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TheMg–O–F system (MgF2–MgO)with different contents ofMgF2 (100–0%) andMgO is tested as support of irid-
ium catalysts in the hydrogenation of toluene as a function of the MgF2/MgO ratio. Mg–O–F samples have been
prepared by the reaction ofmagnesium carbonatewith hydrofluoric acid. TheMgF2–MgO supports, after calcina-
tion at 500 °C, are classified as mesoporous of surface area (34–135 m2·g−1) depending on the amount of MgO
introduced. The Ir/Mg–O–F catalysts have been tested in the hydrogenation of toluene. The highest activity,
expressed as TOF, min−1, was obtained for the catalyst supported on Mg–O–F containing 75 mol%MgF2.
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1. Introduction

The activity of catalysts for aromatic hydrocarbons hydrogenation
depends on many parameters characterizing the catalysts support. The
support, the chemical character of its surface, porosity or crystal struc-
ture determine the dispersion of active phase and its reducibility in
the presence of H2. The texture of the support, its acidity or basicity
are crucial for the formation of surface complexes with the metal. Com-
monly used iridium phase supports are Al2O3 or SiO2 [1], MgO [2], and a
binary system SiO2–Al2O3 [3]. The supports differ in the surface charac-
ter from acidic to basic, which affects not only the development of dis-
persed metal particles but also the type of metal-support interactions,
determining the catalytic properties of the metallic phase.

This study concerns the catalysts consisting of iridium phase sup-
ported on MgF2–MgO binary system and MgF2, MgO. Magnesium fluo-
ride itself is an excellent support for catalysts of reduction of nitrogen
oxides [4], ammoxidation [5], acetone photodegradation [6], toluene
hydrogenation [7] or selective hydrogenation of chloronitrobenzene to
chloroaniline [8]. Its well-developed porous structure, considerable
chemical inertness, as well as high hardness make MgF2 a good
mesoporous support. Magnesium fluoride prepared from magnesium
carbonate and aqueous solution of hydrofluoric acid, is characterized
by specific surface area not greater than 40 m2/g after heating at
400 °C [9].

Literature perusal has revealed papers describing MgF2 of surface
areas a few times greater than those in the sample synthesized from
magnesium carbonate and hydrofluoric acid. Amethod for the prepara-
tion of high surface area metal fluorides by fluorination of their organic
precursors was developed by Kemnitz et al., initially for the synthesis of
AlF3 [10], and later adopted for the synthesis ofMgF2 [11]. However, de-
tailed analyses have shown that the so-called high surface area MgF2,
reported in literature, is as a matter of fact, a mixedMgF2–MgO system.
The presence of MgO is responsible for high surface area of binary sup-
ports. Our studies [12] of chemically pure MgF2, obtained by the sol–gel
method from magnesium methoxide and hydrofluoric acid solution,
later calcined at temperatures up to 400 °C, have shown that it does
not differ in its surface area from magnesium fluoride prepared by the
reaction between hydrofluoric acid and basic magnesium carbonate.
The surface area increased only as a result of introduction of MgO to
MgF2. The sol–gelmethod gave good results in the preparation of binary
Mg–O–F system.A detailed characterization of supports prepared by the
above method was presented in papers [12–14].

In this work we have made an attempt at simplifying the procedure
of preparation of mixed Mg–O–F systems. A more expensive
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magnesium methoxide, used in the sol–gel processes was substituted
with basic magnesium carbonate. This enabled elimination of organic
impurities from the support. The systems obtained in this way were
used as supports for the iridium phase active in toluene hydrogenation.
The hydrogenation activity of the Ir/MgF2–MgO catalysts has been com-
pared with that of iridium catalysts supported on MgF2 and MgO.
2. Experimental section

2.1. Synthesis of supports and catalysts

Magnesium fluoride (MgF2) was synthesized by adding small
portions of basic magnesium carbonate powder (4 MgCO3·Mg(OH)2·
5H2O — Polish Chemicals Reagents) to 40 wt.% aqueous solution of
hydrofluoric acid (Polish Chemicals Reagents) until neutralization,
then the mixture was acidified by introduction of a few additional
drops of the acid. The precipitate was then aged at room temperature
for 40 h under stirring and dried at 80 °C for 24 h. After drying the sup-
port was calcined under air flow for 4 h at 500 °C.

