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ABSTRACT: The synthesis of 1-ethyl chloride in the gas-phase mixture
of ethanol and hydrochloric acid over ZnCl,/Al,O; catalysts was studied
in a continuous reactor using both commercial and tailor-made supports.
The catalytic materials were characterized by the means of structural m
(XPS, TEM, XRD, and BET) and catalytic activity (selectivity and ) R
conversion) measurements. The reaction parameters such as temper- it

ature, pressure, and feedstock flow rates were optimized for the
conversion of ethanol to ethyl chloride. The new tailor-made highly
porous Al,Os-based catalyst outperformed its commercial counterpart :':gz “’;"";‘_’"f"’"
by exhibiting high conversion and selectivity (~98%) at the temperature RS
of 325 °C. Long-term stability tests (~240 h) confirmed the excellent

durability of the tailor-made alumina catalysts. The process demonstrated here poses an efficient and economic “green” large-
scale on-site synthesis of this industrially important reactant in industry, where bioethanol is produced and 1-ethyl chloride is
necessary, e.g., for ethylation of cellulose and synthetic polymer products. On-site in situ production of ethyl chloride avoids the
problems associated with the transportation and storage of toxic and flammable 1-ethyl chloride.
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B INTRODUCTION most abundant renewable organic resource for bioethanol
production due to the cost and availability of raw materials.
Admittedly, all bioethanol production processes are not too
green, and a life cycle analysis (LCA) reveals that, eg,
processes utilizing edible crops (such as corn) are not
necessarily the most eco-friendly ones.”” Nevertheless, the
key for reducing the total impact is to integrate a fermentation
process to other processes available at state-of-the-art multi-
product biorefinery sites. The technology for bioethanol
production from biomass has to evolve greatly for an
economical commercial-scale utilization of the renewable
biomass resources. Consequently, we need to improve our
energy availability, decrease alr gol]utlon, and diminish

Ethyl chloride is an important reagent for ethylation reactions
used by a number of different industries including cellulose/
paper, paint, polymer, and petrochemistry just to mention a
few.'"”® As a halogenated hydrocarbon, havin ng very similar
physical—chemical properties to those of freons,” ethyl chloride
used to be applied as a cooling medium in refrigerants and as la
ocal anesthetic to sport injuries.' More recently, it was also
found useful in the synthesis of ionic liquids.”*

For the bulk synthesis of ethyl chloride, three main industrial
approaches are applied. The oldest and least environmentally
friendly as well uneconomical ones are the direct hydro-

chlorination of ethylene and chlorination of ethane on metal A
chloride catalysts such as ZnCl,, AICL,, BiCls, SbCl;, and FeCl, atmospheric CO, accumulation.*® Besides easier storage

as well as on their oxychlorides (e.g, ZrOCl, and BiOCI) and transportation, a further advantage of using ethanol instead
' ’ of hydrocarbons”'”'*'7 is its frequently occurring on-site

availability at biorefineries, where eventually the largest volumes
of ethyl chloride are intended to be used to produce ethyl
cellulose and ethyl-hydroxyethyl cellulose for paper and paint

optionally supported upon solid carriers such as alumina, silica,
or active carbon’”"7 A more preferred route today is the
esterification of alcohols with hydrochloric acid in liquid phase
on metal chloride and oxychloride catalyst materials, similar to

the processes of methyl chloride synthesis.'® >* This latter components.” In general, the process of ethyl chloride synthesis
ethanol esterification route may even be considered as “green”

because the fossil feedstock can be replaced with bioethanol Received: July S, 2012
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from ethanol and hydrochloric acid can be considered as
“green” because of high conversion of reagents into products
and the absence of hazardous wastes.

The development of ethyl chloride production in continuous
reactors with high conversion and selectivity is still a
challenging goal in the modern chemical industry. Because of
a large volume of produced ethgrl chloride (only in the United
States 60,000 tons in 1995%), a higher conversion and
selectivity with optimal reaction temperature and/or catalyst
with better durability and safety (without using CCl, in
feedstock™* or highly toxic catalysts'®*"**) would result in
considerable economic and environmental benefits, particularly
for ethanol esterification processes. Nevertheless, the most
important industrial use of ethyl chloride is in treating cellulose
to make ethyl cellulose and related derivatives. Consequently,
the use of ethyl chloride has more recently declined in the
western world, e.g, due to the closure of many pulping and
adjacent cellulose processing industries.>*"

In this work, we studied alumina and alumina-supported
ZnCl, catalyst materials in a continuous reactor to produce
ethyl chloride from ethanol and hydrochloric acid. The goal of
the study was to reveal the effect of catalyst structure on the
reaction and to find experimental conditions that can result in
similar or better conversion and selectivity than that with
commercially available alumina-based catalyst materials. The
partially amorphous nanostructured highly porous alumina we
synthesized was found to outperform its crystalline counterpart
when combined with a ZnCl, co-catalyst (0—2 wt %). The
details of catalyst material structure along with the correspond-
ing catalytic activities are discussed in this paper.

B EXPERIMENTAL SECTION

Catalysts Preparation. High-porosity aluminum oxide prepared
by the sol—gel method was used as the catalyst support for the
materials of group I. The commercial Al,O; (La Roche, A-201, fraction
x < 250 pm and fraction 250 < x < 500 pm, named as No. I and No. II,
respectively) was used as the supports for the materials of group IL
Zinc chloride salt (analytical grade, > 98%, Merck) was used for the
preparation of modified catalysts. The reactants, ethyl alcohol (99.5%
analytical grade, Solveco) and HCI anhydrous (99.999%, PRAXAIR),
were used as received.

