RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 7

RSC Advances

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

RSC Advances

L SOCIETY
CHEMISTRY

Preparing acid-resistant Ru-based catalysts by carbothermal
reduction for hydrogenation of itaconic acid

Qiangian Huang®, Weigiang Yu*?, Rui Lu®®, Fang Lu®, Jin Gao®, Hong Miao® and Jie Xu*®

Catalytic conversion and application of bio-based platform chemicals is of great significance. Itaconic acid, one of abundant
and renewable bio-based platform chemicals, could be hydrogenated to produce methylsuccinic acid, which has important
prospects in pharmaceutical synthesis. Traditional catalysts run the risks of being corroded, leached and deactivated

acid reaction environment, and the stability of catalysts meets great challenge. Carbothermal reduction was employed t~
prepare stable ruthenium-based catalysts, and results confirmed that CO generated in situ functioned as an efficient
reducing species in carbothermal reduction process. The catalysts were applied for hydrogenation of itaconic acid, which
showed good stability and resistance to acid with no obvious loss of activity and less leaching in recycling tests comparec
to hydrogen reduced samples which exhibited apparent decrease of 22% in conversion of itaconic acid. Carbothermal
reduced catalysts could remain 99% conversion and 99% selectivity of methylsuccinic acid, and maintained good stability

and acid-resistance in higher temperature and longer reaction time.

Introduction

Itaconic acid, one of abundant bio-based platform chemicals,
is an important renewable unsaturated organic acid that can
be easily obtained by fermentation of biomass-derived
carbohydrates.l’2 It has great potentials as a key substrate to
produce methylsuccinic acid through hydrogenation, which
has chirality and extensive applications in organic synthesis
especially for pharmaceutical synthesis.3’4

Direct hydrogenation of unsaturated organic acids to
produce saturated carboxylic acids is a much essential and
significant reaction, which has been studied extensively.l’ >
Homogeneous metal catalysts are widely applied affording
good catalytic performance.6 However, costs of metal
complexes and challenge to be recovered and reused, make it
difficult to meet the needs of application. While using
heterogeneous metal catalysts could be alternative for
avoiding these problems.%9 Nevertheless, there is an
important issue that the stability of catalysts is hard to
guarantee in the acid reaction environment. This may be
resulted from acid corroding and leaching of active component,
1011 Developing stable
heterogeneous catalytic systems with good resistance to acid

which leads to deactivation of catalysts.

has gained lots of attentions and became a key issue for direct

®State Key Laboratory of Catalysis, Dalian Institute of Chemical Physics, Chinese
Academy of Sciences, Dalian National Laboratory for Clean Energy, Dalian,
116023, P. R. China. E-mail: xujie@dicp.ac.cn; yuweigiang@dicp.ac.cn; Fax: +86-
411-8437-9245; Tel: +86-411-8437-9245

b University of Chinese Academy of Sciences, Beijing 100049, P. R. China.

Electronic Supplementary Information (ESI) available: Details of the synthesis and

characterization of the materials and calculation methods of experiments. See

DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 2015

hydrogenation of organic acids. Liu et al prepared silica-
supported Pt complex for hydrogenation of itaconic acid,
which showed about 90% of product yields. The yields were
affected by the number of used times and decreased by 9% in
the fourth time." Catalysts Rh-BPPM and Ru-BINAF
heterogenised on hexagonal mesoporous silicas
prepared for hydrogenation of itaconic acid in Jamis’s work.
The catalysts showed more than 10% loss of activity in three
recycling times.” * This trend of catalyst activity during
recovery and reuse is consistent with that observed in
numbers of reports.ls'17 It is notable and essential to develop
heterogeneous catalysts with good acid-resistance for
hydrogenation of organic acid.

Carbothermal reduction provides an opportunity of novel
potential methods for preparing highly efficient and stable
catalysts in recent reports.m’"20 Catalysts prepared by this
method have an uniform dispersion of nanoparticles, whick
resulting in higher catalytic activity.21'23 More importantly, the
stability of these catalysts is studied with remarkable results of
recycling tests such as negligible loss of activity, ignorable
leaching and lack of aggregation.24 Su et al prepared Ru
catalysts supported on carbon substrates by therma':-
reduction method, and these highly active catalysts showec
good stabilities for the hydrogenation of monoaromatic.” 2
The carbothermal reduction process is complex and has mu. °
importance with the reduction of metal species, the
interaction between metal and supports, the stability and so
on. A further research of this process could help to a beti :r
understanding of carbothermal reduction with its influence. In,
the work of Su et al, it was observed that carbon speci s
played a vital role in the reduction and formation of Ru-carbc
contact in the reduction process, which may anchor ar .