The MgF2–MgO supports with different MgF2/MgO ratio were ob-
tained in the reaction of 4 MgCO3·Mg(OH)2·5H2O with controlled
amounts of hydrofluoric acid (40 wt.% aqueous solution). The amount
of HF was chosen to ensure 30, 50, 75 mol% of MgF2 in the support.
The resulting dense gels of MgF2-unreacted magnesium carbonate
were subjected to ageing for 40 h at room temperature then dried at
80 °C for 24 h and calcined under air flow at 500 °C for 4 h. The MgF2–
MgO samples were labelled as xMgF2, where x is the mol% of MgF2 in
the support.

The MgO support was obtained by thermal decomposition of basic
magnesium carbonate powder under air flow at 500 °C for 4 h.

The MgF2–MgO supports with different MgF2/MgO ratio were
obtained by the sol–gel method. Details of the preparation method
were presented in [12–14]. The MgF2–MgO samples were labelled as
xMgF2 s-g, where x is the mol% of MgF2 in the support.

The Ir/support (support =MgF2, MgO or xMgF2) catalysts were ob-
tained by conventional impregnationmethod using aqueous solution of
H2IrCl6 in the amount ensuring 1 wt.% of the iridium content in the cat-
alysts. The catalysts were dried at 80 °C for 24 h.

Prior to hydrogen chemisorption measurements, determination of
surface area and porosity and catalytic activity measurements (toluene
hydrogenation) the catalysts were reduced with H2 (99.99%, Linde) at
500 °C for 2 h.
2.2. X-ray diffraction analysis and determination of the fluorine content

The X-ray powder diffraction studies were performed with Bruker
AXS D8 Advance instrument equipped with a CuKα source and Ni filter
in the range of 20–80° 2Θ for the samples calcined at 500 °C for 4 h.
Based on the XRD data, using DQuant program, quantitative determina-
tion of MgF2 and MgO in the binary supports was measured. The con-
tents of the two compounds (MgF2 and MgO) will be evaluated on the
basis of comparison of intensity of reflections assigned to the standards
(mixture of MgF2 and MgO) containing 85, 70 or 30 mol% of MgF2. The
calculations were made with the use of DQuant program. This method
has been successfully applied for binary systems obtained by the sol–
gel method [12].
Fig. 1. DTG curves recorded for MgF2, binary MgF2–MgO supports and basic magnesium
carbonate (precursor of MgO).
2.3. Thermogravimetric analysis

The measurements were performed at temperatures 30–1000 °C
using a differential Thermoanalyzer Setaram TGA, equipped with a TG
measurement unit. Thermogravimetric analysis was carried out for sup-
ports dried at 80 °C. The experiments were performed under air flow
(purity 99.99%, Linde) and a heating rate of 5 °C·min−1.
2.4. Catalytic test — hydrogenation of toluene

Toluene hydrogenation was carried out by the continuous flow
method under atmospheric pressure. The experiments were carried
out with 25 mg of catalyst with a grain size 0.15–0.25 mm. Before the
reaction was started, catalyst was reduced in situ for 2 h in a flow
(100cm3·min−1) of pure hydrogen (99.99%, Linde) at 500 °C. Details
of the hydrogenation reaction were presented in [7].

The catalytic activity was presented as apparent rate calculated by
following the equation:

rt ¼ FYC
N

molTl
moltotal�Ir min

� �

where F is the total flow rate of feed (cm3·min−1); Y is the fractional
conversion; C is the concentration of toluene in the feed (molTl·cm3)
and N is the iridium content (molIr) in the sample. Turnover frequency—
TOF, min−1 was calculated by dividing the number of molecules con-
verted per minute by the number of active iridium atoms measured
by H2 adsorption [7].

The activities were measured at 125 °C after 1 h of the toluene hy-
drogenation reaction.

3. Results and discussion

Synthesis of binary supports MgF2–MgO with the use of
4MgCO3·Mg(OH)2·5H2O and controlled amounts of HFpermits getting
a mixture of MgF2 and unreacted basic magnesium carbonate which
upon thermal treatment undergoes decomposition toMgO. Thermogra-
vimetric study revealed that all Mg–O–F supports give four mass loss
maxima (Fig. 1). The thermal decomposition of 4 MgCO3·Mg(OH)2·
5H2O is expected to proceed via dehydration (removal of water of
crystallisation) below 250 °C, dehydroxylation (decomposition of mag-
nesiumhydroxide toMgO) between approximately 250 and 350 °C (the
maximum at 276 °C), and decarbonation (decomposition ofmagnesium
carbonate toMgO) above 350 °C [15–17]. In view of the fact that in tem-
peratures above 500 °C nomass loss signalswere observed, this temper-
ature was chosen for activation of the supports and catalysts.