The high-porosity Al,Os, prepared via solvo-thermal technique
starting from aluminum isopropoxide as the aluminum precursor, was
used to prepare the catalysts of group L In a typical procedure, 200 mL
of toluene, 2 mL of water, and 22 mL of dry methanol were placed in a
500 mL round-bottomed flask under constant stirring in a temper-
ature-controlled oil bath at 25 °C. The aluminum iso-propoxide
dissolved in a mixture of methanol (22 mL) and toluene (30 mL) was
added to the above mixture under constant stirring and stirred
overnight. The resultant mixture was transferred into a stainless steel
autoclave. The autoclave was closed tightly, shortly purged with
nitrogen gas, and then pressurized with nitrogen gas to 1 bar.
Thereafter, the autoclave temperature was slowly increased to 270 °C
with a heating rate of 3 °C/min. After attaining the target temperature,
the vapor pressure in the autoclave was immediately released, still
trying to maintain a constant temperature. Consequently, the heater
was turned off, and the autoclave was removed from the heating
mantle and cooled to room temperature. The resultant aero-gel was
dried overnight in air at 120 °C. As the next step, the material was
calcined under air atmoshpere at 600 °C for S h with a heating rate of
1 °C/min. The calcined material was stored in a desiccator.

The modified high-porosity alumina catalysts x wt % ZnCl,/Al,O5
(0 < x < 2) were prepared by means of an impregnation method. The
low concentration of ZnCl, was desirable in order to avoid any
potential agglomeration or pore blockage because ZnCl, has a rather
low melting point.”' A predetermined amount of freshly prepared
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aluminum oxide was dispersed in 100 mL of methanol at a constant
stirring rate and at room temperature. The calculated amount of ZnCl,
was dissolved in water; the solution was added dropwise to the
aluminum oxide suspension under constant stirring and left under
stirring for S h. Finally, the materials were dried in an oven at 120 °C
for 12 h. The ZnCl, loading was varied as follows: 0.5, 1, 2, and S wt %
for high-porosity Al,O; support and 2 wt % for the commercial Al,O;
(both types I and II).

Catalyst Characterization. The morphology of catalytic materials
was examined using LEO 912 OMEGA energy-filtered TEM
(transmission electron microscopy) operating at 120 kV.

To describe the quantitative and qualitative surface composition of
catalytic materials before and after reaction, the X-ray photoelectron
spectroscopy (XPS) technique was used. All XPS spectra were
recorded with a Kratos Axis Ultra electron spectrometer equipped with
a delay line detector. A monochromated Al Ka source operated at 150
W, hybrid lens system with magnetic lens, analysis area of 0.3 mm X
0.7 mm, and charge neutralizer were used for the measurements. The
binding energy scale was referenced to the C 1s line of aliphatic
carbon, set at 285.0 eV. Processing of the spectra was accomplished
with the Kratos software.

Phase composition of all catalytic materials was analyzed by powder
X-ray diffraction (Siemens DS000 XRD, Cu Ka radiation). The
recording was carried out for 20 angles from 5° to 80° at a scanning
speed of 0.5°/min. Diffract-plus EVA database (Bruker) was used for
phase composition identification. Crystallite size was calculated by the
Scherer equation using the reflections of (400) and (440) planes for
7-ALO; and the (020) and (021) for AIO(OH) phases.

The pore diameter, pore volume, and surface area of the carbon
supports and catalysts were measured at 77 K in a Micromeritics
Tristar 3000 surface area and porosity analyzer by the N, adsorption—
desorption method (nitrogen physisorption). Around 0.2 g sample was
degassed at 200 °C for 2 h in 10~ Torr vacuum to remove the
moisture from the pores of the material. Pore diameter and pore
volume were calculated from the adsorption isotherms using the BJH
method. Surface area was calculated using the adsorption data up to a
relative pressure of 0.2 by BET method.

Catalytic Experiments. Catalytic reactions were performed in a
tailor-made pressurized fixed bed reactor (ID 10 mm, length 260 mm)
constructed from stainless steel tube with a tantalum lining inside to
eliminate corrosion processes during the reaction. Before each and
every reaction, the catalyst was heated overnight (in situ) in the
reactor and at the reaction temperature under nitrogen flow. The
pretreatment was carried out in order to remove all moisture from the
reaction system. The temperature was controlled by separate external
heaters along the reactor system. Two thermocouples were placed
inside the reactor, well extending up to the catalytic bed and used to
monitor the reaction temperature. The catalyst bed consisted of the
catalyst of choice (m, = 0.25 g leq = 3 cm) and glass beads as spacers
in the reactor. Ethyl alcohol was fed with an HPLC-pump and
vaporized at 250 °C before the flow was entering the reactor. The
reaction was carried out at different temperatures: 200, 250, 275, 300,
and 325 °C, all under atmospheric conditions and under an elevated
pressure of 6 bar. Reaction temperatures beyond 325 °C were avoided
to counter-effect the formation of excessive amounts of byproducts—
long chain alkanes and aromatic hydrocarbons. The molar ratio of
feedstock was n(C,H;OH):n(HCI) = 1.05:1, 1.025:1, and 1:1. The
flow rates of HCI and C,H;OH were controlled by means of PC and
calibrated before each and every experiment. To remove traces of
water and unreacted acid, the mixture of products leaving the reactor
was passed through the vessel with the desiccant—calcium oxide (in
some cases with the addition of molecular sieves 3A beads)— heated
to 100—105 °C.*>** The reaction products were collected in a cooling
trap system (T = —S °C, water—ethylene glycole mixture). The
samples for analysis were withdrawn every 10 min using the
equipment cooled to —5 °C because of the high volatility of ethyl
chloride. The liquid-phase products were analyzed using a gas
chromatograph (GC, Agilent 6890N) equipped with a flame ionized
detector (FID) and HP-PLOT/U capillary column (oven temperature
180 °C, isothermal regime). The conversion was calculated as a ratio
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Table 1. BET Surface Area, Pore Size, and Pore Volume Data for the Catalysts Used

