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a b s t r a c t

Ruthenium containing hydrotalcite (Ru-HT) was synthesized by partial substitution of Mg2+ or Al3+

cations by ruthenium metal in octahedral layers of hydrotalcite and used as a catalyst for hydrogenation
of benzene to cyclohexane. Effect of catalyst amount, reaction temperature, partial pressure of hydrogen
and volume of solvent on conversion of benzene was studied in detail. Higher conversion of benzene
in lower reaction time was observed in lower volume of solvent. Complete conversion of benzene with
vailable online 23 November 2010

eywords:
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100% selectivity of cyclohexane was observed at 120 ◦C reaction temperature and 60 atm partial pressure
of H2 in 2 h reaction time. Presence of moisture in the reaction mixture showed negligible effect on cat-
alytic activity of Ru-HT, however, activity decreased significantly on increasing the sulfur concentration.
Catalyst was recycled upto four times without significant loss in its activity. No conversion of benzene
was observed in case of pristine hydrotalcite (without ruthenium) as a catalyst.
yclohexane
inetics

. Introduction

Hydrogenation of benzene to cyclohexane is of significant
mportance in the petroleum industry and for environmental pro-
ection due to stringent environmental legislation established
orldwide [1–6]. It is known that the presence of aromatics result

nto poor ignition quality and lower cetane number of diesel. It
aises the smoke point of jet fuel and also increases the emission
f particulate matters [2–4]. Thus, removal of aromatic compounds
s valuable for enhancing the fuel quality as the cetane number
f diesel fuel increases with decreasing aromatic content [2–4,7].
he hydrogenation of benzene is important in the petrochemical
ndustries for the production of cyclohexane, which is one of the
ey intermediates in the synthesis of Nylon-6 and Nylon-66 [8].

hus, the development of active catalysts for benzene hydrogena-
ion could also be useful from commercial point of view.

For hydrogenation of benzene metal sulfides and noble metal
upported catalysts are generally studied [2–4,9,10]. Although cat-
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alytic activity of these metal sulfide catalysts is not sufficient
to reach the required aromatic saturation but these catalysts
have the advantage of high sulfur tolerance. Noble-metal sup-
ported catalysts, which can work at lower temperatures to avoid
the thermodynamic constraints associated with the metal sul-
fides, are preferred for aromatic saturation. The activity of noble
metals supported catalysts synthesized by impregnation and
anchored/intercalation method are widely studied for hydro-
genation reaction (Table 2) [3,11–19]. The main drawback of
impregnated catalysts is leaching of active metal from the support
[19]. Therefore, more efforts are directed on anchored/intercalation
approach to avoid leaching problem. Recently, Ru(0)/NaY catalyzed
hydrogenation of benzene was reported in solvent free conditions
at 22 ◦C and 3 atm hydrogen pressure [20]. The cracking of aromatic
hydrocarbons to low molecular weight compounds and undesired
coke formation during hydrogenation reaction was also reported
on the use of acidic supports. Therefore, emphasis has been made
in the present study to develop a catalyst based on a basic support
to avoid cracking reactions as well as leaching of metal during the
hydrogenation reaction.

Hydrotalcite (HT) is a class of anionic clays in which some of
the divalent cations (Mg2+) have been substituted with trivalent
cations (Al3+) resulting into positively charged layers. This charge is

balanced by anions intercalated in the interlayer space [21]. Various
metal ions can be introduced into the brucite layer via isomor-
phic substitution of Mg2+ or Al3+ cations at the octahedral sites,
which are supposed to be active sites for catalytic reactions. Vaccari
et al. synthesized hydrotalcite having rhodium (Rh) and ruthenium
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Ru) cations and used for partial oxidation of methane to syn-gas
CO + H2) [22]. Ruthenium supported hydrotalcite have been effi-
iently demonstrated by several other researchers for the synthesis
f various organic transformation reactions [23–28]. The novelty
f the present study lies in the synthesis of a highly active catalyst
ia partial substitution of Mg2+ or Al3+ cations by ruthenium metal
ations in octahedral layers of hydrotalcite (Ru-HT) for hydrogena-
ion of benzene. The effect of reaction temperature, partial pressure
f hydrogen, amount of catalyst, volume of solvent and reusability
f catalyst was studied for the hydrogenation of benzene. The effect
f moisture and sulfur content on the catalytic activity of Ru-HT for
ydrogenation of benzene was also studied.

