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Zinc-modified alumina catalysts for methyl chloride synthesis were prepared with varying zinc loadings:
from 2.4 to 21.1 wt%. The influence of the zinc loading, zinc precursor and the pH of the impregnation
on the physico-chemical properties of the catalyst, and on the catalyst activity and selectivity for methyl
chloride (MeCl) synthesis was investigated. The prepared catalysts were thoroughly characterized by
FTIR, TEM, physisorption and EDX. On the alumina surface, both molecular and bulk zinc species are
created upon zinc loading. The surface area of the catalyst decreases steadily with zinc loading. Bulk
zinc species dominate on the catalyst starting at a zinc loading of 9.4 wt% and the amount of Lewis acid
sites (LAS) decreases. A shift in the acid site type takes place upon zinc modification. Sites assigned to
stronger LAS are eliminated while zinc-based weaker acid sites started to predominate. The shift in acidity
increases the selectivity and activity of methyl chloride synthesis, which was demonstrated in a series of
experiments in a laboratory-scale fixed bed reactor.
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1. Introduction

Methyl chloride is a chemical intermediate that is used for
the synthesis of butyl rubber, silicones, methyl cellulose and as
a general methylation agent. It can be produced by gas-phase
hydrochlorination of methanol over a Lewis acidic heterogeneous
catalyst at atmospheric pressure and temperatures around 300 °C.
Dimethyl ether is formed as a side-product, but can react in a con-
secutive reaction with HCI to form methyl chloride. The reaction
scheme is shown below:

CH30H + HCl <> CH5Cl + H,0 )
2CH;0H < (CH3),0 + H,0 (I
(CH3),0 + HCl <> CH5Cl + CH30H (1)

Industrially neat or zinc-modified alumina are used as catalysts.
Neat alumina is an inexpensive catalyst but it is less active and
requires higher reaction temperatures [ 1,2]. Zinc-modified zeolites
have been studied, but alumina-based catalyst, both, neat and zinc-
modified, have shown a superior stability [3]. Thus, zinc-modified
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alumina is an attractive catalyst for the intensified production of
methyl chloride and was first proposed as a catalyst for methyl
chloride synthesis by Svetlanov et al. in 1967 [4]. By addition
of Zn?* additional Lewis acid sites (LAS) are created which act
as active sites [3]. The addition of zinc lowers the adsorption
enthalpy of methanol [4]. ZnCl,/alumina can also be used as a
catalyst for other types of reactions e.g. olefin metathesis in com-
bination with CH3ReO3 [5-7] and hydrochlorination of ethene [8].
Thus, a deeper understanding of the catalyst properties is desir-
able. In-depth characterization of zinc modified alumina catalysts
was carried out to identify active sites and understand the physico-
chemical and catalytic properties. Different active species have
been proposed, such as amorphous zinc chloride [8] and a molecu-
lar zinc species on the alumina surface [5]. Acommon observation is
that upon zinc modification of alumina, terminal hydroxyl groups
are eliminated which suggests that zinc reacts directly with the
alumina surface [5-7]. This is also supported by the observation
of a chlorine-to-zinc ratio lower than two when the catalyst was
calcined at higher temperatures [5].

This study aims to provide detailed characterization of zinc-
modified alumina with varying zinc loadings and connect the
catalyst properties with the catalytic activity in methyl chloride
synthesis. The acid properties, the nature of the active sites and
the chemical nature of the zinc species on the surface were
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characterized and related to the catalytic activity and selectivity,
which are gradually changing with zinc loading.

2. Experimental
2.1. Catalyst preparation

The zinc chloride modified catalysts were prepared by wet
impregnation. Four grams of ball-milled and sieved alumina (UOP
Versal VGL-25 (<32 wm)) were added to a solution of the required
amount of ZnCl, (Fluka, >98%) or Zn(NO3), (hexahydrate, Fluka,
>99.0%) in 200 mL distilled water. The zinc loading in wt% corre-
sponds to the relative mass of Zn2* ions on the alumina. The pH of
the impregnation solutions is given in Table 1. To investigate the
influence of pH of the impregnation solution the pH was adjusted
by adding HCl or NH3 respectively. The solution was rotated for 24 h
at 65 °C, and subsequently, the water was evaporated at 70-80°C
under vacuum. The catalyst was calcined in a step calcination pro-
cedure: 40 min at 200 °C and subsequently 3 h at 400 °C applying a
heating rate of 3 °C/min.

2.2. Catalyst characterization

2.2.1. Nitrogen-physisorption

The specific surface area and pore volume of the catalysts were
determined by nitrogen-physisorption (Carlo Erba Sorptometer
1900). The surface area and pore volume were calculated using
the BET and the Dollimore-Heal method respectively. Prior to the
measurements, the samples were outgassed under vacuum for 3 h
at 150°C.

2.2.2. Fourier transform infrared spectroscopy (FTIR)

The amount of Lewis and Brensted acid sites on the catalysts
was quantified by Fourier transform infrared spectroscopy (FTIR)
using pyridine as the probe molecule (ATI Mattson Infinity Series).
The catalyst was pressed to a wafer (ca. 10 mg) and placed in the
measurement cell. Prior to pyridine adsorption, the sample was
outgassed under vacuum (0.08 mbar) for 1h at 450°C and back-
ground spectra were recorded at 100°C. Pyridine was adsorbed
for 30-90 min at 100 °C and spectra were recorded at 100 °C after
heating to 250, 350 and 450°C respectively. The Lewis acidity
was determined from the adsorption band at 1455cm~! and the
Bronsted acidity from the adsorption band at 1545cm~! accord-
ing to Emeis [9]. FTIR spectra of the OH vibrational modes were
recorded at 100°C after outgassing under vacuum (0.08 mbar) for
1hat450°C.

