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a b s t r a c t

We report on the preparation and application of novel heterogeneous supported ruthenium catalysts.
The catalysts are active in the synthesis of formic acid from the hydrogenation of carbon dioxide and
are characterized by Fourier transform infrared spectroscopy, X-ray photoelectron spectroscopy, X-ray
powder diffraction analysis and transmission electron microscopy. Abundant hydroxyl groups, which
arbon dioxide
eterogeneous hydrogenation
ormic acid

interact with the ruthenium components, play an important role in the catalytic reactions. Highly dis-
persed ruthenium hydroxide species enhance the hydrogenation of CO2, while crystalline RuO2 species,
which are formed from the relatively high ruthenium content or the pH of the solution during prepa-
ration of the catalyst, restrict the production of formic acid. Optimal activity of ruthenium hydroxide
as a catalyst for the hydrogenation of CO2 to formic acid is achieved over a �-Al2O3 supported 2.0 wt%
ruthenium catalyst, which is prepared in a solution of pH 12.8 with NH3·H2O as a titration solvent. A

echa
possible hydrogenation m

. Introduction

Carbon dioxide (CO2) is a major contributor to the greenhouse
ffect, and its utilization has been of global interest from both
heoretical and practical viewpoints. The utilization and transfor-

ation of CO2 into value-added chemicals have attracted much
ttention in recent years as requirements for its trapping from
ower plants [1–3]. Although CO2 is widely used as a reagent for
he synthesis of aspirin and carbonates [4–9], the development of
fficient methods of CO2 reduction is highly desirable. However,
O2 is extremely thermodynamically stable and requires efficient
atalysts or electrical reductive processes for its chemical transfor-
ation. As one of the most promising directions for CO2 fixation,

atalytic hydrogenation has shown appreciable efficiency for reac-
ions with optimized conditions and catalysts [10–20].

Formic acid is a fundamental chemical feedstock in the organic
hemical industry. It has been used in the perfume industry as a
ordant in the dyeing industry, as a neutralizer in tanning, and

s a disinfectant and preservative agent in sanitary stations. As a

aw material in the chemical industry, it has promoted the produc-
ion of formate esters which have been used to produce a variety
f organic derivatives such as aldehydes, ketones, carboxylic acids
nd amides. Additionally, formic acid has been considered as a
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nism for the hydroxide ruthenium catalyst is proposed.
© 2010 Elsevier B.V. All rights reserved.

candidate for methanol-alternative fuels in methanol fuel cells, as
the direct fuel for electricity generation, and as a fuel for automo-
biles due to its much better electrochemical oxidation at Pt–Ru/C
electrodes [21,22]. Currently, commercial processes for formic acid
production are mainly the result of hydrolysis of methyl formate
and direct synthesis from carbon monoxide (CO) and water. As
these traditional methods consume a large amount of energy and
produce hazardous waste, the development of a clean method of
formic acid synthesis is a high priority. The hydrogenation of CO2,
as shown in the equation below, provides a possible technique to
synthesize formic acid using CO2 as a raw material [23].

CO2 + H2 → HCOOH

The direct synthesis of formic acid from the hydrogenation of
CO2 has been carried out for many decades, and was first reported
by Farlow and Adkins in 1935 using Raney nickel as a catalyst
under 20–40 MPa and at 353–423 K [24]. A homogeneous Ru- or
Pd-complex catalyzed sample was reported under less extreme
conditions [25]. The process is thermodynamically unfavorable
and the standard Gibbs free energy of this reaction at 298 K is
∼32.9 kJ mol−1; acidic alcohols and organic bases with intermedi-
ate basicity are usually added to the reaction mixture to extract
the formic acid, and this increases the reaction rate by an order of
magnitude [26]. Until now, the best known catalytic systems for

this process have been based on the metal complexes of the sec-
ond and third row transition metals of groups VIII to IIB, such as
ruthenium and rhodium, which are usually combined with halides
or hydrides as anionic ligands and phosphines as neutral ligands.
Moreover, reactions in different media, such as organic solvents

dx.doi.org/10.1016/j.cattod.2010.05.034
http://www.sciencedirect.com/science/journal/09205861
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27], water [28,29], supercritical CO2 [30–32], and ionic liquids [33]
ave shown satisfactory reaction rates [34–38]. Of these media, the
ighest reaction rate was achieved by using supercritical CO2 [14].