. Experimental

.1. Catalyst synthesis and characterization

Ruthenium grafted hydrotalcite (Ru-HT) was prepared using the
rocedure reported in the literature [24,28]. In a typical synthesis
rocedure, an aqueous solution (A) of MgCl2·6H2O (0.0432 mol),
lCl3·H2O (0.0144 mol) and RuCl3·xH2O (0.0005 mol) was pre-
ared in 50 mL double distilled de-ionized waterd. The solution

was added dropwise into a second solution (B) containing
aOH (0.13 mol) and Na2CO3 (0.0747 mol) in 50 mL double distilled
e-ionized water under vigorous stirring at room temperature.
ollowing this, the content was transferred into a teflon coated
tainless steel autoclave and aged at 70 ◦C for 16 h. After that the
recipitate formed was filtered and washed thoroughly with hot
istilled water until filtrate was free from Cl− ions and has pH 7.
he washed precipitate was dried in an oven at 80 ◦C for 14 h. For
he comparison, hydrotalcite (Mg–Al–CO3) having Mg/Al ratio of
.5 (HT-3.5) was also synthesized without adding RuCl3·xH2O in
olution A.

.2. Hydrogenation of benzene

Hydrogenation of benzene was performed in 100 mL stainless
teel Parr reactor (Parr Instrument Co., USA, Model 4843). In a
ypical experiment, desired concentration of benzene, catalyst, n-
ridecane (0.1 g, as GC internal standard), and n-hexane as a solvent
50 mL) were charged into the reactor. Reactor was then brought
o desired reaction temperature, which was considered as the zero
ime. Hydrogenation reaction was initiated by starting the stirrer at
00 rpm. Constant pressure of reactor was maintained by supply-

ng the hydrogen during the reaction. For kinetic analysis, samples
ere withdrawn via sampling valve from the reactor at different

ime interval during the course of reaction. In each case, the change
n concentration of reactant was determined by gas chromatogra-
hy (GC, Shimadzu 17A, Japan) equipped with a flame ionization
etector (FID), 5% diphenyl and 95% dimethyl siloxane universal
apillary column (60 m length and 0.25 mm diameter). Further-
ore, reaction mixture was analyzed by GC–MS (Shimadzu, GC-MS
P 2010, Japan) to confirm the products via mass fragmentation
atterns. Initial rate of reaction was calculated by reported method

n lower conversion range [29]. Few kinetic experiments were car-
ied out by varying the agitation speed from 100 to 600 rpm initially
o find out pure kinetic regime. Rate of reaction was observed to
e independent of agitation speed after 400 rpm, which indicate

egligible diffusional (mass transfer) resistance and hence reaction

s in kinetic regime, therefore, all experiments were performed at
00 rpm. To ensure reproducibility of the results, repeated exper-

ments were carried out under identical reaction conditions and
ata were found to be reproducible within ±2% variation.
5 15 25 35 45 55 65
2θ

Fig. 1. P-XRD patterns of HT-3.5 and Ru-HT samples.

3. Results and discussion

The catalyst was characterized thoroughly by various instru-
mental techniques and detailed characterization is reported
elsewhere [28]. Powder X-ray diffraction (P-XRD) pattern of Ru-HT
sample showed all typical characteristic peaks of pure hydrotalcite
containing carbonate anions (d(0 0 3) = 7.65 Å) and revealed a good
dispersion of aluminum and ruthenium in the brucite-like layers
(Fig. 1). Any additional peak corresponding to another crystalline
phase was not observed in the XRD of Ru-HT which confirmed
that the characteristic original planes of hydrotalcite are retained
after incorporation of ruthenium in the brucite-like sheet. How-
ever, an amorphous phase was reported in the literature for the
higher Ru content hydrotalcite samples [22]. Crystallinity of hydro-
talcite sample was observed to decrease for Ru-HT sample as
compared to HT-3.5. Crystallite size of HT-3.5 and Ru-HT sam-
ples were calculated as 18.2 nm and 11.2 nm, respectively at (0 0 3)
plane. Slight increase in the value of unit cell parameter (a) was
also observed for Ru-HT (3.069 Å) as compared to HT-3.5 (3.064 Å)
due to larger ionic radii of ruthenium (0.68 Å) as compared to alu-
minum (0.53 Å), however, value of c was observed to decrease from
23.38 Å for Ru-HT to 23.41 Å for HT-3.5 sample [28]. BET surface
area of HT-3.5 and Ru-HT was found to be 76 and 80 m2/g, respec-
tively [28]. Pore volumes of HT-3.5 and Ru-HT were calculated
as 0.42 and 0.36 cm3/g, respectively and mean pore diameters of
HT-3.5 and Ru-HT samples were found to be 22.8 and 18.2 nm,
respectively. Percentage ruthenium content in Ru-HT was calcu-
lated by chemical analysis using Inductive Coupled Plasma (ICP)
Spectrometer and found to be 1.0% (by wt). No significant differ-
ence was observed in the ICP analysis of Ru-HT related to the Mg/Al
molar ratio and was found to be in accordance with the calculated
compositions.