2.2.3. Energy dispersive X-ray microanalysis (EDX)

The zinc and chlorine contents of the catalysts were investi-
gated by energy-dispersive X-ray microanalysis (EDX) (Zeiss Leo
Gemini 1530). The catalysts used for the EDX analysis were pressed

Table 1

pH of the support/ZnCl, dispersion for impregnation.
Catalyst pH
Alumina 2.4 wt% Zn (ZnCl, 5.6
Alumina 4.5 wt% Zn (ZnCl, 5.6

)
)
Alumina 4.5 wt% Zn (ZnCl,) 4.0
)
)

Alumina 4.5 wt% Zn (ZnCl, 8.5
Alumina 4.5 wt% Zn (ZnCl, 10.6
Alumina 4.5 wt% Zn (Zn(NO3 );) 6.0
Alumina 8 wt% Zn (ZnCl,) 5.7
Alumina 14 wt% Zn (ZnCl, 5.6
Alumina 19 wt% Zn (ZnCl, 5.4

)
( )
Alumina 22 wt% Zn (ZnCly) 54
Alumina 25 wt% Zn (ZnCly)

to wafers. Due to the high density of the wafers, the quantification
was more precise and charging of the zeolite samples during the
measurement was reduced.

2.2.4. Inductively coupled plasma-optical atomic emission
spectroscopy (ICP-OES)

To confirm the results obtained by EDX, inductively coupled
plasma atomic emission spectroscopy (ICP-OES) was performed for
one sample. Approximately 40 mg was weighed into a Teflon bomb
and digested in a microwave oven with 3 mL H,SO4 (96%) and 3 mL
HNO3 (65%). The sample was diluted to 500 mL prior to the ICP-OES
analysis.

2.2.5. pH dependent zeta potential

The neat alumina powder (ball-milled and sieved, <32 pm) was
dispersed in deionized water (2mg/L). The pH dependent zeta
potential was determined using the Zetasizer Nano and the MPT-2
automatic titrator by Malvern Instruments. The titrations were per-
formed at 25 °C and aqueous NaOH and HCl were used as titrants.
Zeta potential was calculated from the electrophoretic mobility
using the Smoluchowski model.

2.2.6. Transmission electron microscopy (TEM)

The zinc modification on the catalyst surface was determined
by transmission electron microscopy (TEM) (JEOL JEM-1400Plus)
using imaging and electron diffraction functions. The samples were
prepared either from powder or from aqueous solution. The pow-
der samples were prepared by blowing powder on the TEM grid
with the use of a pipette. The aqueous samples were prepared by
loading a 1.5 mL microtube with 0.1 mL of catalyst powder. The
tube was then filled up to 1 mL with purified water. The dispersion
was homogenized by shaking and exposing to 5 min of ultrasound.
Large catalyst particles that would not be transparent to the elec-
tron beam were separated by centrifugation for 30s at 1000 rpm.
The remaining solution was diluted 1:100, transferred on the TEM
grid and dried in vacuum.

For imaging an accelerating voltage of 120 kV was used, and for
electron diffraction either 80 or 120kV. To obtain the d-spacing
from the electron diffraction patterns, a reference pattern (alu-
minum foil) was recorded at identical microscope settings. In some
samples, alayer of graphene oxide was coated on the TEM grid prior
to sample deposition and used as internal calibration standard.
The recorded diffraction patterns were analyzed using the soft-
ware Diffraction Ring Profiler 1.7, which was developed for phase
identification in complex microstructures [10].

2.2.6.1. Sample stability. No changes in the sample morphology
were observed during investigation of the materials with an elec-
tron beam strength of 80 or 120kV. Thus, the samples were
considered to be stable. In the case of electron diffraction, a decrease
in diffractogram quality was observed after investigating a sam-
ple area for more than a few minutes. The decreased stability is
due to a very small sample area exposed to the beam during elec-
tron diffraction. Thus for recording of electron diffractograms, the
analysis time was minimized so that no sample decay occurred.

2.2.7. X-ray powder diffraction (XRD)

The catalyst crystal structure was determined by X-ray diffrac-
tion (XRD) with a Philips X’Pert Pro MPD using monochromatic
Cu-K, radiation. The measured 26 range was 3.0-75.0° with a step
size of 0.04° and a measurement time of 2.0 s per step.
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2.3. Methyl chloride synthesis