were
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immobilize the Ru particles.26 Yang et al prepared cobalt-based
catalysts via carbothermal reduction, and they proposed that
the diffused oxygen atoms could react with the carbon
supports yielding CO. 27 Z\we had prepared Ni/AC catalysts
with carbothermal reduction method and applied in the
hydrogenolysis of lignin model compound. We considered that
nickel nitrate was decomposed and then reduced to metallic
Ni with oxidization of carbon to CO, in carbothermal reduction
process.zg’ 0t s noteworthy that there is a common
phenomenon that CO was discovered in the reduction process,
but the function of CO was rarely researched. As well, this
process has not been tracked in situ, and the participated or
the dominant reducing species with its specific function
remain unclear.

In the present study, carbothermal reduction was employed
to prepare stable ruthenium based catalysts for hydrogenation
of itaconic acid. The catalytic performance and acid-resistance
of carbothermal reduced Ru-based catalysts were tested
compared with hydrogen reduced ones. The intermediate
carbon contained species — CO released in situ were detected
in the carbothermal reduction process. And the function of this
efficient reducing agent was verified as well. Stability and
resistance to acid of carbothermal reduced Ru-based catalysts
was discussed with the possible postulation associated with
the function of CO generated in situ.

Experimental
Catalysts preparation

5 wt% Ru based catalysts were prepared by the incipient
wetness impregnation method. RuCl; (Shenyang Nonferrous
Metal Research Institute) was dissolved in deionised water,
and then activated carbon (AC, coconut shell, 80—100 mesh,
Aladdin Industrial Inc. ) was added into the above solution
under stirring. The above sample was treated by ultrasound
for 3 minutes before impregnating for 24 h, after then the
slurry was dried in oven at 110 °C overnight in air atmosphere.
This sample was named as Ru(Cl)/AC. And then the sample was
treated at a desired temperature of 250 °C, 350 °C and 450 °C
in inert atmosphere such as N,, He, or Ar, and then kept for 3 h,
that is carbothermal reduction process. Such samples were
named as Ru/AC-C-250, Ru/AC-C-350, Ru/AC-C-450 for
example. In general, Ru(Cl)/AC carbothermal reduced at 450 °C
in N, was marked shortly as Ru/AC-C, and that reduced in H,
via the same temperature program was marked as Ru/AC-H.
AC calcined at 900 °C in N, for 3 h was marked as AC900. AC
physically mixed with fumed SiO, (Aladdin Industrial Inc.) by
the molar ratio of 1:9 was marked as AC+SiO,. Ru(Cl)/AC900,
Ru(Cl)/SiO, and Ru(Cl)/(AC+SiO,) were prepared as same as
Ru(Cl)/AC.

Catalysts characterization

Texture properties achieved from Nitrogen adsorption-
desorption experiments conducted at -196 °C on
Quantachrome Autosorb-1. The samples were outgassed at
300 °C for over 6 h before measurement. The surface area was
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obtained using the Brunauer-Emmett-Teller (BET) model for
adsorption data in relative pressure range of 0.05 to 0.30. Ar -
the total pore volume was obtained at P/Po = 0.99 while the
micropore volume and mesopore volume were calculated by
HK and BJH method respectively. X-ray diffraction (XRD]
patterns were investigated on a Rigaku D/Max 2500PC
diffractometer with Cu-Ka radiation (A= 1.5418\) at a scan
rate of 5° min™* from 10° to 85° (26) at 40 kV/200 mA. Surface
morphology of catalysts was determined by transmission
electron microscopy (TEM) with a JEM-2000EX microscope
operated at 120 kV. The surface chemical analysis was
performed with X-ray photoelectron spectroscopy (XPS) on &
Thermo ESCALAB 250Xi spectrometer by using AlKa radiatior
(E,w= 1486.6 eV) operated at 15 kV and 10.8 mA as the
excitation source. Content of Ru were measured or
PerkinElmer ICP-OES 7300DV and calculated by average of two
parallel samples.

