific surface area, m?/g | Specific pore volume, cm®/g

Catalyst Porosity
Neat |Fresh Spent Reg. |Neat |Fresh Spent Reg.
CuCly/support CuCly/support
CuCly/y-Al>03 meso 286 | 260 105 120 |1.15 |0.89 021 027

CuCl,/TiO, (Hombikat) | meso 44 31 12 9 0.23 10.13 0.06 0.05

CuCl2/TiO; (Alfa Aesar) | meso 150 |26 6 52 0.37 |0.12 0.02 0.07
CuCly/SiO2 meso 336|275 102 112 |0.69 |0.51 012 0.20
CuCl,/H-Beta-25 micro 1102 | 827 133 348 |0.85 |0.69 024 033
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The specific surface areas of the spent CuCl, catalysts were significantly lower than those
for the fresh CuCl; catalysts, which may be attributed to partial blocking of the pores by coke
formation during the reaction. Compared with the fresh catalysts, these decreases were higher
than 60%, reaching for the Beta catalyst even more than 80%.

Regeneration of CuCl./y-Al203, CuCl,/SiO; and CuClz/H-Beta-25 catalysts resulted in
partial restoration of the specific surface area. In the case of CuCl./TiO, (Alfa Aesar), the

specific surface after regeneration was even higher than the initial value.

3.1.2 Effect of copper loading on acidity

Acidity of the catalysts, before and after impregnation with CuCl,, was measured by FTIR
spectroscopy using pyridine as the probe molecule. The acidity data are given in Table 2. For
Cu modified TiO> catalysts and pristine TiO2 support materials, FTIR could not be used because
the catalytic pellets prepared for analysis were too fragile. For this reason, the acidity of these
samples was characterized with temperature programme desorption using ammonia as a probe

molecule, therefore in Table 2, only the total acidity data are given.

Table 2. Determination of acidic properties of acid sites using FTIR-pyridine.

Bronsted acidity, pmol/g  |Lewis acidity, pmol/g Total acidity
Catalyst weak medium strong weak medium strong umol/g

250 °C 350 °C 450°C > 250 °C 350 °C 450 °C > 250 -450 °C
v-Al203 1 1 1 2 |17 17 6 41 |43
CuCly/y-Al03 70 2 0.3 72 |173 54 1 229|301
TiO, (Hombikat) n.a. n.a. n.a. n.a.(n.a. n.a. n.a. n.a.|89"
CuCl,/TiO2 (Hombikat) |n.a. n.a. n.a. n.a.(n.a. n.a. n.a. n.a.|92"
TiO, (Alfa Aesar) n.a. n.a. n.a. n.a.|n.a. n.a. n.a. n.a.|144"
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CuCl/TiO; (Alfa Aesar)|n.a. n.a. n.a. n.a.(n.a. n.a. n.a. n.a.|107"
SiO; 0.5 0.5 04 1 10.2 0.2 0.1 1 |2
CuCl2/SiO2 1 1 3 4 |22 1 1 23 |27
H-Beta-25 118 124 101 342|37 40 34 112|454
CuCl,/H-Beta-25 157 18 0.3 175246 39 0.2 285460

“Evaluated using temperature-programmed desorption of ammonia (NHs-TPD)

Upon modification with copper, catalysts exhibited substantial increases in the amount of
the weak Brgnsted acid sites and total Lewis acidity (Table 2). Compared to the pristine support,
total Lewis acidity was increased 23 times, 5.6 times and 2.5 times for CuCl2/SiO2, CuCly/y-
Al>03 and CuCl,/H-Beta-25, respectively. The increase in the Lewis acid sites is attributed to
the presence of Cu species in the catalysts. This is consistent with the work of Finocchio et al.
[2]. A plausible explanation for the enhancement in the weak Brgnsted acid can be presence of
ClI" in the Cu-modified catalysts even of the calcination at 400 °C in the muffle oven (Table 4).

On the contrary, the amount of the strong acid sites after introduction of Cu was significantly
decreased, except for the strong Lewis acid sites in CuCl»/SiO- catalyst. Current investigations
of the metal-modified catalysts show that a decrease reduction of the acid site strength is not
limited only to Cu and the supports reported here, similar trends have been observed also by
others for Pt, Ir, Ru and Rh supported on various acidic supports [18].

