62

do0i:10.1246/cl.2010.62
Published on the web December 12, 2009

Effects of Removing Residual Chlorine on the Hydrogenation
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Hydrogenation activity of aromatic hydrocarbons was
remarkably increased when the residual chlorine on Ru/Al,O3
and Ru/SiO, was removed by washing. On the basis of FT-IR
spectra in the CO region, a site active for hydrogenation
reactions was created by removal of the residual chlorine.

Supported Ru catalysts have been widely studied because
they can be used in a variety of practical applications.! The
effect of residual chlorine has been reported. For instance, Narita
et al.>? have reported that the adsorption of CO and H, was
inhibited by residual Cl, and Mazzieri et al.* have reported that
residual CI inhibits the reduction of Ru in Ru/Al,Os. In this
study, we tried to completely remove CI from Ru/Al,O; and
Ru/SiO, and found a remarkable enhancement in the hydro-
genation activity of naphthalene and toluene.

The catalysts 2wt % Ru/Al,O; and 2wt % Ru/SiO, were
prepared by using an impregnation method with RuCl;-
nHyO (n =2.2, Wako Pure Chem.). Al,O; (Neobead GB-45,
Mizusawa Industrial Chem.) and SiO, (Silbead, Mizusawa
Industrial Chem.) were used as supports. The support granules
(<100 mesh) were immersed in a solution of RuCl;, and water
was removed under vacuum. The granules were then kept at
403K in air overnight. The catalysts were reduced in flowing
hydrogen at 673 K for 5h and then washed with hot deionized
water or aqueous ammonia (0.01 molL™!) using a volume of
500 mL g-cat™!.

Hydrogenation of naphthalene and toluene was performed
in a 100-mL stainless steel autoclave equipped with a stirrer.
Because the naphthalene (Kanto Chem.) contained a consider-
able amount of benzothiophene as an impurity, it was purified
using a Ni catalyst (C-28, Siid Chemie Catalyst) in 0.1 MPa of
hydrogen at 373 K. The purified naphthalene (1.00 g, 7.8 mmol)
or toluene (0.719g, 7.8 mmol) was dissolved in n-tridecane
(40mL) as a solvent. The catalyst (0.1-0.2 g) was reduced at
673K for 1h in a Pyrex tube and then transferred to the
autoclave for the hydrogenation reaction. Hydrogenation reac-
tions were carried out in the temperature range of 273-303 K for
1h with an initial H, pressure of 0.98 MPa and agitation at
1000 rpm. The reaction products were analyzed using FID gas
chromatography. The amount of metal atoms exposed was
estimated by analyzing the amount of adsorbed CO using a pulse
adsorption apparatus (BP-1, Ohkura Riken). The amounts of Ru
loading and remaining Cl were determined by using X-ray
fluorescence (XRF). FT-IR spectra were acquired on a Jasco FT-
IR-350 at room temperature after exposing the catalysts to CO
(20 Torr) at room temperature for 20 min and then evacuating at
room temperature for 30 min.

The amounts of Ru loading, remaining Cl, and adsorbed CO
before and after washing are listed in Table 1. Before washing,
Ru/Al,Oj3 contained about five times more Cl than Ru/SiO, did,
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Table 1. Effect of catalyst washing on the content of Ru and Cl
and the amount of adsorbed CO on Ru/Al,03 and Ru/SiO,

. Ru Cl  CO adsorption
Catalyst ~ Washed with Jwt% Jwt% Jumol g-cat™!
Ru/ALO; — 2.3 1.4 42
Ru/Al,O3 Pure water (1) 1.9 0.6 46
Ru/Al,O3 Pure water (2) 1.9 0.3 35
Ru/Al,O3 Pure water (3) 1.9 0.2 29
Ru/Al,O3 Aqueous ammonia 2.2 0.02 40
Ru/Si0, — 2.3 0.3 49
Ru/SiO, Aqueous ammonia 2.6 <0.01 83

2The number of treatment times.

suggesting that the alumina support had an affinity toward Cl,
which is in agreement with the literature.>® Washing with
deionized water gradually lowered the amount of Cl. However, a
considerable amount of Cl remained after washing three times,
and the amount of adsorbed CO decreased. In contrast, the
amount of Cl decreased dramatically by washing with aqueous
ammonia without any reduction in the Ru loading and adsorbed
CO. After washing with aqueous ammonia, both Ru/Al,O; and
Ru/SiO; had almost no Cl. In the case of Ru/SiO,, the amount of
adsorbed CO increased significantly after washing with aqueous
ammonia because the residual Cl in Ru/SiO; effectively covered
the Ru surface, which is in agreement with previously reported
results.> As described later, the adsorbed CO on Ru/Al,O;
contained multiple bonded CO, such as Ru"*(CO),, and this
adsorbed species disappeared after washing with aqueous am-
monia. Since the adsorption stoichiometry changed after remov-
ing the residual Cl, the amount of adsorbed CO did not increase
after washing the Ru/Al,O; catalyst with aqueous ammonia.
However Ru particle growth should be also considered.