The reaction was performed in a quartz-made tubular reactor
with an inner diameter of 1 cm. 0.05 g of catalyst were loaded into
the reactor as a fixed bed between quartz sand and quartz wool.
The reactor was equipped with a thermocouple positioned close
to the catalytic bed to determine the reaction temperature. The
reaction temperature was 210 °C for catalyst screening and 300°C
for catalyst stability tests. The flow rates 10 mL/min He/HCl (AGA,
20.000%), 10 mL/min He and 0.0034 mL/min MeOH (].T. Baker, HPLC
gradient grade) (volumetric flow rates at room temperature). These
flow rates gave the stoichiometric HCl:MeOH ratio 1:1 and a helium
content of 83% to prevent corrosion. The gas flow was controlled
by mass flow controllers (Bronkhorst EL-flow). The liquid methanol
was pumped using an HPLC pump (Shimadzu LC-20AD) and evap-
orated in the heated lines. All the lines and equipment from the
methanol inlet to the GC were isolated and heated by electrical
heating wires to 96 °C. To guarantee homogeneous methanol evap-
oration, a helium flow was used. After the reactor, a neutralization
bottle (106 °C) filled with calcium oxide (Fischer, general-purpose
grade) was installed to remove HCl and water from the product gas.
In this way, the corrosion problem was minimized, since water/HCl
injections into the GC were prevented. Samples were withdrawn
with a heated gas-tight syringe (100 °C) through a septum in the
sampling section. Prior to the reactor outlet, a washing bottle filled
with a volume based 2:6:2 mixture of water/methanol/ethanol
amine (Sigma-Aldrich, >98%) at room temperature was placed
to strip methyl chloride from the reaction product gas. Swagelok
stainless steel lines and valves were used in the equipment. All
conversions and selectivities reported were obtained from steady-
state experiments. Several samples were withdrawn over at least
200 min to observe catalyst stability and guarantee that the reac-
tor operates at a steady state. Selected experiments were repeated
to ensure the reproducibility of the results. The standard devia-
tion of the methanol conversion was lower than 6% and for the
selectivity lower than 1% in all experiments. The main error is
attributed to the GC analysis and integration of the GC spec-
tra.

The gaseous reaction products obtained were manually injected
to the GC. The gas chromatographic analysis of the samples was
carried out using an Agilent 6890N GC equipped with an FI detec-
tor and an HP-Plot/U Column (30 m, I.D. 0.530 mm, film thickness:
20 wm, T=110°C). The system was calibrated for methyl chloride,
dimethyl ether and methanol using mixtures of known concen-
trations. The peaks of all products were calibrated with respect
to the methanol peak. The concentration of the separate compo-
nents were thus calculated using the obtained response factors,
the methanol/component peak ratio and the initial methanol flow.
The carbon balances are consequently 100% closed.

2.4. Calculation of methanol conversion and methyl chloride
selectivity

The methanol conversion and the methyl chloride selectivity
were calculated as follows (no products were present in the feed):
Xmeon = (ComeoH — CMeoH )/ComeoH and Sytect = Cmect/(CMect + 2€DME)-

3. Results and discussion
3.1. Influence of zinc loading

Zn/alumina catalysts were prepared with nominal Zn loadings
from 2.5 to 25 wt% using ZnCl, as precursor. The content of Zn in
wt% as well as the Cl/Zn and Al/Zn ratios determined by EDX are
given in Table 2. For all catalysts, the Cl/Zn ratio is significantly

lower than two, indicating that chlorine was removed from the
catalyst during calcination and released as HCl. With an increas-
ing zinc loading the Cl/Zn ratio was lowered, from 0.78 at 2.4 wt%
Zn to 0.31 at a nominal zinc loading of 25wt%. This indicates
that most of the zinc is not present as ZnCl, on the surface but
reacts with the alumina surface or forms separate particles of an
oxygen-containing zinc species as ZnO or a zinc chloride hydrox-
ide. Furthermore, zinc chloride could be transferred as a molecular
zinc species on the surface, forming e.g. Al-0—Zn—Cl as described
by Tovaretal. [5]. The nature of zinc on the catalyst surface is further
discussed in the following sections.

The surface areas and pore volumes of neat and zinc-modified
aluminas were determined (Table 3). Upon modification with zinc,
the surface area and the pore volume are steadily lowered with
increasing zinc loading due to pore blocking by bulk zinc species
or eventually also due to alumina hydrolysis during impregnation.
Hydrolysis of alumina during preparations in aqueous solutions has
been reported in the literature [11,12].

The acidity of the neat and zinc-modified aluminas was mea-
sured by FTIR spectroscopy using pyridine as the probe molecule.
The strength of the acid sites is classified upon the temperature
that pyridine desorbs from the catalyst, i.e. desorption between
250 and 350°C for weak acid sites, 350 and 450°C for medium
acid sites. Strong acid sites retain pyridine at 450 °C. Both neat and
zinc-modified aluminas are Lewis acidic and no Brgnsted acid sites
are present in the catalyst. The acidity profiles of the aluminas are
giveninTable 3. Upon zinc modification with 2.4 wt¥% zinc, the share
of medium strength acid sites is slightly increased, while upon a
further increase of zinc loading, the percentage of weak acid sites
increases. The total amount of Lewis acid sites increases upon zinc
modification and goes through a maximum at a loading of 5.0 wt%.
The decrease in the number of acid sites at higher loadings can be
explained by the lowering of total surface area.

3.2. Characterization by FTIR spectroscopy, X-ray powder
diffraction (XRD) and TEM analysis

3.2.1. FTIR spectroscopy of OH-stretching region and pyridine
adsorbed on the catalyst

To get a more detailed picture of the alumina surface modifica-
tion by zinc, the OH-stretching region of neat and zinc-modified
alumina was studied as well as the vibrational modes of pyri-
dine adsorbed on the catalyst. The surface hydroxyl groups of
transitional aluminas have been extensively studied in the liter-
ature using IR spectroscopy and quantum chemical calculations in
order to understand its catalytic properties [13-15]. Furthermore,
the adsorption of pyridine on the Lewis acid sites of alumina has
been studied intensively [16-18]. Although numerous investiga-
tions have been carried out in this field, the precise assignment
of the vibrational bands to a specific surface site is not unequiv-
ocally established. The field has recently been reviewed by Busca
[19] and the interpretation of the observed vibrational modes in
the following discussion is based on this review. As observed by
Liu and Truitt [ 18] and further described by Lundie et al. [ 16] Lewis
acid sites on alumina have neighboring OH groups that have spe-
cific vibrational modes. Lewis acid sites with a specific strength can
be correlated to a surface hydroxyl mode with a specific wavenum-
ber. Thus, observed OH vibrational modes can serve as an indirect
indicator for Lewis acidity of alumina. The association of surface
hydroxyl groups with their neighboring Lewis acid sites is based
on the work of Lundie et al. [16].