Although the reasonable conversion and yield of formic acid
ave been obtained using homogeneous catalysts, separation of

ormic acid from the bases and catalysts remains a challenge.
herefore, the development of a heterogeneous catalytic system
s highly desirable. To the best of our knowledge very few het-
rogeneous systems with solid (supported) catalysts have been
nvestigated. Ruthenium complex catalysts immobilized on sil-
ca and polystyrene resin have been examined [39–41]. A more
ttractive heterogeneous system is the activated carbon supported
uthenium prepared by conventional impregnation [42]. An advan-
age of this method is that the use of hazardous and expensive
eagents, such as LiAlH4 or NaBH4, can be avoided [43]. In these
tudies, formic acid is manufactured using an inexpensive hydro-
enation catalyst. Moreover, since separation of the catalyst is easy,
he manufacture of formic acid is simple and the loss of catalyst
s also reduced, although the yield of formic acid is low. There-
ore, the search for an efficient heterogeneous catalyst is necessary.
n most studies of this process using ruthenium catalysts, ruthe-
ium hydride species were found to be active components in the
atalytic cycle [29–38,44]. In the hydrogenation of CO2 to formic
cid with ruthenium complexes under acidic conditions in water,
Ru−OH2]2+, which is subsequently hydrogenated to ruthenium
ydride species, was suggested as the initial active species for
he catalytic cycle [45]. Additionally, a theoretical study of the
ydrogenation of CO2 to formic acid in a potassium hydroxide
KOH) solution indicated that the introduction of strong donor lig-
nd hydroxyl groups would improve the catalytic efficiency [46].
herefore, this paper describes the application of heterogeneous
uthenium hydroxide catalysts in hydrogenating CO2 to create
ormic acid. The catalysts reported here show considerable activ-
ty and high selectivity and can be easily recycled by filtration or
entrifugation.

. Experimental

.1. Catalyst preparation

MgO with a higher specific surface area than the purchased
roduct was synthesized following the procedures outlined by Di
osimo and Apesteguía [47]. Activated carbon was treated in a
.1 mol L−1 KOH solution followed by a 0.1 mol L−1 HNO3 solution
nd washed with deionized water in order to remove the residual
sh on the surface. The sample was then dried at 393 K for 24 h and
tored in a desiccator. The �-Al2O3 was treated in deionized water
or 5 h, followed by drying at 393 K for 24 h. After the impregna-
ion, the dried material was subsequently calcined in an open-air
urnace at 823 K for 12 h.

Ruthenium hydroxide catalysts were prepared by modification
f the preparation of Ru(OH)3 [48]. 4.0 g �-Al2O3 was vigor-
usly stirred in an aqueous solution of RuCl3 (acquired from
ino-Platinum Metals Co. Ltd., analysis reagent grade) (100 mL,
.0 × 10−3 mol L−1) for 15 min at room temperature. The pH of the
olution was slowly adjusted to a constant value and the resul-
ant slurry was stirred for an additional 24 h. The solid was then
eparated by filtration and washed with a large amount of deion-
zed water in order to remove the chlorine ions. The resultant solid

aterial was dried at 393 K for 24 h and stored in a desiccator for
he following usage.
.2. Hydrogenation of carbon dioxide to formic acid

Hydrogenation of carbon dioxide to formic acid was carried out
n a 100-mL stainless steel autoclave with a magnetic stirrer. In a
160 (2011) 184–190 185

typical run, 5 mL of triethylamine, 0.1 mmol of ruthenium hydrox-
ide catalyst, and 15 mL of ethanol as solvent were placed in the
autoclave, followed by flushing with H2 three times to remove
air. The autoclave was heated by a mantle equipped with a tem-
perature controller to 353 K (unless otherwise specified) ensuring
temperature stabilization inside the autoclave. The reactor was
then pressurized by H2 to 5.0 MPa at the required temperature. The
mixture was stirred under these conditions for 5 min. Subsequently,
CO2 was introduced from a cooled (–5 ◦C) reservoir by a high pres-
sure liquid chromatography pump and up to a total pressure of
13.5 MPa, which was considered as the start of the reaction. After
the reaction (1 h), the autoclave was cooled in the ice water until the
pressure stabilized and then depressurized to ambient conditions.
Ethyl acetate (2 mL) was added in the mixture after the reaction as
an internal standard for the quantitative analysis of product.