The highest increase in the total Brgnsted and Lewis acid concentration was determined for
CuCla/y-Al>03 (seven times higher as compared to the pristine support). The total acidity for
CuCly/H-Beta-25 compared to the pristine support remained almost unchanged. For all Cu
modified catalysts measured by the FTIR method, the Lewis acidity was higher than the

Brensted acidity.
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3.1.3 Effect of copper loading on the formation of basic sites

The amount of basic sites on the surface of CuCl. containing catalysts was determined by
temperature programme desorption (TPD) of carbon dioxide as a probe molecule (Table 3). The
amount of weak, medium and strong basic site was estimated from the peak areas under TPD

curves for the temperature range of 370 — 500 K, 500 — 750 K, and 750 — 1170 °C, respectively.

Table 3. The relative amounts of CO; from the supported Cu catalysts determined by CO,.

Basic site, mmol/g Total basicity
Catalyst weak medium strong mmol/g
370-500 K 500-750K 750-1170K|370-1170 K
y-Al,03 [19] 3.0 1.7 4.9 9.6
CuCly/y-Al,O3 0.4 1.2 8.9 10.5
TiO, (Alfa Aesar) [19] | 0.1 0.5 0.1 0.7
CuCly/TiO, (Hombikat) | 0.1 0.9 25 3.6
CuClL/TiO; (Alfa Aesar) | 0.1 0.6 3.7 4.3
Si0; [19] 0.2 0.1 0.4 0.7
CuCl,/SiO, 0.1 04 8.8 9.3
CuCl,/H-Beta-25 0.1 0.2 55 5.8

For all types of catalysts, upon modification with copper, the amount of basic site was
increased. This trend has been observed also for CeO> modified catalyst [17]. The highest
amount of total basic sites was observed for CuClz/y-Al203 (10.5 mmol/g) catalyst followed by
CuCl2/SiO2 (9.3 mmol/g). All Cu-modified catalysts exhibited the highest percentage of the
strong basic sites.

The highest increase in the amount of total basic sites upon modification with CuCl, was

obtained for CuCl./SiO (13.3 times higher as compared to the pristine support). The second
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highest increase in the basic sites was obtained for CuClz/TiO. (Alfa Aesar) (6.2 times higher
as compared to the pristine support). Hence, it can be concluded that the creation of basic sites
was influenced by the structure of support and its intrinsic basic characteristics.

Contrary to SiO2 and TiO2 having small amounts of basic sites (0.7 mmol/g), y-Al203
exhibited the highest amount of total basic sites (9.6 mmol/g). However, this support on
modification with CuCl, exhibited only partial enhancement in basic sites (10.5 mmol/g) i.e.

increase with only 1 mmol/g for the CuCl./y-Al>Os.

3.1.4 Effect of copper loading on support morphology and copper particle size

CuCl; catalysts were prepared with the nominal Cu loading of 5 wt.% and respective Cl
loading of 2.8 wt.% using CuCl2-2H,0 as a precursor. The content of Cu and CI in wt.% as
well as the CI/Cu atomic ratio determined by energy dispersive X-ray microanalysis are given
in Table 4. The results are close to this nominal loading (5.12 = 0.16 wt.% of Cu for
CuCla/y-Al>03), indicating that the impregnation method used for the metal introduction was
successful. A slightly higher measured value is probably related to precision of analysis. For
other catalysts, the content of Cu was slightly lower than the nominal loading. The lowest Cu
content was measured for SiO2 (2.51 + 0.13 wt.% of Cu).

For all catalysts, the CI/Cu atomic ratio was significantly lower than two. This indicates that
most of copper is not present as CuCl, on the surface but reacts with the support surface or
forms separate particles of oxygen- containing copper species as CuO or copper chloride
hydroxide. The highest C1/Cu atomic ratio (0.44) was observed with y-Al.O3 as a support. In

other cases, the CI/Cu ratio was significantly lower (< 0.2) or Cl was not detected at all.