3.2.2. Pyridine vibrational modes

The IR-spectra of pyridine absorbed on neat and zinc-modified
alumina are shown in Fig. 1. It is clearly visible that neat alu-
mina has mainly two kinds of acid sites, characterized by two
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Table 2

Zinc content in wt% of prepared catalysts determined by XPS and EDX.
Catalyst [nominal zinc loading] precursor ZnCl, Zn EDX [wt%] ICP-OES [wt%] Cl/Zn atomic ratio Al/Zn
Alumina 2.4 wt% Zn 2.4 n.d. 0.78 46.4
Alumina 4.5 wt% Zn 5.0 n.d. 0.56 21.7
Alumina 8 wt% Zn 9.4 n.d. 0.63 10.6
Alumina 14 wt% Zn 149 n.d. 0.49 6.2
Alumina 19 wt% Zn 19.5 18 0.40 4.4
Alumina 22 wt% Zn 20.4 n.d. 0.43 4.2
Alumina 25 wt% Zn 21.1 n.d. 0.31 4

Table 3

Surface area [m?/g], pore volume [cm?/g] and Lewis acidity of the prepared catalysts.
Catalyst [actual zinc loading] precursor ZnCl, Surface area [m?/g] Pore volume [cm3/g] Lewis acid sites [pmol/g]

Total Weak% Medium¥% Strong%

Neat alumina 270 1.30 107 68 29 3
Alumina 2.4 wt% Zn 248 1.00 137 64 36 0
Alumina 5.0 wt% Zn 236 0.94 147 68 24 7
Alumina 9.4 wt% Zn 209 0.86 141 74 24 1
Alumina 14.9 wt% Zn 207 0.62 119 84 15 1
Alumina 19.5 wt% Zn 182 0.56 123 89 11 0
Alumina 20.4 wt% Zn 162 0.64 101 88 12 0
Alumina 21.1 wt% Zn 154 0.67 106 86 14 0

1622

/s’

Absorbance

L AL

W

1650 1600 1550 1500 1450 1400
wavenumber / cm?

Fig. 1. FTIR spectra of pyridine adsorbed on neat and zinc-modified aluminas. From
top to bottom, zinc content: 21.1 wt%, 20.4 wt%, 19.5 wt%, 14.9 wt%, 9.4 wt%, 5.0 wt%,
2.4wt%, and neat alumina. Spectra recorded at 100°C after outgassing at 450°C,
subsequent pyridine adsorption and outgassing at 250 °C.

peaks (1455 and 1449 cm~1) for the pyridine 19b vibrational mode
and two corresponding peaks for the pyridine 8a mode (1622 and
1613 cm~1) [20]. According to literature, the bands at 1622 and
1455cm~! correspond to the stronger Lewis acid sites, probably
three- and four-coordinated aluminum atoms while the bands at
1613 and 1449cm~! correspond to weaker acid sites, probably
based on octahedrally coordinated alumina. As observed by tem-
perature dependent desorption of pyridine, there are virtually no
strong Lewis acid sites on alumina (Table 3). Thus, the bands at
1622 and 1455 cm™! are assigned to the medium LAS as defined by
temperature programmed pyridine adsorption.

The vanishing of stronger LAS (1622 and 1455cm~!) with
increasing zinc loading as observed in Fig. 1 suggests that ZnCl, pre-
dominantly interacts with the medium-strong Lewis acid sites on
alumina. A possible scheme of this interaction is given in Fig. 3. Con-
currently, the share of the peaks at 1613 and 1445 cm™! increases
and they slightly shift in wavenumbers, i.e. to 1612 and 1452 cm™!
for 21.1 wt% zinc. This indicates the formation of a zinc-based Lewis
acid site.

3.2.3. OH-vibrational modes

It has to be noted that an outgassing temperature of 500 °C was
used by Busca’s review [19] and most of the cited reference within.
In this paper an outgassing temperature of 450°C was used due
to technical issues. However, we recorded a spectrum of alumina
outgassed at 500 °C not showing any significant changes compared
to a somewhat lower outgassing temperature of 450 °C. Further-
more, Morterra and Magnacca [13], Wischert et al. [21] as well as
Liu and Truitt [18] reported no significant shifts in peak positions
upon variation of the outgassing temperature. The FTIR spectra of
the hydroxyl groups observed for neat alumina and for alumina
with different zinc loadings are shown in Fig. 2(a). Three distinct
vibrational bands were observed, i.e. at 3730, 3685 and 3570 cm™!,
These bands are commonly assigned to bridging or triple bridging
OH groups, although the band at 3730 cm~! was assigned by Busca
[22] to terminal OH groups on octahedrally coordinated aluminum
atoms. Interestingly, the bands assigned to terminal OH groups, or,
according to Busca [22], terminal OH groups on tetrahedrally coor-
dinated aluminum, are not visible in the spectrum. The terminal OH
vibrational modes are located at wavenumbers of 3785-3800 cm ™!
and 3760-3780cm~!. These bands are weaker than the bands at
a lower wavenumber and their strength depends furthermore on
the kind of alumina used [19]. Thus, a reason for the absence of
the modes can be the nature of the alumina and the resolution of
the spectra. A higher vacuum during outgassing can improve the
quality, but could not be reached with the available equipment.