The supports were subjected to XRD study to determine the content
of MgF2 in the mixed supports Mg–O–F (Fig. 2). After calcination at
500 °C, the supports studied revealed the presence of crystalline MgF2
and MgO phases. As follows from the diffraction patterns of single
MgF2 and MgO supports and double Mg–O–F supports after calcination



Fig. 2. X-ray diffraction patterns of supports treated at 500 °C.
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at 500 °C, MgF2 and MgO form separate crystalline phases. MgF2 con-
tents determined by XRD were slightly lower than the desired values
(75, 50 and 30 mol%) and equalled to 72, 44 and 28 mol% (Table 1).
Table 1
Physical characteristics of supports and iridium catalysts after calcination and reduction at 500

Sample symbola Physical characterization of supports and iridium catalysts

MgF2 contentc

mol%
Method of activation Surface aread,

m2·g−1
Total pore v
cm3⋅g−1

MgF2 100 Calcination
(air, 4 h, 500 °C)

31.7 0.17
75MgF2 72 33.8 0.25
50MgF2 44 106.4 0.35
30MgF2 28 135.0 0.33
MgO 0 142.7 0.29
Ir/MgF2 – Reduction

(H2, 2 h, 500 °C)
27.5 0.16

Ir/75MgF2 – 30.6 0.19
Ir/50MgF2 – 98.5 0.30
Ir/30MgF2 – 139.2 0.39
Ir/MgO – 191.0 0.62
Ir/MgF2 s-g

b 100 Reduction
(H2, 2 h, 500 °C)

39.1 0.19
Ir/70MgF2 s-g

b 67 102.9 0.29
Ir/40MgF2 s-g

b 39 175.1 0.37
Ir/MgO s-g

b 0 169.9 0.40

a See Experimental Section for nomenclature.
b The supports were synthesized by sol–gel method. Details of the supports preparation we

impregnation method as in paragraph 2.1.
c MgF2 content was estimated from XRD signals intensity — see Experimental Section.
d The Brunauer–Emmett–Teller surface areas were determined by N2 adsorption at−196 °C

were determined by the Barrett–Joyner–Halenda (BJH) method.
e Dispersion and mean size of Ir particles were determined by H2 chemisorption using a Mi

reducedwith H2 at 500 °C for 2 h. Chemisorption of hydrogenwas carried out at 35 °C and the is
set of pressures (isotherm Ht — total adsorbed hydrogen) the catalyst was evacuated at 35 °C
peated. The difference between adsorbed hydrogen extrapolated to zero pressure value for tw

f Mean size of Ir particles calculated from the amount of irreversibly chemisorbed hydrogen
According to our earlier study, decomposition and reduction of
H2IrCl6 occur up to 450 °C [7], therefore the catalysts tested in toluene
hydrogenation were performed (H2 reduction) at 500 °C. A comparison
of the parameters of the analogous catalysts on the supports obtained
by the sol–gel method [12–14] and by the method proposed in this
study (Table 1), the former ones have larger surface areas and smaller
pores. The use of the catalysts on the supports obtained by the sol–gel
method also ensures a better dispersion of iridium, for instance for
Ir/70MgF2 s-g Dt = 54.5%, while for Ir/70MgF2 Dt = 48.0%. However, it
has no decisive influence on the activity in the hydrogenation of toluene
reaction (Fig. 3b). The apparent rate (Fig. 3a) and TOF (Fig. 3b) aremuch
higher for the catalysts on the supports obtained by the direct reaction
of basic magnesium carbonate with HF. Fig. 3a and b shows the hydro-
genation activity of the catalysts as a function of MgF2 content in the
supports and method of support preparation. The supports itself did
not show any activity in toluene hydrogenation. The highest activity,
expressed in terms of TOF, min−1, showed that the activity of the
most active catalysts (Ir/50MgF2 and Ir/75MgF2)was by over 25% higher
than that of Ir/MgF2 and twice as high as that of Ir/MgO. Irrespective of
the type of support used, despite an increase in dispersion of the active
phase and surface area (Table 1), further addition of MgO causes a de-
crease in activity. The highest dispersions of iridium, calculated from
the amount of total adsorbed hydrogen, Dt = 86.3 and 94.7%, and the
smallest iridiumparticle sizeswere found for Ir/30MgF2 and Ir/MgO cat-
alysts, respectively. A similarly high dispersion (Dt = 94.1%) was ob-
served for the system Ir/40MgF2 s-g, Table 1. Another parameter that
depends on the content ofMgO in the support is the surface area. In gen-
eral, the surface area of mixed supports increased with increasing
amount of MgO introduced, irrespective of the support synthesis meth-
od. The surface area of MgO was almost five times greater than that of
MgF2. All the samples (supports and catalysts) obtained were mesopo-
rous with the mean pore diameters ranging from 8 to 29 nm. The sur-
face of MgF2 is inert, whereas that of MgO is basic and both supports
belong to insulators. A decrease in the catalytic activity with increasing
amount of MgO introduced can be explained by a growing number of
basic sites on the support with increasing content of MgO. As proved
°C.