Table 4. SEM-EDX, TEM: CuCl; catalyst, nominal Cu loading 5 wt.% and nominal CI loading 2.8 wt.%.
Support crystallite size,|Copper  size,

Catalyst Cu Cl Cl/Cu
nm nm
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wt.% wt.% at/at | min - max avg min - max |avg
CuCly/y-Al;03 5.12+0.16 1.28+0.03|0.44 |44 -184 114 31-9.2 |58
CuCl/TiO, (Hombikat) |3.01+0.11 0.18+0.03|0.10 |47 -131 77 1.1-60 |26
CuCl,/TiO, (Alfa Aesar) | 2.64+0.12 - - 44 - 106 60 11-76 |47
CuCl./SiO2 2.51+0.13 0.21+0.02|0.15 |43-251 66 3.1-113 |5.0
CuCl,/H-Beta-25 3.99+0.15 - - 33-152 46 31-113 |47

Scanning electron microscopy was used to

study the morphology (shape, size and

distributions) of Cu modified y-Al203, TiO2 (Hombikat), TiO2 (Alfa Aesar), SiO and H-Beta-

25 catalysts (Figure 2). The average crystal sizes of the catalysts are given in Table 4, being

rather similar.
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Figure 2. SEM: a) CuCly/y-Al;03, b) CuCl,/TiO, (Hombikat), c) CuCly/TiO, (Alfa Aesar), d) CuCl./SiOp,
e) CuCly/H-Beta-25. Scale bar: 200 nm. The arrows point towards selected support crystallites and red circles

show selected agglomeration of the phases for illustration purposes.

Figure 2 shows that the shape of Cu modified catalysts is cylindrical for CuCla/y-Al2Os,
spherical for CuCl./TiO, catalysts, while CuCl./SiO2 exhibited an amorphous structure.
Agglomeration of the phases into larger clusters was observed for CuCl,/H-Beta-25 catalyst
(red circles, Figure 2e).

Observation of CuCl./SiO. at higher magnification (scale bar: 20 um, Figure 3) makes
visible individual phases of the catalyst. It seems that light shapes correspond to Cu crystallites,
while dark shapes related to pristine support crystallite. This assignment was confirmed by EDX

analysis of the selected shapes for CuCl,/SiO- catalyst.
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Figure 3. SEM-EDX:CuCl2/SiO.. Scale bar: 20 um. The cross points towards selected support crystallites (point

no. 1) and copper (point no. 2) for illustration purposes.

The particle sizes of copper in Cu-modified catalysts were studied using transmission
electron microscopy (Figure 4). The Cu particle sizes calculated are given in Table 4. The
smallest value for average of the copper particle size was obtained for the CuCl./TiO;
(Hombikat) (2.6 nm). The CuCl./TiO- (Alfa Aesar) and CuCl./H-Beta-25 catalysts exhibited
the second highest value (4.7 nm). The largest value for average of Cu particle size was obtained
for CuCla/y-Al>O3 catalyst (5.8 nm).

It is noteworthy to mention here, that the method of catalyst synthesis, evaporation
impregnation was significant in the formation of small particle size of Cu (2.6 — 5.8 nm).

However, besides method of catalyst synthesis, the structure of support was also important in

resulting small Cu particles.

50 nm

17/29



Figure 4. TEM: a) CuCl,/ y-Al,03, b) CuCl./TiO, (Hombikat), ¢) CuCIly/TiO, (Alfa Aesar), d) CuCl,/SiO, €)

CuCl,/H-Beta-25. Scale bar: 50 nm. The arrows point towards selected copper particles for illustration purposes.

3.1.5 Effect of copper loading on support crystal structure

The phase proportions of the catalysts from XRD analysis is given in Table 5. The obtained
phase weight proportions Wi/YW for the measured samples was based on the Reitveld
refinements. The quality of the Rietveld refinement fit is described by the parameter Rexp, where
a smaller Rexp indicates a better fit to the measured data.

Peaks related to AloO3 were observed in the diffractogram of CuCla/y-Al20s. AlO3 was
present as either y- or n-Al2O3 phases or their combination. The CuCl2/TiO2 (Hombikat)
contained TiOz anatase, TiO; rutile and CuO. The phase weight proportions were 74 + 11%,
19 + 11% and 7 = 11%, respectively. The CuCl2/TiO2 (Alfa Aesar) contained TiO anatase and
CuO. The phase weight proportions were > 95% and < 5%, respectively. CuCl2/SiO, contained
CuO and possibly tetragonal SiO2. The CuCl2/H-Beta-25 contained beta zeolite polymorph A

and CuO. The phase weight proportions were > 95% and < 5%, respectively.

Table 5. The crystal sizes and phase proportions of the catalysts from XRD analysis.