The reduction process and property profiles of the catalys .
were measured by temperature-programmed reduction (TPR)
with hydrogen, carbon monoxide and inert gas performed or -~
Micromeritics Auto Chem Il 2920 Chemisorption Analyzer witk
both thermal conductivity detector (TCD) and mass
spectrometry detector (MS). The catalyst samples were first
pretreated at 200 °C in argon flow to drive away the moistu:-
and impurities. Afterwards, H,/Ar or CO/He or He gas stream
(25 cm3/min) was switched on and the temperature was raisec
from 50 to 800 °C. In situ chemical absorbing and analyzing of
the gas released in the reduction process was designed using
chemical absorption reagent and titration methods (shown ir
Scheme S1).

Catalytic hydrogenation of itaconic acid

Catalytic reaction was performed in a 50 mL autoclave (T31F
Stainless Steel, Parr Instrument) equipped with an electronic
temperature controller and a magnetic stirrer. In a typical
reaction, 6 wt% itaconic acid aqueous solution and reduced
catalyst with a desired molar ratio were introduced into the
reactor, which then was purged several times with high pure
H, and subsequentlypressurized up to 10-30 bar H, after
sealing. It was heated to 50-100 °C and kept for 0.5-1 h with ¢
vigorous stirring. As soon as the reaction stopped, the
autoclave was cooled to room temperature in cold water bath.

The products were collected and analyzed by HPLC (Waters
e2695) equipped with an UV/visible detector (Waters 2489,
and a refractive index detector (Waters 2414). Itaconic acic
and methylsuccinic acid were analysed using Waters Atlantis
T3 column at 35 °C, and 0.013 mol/L H3PO, aqueous soluti
mixed with 15% methanol was used as the mobile phase with
a flow rate of 0.5 mL/min. The RID temperature was 30 °C and
the UV wavelength was 210 nm. The itaconic acid conversic
and the selectivity of methylsuccinic acid were calculated by
the formulas through the internal standard calibration curves
(Shown in S4).

Results and discussion

This journal is © The Royal Society of Chemistry 2015
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Characteristics and properties of prepared catalysts

Textural characteristics of supports and catalysts were
evaluated from nitrogen adsorption-desorption measurements
and the results listed in Table 1. A high BET surface area about
1130 m?/gaccompanied with the total volume of 0.60 cm’/g
were obtained for AC sample. While the sample Ru(Cl)/AC had
a much lower BET surface area and a smaller total pore volume,
due to the blockage of some pores by the metal precursor
ruthenium trichloride hydrate solution impregnated on AC.
However, Ru/AC-C and Ru/AC-H samples had similar high BET
surface area around 1080 mz/g, which were a little less than
that of supports but much better than Ru(Cl)/AC as a
consequence of the metal precursor reduced and the blockage
removed. In addition, it was notable that Ru/AC-C had a total
pore volume of 0.70 cm3/g, which was larger than others. That
could be proposed as a result of reduction of metal species in
or on the pores combined with loss of carbon species during
the carbothermal reduction process. As a consequence,
numbers of micropores were changed to large pores which
made the total pore volume higher than that of AC and Ru/AC-H
(shown in Table S1).

Carbothermal reduced and hydrogen reduced Samples were
also investigated by TEM shown in Fig. 1. A phenomenon was
obviously noted that particles were homogeneously
distributed and average size was around 1.0 nm in both
samples. The much small average particle size in the samples
was probably due to the large surface area and abundant
micropores of the supports conformed to the results in Table 1.
Therefore it was supposed that carbothermal reduction has a
little influence on the particle distribution and the average size
at this temperature compared to the hydrogen reduced ones
with the same supports.

The XRD patterns of catalysts reduced by different methods

Table 1 Comparison of Physical property for different samples

Sample Sgsr Total Pori Volume
(m“/g) (em?/g)
AC 1130 0.60
Ru(Cl)/AC 842 0.54
Ru/AC-C 1080 0.70
Ru/AC-H 1090 0.62

Fig. 1 TEM images of (a) Ru/AC-C and (b) Ru/AC-H.

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Powder XRD patterns of Ru/AC-H and Ru/AC-C.

were shown in Fig. 2. The wide peak around 28 of 25° was
associated with the amorphous structure of activated carbc-
The diffraction peaks at 28 of 38.4°, 44.0° were attributed tc
Ru(100) and Ru(101) crystal planes (ICDD-JCPDS card No. 06-
0663), while no peaks characteristic of ruthenium oxide
appeared in the curves. Both Ru/AC-C and Ru/AC-H profile-
showed the emergence of broad and poor diffraction peaks
around 44° suggesting that Ru species supported on AC were
reduced into metallic Ru in inert non-reducible atmosphere
such as N, or He as well as reducible atmosphere H, at 450°C.
This fact was consistent with the result of MS spectrum of H,-
TPR tests (Fig. S2). Besides, the broad diffraction peak of Ru
(101) was perhaps due to uniformly distributed smal
Ruparticles associating with TEM images (Fig. 1).