Sper (m?/ g)

pore size (nm) pore volume (cm®/g)

spent (short spent (long

spent (short spent (long spent (short spent (long

catalyst fresh time) time) fresh time) time fresh time time)
Al,O; high porosity 429.1 3429 245.5 18.0 20.5 17.7 19 1.8 1.1
Al,O; No. I 317.8 129.1 73.8 4.5 9.5 13.3 0.4 0.3 0.2
Al,O; No. I 325.0 128.3 72.7 5.0 7.5 12.2 0.4 0.2 0.2
0.5 wt % ZnCl,/AlL,O; high 425.4 228.1 - 21.1 21.2 - 23 12 -
porosity
1 wt % ZnCl,/Al,O; high 423.2 225.1 - 18.8 22.1 - 2.0 12 -
porosity
2 wt % ZnCl,/Al,O; high 400.2 244.9 184.2 6.3 13.4 15.1 0.6 0.8 0.7
porosity
2 wt % ZnCL/ALO; No.1 3127 129.1 - 44 9.5 - 03 03 -
2 wt % ZnCl,/Al,05 No. II 2934 133.7 - 5.2 18.4 - 0.4 0.6 -
4
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Figure 1. Nitrogen adsorption—desorption isotherms (a) and pore size distribution (b) of different supporting catalytic materials (fresh): 1. high-

porosity AL,O;, 2. ALO; No. I, and 3. AL,O; No. II.
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Figure 2. Nitrogen adsorption—desorption isotherms (a) and pore size distribution (b) of the materials: 1. high-porosity ALO; fresh, 2. high-
porosity AL, O; spent, 3. 2 wt % ZnCl,/ALO; (high porosity) fresh, and 4. 2 wt % ZnCl,/ALO; (high porosity) spent. The spent catalyst samples

were analyzed after S h use at 300 °C and p = 6 bar.

of the ethyl chloride moles to the initial molar flow of HCI. The
process selectivity was calculated as the ratio between the ethyl
chloride amount and the total amount of ethyl chloride as well as
diethyl ether formed as a byproduct.

Acid—Base Titration Procedure. Acid—base titration was used to
verify the accuracy of the calculations upon conversion of HCI into
ethyl chloride (obtained from GC data). The titration procedure was
carried out using the 665 Dosimat (Metrohm Swiss made) auto-
titrator. The product mixture coming out from the reactor was passed
through a 2 M NaOH solution with bromothymol blue indicator
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(BTB) under constant stirring. The HCl conversion X (%) was
calculated using the formula X = ((1— nciou)/ (nacnin)) X 100. The
value of n(ycy)oy Was calculated as a ratio ngucnin = (Voo X Craon)/
t) X 100, where Vy,op is the volume of neutralization trap (NaOH
solution, mL), Cy,op is the molar concentration of NaOH solution
(mol/L), and t denotes the reaction time of NaOH and HCI(s).

B RESULTS AND DISCUSSION

Structure and Chemical Composition of Catalyst
Materials. Catalysts with various ZnCl, loading were prepared
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Figure 3. X-ray diffraction patterns of highly porous alumina (a) and commercial Al,O; No. I (b) based catalyst materials. The spent catalyst samples
were analyzed after S h use at 300 °C and p = 6 bar. Feedstock molar ratios (fcyuson: Mucy) of 1:1 and 1.05:1 were applied for the reactions over

highly porous and commercial alumina catalyst materials, respectively.

by means of impregnation on different types of aluminum
oxides. The techniques such as BET, XRD, TEM, and XPS
were used to characterize the catalytic materials.

The results of BET surface area, pore volume, and pore
diameter measurements for pure alumina support materials and
ZnCly-impregnated catalysts measured with nitrogen phys-
isorption are given in Table 1. Pure high-porosity alumina
exhibited the highest surface area compared to both industrial
Al O, supports. The surface areas for ZnCl,-impregnated high-
porosity materials are sligthly lower than for pure support. It
can be observed that the commercial Al,O; supports contained
substantially lower surface area and pore volume than our high-
porosity alumina (Figure 1). Also, the changes in the surface
area and pore volume for high-porosity alumina catalysts before
and after reaction were studied (Figure 2). It was evident that
both the surface area and pore volume decreased substantially
during the course of the reaction.. The catalytic materials
exhibited very different behavior in terms of surface area
decrease. Thus, for tailor-made high-porosity alumina (both for
ZnCl,-impregnated and pure), the decrease in surface area was
around 20%, whereas for both commercial catalysts, a
significantly larger loss of surface area (60%) was observed
upon a $ h run (Table 1). Similar observation was confirmed in
the case of long-term experiments (250 h). In summary, the
commercial alumina catalysts were much less resistant toward
deactivation than the tailor-made alumina, which allows for
long-term continuous operations without a catalyst regener-
ation period. The significant decrease of alumina surface area
(both for ZnCly-impregnated and pure materials) can be
explained by blockage of some mesopores following the
formation and increasing the crystallinity of new phases
AlO(OH), Al(OH);, and y-AL,O; on the surface (Figure 3)
as well as sintering and coke deposition processes during the
reaction.