Observed phase (framework) | Wi/>W!  Rexp
Catalyst

- % %
CUC|2/Y-A|203 A|203 (’Y or n) n.a. 1.17
CuCl2/TiO, (Hombikat) | TiO anatase 74+11 144
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TiO. rutile 19+11 144
CuO (monoclinic) 7+11 1.44
CuCl,/TiO; (Alfa Aesar) | TiO; anatase >05 1.42
CuO (monoclinic) <5 1.42
CuCly/SiO; SiO; (tetragonal)? n.a. n.a.
CuO (monoclinic) n.a. n.a.
CuCly/H-Beta-25 *BEA pol A (SiO») > 95 1.09
CuO (monoclinic) <5 1.09

! Phase detection threshold is approximately 5%

2 Speculation based on a single, broad peak

The results of XRD analysis were not very useful for the identification of the structure,
except CuCl2/TiO2 (Hombikat, Alfa Aesar) and CuCl./H-Beta-25 catalysts, where very weak
peaks attributable to CuO have been found. Similar to the work of Leofanti et al. [10], this
implies that the species present at high concentration and there must be in an amorphous state,
or in the form of nanoclusters having a size below the detectable limit the diffraction technique.
Although no CuCl> XRD peaks have been detected based on the literature data is reasonable to
assume that CuCl> are the species prevailing at high copper concentration, together with minor

amounts of paratacamite.

3.2  Evaluation of catalytic properties using copper-modified catalysts for ethylene

oxychlorination

The efficiency of five different CuCl, catalysts with different physical-chemical properties
was compared in ethylene oxychlorination. Figure 5 shows the ethene conversion while Figure
6 reveals selectivity to 1,2-dichloroethane (1,2-DCEA).

The highest conversion of ethylene (17.4 %) was achieved over CuCl,/y-Al,O3 at 250 °C,
with the following products formed: 1,2-dichloroethane, ethyl chloride and vinyl chloride
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(Table 6). The reason a higher conversion of ethylene over CuClz/y-Al>Oz than with CuCl2/TiO>
(Hombikat, Alfa Aesar) catalysts can be attributed to a larger amount of acid sites in former
catalyst compared to the latter one [20]. The highest conversion observed over CuCl/y-Al>O3
can also be attributed to the presence of largest amount of basic sites (10.5 mmol/g) for this
catalyst as compared to all the Cu-modified catalysts studied for oxychlorination reaction. The
other plausible reason the highest conversion over CuClz/y-Al203 catalyst is the particle size
Cu (5.8 nm), the largest particle size as compared to CuCl./TiO2, CuCly/SiO, and
CuCl,/H-Beta-25. On the contrary, CuCl2/SiO2 (0.3% at 250 °C) proved to be almost inactive,
which might be related to less stabilization of the surface complexes than in CuCl./y-Al.O3
catalyst [21].

The time on stream behaviour of ethene conversion and selectivity to 1,2-dichloroethane
demonstrate a stable catalyst performance for CuCly/y-Al;O3, CuCl/TiO2 (Hombikat),
CuClo/TiO2 (Alfa Aesar) and CuCl2/SiO2. These measured data were steady and reproducible
within the entire temperature range measured (200 — 250 °C). An exception is zeolite
CuCl,/H-Beta-25 for which continuous deactivation was observed over time, accompanied by
an increasing selectivity to 1,2-DCEA.

The highest selectivity of 1,2-DCEA was achieved over CuCly/TiO> (Hombikat) (95.0% at
250 °C) and CuCla/y-Al;03 (95.5% at 200 °C). The largest increase in 1,2-dichloroethane
selectivity was observed for CuCl2/TiO2 (Hombikat) is worth mentioning: for temperature

increase form 200 °C to 225 °C, selectivity was increased from 31% to 82%.
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Figure 5. Oxychlorination of ethene: ethene conversion.
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Figure 6. Oxychlorination of ethene: 1,2-DCEA selectivity.

The plausible explanation for the lowest ethylene conversion and the lowest selectivity for
the desired product 1,2-dichlorethane over CuCl2/SiO2 and CuCl./H-Beta-25 catalysts can be
attributed to catalyst acidity. This is consistent with the Figure 7 where the influence of catalyst

acidity on turnover frequency is displayed. Figure 7 shows that the lowest values of frequency
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turnover (more than 0.2-10° s*) were achieved over CuCl»/SiO- catalyst with extremely low
amount of acid sites (less than 30 pmol/g) and also over CuCl/H-Beta-25 catalyst with very
height amount of acid sites (more than 450 pmol/g). In contrast, high turnovers frequency (more
than 1-107° st) values were achieved over catalysts with values of total catalyst activity between

50 and 350 pmol/g.
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Figure 7. Oxychlorination of ethene: influence of acidity on turnover frequency.