The liquid mixture in the autoclave was analyzed by a Shimadzu
GC 8A gas chromatograph equipped with a propack Q column (Shi-
madzu, 2 m × 3 mm) and a thermal conductivity detector. The yield
is expressed as the turnover number (TON) of formic acid, which is
the moles of formic acid produced per mole of ruthenium used. The
gaseous samples were analyzed using an SP 3420 GC with a TDX-
01 column (Tianjin Chromatograph Company, 2.5 m × 3 mm) and
a thermal conductivity detector. The gaseous samples collected at
the reactor outlet are only CO2 and H2 and no other gas products
are produced.

2.3. Catalyst characterization

Fourier transform infrared (FTIR) spectroscopic measurements
were carried out on a Bruker VECTOR22 spectrometer with the
powdered catalysts pressed into a 10 mg cm−2 self-supporting
wafer. The scanning range was from 500 to 4000 cm−1 with a res-
olution of 4 cm−1.

X-ray photoelectron spectroscopy (XPS) was employed to
determine the surface composition and chemical state of the sur-
face ruthenium species. The measurements were made with a
Perkin–Elmer PHI 1600 ESCA system with Mg K˛ (1253.6 eV) radia-
tion as the excitation source. The sample was fixed to the specimen
holder with double-sided adhesive tape. To eliminate the charg-
ing effect, calibration of the binding energy was accomplished with
respect to the internal standard of the C1s peak (284.5 eV). The spec-
tra were obtained at room temperature under ultrahigh vacuum
(∼1.33 × 10−8 Pa).

Powder X-ray diffraction crystalline phases were determined
at room temperature on a Rigaku C/max-2500 diffractometer
equipped with a Cu K� radiation anode (� = 1.54056 Å, 40 kV and
200 mA). The intensity of the signal was measured by step scanning
over 2� with a scanning rate of 12◦ min−1 from 2� = 10–80◦.

Transmission electron microscope (TEM) analysis was per-
formed on a Philips Tecnai G2 F20, with the point and linear
resolution 0.248 and 0.102 nm, respectively. A small quantity of
the as-prepared �-Al2O3 supported 2.0 wt% ruthenium catalyst was
dispersed in ethanol and then onto copper grids in order to perform
detailed measurements. Energy-dispersive X-ray (EDX) analysis
was coupled to TEM observations to determine the surface com-
position of the catalyst.

3. Results and discussion

3.1. Fourier transform infrared spectroscopy
An FTIR spectrum represents a fingerprint of a sample with
absorption peaks that correspond to the vibrational frequencies of
the molecular bonds of the material. To determine the presence
of hydroxyl groups, and the relationship of catalytic activity and
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ig. 1. FTIR spectra of (a) activated carbon, (b) pure �-Al2O3 and (c) �-Al2O3 sup-
orted 2.0 wt% ruthenium catalyst.

nteraction between the ruthenium component with the hydroxyl
roups on the catalyst surfaces, MgO, activated carbon, �-Al2O3 and
-Al2O3 supported 2.0 wt% ruthenium were investigated by FTIR.
here are no hydroxyl groups on the MgO surface (not shown).
owever, as shown in Fig. 1(a), it can be seen that a few broad �(OH)
ands in the range 3100–3700 cm−1 attributed to free or quasi-free
urface hydroxyl groups are observed on the activated carbon. Sim-
larly, bands in the range 3100–3700 cm−1 can also be seen on both
ure �-Al2O3 and �-Al2O3 supported 2.0 wt% ruthenium catalyst as
hown in Fig. 1(b) and (c). Moreover, strong and broad characteris-
ic bands in the region 500–900 cm−1, which are attributed to the
tretching vibrations of a lattice of interlinked (condensed) tetra-
edral or vibrational molecules localized on the surface layer and
ost likely due to the deformation of surface hydroxyl groups, are