3.1. Effect of catalyst amount

Effect of the catalyst amount on conversion of benzene to cyclo-
hexane was studied by varying the amount of catalyst from 0.02 to
0.25 g at 13 mmol benzene concentration at 120 ◦C and 60 atm par-
tial pressure of H2 using n-hexane as a solvent. The corresponding
results at varied amount of catalyst and reaction time are shown
in Fig. 2a. It was observed that the 11% conversion of benzene
was obtained using 0.04 g catalyst amount that increased to 52%
at 0.05 g of catalyst amount after 2 h. Complete conversion of ben-
zene was observed at 0.1 g catalyst amount in same reaction time.

The conversion of benzene was not affected by further increase
in the amount of catalyst to 0.25 g under the employed exper-
imental conditions. However, higher conversion of benzene was
observed in the lower reaction time at higher catalyst amount. 76%
conversion of benzene was achieved within 15 min at 0.25 g cata-
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ig. 2. (a) Effect of catalyst amount on the (a) conversion of benzene with respect
o reaction time using Ru-HT catalyst and (b) initial rate of reaction.

yst amount, which decreases to 44% at 0.1 g and only 8% at 0.04 g
atalyst amount in similar reaction time (15 min).

The higher conversion of benzene at higher catalyst amount can
e explained in terms of the number of active sites present on the
urface of catalyst. The active sites for the hydrogenation of ben-
ene are the ruthenium cations attached to the hydroxyl groups via
somorphic substitution of Mg or Al cations at the octahedral and
re located at the surface and edges of the sheets. As the amount
f catalyst increases, catalytically active sites also increase which
esults into higher conversion of benzene. Only one product of
enzene hydrogenation, i.e., cyclohexane was formed under the
tudied experimental conditions. This may be due to a concerted
ydrogenation mechanism wherein cyclohexene (C6H10) formed

s directly converted to cyclohexane (C6H12) before it is desorbed
rom the catalyst surface. Effect of catalyst amount on initial rate of
eaction is shown in Fig. 2b. Observed “S” shape of the initial rate
urve suggested that the reaction is very slow at lower amount of
atalyst. Initial rate of reaction was calculated as 87 × 10−5 mol/min
t 0.05 g catalyst amount which increased to 345 × 10−5 mol/min
t 0.1 g catalyst amount. At 0.25 g, the rate of reaction was found to
e 568 × 10−5 mol/min. The further reaction parameters were opti-
ized by taking 0.1 g of catalyst amount and 13 mmol of benzene

oncentration since after 0.1 g catalyst amount no significant effect
n conversion of benzene was observed in 2 h.

To confirm the role of ruthenium present in the Ru-HT catalyst,
ne experiment for benzene hydrogenation was carried out using
T-3.5 (Mg–Al–CO3) as a catalyst at 120 ◦C and 60 atm partial pres-

ure of hydrogen. No conversion of benzene was observed even
fter 4 h reaction time, which indicates that the ruthenium present
n the Ru-HT catalyst is only the active metal centre (or active sites)
or hydrogenation of benzene in the present study.
.2. Effect of reaction temperature

Catalytic activity for hydrogenation of benzene was observed
o increase on increasing the reaction temperature upto 120 ◦C
T, °C

Fig. 3. Effect of reaction temperature on the (a) conversion of benzene at varied
reaction time using Ru-HT as a catalyst and (b) initial rate of reaction.

(Fig. 3a). The complete conversion of benzene to cyclohexane was
achieved at 120 ◦C. On further increase in the reaction temper-
ature to 140 ◦C, the conversion of benzene reached to 82% in
30 min. Initial rate of reaction was found to increase almost lin-
early on increasing the reaction temperature (Fig. 3b). Initial rate
of reaction was calculated as 275 × 10−5 mol/(gcat min) at 80 ◦C
that increased to 700 × 10−5 mol/(gcat min) at 110 ◦C. On further
increasing the temperature to 140 ◦C, the rate of reaction was
found to be 125 × 10−4 mol/(gcat min). Higher rate of reaction was
observed in the present study as compared to the use of rhodium
intercalated montmorillonite as a catalyst for hydrogenation of
benzene [15]. The activation energy for hydrogenation of benzene
was calculated using Arrhenius plot (plot of ln k vs 1/T) in the tem-
perature range of 80–110 ◦C. The activation energy for the reaction
was found to be 35.2 kJ/mol. From the literature it was observed that
activation energy for liquid phase hydrogenation of benzene varies
in a wide range depending on the experimental conditions and the
catalyst used. However, in general activation energies for hydro-
genation of benzene in liquid phase were reported in the range of
35–62 kJ/mol using Pt and Ni based catalysts [30–32]. Calculated
activation energy in the present study also indicated that the reac-
tion is far away from the diffusional (mass transfer) limitations and
is in the pure kinetic regime.