The change in hydroxyl-group population on the alumina sur-
face can be followed clearly by analyzing the difference spectra
of the zinc modified aluminas and the neat alumina as shown in
Fig. 2(b). With increasing zinc loading the hydroxyl groups with
a vibrational mode at 3730cm™! are strongly decreasing and a
less pronounced decrease can be observed for the OH-groups with
the vibrational mode at 3685 cm~!. The OH-groups at 3570 cm™!
are however not affected. Furthermore, an increase of intensity at
3440 cm~! in the difference spectra can be observed. This band
increases with increasing zinc loading and can be assigned to OH
groups coordinated to zinc [23]. In summary, the terminal OH
groups assigned to higher coordinated alumina and react predomi-
nantly with zinc chloride, the bridging OH-groups (3685 cm~1) are
less reactive. The higher reactivity of terminal compared to bridg-
ing OH groups has furthermore been made by Tovar et al. [5] and
Pillai et al. [6,7].
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Fig. 2. (a) FTIR spectra of the OH-stretching region of neat and zinc-modified aluminas. From top to bottom, zinc content: 21.1 wt%, 14.9 wt%, 9.4 wt%, 5.0 wt%, 2.4 wt% and
neat. Spectra recorded at 100 °C after outgassing at 450°C for 1 h. (b) Difference spectra of zinc-modified aluminas with respect to the neat alumina. Zinc content: —2.5 wt%,

—5wt%, —9.4wt% and —50 wt.

According to Lundie et al. [16] the OH-groups with the vibra-
tional mode at 3730 cm~! can be associated with the medium-weak
LAS as observed by pyridine adsorption. Furthermore, the mode at
3685 cm~! can be assigned to the weak Lewis acid sites as observed
by pyridine adsorption. The decrease of intensity of these vibra-
tional modes can be correlated with the observed decrease of the
pyridine signals assigned to the higher strength LAS (Fig. 1) and
attributed to the interaction of the medium LAS with zinc chloride.
In case of the weaker acid sites correlated to the OH-group signal at
3685cm™!, no decrease of the corresponding pyridine vibrational
mode can be observed as is overlaps with the vibrational mode of
pyridine absorbed on a zinc based active site (1612cm~1). It has
to be remarked that the strongest Lewis acid sites are not associ-
ated with a hydroxyl groups according to Lundie et al. [16] and thus
cannot be observed in the FTIR spectra.

Starting from a zinc loading of 9.4 wt¥%, the three OH vibrational
bands are perturbed and the band at 3440 cm~! does not increase
in intensity anymore. A nearly complete coverage of the alumina
surface by zinc species can be assumed. This coincides with the
visibility of zinc particles in TEM, i.e. an increased coverage of the
alumina surface with bulk Zn(Cl,0H). The TEM results are discussed
in the following section.

A reaction scheme of zinc chloride with terminal and bridg-
ing OH groups was proposed by Tovar et al. [5] based on IR, NMR
and EXAFS analysis of zinc chloride modified alumina. In Fig. 3
this reaction scheme is shown and the above described changes
in vibrational modes upon zinc modification are correlated with
the involved species in the scheme. The proposed reaction scheme
describes well the changes in OH and pyridine vibrational modes
upon modification of alumina with zinc chloride observed in the
present work.

3.2.4. XRD and TEM analysis

In Fig. 4 XRD pattern of neat alumina, 14.9wt% and 19.5 wt%
ZnCly/alumina are displayed. The patterns of the zinc-modified
aluminas are slightly more defined, but no additional crystalline
material besides 'y-alumina could be detected in the ZnCl, modified
catalysts using XRD.

This indicates that bulk zinc species as ZnCl, on alumina are
highly amorphous or only a small crystalline fraction is present on
the material. In a previous study [3], it was shown that zinc on
the alumina surface is present exclusively as Zn%*. To get a deeper
understanding of the composition of the zinc-modified catalysts,
they were investigated by transmission electron microscopy (TEM),
using both imaging and electron diffraction functions. This allows
the simultaneous visual and structural analysis of the material, if
necessary on selected areas of the samples only a few wm? in size.

Samples for TEM analysis were prepared in two ways, from dry
catalyst powder and from an aqueous solution. The two methods
are described in detail in the experimental section. For the samples
prepared from dry powder, no particles could be observed in the
TEM images and the material looked identical to the neat support
up to the highest loading of 21.1 wt%, which corresponds to a ZnCl,
loading of 51 wt%. The following crystalline phases were detected in
dry prepared samples: y-alumina, ZnAl,04 and traces (not statisti-
cally relevant) of AICIO. No zinc chloride was detected. The electron
diffraction patterns of y-alumina and ZnAl,04 are shown in Fig. 5.
Although the diffraction patterns of y-alumina and the spinel phase
of ZnAl,04 are almost identical [24,25], diffraction patterns with
a strong line at a d-spacing of 1.6A characteristic for the spinel
phase was only observed in certain diffraction patterns on the zinc-
modified catalysts. Thus, it is suggested that the spinel is formed
to a small extent upon calcination of ZnCl, on alumina, Together
with the observation of traces of AICIO, it confirms that zinc reacts
directly with the support. Nevertheless, the most abundant diffrac-
tion pattern is y-alumina, even at high zinc loadings of 21.1 wt%
zinc. This indicates that zinc chloride is present on the catalyst in
an amorphous form. However, it was not visible in the TEM images
prepared from dry powder.