lso found [49]. This indicates that the main species on the surface
f pure �-Al2O3 and �-Al2O3 supported ruthenium are hydroxyl
roups. A sharp absorption band also appears around 1856 cm−1 on
he �-Al2O3 supported 2.0 wt% ruthenium catalyst, which indicates
he transformation of the surface-bound functional group after the
ddition of ruthenium. The appearance of a peak at 1856 cm−1,
hich is attributed to the vibration of ruthenium species, suggests

he interaction of hydroxyl groups with the ruthenium compo-
ent [50]. Therefore, we confirm that hydroxyl groups and Ru–OH
pecies are present on the surface of �-Al2O3 supported 2.0 wt%
uthenium. It is inferred that the hydroxyl groups have interacted
ith the active ruthenium component to promote the formation of

he ruthenium hydroxide species.

.2. X-ray photoelectron spectroscopy analysis

Spectra of the O1s peaks of �-Al2O3 supported 2.0 wt% ruthe-
ium catalyst are presented in Fig. 2(a), the peak of the catalyst at
binding energy of 531.1 eV is in agreement with the O1s bind-

ng energy of the hydroxyl species on the pure �-Al2O3 surface.
oreover, the ruthenium 3p3/2 peak of RuCl3·3H2O and �-Al2O3

upported 2.0 wt% ruthenium catalyst is at binding energies of
63.3 and 462.3 eV, respectively, as shown in Fig. 3. It is inferred
hat the binding energy of Ru3+ 3p3/2 shifting towards a lower value
ould be caused by the interaction of the active ruthenium compo-

ents with the species on the �-Al2O3 surface. It is evident that the
ctive ruthenium components interact with the hydroxyl groups on
he surface. However, for the �-Al2O3 supported 6.0 wt% ruthenium
atalyst, we observed a broad spectrum (Fig. 2(b)). A deconvolution
f the spectrum produces two peaks located at binding energies of
Fig. 2. XPS spectra of the O1s peaks of (a) �-Al2O3 supported 2.0 wt% ruthenium
catalyst and (b) 6.0 wt% ruthenium catalyst.

531.1 eV (hydroxyl) and 528.5 eV, respectively. The peak at 528.5 eV
is assigned to the crystal [O] species on the surface, which is formed
with high ruthenium loading.

3.3. X-ray powder diffraction analysis

XRD patterns of the �-Al2O3 supported ruthenium catalysts
with different ruthenium concentrations are shown in Fig. 4(a). For
2 wt% ruthenium, the characteristic peaks at 2� = 28.0◦, 35.1◦, 40.0◦

and 54.3◦ are consistent with those of �-Al2O3, and no feature of
crystalline ruthenium dioxide (RuO2) is observed. This indicates
that active ruthenium species are highly dispersed on the �-Al2O3
support material and that the fine interaction occurred between
the ruthenium components and �-Al2O3. However, characteristic
peaks of crystalline ruthenium dioxide emerged when the ruthe-
nium loading was up to 4.0 wt%. This observation, combined with
the results shown in Fig. 3, suggests that the formation of crys-
talline RuO2, but not the hydroxide ruthenium species, is more
favorable with a relatively high ruthenium loading. It is inferred

that the impregnated ruthenium components could interact pref-
erentially with hydroxyl groups on the �-Al2O3 surface and that
the redundant ruthenium components would interact with [O] to
form crystalline RuO2, which is in agreement with the XPS results.
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ig. 3. XPS survey Mg K� photoelectron spectra of the (a) pure RuCl3·3H2O and (b)
-Al2O3 supported 2.0 wt% ruthenium catalysts.

The pH of the precursor solution for the supported ruthenium
atalyst also affects the structure of ruthenium species on the sur-
ace. XRD patterns in Fig. 4(b) were obtained for �-Al2O3 supported
uthenium catalysts prepared with various values of pH. In a low
H solution, characteristic diffraction peaks are nearly the same as
hose of the �-Al2O3, and no features from either ruthenium metal
r RuO2 are observed. However, characteristic peaks of crystalline
uO2 appear when the pH of the preparation solution is higher than
3. The relatively high pH of the preparation solution could lead to
he formation of crystalline RuO2 on the surface of the catalyst.