In situ generation and function of CO in carbothermal reduction
process

The carbothermal reduction of Ru/AC at different
temperatures was studied by H,-TPR with both TCD and MS as
detectors, and the profiles were shown in Fig. 3. There were
two peaks around 180 °C and 230 °C in the TPR curves for
Ru(Cl)/AC sample, which were attributed to reduction peaks of
Ru species.g'l’33 For Ru/AC-C-250 sample, the reduction peaks
still appeared in the TPR curves, which meant that Ru species
have not reduced to metallic Ru at that treating temperature.
While for Ru/AC-C-350 and Ru/AC-C-450 samples, there were
no apparent peaks appeared, indicating that Ru species hac
been carbothermal reduced completely. All the curves began
to increase slowly at high temperature, which was related -
gasification of carbon in H, catalysed by Ru species.34 Thus, it
was reasonable to conclude that the carbothermal reduction
process could not occurred entirely below 250 °C, and |.
species were completely reduced into Ru® when carbothermal
reduction temperature was above 350 °C.

It was known that carbon species played a vital role in t e
reduction of metal species at high temperature,26 however,
the major reducing agent and its specific function were n .t
confirmed yet. Hence, to better understand the carbothermc..
reduction, experiments of in situ monitoring and analyzing
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Fig. 3 H,-TPR profiles of Ru(Cl)/AC sample and Ru/AC-C
samples which were carbothermal reduced at 250, 350, 450
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were developed. 1) Carbothermal reduction of Ru/AC was
carried out in inert atmosphere He on the chemical adsorption
instrument with MS detector; after then H,-TPR was
subsequently conducted to investigate the degree of reduction,
and the results were shown in Fig. 4. 2) In situ chemical
absorbing and analyzing the gas released in the reduction
process was designed using chemical absorption reagent and
titration methods (shown in Scheme S1 and Table S2), and the
results of produced CO, were presented in Table 2.

In experiment 1 of carbothermal reduction process, MS
detector monitored two kinds of gases, whose m/z were 28, 44
attributed to CO and CO, respectively (as shown in Fig. 4). In
the subsequent H,-TPR test, no apparent peak appeared in
each signal curve, including m/z of 28, 44 and 2 (which
represent H,). This result indicated that Ru species were totally
reduced into metallic Ru in the former carbothermal reduction
process. Released CO, and CO were probably produced from
the oxided Ru precursors and surface oxygen-containing
groups of activated carbon via REDOX reaction. RuCl; could be
oxidized and decomposed easily, and transformed into
ruthenium oxides and ruthenium oxychlorides or other Ru
species when exposed or heated in air.>¥* Ru(Cl)/AC and dried
RuCl; were performed with XPS to investigate chemical states
of Ru species. The spectra in the vicinity of the Ru3d and Ru3p
peaks of these samples confirmed that there were RuCl;-xH,0
and RuO, formed in Ru(Cl)/AC (Details in S2.4, XPS spectra was
shown in Fig. S3). Besides, it has been reported that surface
oxygen-containing groups existed on activated carbon, and
amounts of CO and CO, could be released in high temperature
treatments.®*?". In conclusion, it can be inferred that the
oxided Ru precursors and the surface oxygen-containing group
of activated carbon, both were kinds of oxygen resource in the
formation of CO for reduction of Ru species.

It could be learned from the profiles that CO, were detected
from 150 °C with a gradually trend of first increasing and then
decreasing, while CO appeared after 350 °C. Combined with

RSC Adv.
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Fig. 4 MS spectra of carbothermal reduction process «
Ru(Cl)/AC in He, with subsequent H,-TPR conducted on th~
chemical adsorption instrument with MS detector, and m/z of
28, 44 and 2 represent CO, CO,, H, respectively.

the H,-TPR profiles (Fig. 3), Ru species couldn’t be
carbothermal reduced completely below 350 °C. That means
only when the extra released CO start to be detected (arouna
350 °C), the reduction reactions appeared to be completed.
According to the previous literature, CO is an efficient reducing
agent for metal.®® *°

was much more

Moreover, the amount of released CC
than CO, during the temperature
programmed desorption of activated carbon and carbon
supported catalysts.37‘ “° 1t could be speculated that CO
released below 350 °C participated in the reduction of Ru
species, low
temperature. As the reduction process progressed, the exti.

which helped to the produce of CO, at

released CO was detected while the amount of CO, decreased.