Preparation of the sample from an aqueous solution has the
advantage, that larger catalyst particles can be separated by cen-
trifugation therefore a large number of small catalyst particles
transparent to the electron beam are transferred onto the grid. In
case of ZnCl, modified alumina, zinc chloride present on alumina
is dissolved in water. As during sample preparation a concentrated
dispersion of alumina is prepared and a fraction of larger particles
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Fig. 3. Reaction of zinc chloride with surface OH-groups adapted from Tovar et al. [5] and correlation with observed vibrational modes.
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Fig. 5. Electron diffraction pattern for (a) y-alumina obtained from neat alumina and (b) ZnAl, 04 obtained from zinc-modified alumina.

removed by centrifugation, dissolved ZnCl; is enriched in the sam-
ple transferred to the grid. As a result, zinc chloride particles are
visible on the alumina support starting from a loading of 9.4 wt%
(Fig. 6).

The zinc chloride particles are evidently not crystalline, since
no electron diffraction pattern could be observed. In two places
needle shaped crystals were found and identified as y-ZnCl, and

traces of Simonkolleite (zinc chloride hydroxide monohydrate)
were observed. These two structures were not found in statistically
relevant amounts and are described here as supporting informa-
tion as they are the only zinc species that can be analyzed as they
are crystalline. The largest part of ZnCl; is visible as amorphous
particles. The fact that zinc chloride particles are not visible in the
dry sample can be explained by formation of a thin layer of zinc
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Fig. 6. TEM micrographs of neat and zinc-modified alumina prepared from aqueous solution. Scale bar: 50 nm. The arrows point toward selected zinc particles for illustration.

chloride on the alumina surface that is not visible in the TEM pic-
tures. However, a significant change from 5.0 to 9.4 wt%, i.e. from no
visible particles to a large number suggests a possibility that until
a loading of 9.4 wt% the zinc mainly reacts with alumina. Molecu-
lar zinc surface sites as described in the previous section as well as
observed by Trenton et al. [5] and Arndt et al. [26] are formed along
with small amounts of ZnAl,Oy4.

3.3. Influence of zinc loading and catalyst acidity on activity and
selectivity in methyl chloride synthesis

The efficiency of the neat and zinc-modified catalysts in the
methyl chloride synthesis was compared. Fig. 7 shows that both the
methanol conversion and the methyl chloride selectivity increase
with zinc loading. The most significant increase of conversion and
selectivity was observed upon the first introduction of zinc. With a
further increase of zinc loading the methanol conversion increases
steadily with zinc loading, while the selectivity does not improve
further after a zinc loading of 9.4 wt%.

The activity can be related to the number and strength of the
Lewis acid sites as shown in Fig. 8.

When plotting the methanol conversion against the number of
Lewis acid sites, it is evident that the activity decreases with an
increasing number of acid sites and increases with zinc loading
(Fig. 9(a)). Furthermore, with increasing zinc loading, the share of
weak acid sites and the methanol conversion increases (Fig. 9(b)).
Therefore, it can be concluded that not a higher number or the
strength, but rather the nature of the Lewis acid sites determines
the catalyst activity. In accordance, the conversion obtained with
neat alumina at a comparable number of acid sites is significantly
lower as it contains merely weakly active sites originating from alu-
mina. The experimental data show that with an increase of the zinc
loading, a shift toward more active and weaker LAS takes place. This
correlates with the changes in the vibrational modes of pyridine on

alumina and the alumina’s surface hydroxyl groups as discussed in
Section 3.2.

The selectivity to methyl chloride increases with the share of
weak LAS on the catalyst surface until a ratio of weak LAS to total
LAS of 0.75 isreached atloading of 9.4 wt% as seen in Fig. 9. In methyl
chloride synthesis, the selectivity to methyl chloride increases with
conversion due to the formation of methyl chloride from the inter-
mediate product dimethyl ether. To illustrate the higher selectivity
of the zinc modified alumina catalysts over a larger range of con-
versions, the dependence of the methyl chloride selectivity on the
methanol conversion is shown in Fig. 9(b). The data is adapted
from a previous study of our group [27]. The reaction tempera-
ture at which the data was recorded was 280-340°C, while the
reaction temperature in this study was 210°C. However, it was
shown that the correlation of conversion and selectivity is not tem-
perature dependent, so that they can be used for comparison. As
expected the recorded conversion and selectivity for neat alumina
at 210°C thus corresponds to the data recorded in [27] at 280°C.
In the case of zinc-modified alumina however, the selectivity at a
given conversion is significantly higher.

As the selectivity is constant after a loading of 9.4 wt% is reached,
it can be assumed that at this point the zinc-based sites most domi-
nate over the non-selective LAS originating from alumina. Although
the share of weak acid sites is still increasing at higher loadings,
the selectivity remains stable. This is reflected in the FTIR spectra
of the surface hydroxyl groups and pyridine adsorbed on alumina.
The observation that the selectivity toward MeCl increases until a
zinc loading of 9.4 wt% can be attributed to the point where the
share of stronger acid sites (1622 and 1455 cm™!) is compensated
by the weaker acid sites that are shifted in wavenumbers, 1612 and
1452 cm~! instead of 1613 and 1449 for pure alumina (Fig. 1).