.4. Transmission electron microscope analysis

Particles of ruthenium metal or RuO2 were not detected on a

-Al2O3 supported 2.0 wt% ruthenium catalyst by TEM as shown in
ig. 5(a). However, EDX analysis shows that ruthenium, aluminium,
opper, oxygen and carbon are present on the surface of the catalyst
s shown in Fig. 5(b). These results further reveal that ruthenium
ydroxide is highly dispersed in an amorphous form on �-Al2O3
Fig. 4. XRD spectra of (a) �-Al2O3 supported catalyst with different amounts of
ruthenium loading. A – 2.0 wt%, B – 4.0 wt%, C – 6.0 wt% and (b) �-Al2O3 supported
2.0 wt% ruthenium catalysts with different pH value of preparation solution. A –
PH = 12.8, B – PH = 13, C – PH = 13.2.

supported 2.0 wt% ruthenium catalyst which, as will be discussed,
is favorable for CO2 hydrogenation to formic acid.

3.5. Performance of hydroxide ruthenium catalysts

3.5.1. Effect of support
The basic role of an appropriate support is to maintain the cat-

alytic active phase in a highly dispersed state. However, it is found
that the support may also contribute to the catalytic activity and
react with other catalytic components during preparation. In our
case, as mentioned earlier, the presence of the base is crucial for
favorable thermodynamics, and a stoichiometric amount of base
to improve the rate of the hydrogenation of CO2 to formic acid is

usually required. Previous studies indicate that in a supercritical
system, the yield of formic acid reaches a high value in the presence
of triethylamine (with an optimized pKa of conjugate acid between
8 and 12), whereas no formic acid is obtained in the absence of a
base [1,14,26]. However, after the reaction, the base has to be neu-
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Fig. 5. (a) TEM photographs and (b) EDX analysis of cata

ralized by a strong acid to yield formic acid (pKa ∼ 3.6), and the
eparation of catalysts and organic base is fairly complicated [51].
herefore, MgO with strong basic sites was used as a support in
his study, so that this heterogeneous catalytic system could make
he separation of products from catalysts relatively easy. Unfortu-
ately, no formic acid was obtained on the MgO-based ruthenium
atalyst as shown in Table 1. The invalidation of MgO as the sup-
ort might be due to its relatively strong basic characteristic. Active
uthenium species could become inactive in the presence of MgO,
hich has a very high pH, and are thus incapable of promoting the

eaction. As shown in Fig. 4(b) (Curve C), the high pH of the solution
auses the formation of crystalline RuO2 on the surface of the cata-
yst, leading to poor catalytic activity. On the other hand, no formic
cid was formed on MgO, possibly due to the absence of hydroxyl
roups on the surface (not shown). Therefore, we have attempted
o find a suitable support with abundant hydroxyl groups on the
urface.

Activated carbon attracts our attention as a support because it
orms oxygen-bonded surface groups, including quinine, carboxyl,
nd hydroxyl groups [52]. Moreover, the hydroxyl groups on the
ctivated surface facilitate the adsorption of CO2, and the adsorp-
ion capability increases with the increase of the concentration
f hydroxyl groups [53]. Therefore, immobilizing more hydroxyl
roups on an activated carbon-based ruthenium catalyst may be
avorable for the formation of formic acid. As expected, activated
arbon supported ruthenium catalyst with few hydroxyl groups as
ndicated in Fig. 1(a) is active for the hydrogenation of CO2 to formic
cid, which indicates that hydroxyl groups on the surface play an
mportant role in the catalytic reaction. Ten TON of formic acid is
btained under the reaction conditions as listed in Table 1.

�-Al2O3 is another important catalytic material that is fre-
uently used in the automotive and petroleum industries [54].
he most attractive feature of �-Al2O3 is the abundant hydroxyl

roups on the surface. The form of these surface hydroxyl groups
s quite complex, and this has been determined by means of FTIR
nd nuclear magnetic resonance spectroscopy [49]. The effect of
he �-Al2O3 supported ruthenium catalysts on the catalytic per-

able 1
ffect of supports on the catalytic performance of catalystsa for the hydrogenation
f CO2 to formic acid.b.