A comparison of the experimental results of ethylene oxychlorination at 250 °C with the results
from the literature are provided in Table 6. Different results of ethylene oxychlorination reflect
different experimental conditions under which the reaction was performed (type of catalyst and
its promoters, reaction temperature, composition of raw material, etc.). Compare to literature

all catalysts in the current work were used without any promotors (e.g. K, Na, La).

Table 6. The comparison of results of the ethylene oxychlorination at 250 °C (Conversion, Yield, Selectivity in %).
Cu |T |X, % |Yield, % Selectivity, %

Catalyst Ref.
wt.%|°C |Ethene|1,2-DCEA EtCl |1,2-DCEAEtClI VCI  Other by-
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conv. |CzH4Cl,  CzHsCI|CoHACl:  CaHsCI CoHsClI product
KCI-CeO,-CuCl-cat.  [n.a. |n.a.|98 n.a. n.a. n.a. n.a. 554 na. [3]
Commercial CuCly-cat. |n.a. |230(91 88 n.a. 97 n.a. n.a. 3 [7]
CuCly/y-Al,03 5 |250/41* |39 0.01 |93 0.02 0.6 6 [2]
Ce0,-CuCl,/AlO3 5 ]230|30 n.a. n.a. n.a. n.a. n.a. n.a. [4]
Cu-K-La-Cly/ y-Al,Os |7 [200(10 10 0.0 100 0.0 0.0 0.0 [6]
CuCly/y-Al,O3 5 ]230]10 10 n.a. 98 n.a. n.a. n.a. [5]
CuClz/y-Al203 5 250174 |14.9 2.5 85.2 144 042 00 Cw
CuCla/TiO2 (Hombikat)|5  [250{13.0 |12.4 0.6 95.0 4.6 04% 00 cw
CuCly/TiO; (Alfa Aesar) |5 250(125 |84 4.0 67.1 315 05 0.0 Cw
CuCl,/H-Beta25 5 |250[1.3 0.1 1.2 10.1 89.9 0.0 0.0 CwW
CuCly/SiO; 5 250/0.3 0.02 0.3 7.8 922 0.0 0.0 Cw

Ethylene conversion in pulse catalytic experiment
2V/Cl was observed only at reaction temperature 250 °C, at lower temperature was VCI selectivity equal zero

CW = current work

For the most promising materials Figure 8 shows influence of selectivity towards the desired
product on ethene conversion. From the almost constant selectivity behaviour obtained on vy-
Al,Oz as a catalyst support, a reaction network with two initial parallel reactions can be
suggested, where one reaction is direct oxychlorination of ethylene to 1,2-DCEA, being the
dominant one, while the second reaction is synthesis of ethyl chloride. At higher conversion of
ethene and a higher reaction temperature, 1,2-DCEA is converted into vinyl chloride. In the
graph, this is observed by a slight decrease 1,2-DCEA selectivity at higher conversion. On the
contrary, from the results obtained on TiO2 as a support, where selectivity increases with
conversion, a network of consecutive reactions is much more prominent already at low
conversion. First ethyl chloride is formed by ethene hydrochlorination followed by its
subsequent transformation to 1,2-DCEA.
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Figure 8 Oxychlorination of ethene: influence of 1,2-dichloroethane selectivity on ethene conversion.

In experiments with CuCl,/y-Al203, CuCla/TiO2 (Hombikat) and CuCl./TiO: (Alfa Aesar)
catalysts, 1,2-dichloroethane was detected as the main product. The other important product
was EtCl. It seems that EtCl appears from the addition of HCI to ethylene, which can be
catalyzed by the pristine support [2]. At higher temperatures, the formation of vinyl chloride
by-product takes place. This fact is also described in the literature [2, 5]. The increase of
selectivity to vinyl chloride at higher temperature could be related to successive conversion of
1,2-dichloroethane catalyzed by the Lewis and Brgnsted acid sites on the support surface (with
and without presence of the copper phase).

It is not possible to select one certain property of Cu modified catalysts (Table 7), which has
the greatest impact on reaction products composition. The results of reaction one dependent on

a combination of the properties of the support and its interactions with the catalyst active phase.
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Table 7. The results of the characterization of Cu modified catalysts on different supports.