The formation of molecular zinc species is thought to be more
important for methyl chloride synthesis as the major increase in
conversion and selectivity is achieved at loadings up to 9.4 wt%,
where mainly molecular zinc species are formed. At higher
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loadings, i.e. upon dominant formation of bulk species only minor
improvement of catalyst performance could be observed. In con-
clusion, significantly more active and less strong acid sites created
upon zinc modification are resulting in higher selectivity ad activity
with an optimum zinc loading of 9.4 wt%.
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3.4. Influence of pH and precursor

Zinc-modified alumina with a nominal loading of 5.0 wt% was
prepared by wet impregnation with varying pH of the impregna-
tion solution. Furthermore, the influence of the precursor, ZnCl,
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Fig. 9. (a) Influence of acid strength on methyl chloride selectivity for neat and zinc-modified catalysts. (b) Dependence of MeCl selectivity on methanol conversion. Filled
symbols: data from the present paper, empty symbols: data from previous experiments for neat alumina illustration published in [40].
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Table 4

Specific surface area [m?/g], pore volume [cm?/g] and Lewis acidity of catalysts before and after impregnation with ZnCl,/Zn(NO3 ).

Surface area [m?/g] Pore volume [cm3/g] Lewis acid sites [.mol/g] Zn [wt%] Cl/Zn atomic ratio
Total Weak?% Medium% Strong%
Neat alumina 270 1.30 107 68 29 3 - -
Alumina 4.5 wt% Zn (ZnCl,) pH 4 250 1.02 201 65 27 9 54 0.71
Alumina 4.5wt% Zn (ZnCl,) pH 5.6 236 0.94 147 68 24 7 5.0 0.56
Alumina 4.5wt% Zn (ZnCl, ) pH 8.5 265 1.15 165 65 24 12 5.4 0.69
Alumina 4.5 wt% Zn (ZnCl,) pH 10.6 268 0.97 161 59 30 11 5.2 0.73
Alumina 4.5wt% Zn (Zn(NO3),) pH6 234 1.00 132 70 19 12 46 -
pH 4: |-ALl-OH," / |-Al-~" + Zn*'(aq), ZnCl'(aq), ZnCly(aq) ZnCly™ (aq) expected to react more efficiently with the non-charged alumina

zeta potential : 29 mV

pH 5.6: |-AL-OH," / |-Al- + Zn*"(aq), ZnCl'(aq), ZnClx(aq) ZnCl5™ (aq)
zeta potential: 27 mV

pH8.5: |-Al-OH + an+(aq), ZnOHCl," (aq) and ZnsOH,Cl3-H,O (s)
zeta potential: 0 mV

pH 10.6: [-FAl-O"+ Zn(OH);CI* (aq) and ZnsOH,Cls-H,O (s)

zeta potential: -20 mV

Scheme 1. Schematic representation of the alumina surface and the zinc species in
solution dependent on the pH of the impregnation solution.

or Zn(NOs3),, was investigated. Aqueous solutions of zinc chlo-
ride and alumina are complex systems and several pH-dependent
factors can influence the final catalyst during the impregnation
procedure [28]: surface charge of alumina, species of zinc in the
aqueous solution and hydrolysis of alumina. In aqueous solution
at ambient temperature alumina is partially hydrolyzed forming
small amounts of bayerite, 3-Al(OH)s, on its surface [12,29,30].
The formation of bayerite is expected to increase at elevated tem-
peratures as during the impregnation procedure. The surface area
was reported to increase with the hydrolysis time of alumina [31]
and the solubility of alumina increases with both, increased and
decreased pH and increasing temperature. The hydrolysis of alu-
minais expected to modify mainly the surface area and pore volume
of the final catalyst, the formed bayerite is transformed to alumina
during the calcination of the catalyst after the impregnation. The
zeta potential and the point of zero charge of the used alumina were
measured. The pzc was at pH 8.5, which corresponds to previous
data for y-alumina reported in literature [32,33]. Scheme 1 gives an
overview on the surface charge of the used y-alumina and the main
zinc species expected in the solution for the different pH [34-38]:

Upon impregnation with zinc, the number of LAS on alumina
increases by 30-100% depending on the pH of the impregnation
solution, while the total amount of zinc present of the catalysts is
similar for all pH (Table 4). The acid strength profile is comparable
for all neat and zinc-modified aluminas. From the expected specia-
tion, an increased zinc adsorption leading to an increased amount
of acid sites during the impregnation should be observed at pH 4
and pH 5.6, where a mainly positively charged alumina surface and
a large fraction of negatively charged ZnCl3~ (aq) ions are present.
However, only at pH 4 an increased number of acid sites compared
to the other pH can be observed, although the zeta potential of the
alumina is nearly identical at pH 4 and 5.6 (Scheme 1). Areason can
be that the concentration of ZnCl3~ (aq) increases with the CI~ con-
centration in the solution. As HCl was added to adjust the pH to four,
a higher concentration of negatively charged ZnCl3~ (aq) might be
present in this case. Furthermore, a higher degree of dehydration
of the alumina surface can lead to a higher reactivity of the sur-
face. In case of an impregnation solution pH of 8.5 the positively
charged Zn?* (aq) is the dominating zinc species in solution. It is

surface and a higher amount of acid sites was expected compared
to pH 10.6, where a negatively charged alumina surface meets neg-
atively charged zinc hydroxychloride. Nevertheless, both catalysts
have a nearly identical acidity. Furthermore, the cases where the
alumina surface and the predominant zinc ions in the solution have
the same charge, pH 5.6 and pH 10.6, the amount of acid sites cre-
ated is actually higher in case of pH 10.6. As after zinc adsorption
the water is evaporated and remaining zinc is deposited on the cat-
alyst, the effect of pH might be negligible. Furthermore, the point
of zero charge is a net value, which still allows local variation of the
surface charge. The formation of molecular zinc species by reac-
tion with the Lewis acid sites of alumina (see Section 3.3) can be
assumed to take part to a comparable extent at any pH. In conclu-
sion, the pH did not significantly influence the amount of acid sites
created on the catalyst, with the exception of the catalyst prepared
at pH 4.