Support TON of formic acid Yield of formic acid (mmol)

MgO 0 0
Activated Carbon 10 1.0
Al2O3 91 9.1

a 0.1 mmol 2.0 wt% Ru catalyst.
b Reaction condition: temperature 353 K, 5 MPa of H2, total pressure 13.5 MPa,
mL N(C2H5)3, 15 mL EtOH, stirring rate 250 rpm, reaction time 1 h.
article of �-Al2O3 supported 2.0 wt% ruthenium catalyst.

formance is shown in Table 1. The yield of formic acid is much
higher with �-Al2O3 as the support compared to activated carbon.
This is likely due to the greater number of hydroxyl groups on the
surface, which favors the formation of hydroxide ruthenium to pro-
mote the hydrogenation of CO2. Therefore, we chose �-Al2O3 as a
support for the preparation of a ruthenium hydroxide catalyst, of
which physicochemical properties have been investigated in detail.
We have screened the activity of pure activated carbon or �-Al2O3
(i.e., no ruthenium loading), and the results revealed that no formic
acid was formed under the same reaction conditions. Therefore, we
consider that the ruthenium species, the active species in promot-
ing formic acid formation, can be correlated to their interactions
with the hydroxyl groups to form the active hydroxide ruthenium
species.

3.5.2. Effect of the titration solvent and pH of the preparation
solution

As mentioned above, the introduction of the strongly donating
hydroxyl groups is expected to improve the catalytic performance
in the hydrogenation of CO2 to formic acid in a KOH solution [46].
In order to test this hypothesis and to further verify that the high
hydrogenation rate on �-Al2O3 is ascribed to the abundant hydroxyl
groups on the surface, NH3·H2O and NaOH solution were used as
the titration solvent to control the pH during preparation of the
catalyst. Considering that the dissociation of NH3·H2O in solution is
a process in dynamic equilibrium, self-dissociation was expected to
produce more hydroxyl groups to form ruthenium hydroxide than
that of sodium hydroxide (NaOH). As expected, the catalyst with
NH3·H2O as the titration solvent is more favorable for the yield of
formic acid. The TON of formic acid is increased from 91 to 116
when the pH of the solution is 12.

The influence of pH of the preparation solution from 12 to 13.2
on the performance of �-Al2O3 supported ruthenium catalyst is
shown in Fig. 6. The TON of formic acid first increases with the
increase of pH of the solution and thereafter sharply decreases
when the pH increases. The results suggest that the base titration
is required for the effective loading of the active component to pre-
pare the highly active ruthenium hydroxide catalyst. Low pH was
unfavorable for the interaction of ruthenium with hydroxyl groups
on �-Al2O3, leading to the decrease of reactivity. The optimal TON of
formic acid of 139 was observed over the �-Al2O3 supported ruthe-
nium catalyst prepared at a pH of 12.8, and the TON decreased to
91 and 32 at a pH of 13 and 13.2, respectively. The appearance of

crystalline RuO2 on the catalyst prepared in the solution with pH
13.2, as shown in Fig. 4(b) (curve C), suggests that the higher pH
of the preparation solution is unfavorable. In addition, the catalyst
prepared in the solution with pH 13 possible has caused a small
amount of RuO2 and results in the negligible signals in XRD charac-
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Fig. 6. Effect of pH value of catalyst preparation solution on the catalytic perfor-
mance for the hydrogenation of CO2 to formic acid. Conditions: 0.1 mmol Ru/Al2O3

catalyst, 5 MPa of H2, total pressure 13.5 MPa, 5 mL N(C2H5)3, 15 mL EtOH, stirring
rate 250 rpm, reaction time 1 h.
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ig. 7. Effect of ruthenium loading on the catalytic performance for the hydrogena-
ion of CO2 to formic acid. Conditions: 0.1 mmol Ru/Al2O3 catalyst, 5 MPa of H2, total
ressure 13.5 MPa, 5 mL N(C2H5)3, 15 mL EtOH, stirring rate 250 rpm, reaction time
h.

erization. However, this catalyst has started inducing the decrease
f reactivity as shown in Fig. 6.