Hydrogen chemisorption data for Ir/support catalystse

olume, Average pore
diameter, nm

Volume adsorbed,
cm3·g−1

Dispersion,%

Ht Hirr Hr Dt Dirr Mean size of Irf,
nm

21.3 – – – – – –
29.4 – – – – – –
13.8 – – – – – –
9.9 – – – – – –
8.2 – – – – – –

23.5 0.158 0.025 0.133 27.1 4.4 25.5
25.4 0.280 0.045 0.235 48.0 7.7 14.4
12.8 0.431 0.187 0.244 70.9 32.0 3.5
11.3 0.503 0.283 0.220 86.3 48.5 2.3
13.0 0.552 0.255 0.297 94.7 43.7 2.5
19.4 0.155 0.042 0.113 26.5 7.2 15.4
11.3 0.318 0.163 0.231 54.5 27.9 3.9
8.45 0.549 0.315 0.234 94.1 54.0 2.1
9.42 0.569 0.244 0.325 97.6 41.9 2.7

re presented in [12–14]. The Ir/sol–gel support catalysts were obtained by conventional

using a Micromeritics ASAP2010 sorptometer. Total pore volume and average pore radius

cromeritics ASAP2010C sorptometer. Prior to hydrogen chemisorption, the catalysts were
othermswere determined using 5 different pressures in the range of 12–40 kPa. After first
for 30 min to remove reversibly adsorbed hydrogen (Hr) and the same procedure was re-
o isotherms equals to the amount of hydrogen irreversibly bound (Hirr).
. The conditions of measurements are specified in [7].



Fig. 3. The effect of support composition and method of preparation on the apparent rate (calculated on total Ir— Figure 3a) and TOF (calculated by dividing the number of molecules
converted per minute by the number of active (surface) iridium atoms measured by H2 adsorption — Figure 3b) of iridium catalysts for hydrogenation of toluene. Methylcyclohexane
was the only product in all catalytic tests. Activation of catalyst: 500 °C, H2 = 100 cm3·min−1, 2 h; reaction: cTl = 0.75 μmol⋅cm−3,·H2 = 50 cm3·min−1, 125 °C, activity after 1 h.
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by Prescott et al. [18] an addition of MgO to MgF2 increases the basic
character of the mixed system. The decrease in hydrogenation activity
for different processes with increasing number of basic sites has already
been reported in several papers [13,19].

A comparison of the apparent rate and TOF values obtained by us for
the Ir/75MgF2 catalyst (rt = 0.95 min−1; TOF = 1.98 min−1 at 60 °C)
with those reported in literature for iridium deposited on other sup-
ports, shows that the values we obtained are higher. The author of [1]
who studied hydrogenation of toluene at 60 °C on Ir/Al2O3 and Ir/SiO2

catalysts, after direct reduction at 400 °C, has reported the activities
TOF = 0.612 min−1 and TOF = 1.158 min−1, respectively. The authors
of [7] for Ir/Al2O3 catalyst after reduction at 400 °C obtained rt. =
0.348 min−1. Thus, the results have shown that the catalytic activity
in toluene hydrogenation depends not only on the method of the cata-
lyst activation but also on the type of iridium support, andMg–O–F sup-
ports are better than the commonly used Al2O3 and SiO2.

4. Conclusions

The use of iridium active phase and magnesium oxo-fluoride sup-
port allows obtaining new catalysts of high activities in the hydrogena-
tion of toluene, higher than that of the iridium system supported on
MgF2 or MgO. The binary systems containing about 75 mol% MgF2, ob-
tained by the proposed method were proved to be attractive supports
of the iridium active phase, ensuring high dispersion of this active
phase and thus a high catalytic activity in the toluene hydrogenation re-
action. In our opinion, this new class of Mg–O–F mixed supports irre-
spective of the method of their synthesis, either a direct reaction basic
magnesium carbonatewithHFor sol–gelmethod, offers an attractive al-
ternative to other supports for metals.
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