3.3. Effect of partial pressure of hydrogen

The conversion of benzene to cyclohexane was observed to
increase linearly on increasing the partial pressure of hydrogen
(Fig. 4a). The complete conversion of benzene to cyclohexane

was obtained at 60 atm partial pressure of H2. The higher hydro-
gen pressure favors low equilibrium concentrations of benzene
which results into higher conversion of benzene in lower reac-
tion time. Increase in the partial pressure of hydrogen increases
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Fig. 5. Effect of solvent volume on the conversion of benzene using Ru-HT as a
catalyst.

Table 1
Effect of moisture content on the catalytic activity of Ru-HT for hydrogenation of
benzene.

Run Water, mL % Conversion of benzene % Selectivity of cyclohexane

1 0.1 100 100
2 0.5 100 100
3 1.0 99 100

activity of Ru-HT in the presence of sulfur is mainly due to the strong
adsorption of sulfur on the metal sites (M–S bond formation), which
results into loss of active metal sites available for the hydrogenation
reaction [33]. The adsorption of sulfur compound during the reac-
tion was also confirmed by the FT-IR spectra of the Ru-HT (Fig. 7;
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, atm

ig. 4. Effect of partial pressure of hydrogen on the (a) conversion of benzene at
aried reaction time using Ru-HT as a catalyst and (b) initial rate of reaction.

ydrogen dissociation on the metal (Ru) sites of the catalyst and,
hus, increased the concentration of hydrogen available for benzene
ydrogenation. Therefore, at higher partial pressure of hydrogen,
he adsorption and desorption of hydrogen on the metal surface
s higher, which increases the conversion of benzene. Initial rate
f reaction was observed to increase almost linearly on increasing
he partial pressure of hydrogen (Fig. 4b). Initial rate of reaction was
alculated as 250 × 10−5 mol/(gcat min) at 10 atm, which increased
pto 0.0112 mol/(gcat min) at 80 atm partial pressure of hydrogen.

.4. Effect of solvent volume

The results illustrated in Fig. 5 showed that the concentration of
olvent plays an important role in inhibiting the conversion of ben-
ene. At 20 mL n-hexane volume, 97% conversion of benzene was
bserved in 1 h that decreased to 89% on increasing the volume
f solvent to 40 mL. On further increase in the solvent volume to
0 mL, benzene conversion was observed to decrease significantly
o 81%. This trend continued with further increase in the solvent
olume. However, 100% conversion of benzene was observed in
he studied solvent volumes (20–80 mL) on increasing the reac-
ion time from 1 to 2 h. The lower conversion of benzene at higher
olume of solvent could be due to the dilution effect.

.5. Effect of moisture and sulfur content
To study the effect of moisture on the catalytic activity of Ru-HT
or hydrogenation of benzene, the experiments were carried out
y varying the water content (0.1, 0.5, 1 and 2 mL) in the 50 mL
-hexane (Table 1). No significant difference was observed even at
4 2.0 99 100

Reaction conditions: Benzene = 13 mmol; Ru-HT = 0.1 g; T = 120 ◦C; Partial pressure
of hydrogen = 60 atm; Reaction time = 2 h.

2 mL water content on the conversion of benzene (99%) and selec-
tivity for cyclohexane (100%), which indicates that the activity of
Ru-HT as a catalyst was not affected by the presence of moisture
in the reaction mixture. The formation of cyclohexene was not
observed even at 2 mL water content in the reaction mixture.