.5.3. Effect of ruthenium loading
Fig. 7 shows the influence of ruthenium loading on the cat-

lytic performance of the �-Al2O3 supported ruthenium catalysts
f 1.0–6.0 wt%. The TON of formic acid increases gradually with the
ncrease of the ruthenium loading, followed by a steep decrease
fter 2.0 wt% ruthenium. Therefore, 2.0 wt% was considered to be
he optimized ruthenium loading for the hydrogenation of CO2,
esulting in 90 TON of formic acid. A low ruthenium loading with

ewer active sites is not sufficient for the effective hydrogena-
ion of CO2 to formic acid, and a negative effect was observed
hen the ruthenium loading was beyond a critical value. Crys-

alline RuO2 species are formed when the ruthenium loading is
bove 2.0 wt%, further suggesting that the finely dispersed ruthe-
Fig. 8. Effect of reaction temperature on the catalytic performance for the hydro-
genation of CO2 to formic acid. Conditions: 0.1 mmol 2.0 wt% Ru/Al2O3 catalyst,
5 MPa of H2, total pressure 13.5 MPa, 5 mL N(C2H5)3, 15 mL EtOH, stirring rate
250 rpm, reaction time 1 h.

nium species on the �-Al2O3 surface are active species which yield
formic acid.

3.5.4. Effect of reaction temperature
The influence of reaction temperature, ranging from 50 to

100 ◦C, on the performance of the �-Al2O3 supported ruthenium
catalyst is shown in Fig. 8. The optimal TON of formic acid was
observed at 80 ◦C. At temperatures lower than 80 ◦C, the yields are
low because the chemical adsorption and activation of reactants are
unfavorable at low temperatures. With higher temperatures, the
average kinetic energy of the reactants increases and the diffusion
barrier is overcome. The reaction rate decreases as the tempera-
ture increases above 80 ◦C; for example, the TON of formic acid
is 20 at 100 ◦C. This could be due to the reduced solvability of
H2 in CO2. We also note that hydrogenation of CO2, which forms
formic acid, is an exothermic reaction, which is unfavorable at high
temperature.

3.6. A plausible catalytic scheme

Based on theoretical and experimental studies [29–38,55], diva-
lent transition metal species are the active components in the
catalytic cycle. In the case of ruthenium complex, insertion of CO2 to
the metal hydride to generate a metal formate complex or a metal
carboxylic acid is always considered as the rate-determined step.
Moreover, in the presence of ruthenium complexes under acidic
conditions in water, [Ru−OH2]2+ is suggested as the initial concen-
tration of the ruthenium–water complex, which is subsequently
hydrogenated to the ruthenium hydride species. According to the
above results and discussion in this paper, it is obvious that the
presence of hydroxyl groups on the catalysts is enormously impor-
tant for the formation of formic acid. Thus, a plausible catalytic
scheme for the hydrogenation of CO2 to formic acid over hydrox-
ide ruthenium catalyst was proposed, as described in Scheme 1.
The Ru–OH species 1 is considered as the initial active ruthenium
species of the �-Al2O3 supported ruthenium catalyst. It is subse-

quently hydrogenated to the ruthenium hydride species 2 (partially
based on our observation that high yield could be obtained if H2 is
firstly injected and retained for 30 min in the reactor). Then, CO2
is inserted into the ruthenium hydride bond to generate the metal
formate complex 3. Simultaneously, the formic acid is observed and
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cheme 1. A plausible catalytic scheme of hydrogenation for the CO2 on the hydrox-
de ruthenium catalyst.

he Ru–OH is regenerated as the initial active species for the next
atalytic cycle.

. Conclusion

The chemical properties of heterogeneous ruthenium-based
atalysts were investigated by FTIR, XPS, XRD and TEM and the
esults show that the hydroxide–ruthenium species was formed
rom the interaction of ruthenium and hydroxyl groups. The effects
f experimental variables have been investigated and the optimized
onditions include 2.0 wt% ruthenium loading, pH 12.8, NH3·H2O
s a titration solvent, reaction temperature 80 ◦C, stirring rate
00 rpm, and total pressure 13.5 MPa with H2 pressure 5 MPa. It has
een shown that the interaction between active ruthenium compo-
ents with hydroxyl groups through formation of Ru–OH species as
he active species is crucial for the reaction. Formation of crystalline
uO2 species at high ruthenium loading and pH of the catalyst leads
o lower catalytic activity.
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