In addition to differences in the acidity of the catalysts, sig-
nificant changes in the surface area were observed. The catalysts
prepared without any adjustment of the impregnation solution pH
[pH 5.6, ZnCl; and pH 6, Zn(NOs3),] have a slightly lower surface
area than the neat alumina and the other zinc-modified aluminas,
it decreased from 270 m?2/g for neat alumina to about 235 m?/g. In
case of catalysts prepared from a basic solution the surface area
is not significantly lowered and for the catalyst prepared from
acidified solution, the surface area was diminished to 250 m2/g.
Generally, the reduction of the surface area is caused by pore block-
age by bulk zinc species and alumina hydrolysis. However, in case
of the pH modified solutions, the surface area is not as severely low-
ered, as the increased or decreased pH leads to a stronger hydrolysis
of alumina resulting in an increase in surface area, as described in
[31]. The pore volume was lowered slightly in all cases.

The precursor type used for the zinc modification, i.e. ZnCl;, or
Zn(NO3),, did not significantly influence the catalyst performance
in methyl chloride synthesis (Fig. 10). The reason for the similar
activity is the reaction of the catalyst with the gaseous HCl, leading
to chlorination of the alumina support as shown below [39,40].

Al-OH + HCl — Al-Cl + H,0

Furthermore, Zn(NO3), or ZnO, formed from the nitrate dur-
ing calcination, can react with HCl to form ZnCl, which has been
reported by Conte et al. [8]. These results in the catalyst being
almost identical to alumina modified directly with ZnCl,. This is
also supported by the observation that spent Zn/alumina catalysts
has a strongly increased Zn/Cl content of 2.52 [3].

3.5. Catalyst stability

All catalysts were tested for 200-300 min at 210 °C and showed
no deactivation during this time. The most efficient catalysts with
respect to conversion, selectivity and zinc loading were 5wt%
Zn/alumina (pH 5.6) and 9.4 wt% Zn/alumina. Their stability was
tested at an elevated temperature of 300°C for at least 1200 min.
For comparison, time-on-stream behavior of neat alumina [41] is
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also shown. The results are displayed in Fig. 11. All catalysts are
stable and show no decline of conversion or selectivity. At ele-
vated temperature, high conversion and selectivity can be reached
with the zinc-modified catalysts. The alumina with a zinc loading
of 9.4 wt% gives the highest conversion (90%) and selectivity (97%).
Higher conversion can be obtained by increasing catalyst mass or
residence time.

4. Conclusions

Neat and zinc-modified y-alumina catalysts with different zinc
loadings were prepared for methanol hydrochlorination to methyl
chloride and thoroughly characterized. The introduction of zinc
chloride on alumina significantly increased the activity and selec-
tivity in methyl chloride synthesis. The activity increased steadily
with the zinc loading while the selectivity to methyl chloride
increased until aloading of 9.4 wt% and remains stable upon further
increase of zinc loading. The increase of activity and selectivity in
methyl chloride synthesis was correlated with changes in the acid
site profile of the catalyst. Upon first introduction of zinc, addi-
tional active sites are created, while simultaneously active sites
on alumina with a lower selectivity are replaced with more selec-
tive and active zinc-based active sites, leading to a higher activity
and selectivity. Starting with a loading of 9.4 wt%, the total num-
ber of Lewis acid sites decreased. Analysis of the acid properties
showed that the neat y-alumina has two kinds of acid sites char-
acterized by two distinct pyridine vibrational modes. The mode
assigned to the stronger acid sites disappears gradually with an

increasing zinc loading. In accordance with previous studies, the
zinc reacted with terminal OH groups and to a lesser extent with
bridging OH-groups to form molecular zinc species. Furthermore,
the pyridine modes corresponding to weaker acid sites shift slightly
in wavenumber, which is accredited to the formation of zinc based
Lewis acid sites. It was concluded, that the decrease of strong acid
sites, assigned to tetrahedral coordinated alumina without asso-
ciated OH-groups, and medium-strong Lewis acid sites, assigned
to terminal OH groups bound to a neighboring alumina of the acid
site,and the simultaneous increase of zinc based Lewis acid sites are
responsible for the shift in acidity, selectivity and activity. Until a
loading of 9.4 wt%, mainly molecular zinc species are formed on the
alumina surface. At higher loadings bulk zinc species are formed.
Using electron diffraction amorphous ZnCl, and ZnAl,04 could be
defined as dominant bulk zinc species. Zinc chloride does not form
particles on the alumina surface but a thin amorphous layer. In
contrast to zinc loading, the pH of the impregnation solution or the
nature of the zinc precursor, ZnCl, or Zn(NO3 ); did not significantly
influence the catalyst activity and selectivity in methyl chloride
synthesis. The reason that the precursor type did not influence the
activity is that during the reaction the catalyst is chlorinated in situ
by the reactant HCIL.
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