As assessed by X-ray diffraction analysis, the phase
composition and crystal size in the commercial and synthesized
highly porous alumina-based catalyst materials had considerable
differences (Figure 3a). The pristine ZnCl,-impregnated highly
porous materials demonstrated only diffuse reflection suggest-
ing amorphous, or at least very poorly ordered, orthorhombic
aluminum hydroxide (AI(OH);) and bcc oxyhydroxide (AlO-
(OH)) structures in the solid support. After S h of use at 300
°C, however, the support undergoes crystallization as the
intensity of the amorphous background decreases and at the
same time, clear reflections at ~45.9° and ~66.9° 20 angles
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appear corresponding to (400) and (440) planes of the formed
7-AL,O; phase, respectively. From the broadening of the peaks,
the average size of the nanocrystals is 3.6 + 0.6 nm. For spent
materials containing 0.5 and 1 wt % ZnCl,, the crystallite sizes
are 3.0 and 2.8 nm, respectively. No reflections from any
possible phases of ZnCl, and AICI; (in spent samples) were
observed.

Significant changes in the phase composition of the alumina
support could be observed after long-time experiments at
elevated temperature (Figure 4). Thus, for high-porosity

* AIO(OH) bee #x% AI(OH), ort.rh.
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Figure 4. X-ray diffraction patterns of highly porous alumina catalyst
materials. The spent catalyst samples were analyzed after using
different temperatures, p = 6 bar, and a feedstock molar ratio of
fconsonfacl = 1:1. The materials spent at 275 and 325 °C were tested
during a long time, 124 and 251 h, respectively.

alumina, after prolonged reaction times (124—2S1 h) at 325
°C, hexagonal phase Al;;O;-H,0 was formed. The crystallite
size for Al;(Os-H,O was determined to reside at 23.3 & 6.7 nm
and for y-Al,O; at 3.2 + 0.2 nm. Interestingly, in case the of
spent ZnCl,-impregnated high-porosity materials, the presence
of y-AlL,O; and AIO(OH) phases was observed, but the
formation of hexagonal phase Al}(Os-H,0 was very moderate.

The samples made by using the commercial alumina powder
consisted of well-crystallized bec AIO(OH) and y-ALO; phases
(Figure 3b). For the ZnCl,-impregnated catalyst, the stronger
reflection at 31.8° corresponding to the (220) plane of the y-
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AL O; phase was observed. The average size of the AIO(OH)
and y-AL,Oj; crystallites in the untreated support was measured
to be 4.5 + 0.8 and 5.1 + 0.1 nm, respectively. These values
seem to increase with prolonged use of the catalyst (to 7.3 +
4.3 and 8.9 + 2.1 nm, respectively) indicating slight coarsening
of the support. Similar to the highly porous alumina-based
catalyst, phases ZnCl, and AICl; were not identified in the
samples.

Figure S (a—d) presents the morphology of the pure high-
porosity ALO; and 2 wt % ZnCl,/AL,O; (high porosity)

Figure S. Transmission electron microscopy images of catalytic
materials: pure Al,O; (high porosity) fresh (a), pure ALO; (high
porosity) spent (b), 2 wt % ZnCl,/AlL,O; (high porosity) fresh (c),
and 2 wt % ZnCl,/AlL, O, (high porosity) spent (d). The spent samples
were analyzed after S h use at 300 °C, p = 6 bar, and a molar ratio of

ficansontucl = 1:1.

catalysts before and after their use in the reaction. The surface
morphology of the catalytic materials, before and after reaction,
was analyzed by means of transmission electron microsopy
(TEM). It was shown that all high-porosity AL O; catalysts
consisted of nanosized particles with average sizes around 5 nm.
The black arrows denote the ZnCl, particles finely and
irregularly distributed on the surface of 2 wt % ZnCl,/Al, O,
(high porosity) catalyst. The surface of the spent pure alumina
was different from the fresh catalyst and looked more ripe after
being used in the reaction (Figure S). The surface was not
substantially altered for the material containing 2 wt % ZnCl,
and was exposed to the reaction environment at 300 and 325
°C. The distribution of ZnCl, particles on the surface was
almost unaffected. The surface of the spent material looks more
crystalline than fresh (crystallinity increases with reaction
temperature increasing). It is in good agreement with XRD
data, indicating the presence of the y-Al,O; phase in the
materials (Figures 3 and 4). The results are similar for the
commercial catalysts as well (both pure and ZnCl,-impreg-
nated).

For more information, the XPS analysis was carried out. Both
fresh and spent materials were studied. The XPS data are
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presented in Table 2 as atomic concentration ratios. We
conclude that the Al/Zn ratio does not change for the catalyst

Table 2. XPS Data for the Catalysts before and after the
Reaction

atomic concentration ratio

catalyst Cl/Al  Al/Zn  Al-OH/AI-O
AL O; (high porosity) fresh - - 0.22
AL O, (high porosity) spent at T = 325 0.055 - 0.20
°C and p atm
2 wt % ZnClL/ALO; (high porosity) 0.024 11472 0.26
fresh
2 wt % ZnCl,/ALO; (high porosity) 0.079 15224 0.26
spent at T = 325 °C and p atm
2 wt % ZnCl,/ALO; (No. I) fresh 0041 8232 1.09
2 wt % ZnCl,/ALO; (No. I) spent at 0073  87.95 032

T =300 °C and p = 6 bar

2 wt % ZnCl,/AlL,0; (No. I), but the AlI-OH/Al—O ratio was
decreasing. This indicates that the reaction mechanism should
follow the hypothesis of Becerra et al,,”° i.e., two adjacent sites
on the surface might be involved.