Results of experiment 2 also showed that there were
amounts of CO, released from both supports and catalysts
displayed in Table 2. When calculated from the reduction
reaction equations of Ru(®@ ) to Ru®, double CO, were
produced when CO was the reducing species compared tc
carbon reducing Ru(®@ ) (see thetheoretical value of CO, in
Table 2). The amounts of CO, calculated from the absorbing

Table 2 Amounts of CO, produced in carbothermal reduction

Theoretical value of CO,°

(mmol/g) Measured value

Sample of COZb
Cas CO as (mmol/g)
reductant reductant
Ru(Cl)/AC 0.32 0.63 0.56
Ru(Cl)/AC900 0.32 0.64 0.54

a: Amounts of CO, calculated from the reduction reactior
equations of Ru(Ill) to metallic Ru with C or CO as reducit 3
species respectively.

b: Amounts of CO, produced in reduction calculated from tt 2
absorption experiments in the carbotherma.
reduction process. (Details in S2)

chemical

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 In-situ TPR profiles of the reduction process: (a)
Ru(Cl)/SiO, reduced in 10% CO-He gas mixture; (b) Ru(Cl)/AC
carbothermal reduced in He; (c) Ru(Cl)/(AC+SiO,) reduced in
He.

experiments were much more than that from supports (shown
in Table S2), indicating that extra amounts of CO, were
produced by the carbothermal reduction reaction. Apart from
the amounts of CO, from supports, the extra parts of CO,(that
is the measured value of CO,), were close to CO, produced by
CO reducing trivalent ruthenium. From the above experiments
results, we proposed that CO released in situ functioned as a
reducing agent in the carbothermal reduction reaction of Ru
species to metallic Ru. And extra CO may act as ligands
adsorbed on the supports with the left unsaturated carbon
atoms contacted with metallic Ru, which probably help to form
stable particles.

To further understand the function of CO participated in the
reduction reaction, another experiment was designed. Non-
carbon catalysts Ru(Cl)/SiO, reduced by CO and carbon mixed
catalysts  Ru(Cl)/(AC+SiO,) thermal reduced in inert
atmosphere were explored and tested in the TPR experiment.

ARTICLE

The profiles were shown in Fig. 5. For Ru(Cl)/SiO,, there was an
obvious peak around 370 °C (Fig. 5a), which could k-
attributed to the CO reduction peak. For Ru(Cl)/(AC+SiO,), a
same reduction peak emerged as well below 450 °C (Fig. 5¢)
The results were similar to caborthermal reduction process f
Ru(Cl)/AC (Fig. 5b). This phenomenon can infer that new CC
produced in situ reduced Ru species into metallic Ru.

According to the above results, a possible mechanism for
carbothermal reduction of Ru(Cl)/AC was proposed in Scheme
1. Ru precursor was first impregnated on AC support, and after
dried in air at 110 °C, the precursor changed into Ru species
including ruthenium oxides and chloride oxides.*™® Then in
the inert atmosphere, the carbothermal reduction of the
samples took place as temperature increased. At the beginning
of the reduction, amounts of CO, and CO were produced from
Ru precursor and surface oxygen-containing groups of
activated carbon. Meanwhile the Ru species were reduced ..
situ by released CO gradually resulting in formation of flat ar -
uniform particles. Afterwards more CO were released which
completely reduced Ru species to fresh metallic Ru. During t-~
carbothemal reduction, Ru atoms may be contacted with
adsorbed CO and the unsaturated carbon atoms, and then
rearranged into a novel tight stable configuration maintainea
uniform morphology of homogeneously dispersion.

Catalytic performance in hydrogenation of itaconic acid

Hydrogenation of itaconic acid with carbothermal reduced
Ru based catalysts was carried out in stainless autoclave at 5C
°C for 0.5 h with 10 bar initial pressure of H,, and recycled nine
times. As a contrast, their analogues reduced by hydrogen
were also tested. Both catalysts were reduced at 450 °C. The
results were presented in Fig. 6. Ru/AC-H showed higher
catalytic activity as the conversion reached 75.4% at the first
time. However, the conversion had dramatically droppeu
down to 64.5% in the fourth time and then decreased to 53.0%
at the ninth time. The selectivity of methylsuccinic acid was
maintained above 95.0%. Comparatively, fresh Ru/AC-C
samples got 51.2% of conversion in the first reaction, and
showed a little fluctuation around an average percent of 51%
during the nine recycling times, and then reached to 47.8% ai
the last time respectively. It also had an excellent selectivity of

Ru(CI)/AC

RuCl3.xH,0

Stable nanoparticles

Gas releasing

N

Carbothermal Reduction

Scheme 1 The proposed schematic diagram for the carbothermal reduction process of Ru(Cl)/AC catalysts.