The effect of sulfur on the catalytic activity of Ru-HT for ben-
zene hydrogenation was studied by varying the sulfur (thiophene
as a sulfur source) concentration from 1 to 20 ppm at 0.1 g Ru-HT
catalyst, 13 mmol benzene concentration, 120 ◦C and 60 atm pres-
sure of hydrogen (Fig. 6). The conversion of benzene was observed
to decrease drastically on increasing the concentration of sulfur in
the reaction mixture. Complete conversion of benzene (100%) was
observed in the absence of sulfur that decreased to 96% on addition
of 1 ppm sulfur. As the concentration of sulfur increased to 3 ppm,
conversion of benzene decreases to 45%. Decrease in the catalyst
0

0 5 10 15 20

Sulfur, ppm

Fig. 6. Effect of sulfur concentration on the catalytic activity of Ru-HT for hydro-
genation of benzene.
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Fig. 7. FT-IR spectra of Ru-HT after thiophene adsorption.

fter exposure to the 20 ppm sulfur solution). The peak appeared
t 1435 cm−1 in the FT-IR spectra of the Ru-HT sample is attributed
o the adsorbed thiophene to the metal surface. The bands at 1634
nd 1384 cm−1 showed the presence of interlayer water molecules
nd carbonates anions, respectively [21].

.6. Reusability of catalyst

For reusability experiments, the catalyst was filtered from the
eaction mixture, washed with 50 mL n-hexane and dried at 80 ◦C
or 10 h. The regenerated catalyst was used for hydrogenation of
enzene under similar reaction conditions as used for the fresh
atalyst. No significant loss in the conversion of benzene and
electivity of cyclohexane was observed upto four cycles (Fig. 8),
uggesting that the catalyst is reusable upto four cycles under
mployed reaction conditions. The ICP analysis of spent catalyst
fter fourth cycle showed ∼0.99 wt.% ruthenium was present in the
atalyst. The initial rate of reaction for liquid phase hydrogenation
f benzene was observed to decrease slightly at the end of fourth
ycle (Fig. 9).

One sample was synthesized by impregnation of ruthenium
n hydrotalcite (HT) to compare its catalytic activity with Ru-HT

ample for hydrogenation of benzene. The catalytic activity of Ru
mpregnated on HT also showed similar conversion and selectivity
o Ru-HT catalyst. However, conversion of benzene was observed
o decrease on reusability of the catalyst due to leaching of ruthe-

able 2
omparison of catalytic activity of Ru-HT with other catalysts for hydrogenation of benze

Catalyst Obser

Ru exchanged montmorillonite Comp
cycloh
higher

Ru(0) nanoclusters in intrazeolite (Y) 90% of
value
40 psi

Rh intercalated montmorillonite Comp
180 ◦C

Ru/Hectorite 71% b
cylcoh

RuO2 (in situ reduced to Ru0) 100%
mixtu
sulfur

Ni/Carbon nanofibers [2–15% Ni (by wt)] 99.5%
wt) lo

Ru(III) tetrahydro-Schiff base complexes encapsulated in zeolite Y Ru[H4

reacti
for thr
nium from support. 20% leaching of ruthenium from impregnated
catalyst was confirmed by ICP analysis after second reusability
test. The catalytic activity of Ru-HT was also compared with other
reported catalysts in the literature for hydrogenation of benzene to
cyclohexane (Table 2) and found that Ru-HT as a reusable catalyst
gave 100% selectivity to cyclohexane with complete conversion of

benzene.

ne to cyclohexane.

vation/Remarks Ref.

lete benzene conversion was achieved with 100% selectivity of
exane at 100 ◦C and 34.5 bar hydrogen pressure; sensitive to
sulfur concentration

[13]

benzene with turnover of 2420 mol benzene/mol Ru and a TOF
of 1040 mol benzene/(mol Ru h) was reported at 22 ◦C and
g hydrogen pressure

[14]

lete conversion of benzene with 100% cyclohexane selectivity at
and 62 atm hydrogen pressure; sensitive to sulfur

[15]

enzene conversion was achieved with 100% selectivity of
exane after 1.1 h at 50 ◦C and 50 bar hydrogen pressure

[16]

conversion of benzene at 75 ◦C and 4 atm hydrogen pressure;
re of cyclohexane and cyclohexene as a product; sensitive to
; poor reusability of catalyst

[17]

conversion of benzene was achieved after 7 h using 10% Ni (by
aded CNFs at 180 ◦C

[5]

]salen–Zeolite Y gave 98.3% conversion of benzene in 2 h
on time at 60 ◦C and 30 atm hydrogen pressure; catalyst reused
ee times

[18]
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. Conclusions

Ruthenium grafted hydrotalcite (Ru-HT) was found to be an
fficient heterogeneous catalyst for hydrogenation of benzene.
omplete conversion of benzene was achieved at 120 ◦C reaction
emperature and 60 atm partial pressure of hydrogen with 100%
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ddition of water to the reaction system, however, conversion of
enzene decreased significantly on increasing the concentration of
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