Our current hypothesis is that in the case of 2 wt % ZnCl,/
ALOj; (high porosity), another reaction mechanism prevails.
Because the ratio of AlI-OH/AI-O remains constant but the
Al/Zn ratio was substantially altered, the single-site reaction
model, suggested by Thodos and Stutzman seems plausible."
The Al-OH/AI-O ratio for the 2 wt % ZnCl,/ALO; (high
porosity) catalyst was similar to that for pure high-porosity
AlLO;. In both cases it remained constant. Thus, the reaction
might proceed according to the Sy, mechanism involving ZnCl,
instead of ALO;.

It was seen that the atomic ratio of Al-OH/Al—-O remained
constant for the 2 wt % ZnCl,/ALO; (high porosity) catalyst
before and after the reaction, but the Al/Zn ratio was
substantially increased. This illustrates the surface depletion
of Zn atoms and shows the dominant role of ZnCl, in the
reaction mechanism. The AI-OH/AI-O ratio also remained
almost constant for the pure high-porosity Al,O; and was close
to that for 2 wt % ZnCl,/ALO; (high porosity).

For the catalyst 2 wt % ZnCl,/Al,O0; (No. I), the atomic
ratio Al/Zn was almost unaffected, although the AlI-OH/Al-O
ratio decreased. Consequently, a surface reaction involving the
Al—OH bonds seems to be more dominant that that involving
ZnCl, species.

Catalytic Reaction of Ethanol Hydrochlorination.
Reaction Mechanism and Qualitative Kinetics. One possible
reaction mechanism is proposed and presented in Scheme 1. It
illustrates that in the first step the OH™ group of the ethanol
molecule is adsorbed on the alumina catalyst surface at the
Lewis acid site that leads to weakening of the C—O bond. It
makes the second step easier—the nucleophilic attack of C
atoms by CI” ions with the replacement of the leaving OH™
group according to the Sy, mechanism. In the final step,
desorption of H,O molecules adsorbed on catalyst surface
occurs. The presence of zinc chloride on the alumina surface
leads to an enhancement in the number of acid sites on the
surface and, as a sequence, the activity of the catalyst in the
reaction. The action of supported ZnCl, as a Lewis acid
catalysis with high product selectivity was shown for some
heterogeneous processes: ethylene and higher alkenes hydro-
chlorination,'” methyl alcohol hydrochlorination,*"** catechol
O-methylation,* and ethene and ethane oxychlorination to
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Scheme 1. Plausible Reaction Mechanism for Ethanol
Hydrochlorination Process Over Al,O; Catalysts
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vinyl chloride.*®*” Svetlanov et al. suggested that a nucleophilic

attack can be carried out due to polarization of Cl atoms in HCI
as well as by chloride ions of the catalyst.”' Conte et al. have
shown high selectivity of AL,Os- and SiO,-supported Zn>*
catalysts for the ethylene hydrochlorination process.'” The
structure of ethanol adsorbed on the alumina catalyst surface
(surface ethoxide) was studied earlier.>*™*° The diethyl ether
formation is favored with increased surface concentration of the
ethoxide, suggesting that a Langmuir—Hinshelwood type of
mechanism prevails due to ethoxide pairs on the surface.*®
Topchieva et al. suggested that the surface ethoxide is a reaction
intermediate toward ethylene and diethyl ether.*

In line with the formalism of Langmuir—Hinshelwood
kinetics, simple primary surface reaction steps could be
described as follows on Scheme2: A second, plausible
Langmuir—Hinshelwood type of kinetic approach was

Scheme 2. Simple Mechanistic Approach to Ethanol
Hydrochlorination

[ CHiCH,OH+HCl € >
1 2 CH,CH,OH >
1l (CH5CH,),0+HCl € >

CH,CH,Cl + H,0
(CH3CH,),0+ H,0
CH3CH,Cl + CH4CH,OH

developed for the ethyl alcohol chlorination, and a preliminary
regression analysis was conducted in order to find out whether
the approach might be a plausible one. The model assumes
adsorption of ethanol onto the catalytic site as ethoxy species as
well as the hydrochoric acid (steps I, IT). As the next step, the
adsorbed species can react in two alternative ways. One is via
direct interaction with the adjacent molecule (step III)
(Scheme 2). Alternatively, in the case when three adjacent
sites happen to be occupied by ethoxy species neighbored by an
HCI molecule and a proton, diethyl ether may form together
with water and ethyl chloride species (step IV) (Scheme 3).

Scheme 3. Alternative Mechanistic Approach to Ethanol
Hydrochlorination Taking into Account Various Parallell
Reactions That We Propose Can Occur

Et: ethanol HCI: hydrochloric acid
Ex: ethoxy H: proton
DE: diethyl ether EtCl: ethyl chloride
H20: water HC: hydrocarbon
* Active site
K1

| Et+ 2* (—Kz—) Ex* + H*
Il HCl+* > Hox
I Ex* +HCl* +Hx "8 Erox s my0

\%

3Ex* + HCI* + 3 H*

DE* + 2H,0* + EtCI* + *

v DE* + HCI* ey EtCIF+Ext
vi DE* + H* > HC* +Ex*
Vil EtCl* €5 R+
vl DE* €5 DE+*

X H,0* € HO+*

X HC* €5 Hes*

XI H* B Har

Consequently, if the adsorbed diethyl ether happens to be in
the vicinity of an HCI molecule, yet another ethyl chloride is
generated, while an ethoxy species is regenerated onto the
surface (step V). On the other hand, if the diethyl ether
happens to reside in the vicinity of a proton (from step III),
only then will hydrocarbon formation occur together with the
regeneration of an ethoxy species (step VI). The remaining
steps describe the formalism of the products leaving the active
sites on the catalyst surface thus regenerating the sites for a
consecutive catalytic round.