Catalytic activities for naphthalene and toluene hydrogena-
tions were determined, and the results are shown in Table 2.
Before washing, Ru/Al,0; showed poor activity for hydro-
genation, but the activity increased remarkably as Cl was
washed away. Cl-free Ru/Al,O; washed with aqueous ammonia
showed the highest activity. A similar increase in the naph-
thalene hydrogenation activity was observed when Ru/SiO, was
washed with aqueous ammonia. Toluene hydrogenation was also
tried over Ru/Al,05; and Ru/SiO,. A remarkable increase in the
toluene hydrogenation activity was observed after removing the
residual Cl from both supported Ru catalysts.

The effects of removing the residual Cl were studied by
analyzing the spectra of adsorbed CO using FT-IR at room
temperature. As shown in Figure 1, three peaks were observed
at around 2140cm~! (HF1), 2080cm™' (HF2), and 2040-
2020cm~! (LF). Peaks HF1 and HF2 were attributed to
Ru"™(CO), (x =2 and 3), and peak LF was attributed to linear
CO on a surface Ru’ site.® LF was deconvoluted into peaks at
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Table 2. Hydrogenation of aromatic hydrocarbons over
Ru/Al,03 and Ru/SiO, after washing

Catalys Washed with Conversion/ %
Naphthalene hydrogenation®
Ru/Al,05 — 0.9
Ru/Al O3 Pure water (1) 11.5
Ru/AlL O3 Pure water (2) 254
Ru/Al,0O3 Pure water (3) 31.3
Ru/Al,O3 Aqueous ammonia 72.6
Ru/SiO, — 2.1
Ru/Si0O, Aqueous ammonia 64.8
Toluene hydrogenation®
Ru / A1203 — 0.0
Ru/Al,O3 Aqueous ammonia 39.7
Ru/SiO, — 0.5
Ru/SiO, Aqueous ammonia 50.2

#Reaction conditions: catalyst weight 0.1 g, initial H, pressure
0.98 MPa, reaction temperature 303K, reaction time 1h.
"Mass of the catalyst 0.2g, initial H, pressure 0.98 MPa,
reaction temperature 273 K, reaction time 1 h.
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Figure 1. FT-IR spectra of adsorbed CO on supported Ru
catalysts at room temperature. a) Unwashed Ru/Al,O; contain-
ing 1.4 wt % of Cl, b) Ru/Al,0; containing 0.02 wt % of Cl after
washing with aqueous ammonia, ¢) unwashed Ru/SiO, con-
taining 0.3wt% of Cl, and d) Ru/SiO, containing less than
0.01 wt % of Cl after washing with aqueous ammonia.

2020cm™~! (LF1) and 1990 cm~' (LF2). LF1 and LF2 seemed
to be related to linear CO adsorbed on Ru’ at differently
coordinatively unsaturated sites.” LF2 was related to CO on the
site of higher degree of coordinative unsaturation.”®

On unwashed Ru/Al,O;, HF1 and HF2 were clearly
observed, suggesting that the residual Cl retarded the reduction
of surface Ru atoms. After washing with aqueous ammonia, the
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Figure 2. FT-IR spectrum of adsorbed CO on a supported Ru
catalyst prepared from Ru(CsH;0,);.

intensities of HF1 and HF2 decreased significantly. On the other
hand, LF2 significantly increased in intensity after washing,
indicating that the residual Cl blocked the adsorption of CO on
the sites corresponding to LF2.

In the spectra of Ru/SiO,, HF1 and HF2 were small even
before washing the catalyst. This is because Ru/SiO, contained
a smaller amount of Cl as compared with that of Ru/Al,Os.
However, the intensity of LF2 was different between unwashed
and washed samples. Removal of Cl increased LF2 significantly.

Cl-free Ru/Al,0; was prepared using Ru(CsH;0,); as a
precursor. The Ru catalyst was highly dispersed on the support
(amount of CO adsorption, 232 pmol g-cat™!). This catalyst
showed high activity for naphthalene hydrogenation, which was
comparable with that of Ru/Al,03 washed with aqueous ammo-
nia. In the CO region of the FT-IR spectrum, four peaks, i.e.,
HF1, HF2, LF1, and LF2, were observed, as shown in Figure 2.
It was clear that the sites corresponding to LF2 were prevalent
on this catalyst. Since the Cl-free Ru catalysts showed intense
LF2 peaks, the residual Cl in the Ru catalysts preferentially
block the formation of the sites corresponding to LF2.

Residual Cl blocked the LF2 site. By washing the catalyst,
we were able to remove all of residual Cl, and the catalytic
activities for hydrogenation of naphthalene and toluene increas-
ed remarkably. In other words, the site corresponding to LF2
seems to be active for the hydrogenation reaction of aromatic
hydrocarbons. However, only qualitative relation was found
between hydrogenation activity and the LH2 peak area.
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