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Comparison of catalyst resistance to acid for Ru/AC-C
and Ru/AC-H in hydrogenation of itaconic acid.

Reaction conditions: 20 g 6 wt% itaconic acid aqueous
solution, 0.1 g 5 wt% Ru catalysts, 10 bar initial pressure of H,,
50 °C, 0.5 h.

methylsuccinic acid with an average percent of 97.6%.
Obviously, for the selectivity of methylsuccinic acid, there was
no apparent difference in both samples. Ru/AC-C showed
much little change on itaconic acid conversion with a
difference of 3.4% while Ru/AC-H turned out to be a
precipitous decline with a loss of 22.4% in nine times. It could
be concluded that carbothermal reduced catalysts exhibited
much better stability than hydrogen reduced ones.

It was known that catalytic activity generally was associated
with the particle size related to the available amounts of active
metal atoms. Ru/AC-H showed a little higher catalytic activity
perhaps was because of smaller particle size.”® The result of
catalysts recyclability tests declared that Ru/AC-C was much
stable. In addition, Ru contents in Ru/AC-C and Ru/AC-H after
nine cycle tests were measured by ICP-OES, which were 3.8 wt%
and 2.8 wt% respectively. That means carbothermal reduced
sample had less leaching compared to hydrogen reduced
samples, which had much lower Ru content after nine cycle
tests. It was in accordance with activity change. It inferred that
carbothermal reduction could be efficiently resistant to acid,
and probably prevent the leaching of active sites during the
catalytic process. The reason may be that CO in situ reduced
Ru species during the carbothermal reduction process, leaving
unsaturated carbon atoms coordinated with the new fresh Ru
atoms forming the more stable Ru particles embedded on the
support.26 Therefore, such a process could influence in both
stability and activity.

Though Ru/AC-C had a little lower catalytic activity under
above conditions, it showed much better resistance to acid.
Hence, to get higher conversion of itaconic acid and to further
investigate its stability, we carried out the hydrogenation
reaction under another condition (100 °C for 1 h with 30 bar
initial pressure of H,). The results of six recycle reactions were
shown in Fig. 7 and the HPLC profiles of products analyzing
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Fig. 7 Catalysts performance and stability of Ru/AC-C
hydrogenation of itaconic acid at high reaction temperatur-
with long reaction time.

Reaction conditions: 20 g 5 wt% itaconic acid aqueot'-
solution, 0.2 g 5 wt% Ru catalysts, 30 bar initial pressure of H,,
100°C, 1 h.

were presented in Fig. S5. It was apparently that the catalyt..
activities increased rapidly to 99% conversion of itaconic acic
with 99% selectivity of methylsuccinic acid as shown in Fig. 7!
More strikingly, there was no apparent difference in
conversion and selectivity with no trend to decrease in the
recycle tests of six times. In conclusion, the catalytic activity of
Ru/AC-C in hydrogenation of itaconic acid can be increased to
100% by modulating the reaction conditions. Moreover, the
resistance to acid of carbothermal reduced Ru/AC maintained
well in higher temperature and longer reaction time. Above ¢

it could be issued that carbothermal reduced catalysts has
good stability.

Conclusions

Stable ruthenium based catalyst prepared vizc
carbothermal reduction for hydrogenation of itaconic acid. It
showed much better resistance to acid with no obvious loss of
activity and less leaching in recycling tests than hydrogen-
reduced sample, which exhibited apparent decrease of 22% ir
conversion of itaconic acid. Carbothermal reduced catalysts
could remain 99% conversion and 99% selectivity of
methylsuccinic acid, and maintained good stability and acid-
resistance in higher temperature and longer reaction time
Results confirm that the CO generated in situ on the surface of
supports functioned as an efficient reducing agent in t’ -
carbothermal reduction process. Thus reducing reaction
results in forming uniformly dispersed stable Ru nanoparticles.
The carbothermal reduction method provides an alternati e
method for preparing catalysts with good resistance to acic
which would be applied in a variety of acid hydrogenatir |
reactions.

was

This journal is © The Royal Society of Chemistry 2015
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