Figure 6 demonstrates the mapping of the experimental data
to the model data with the help of the Modest software.* The
software solves the reactor model equations (system of
ordinary differential equations) with the backward difference
method and optimizes the parameter values using a hybrid
method involving Simflex and Levenberg—Marquardt methods.
In the regression analysis, reaction steps III—VI were assumed
as rate determining ones (RDS). As shown, the results look
encouraging, and the full analysis of the kinetics will be
published in a forthcoming publication.

Influence of Reaction Parameters and Nature of Catalysts
on Conversion. Upon hydrochlorination of ethyl alcohol, 1:1,
1.025:1, and 1.05:1 molar ratios of C,H;OH-to-HCl were
passed through a fixed catalyst bed (l,q = 3 cm, m, = 0.25 g).
To activate the catalyst surface before reaction and as a
consequence to increase the ethyl chloride yield,*' the HCI flow
was turned on at first followed by the ethanol vapor flow (2—3
min later). The conversion was monitored at different
temperatures (250, 275, 300, and 325 °C) and pressures (1
and 6 bar). The reaction parameters such as ZnCl, loading,
reaction temperature, pressure, and flow rates were studied in
order to obtain better understanding of the ethyl chloride
formation process. The duration of experimental runs was
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Figure 6. Mapping of the experimental matrix to the model
predictions. The experiments were carried out over 2 wt % ZnCl,/

ALOj; (high porosity) catalyst.

never less than 6 h for all the experiments. Samples were
withdrawn at constant time intervals (10—15 min) and
analyzed by means of gas chromatography (GC) and acid—
base titration. The conversion values calculated via the titration
method were in good agreement with values obtained for GC
data for short-time experimental runs (5 h). Some discrepancy
in the GC and titration data was observed for several of long-
term experiments (>100 h) and could be, probably, explained
by presence of bypassed water and traces of ethanol in the CaO
trap. All the accessories (syringes, vials) used for sampling
procedure had to be properly cooled in order to avoid any
losses of the volatile ethyl chloride product. On the basis of
careful analysis of the trace compounds found in the
chromatograms, besides the desired product (ethyl chloride),
minor amounts of diethyl ether as well as traces of ethylene
were produced. Table 3 as well as Figures 7 and 8 summarize
the conversion and selectivity data for a large set of
experiments. The catalytic performance of the non-impregnated
high-porosity alumina revealed that the conversion of hydro-
chloric acid and the selectivity toward ethyl chloride increases
with increasing temperature. The conversion of HCI rapidly
increased up to 275 °C (91.3%), and a further temperature

Table 3. HCI Conversion and Ethyl Chloride Selectivity Data for Different Catalysts and Reaction Conditions

NcaHsoHMHCL

conversion of HCI (%) product (C,H;Cl) selectivity (%)

N catalyst T (°C) p (bar)
1 no catalyst present” 325 atm
2 no catalyst present 325 6
3 ALOj; (high porosity) 200 6
4 ALO; (high porosity) 250 6
S AlLO; (high porosity) 275 6
6 ALO; (high porosity) 300 6
7 ALOj; (high porosity) 325 6
8 ALOj; (high porosity) 300 6
9 ALOj; (high porosity) 325 6
10 ALO; (high porosity) 325 atm
11 ALO; (high porosity) 325 atm
12 ALOj; (high porosity) 325 6
13 0.5 wt % ZnCl,/Al,O; (high porosity) 300 6
14 1 wt % ZnCl,/Al,O; (high porosity) 300 6
15 2 wt % ZnCl,/Al,O; (high porosity) 300 6
16 0.5 wt % ZnCl,/Al,O; (high porosity) 300 6
17 1 wt % ZnCl,/Al,O; (high porosity) 300 6
18 2 wt % ZnCl,/AL O, (high porosity) 300 6
19 2 wt % ZnCl,/ALO; (high porosity) 200 6
20 2 wt % ZnCl,/AL O, (high porosity) 250 6
21 2 wt % ZnCl,/ALO; (high porosity) 275 6
22 2 wt % ZnCl,/ALO; (high porosity) 325 6
23 2 wt % ZnCl,/AL O, (high porosity) 325 6
24 2 wt % ZnCl,/ALO; (high porosity) 325 atm
25 ALO, (No. 1) 250 6
26 ALO; (No. I) 275 6
27 ALO, (No. I) 300 6
28 ALO, (No. I) 325 6
29 2 wt % ZnCl,/ALO, (No. 1) 300 6
30 2 wt % ZnCL/ALO; (No. ) 300 6
3l ALO, (No. II) 250 6
32 ALO, (No. II) 275 6
33 ALO, (No. 1) 300 6
34 ALO, (No. II) 325 6
35 2 wt % ZnCly/ALO, (No. 1) 300 6

“C,H;OH 95 vol % was used as a reactant.