X S TAS | TAS | A., | Vo | BAS | Cu | CUCu Cu
% (at 250 °C) umol/g | umolle | mi/e  cm /o | mmolie | wt% at/at /100 m°
Al 17 Ti-H 95(B-25 285 B-25 460|B-25 827 Al 0.9]Al 10|Al 5.1/A1 0.44 Ti-A |0.103
Ti-H 13 Al 85|Al 229 Al | 301|Si 275 B-25 0.7|S1 9 |B-25 4.0 S1 0.15 Ti-H 0.096
Ti-A | 13 Ti-A 67 Ti-A | 107|Al 260 Si 0.5(B-25 6 |Ti-H 3.0 Ti-H 0.10 Al 0.020
B-25 /1.3 B-25 10 Ti-H | 92 |Ti-H 31 Ti-H 0.1|Ti-A 4 |Ti-A 2.6 B-25 0.00 S1 0.009
Si 0.3/S1 8 [S1 23 |S1 27 |Ti-A 26 Ti-A 0.1|Ti-H 4 |S1 2.5/Ti-A 0.00 B-25 1 0.005

Al = CuCly/y-Al,03, Ti-H = CuCl/TiO, (Hombikat), Ti-A = CuCl,/TiO; (Alfa Aesar), B-25 = CuCl,/H-Beta-25,

Si= CUC|2/SiOz

4 Conclusions

The results of the study clearly demonstrate that the nature of the catalyst support has a
significant effect on both ethylene conversion and selectivity to 1,2-dichloroethane in
oxychlorination over Cu modified catalysts. The difference in physical-chemical properties of
supports was the reason for very different results (at 250 °C: 0.3 — 17.4% of ethylene
conversion, 7.8 — 95% of 1,2-DCEA selectivity). All support materials were modified with
5 wt.% Cu, using the same evaporation impregnation procedure without any promotor.

As expected, very good results in terms of ethylene conversion and selectivity to 1,2-DCEA
were achieved with a commonly used CuCl./y-Al.O3 catalyst. The catalytic performance was
stable in time on stream and had high reproducibility (with accuracy 1%). For the range of
studied temperatures, the highest ethylene conversion was above 11.5% while selectivity to
1,2-DCEA exceeded 85%.

Very promising results have been achieved with Cu modified catalysts on TiO2 supports
(Hombikat and Alfa Aesar). The measured conversion over both types of catalysts were very
similar in the whole measurement temperature range. On the contrary, significant differences
were observed with respect to selectivity to 1,2-DCEA. This difference in selectivity increased
with increasing reaction temperature (12% at 200 °C and 28% at 250 °C), and may be related
to the composition of the support phases, anatase in TiO, (Alfa Aesar) and anatase + rutile in
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TiO2 (Hombikat). Cu modified catalysts on TiO, (Hombikat) support materials exhibited results
comparable with alumina support with respect to ethene conversion at higher reaction
temperatures. Even better results with CuCl2/TiO. (Hombikat) catalyst (95% at 250 °C) than
with CuCly/y-Al203 (85% at 250 °C) were achieved in terms of selectivity to 1,2-DCEA.
Compared with CuCl./y-Al,O3, Cu modified catalysts on TiO2 supports have much higher
copper site density, but lower acidity, basicity, specific surface area, pore volume, CI/Cu atomic
ratio.

On the contrary, the results obtained with CuCl2/SiOz or CuClz/H-Beta-25 catalysts were not
very positive. The lowest ethene conversion (less than 0.4%) was achieved over CuCl./SiO;
catalyst. Ethyl chloride was detected as the main product in the whole temperature range of the
reaction. These results are consistent with extremely low Lewis acidity, copper site density and
weak interactions between the active phase and the support.

CuCl,/H-Beta-25 zeolite having very similar values of Lewis acid sites, total acidity, basicity,
pore volume, copper site density, and CI/Cu atomic ratio as CuCl./y-Al.Oz3 catalyst gave a very
low ethene conversion (less than 3.6%) and 1,2-DCEA selectivity (less than 10%). Moreover
continuous deactivation was observed for this catalyst, accompanied by increasing selectivity
to 1,2-DCEA. Low ethene conversion and observed behaviour over zeolite catalyst can be
attributed to inhibiting active phase particle by agglomerating on the support that occurred

during Cu impregnation.
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