1:1 19.2 84.3
1:1 293 90.7
1:1 89.6 97.5
1:1 81.4 97.3
1:1 91.3 97.4
1:1 91.3 97.3
1:1 95.2 98.9
1.05:1 93.4 96.6
1.05:1 98.3 98.3
1:1 95.9 98.1
1.05:1 95.3 100
1.025:1 98.0 98.4
1:1 86.6 96.7
1:1 87.6 96.7
1:1 92.4 97.4
1.05:1 91.5 96.0
1.05:1 86.1 94.5
1.05:1 92.9 96.1
1:1 81.3 96.3
1:1 85.6 97.1
1:1 90.8 99.2
1:1 94.7 99.1
1.05:1 91.7 96.6
1.05:1 92.7 98.1
1:1 79.8 98.0
1:1 87.0 98.5
1:1 752 96.2
1:1 90.5 96.9
1:1 84.1 97.7
1.05:1 70.7 96.4
1:1 81.6 97.6
1:1 93.3 97.7
1:1 93.0 97.8
1:1 96.1 98.0
1:1 88.4 96.5
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Figure 7. ZnCl, concentration dependence of HCI conversion for x%
ZnCl,/ALO; (high porosity) at different feedstock molar ratios: 1.
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conditions are T = 300 °C and p = 6 bar.

100
a1
%0 '
E\i o3
=
2 60 1
4
@
g
g 40
<«
Q
T 20
0 -
250 275 300 325
T (°0)

Figure 8. Temperature dependence of HCI conversion over pure
alumina catalysts: 1. Al,O; (high porosity), 2. ALO; No. I, and 3.
Al,O; No. II. The reaction conditions are p = 6 bar and a molar ratio

of neansonttuc = 1:1.

increase still increases the conversion, yielding 98.3% maximum
at 325 °C. As shown, pure high-porosity alumina (entries 9, 12)
gives the best conversion and selectivity, both exceeding 98%.
Interestingly, the performance was improved by a slight rise in
the system pressure (6 bar). In the case when no catalyst was
present, the reaction experiment was performed at both
pressurized (6 bar) and atmospheric conditions. In most of
the experiments, the ethyl alcohol feed was initiated at first, and
the reactor setup was allowed to condition for a period of 30
min. This mode of operations avoided the release of highly
corrosive HCl into the neutralization bath. Nevertheless, when
initating the HCl flow at first and only then starting the ethanol
teed, the glass beads packed in the flow reactor were already
surface modified by the HCI and were able to act as “poor”
catalysts thus giving suprisingly prominent conversion (19% at
atmospheric conditions, Table 3).

The catalytic activity of the tailor-made high-porosity
alumina was compared with both commercial aluminas
(ALO; No. I and No. II). The reactions were carried out
under the same conditions as before, and the results are
presented in Table 3. As shown, the nature of the catalytic
material significantly influences the system performance.
Among the catalysts examined, high-porosity Al,O; exhibited
better performance, both in terms of conversion and selectivity
toward the formation of ethyl chloride. This difference in
catalytic activity can be explained by different phase
composition for both of commercial and high-porosity alumina
catalysts. Thus, in both commercial catalysts, the presence of
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the a-phase is revealed, this not being present in the high
porosity alumina-based catalysts. The catalytic activity of the a-
phase in the ethanol hyrdochlorination process is much lower
than that of y-phase because of the much smaller number of
Lewis acid sites on the surface and a greater tendency for
Al(OH); formation. On the contrary, y-alumina phase contains
a large number of Lewis acid sites on the surface and also is
more resistant to interaction with water molecules and
possesses a lower tendency for AI(OH); formation.

To examine the influence of feed ratio on the conversion and
process selectivity, two different feed stock ratios were chosen,
feansonifacl = 1:1 and 1.05:1. The experiments were carried
out over the pure alumina catalysts as well as the ZnCl, loaded
ones. The results are listed in Table 3. It is revealed that in the
case of the excess alcohol, the increasing HCI conversion was
observed, but the selectivity was decreased for all catalysts and
temperatures due to the higher formation rate of diethyl ether
as a byproduct.

Inspired by the earlier investigations and literature data,'” we
proceeded to study whether a metal chloride would enhance
the catalytic performance. The enhancement of acidity of the
alumina catalyst surface by ZnCl, loading to improve the
conversion and selectivity was the main goal. However, the
results of the experiments showed that the use of impregnated
catalyst leads to lower conversion than with pure alumina at the
same temperatures (Table 3). Thereby, we can conclude that
pure alumina has sufficient surface acidity leading to highest
conversion. As shown in Table 3 and Figure 7, at equimolar
reactant feed, the ZnCl, addition was not beneficial. However,
if an excess of ethyl alcohol was present, the conversions were
dramatically improved. The likely underlying reason is the
enhanced formation of diethyl ether contributing to more ethyl
chloride formation via the secondary route.*"**

In order to study the influence of the reaction time and
temperature on ethanol hydrochlorination, the reaction was
carried out at various temperatures. The results of these
experiments are presented in Figure 8. The high temperature
(325 °C) experiments were carried out both under atmospheric
and elevated pressures (6 bar). It is interesting that the results
for commercial alumina No. II are similar to high-porosity
alumina, but for alumina No. I, the conversion was not so high
at low temperatures (250—300 °C). The results are similar for
all the catalysts only at the highest temperature of 325 °C. It
was observed that the HCl conversion and ethyl chloride
product selectivity increased with a temperature increase. Thus,
it can be concluded that the temperature of 325 °C results in
the best HCI conversion and the maximum selectivity toward
ethyl chloride (98.3% in the case of pure alumina and
equimolar feed virtually 100% when a slight excess of ethanol
was present in the feed). It was also shown that the pressure
effect is very marginal and cannot significantly improve the
conversion and selectivity (Table 3).

Calculation of Activation Energy. The reaction rate
constant and activation energy of the ethanol hydrochlorination
process were calculated using our new simple ethanol
hydrochlorination model. The ideal plug flow model, described
by Salmi and Wirn3,** was used to model the catalytic packed
bed reactor

dn,

1

— =rm
dx

i""Fcat

where 7; is the molar flow of i-component (mol/min), r; is the
component generation rates (mol/min), and m, is the catalyst
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mass (g) in the reactor. The diffusion coeficient Di was
calculated by using of semi-empirical Fuller—Schettler—
Giddings equation® and was 5.8 X 107 m?/s. The values of
Thiele modulus ¢ and effectiveness factor 1 were calculated
using the model for first-order reaction, described in the
literature™ and the values were 0.08 and 0.99, respectively.
Thereby, it was shown that under these experimental
conditions the kinetic regime of the reaction of ethanol
hydrochlorination is observed.

The results of the E, calculation are presented for the
experiments with non-impregnated and zinc chloride-impreg-

nated Al,O; (high porosity) catalysts in Figure 9, and the values

5

2 wt% ZnCl,/ALO;

¢

¥y =-8.4922x +17.905

ALO,
¥ =-9.6555x+18.922

In (r)

1.9 2 21
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1.7 1.8 2.2

%1073

Figure 9. Arrhenius plot for the ethanol hydrochlorination reaction
over pure ALO; and 2 wt % ZnCl,/ALO; (high porosity) catalysts.
The reaction conditions are p = 6 bar and ncyysop:uc = 1:1.

obtained were estimated to be around 80 and 71 kJ/mol,
respectively. Thus, it is evident that ZnCl, loading to pure
alumina significantly lowers the activation energy. The
activation energy found for methanol hydrochlorination (90
kJ/mol) reported by Ivanov and Makhlin** was in line with the
values found for ethanol hydrochlorination as expected.
Long-Time Catalyst Stability Test. The catalyst lifetime is a
very important characteristics of any catalytic process. The
experiments were performed as follows. During the first 5 h,
sampling occurred every 10 min; further, the samples were
taken every 2 h and every 10 h after 50 h of reaction time. The
total reaction time was more than 200 h. The results are
depicted in Figures 10 and 11, respectively. It was observed that
the reaction at 275 °C, over non-impregnated high-porosity
alumina, gives the HCI conversion of 91.3% coinciding with the
selectivity reaching 97.4% during the first S h. Furthermore, the
conversion was maintained at about 88— 90% throughout the
time-on-stream and gradually decreased after 100 h. It should
be noted that only one byproduct, diethyl ether, was detected
(and traces of hydrocarbons upon some high-temperature
experiments). At the temperature of 325 °C, for pure high-
porosity alumina, full conversion was approached, and the
selectivity obtained remained constant (>98%) throughout the
whole experimental time (>200 h). In the case of the ZnCl,-
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Figure 10. Conversion of HCI into C,HCl over catalysts: 1. pure
AL O, (high porosity) at 275 °C, 2. pure Al,O; (high porosity) at 325
°C, 3. 2 wt % ZnCl,/AlL,O; (high porosity) at 275 °C, and 4. 2 wt %
ZnCl,/Al, 05 (high porosity) at 325 °C. The reaction conditions are p
= 6 bar and neysonitug = 1:1.
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Figure 11. Conversion of HCl into C,H;Cl over catalysts: 1. pure
ALO; (high porosity), 2. pure AL,O; (No. I), and 3. pure ALO; (No.
II). The reaction conditions are T = 325 °C, p = 6 bar, and

fcansonitucl = 1:1.

impregnated version, the results were comparable, although the
performance was stable and equally good at a significantly lower
temperature of 275 °C. Nevertheless, we should not forget the
danger of loss of rather low-melting and thus volatile metal
halides, and consequently, their use should be avoided.

B CONCLUSIONS

The reaction of ethyl chloride synthesis from ethyl alcohol and
HCI over x wt % ZnCl,/AL,O; (0 < x < 2) catalysts was
studied. Three types of alumina supports, both commercial and
tailor made, were investigated. The selectivity and conversion
for the catalytic ethanol hydrochlorination over different
catalysts were determined. The reaction parameters such as
temperature, pressure, and feedstock flow rates were studied
upon search for the optimal conversion of ethanol into ethyl
chloride. The nature of the alumina catalyst was found to have a
significant influence on the reaction performance, and the metal
chloride addition to the catalyst structure renders materials with
significantly improved “low-temperature” catalytic performance,
though any metal chloride fumes potentially emerging are
harmful. The tailor-made high-porosity Al,O; was found to be
the optimal catalyst exhibiting high conversion (95.3—98.3%)
and selectivity of 98.3—100% over extended time periods. Also,
it was shown that the activation energy E, decreased upon
ZnCl, loading into pure high-porosity alumina from 80 to 71
kJ/mol, respectively. Interestingly, the metal chloride addition
was not particularly beneficial as long as the molar ratio of the
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alcohol and HCI was rigorously kept at 1:1. The lifetime of
pure high-porosity alumina was examined in a long-time run. It
was shown that conversion and product selectivity were stable
during a very long time (>200 h), provided that the reaction
temperature was sufficient.
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