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A B S T R A C T

The objective of this study was to investigate the effect of Cu addition to carbon supported Ru catalysts on the
hydrogenation of macroalgae-derived alginic acid into sugar alcohols, mainly sorbitol and mannitol. Both
geometric and electronic effects were determined based on results of H2-TPR, H2- or CO-chemisorption, and XPS
analyses after Cu was added to Ru. The addition of Cu to Ru caused blocking of active Ru surface and electron
transfer between Ru and Cu. The intimate interaction between Ru and Cu formed RuCu bimetallic clusters which
expedited hydrogen spillover from Ru to Cu. The highest yield of target sugar alcohols of 47.4% was obtained
when 5wt% of Ru and 1 wt% of Cu supported on nitric acid-treated activated carbon reacted at 180 °C for 2 h.
The RuCu bimetallic catalyst exhibited deactivation upon repeated reactions due to the carbon deposition on the
catalyst.

1. Introduction

Development of renewable energy sources is of great importance
due to depletion of fossil fuel reservoirs and fossil fuel-related en-
vironmental pollutions. In view of production of sustainable fuels and
chemicals to replace petroleum-based fuels and chemicals, biomass is
considered as one of promising sources of organic carbons among
various renewable resources such as wind, tidal, and solar power [1].
Biomass captures atmospheric CO2 by means of photosynthesis
achieving a net zero carbon footprint (carbon neutral). Despite the
difficulty in processing biomass feedstock due to high oxygen contents,
it would lead to versatile products with diversified functionality. Sus-
tainable production of green chemicals from biomass can be realized by
using catalyst. Commercial production of sugar alcohols as value-added
renewable platform chemicals occurs by hydrogenation of sugars such
as glucose and fructose over Raney nickel catalysts, where sugars are
being derived from components of terrestrial biomass such as starch
and sucrose. [2,3] However, the use of nickel suffers from leaching
which causes problems in catalyst deactivation and purification of end-
products [2]. Therefore, other catalysts such as Ru, Pd, and Pt are being
investigated for hydrogenation of sugars and cellulose. [4,5]

To enhance a catalytic activity, various bimetallic catalysts have
been studied. Among them, RuCu bimetallic catalysts have exhibited
superior catalytic activities compared to Ru and Cu alone in numerous
fields of reactions. [6,7] It has been suggested that the interfacial

interaction between Ru and Cu is the reason for such unique catalytic
properties of RuCu bimetallic catalysts, although these two metals are
completely immiscible in bulk. [8] Addition of Cu to Ru catalysts has
both geometric and electronic effects. It has been previously reported
that the addition of Cu to Ru-based catalysts caused the formation of a
thin layer of Cu on the Ru kernel as well as electron transfer between Ru
and Cu [9,10]. Due to above features and enhanced ability of hydrogen
spillover, RuCu bimetallic catalysts were applied to various reactions
such as selective hydrogenation of glucose, citral, and cinnamaldehyde
[6,7].

Catalytic valorization of algal biomass, also known as the third
generation biomass, could benefit from advantageous features such as
inedibility, rapid growth, and lignin-free structure, compared to its
former generations such as agricultural crops and wood. [11,12] The
potential of alginic acid, a major constituent of brown algae, as a sur-
rogate for cellulose to produce valuable platform chemicals has been
suggested by several researches. [13–19] Specifically, it has been re-
cently reported that sugar alcohols such as sorbitol and mannitol could
also be produced over Ru-based catalysts from alginic acid, a major
constituent of brown algae. [20] Production of C6 sugar alcohols from
alginic acid involves several reactions such as hydrolysis of ether bonds
in alginic acid and hydrogenation of aldehyde and carboxyl groups in
uronic acid, aldonic acid, and aldose as depicted in Scheme 1. However,
no studies have used RuCu bimetallic catalysts to produce sugar alco-
hols from macroalgae-derived alginic acid. Thus, the objective of the
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present study was to investigate the effect of Cu addition to carbon-
supported Ru catalysts on hydrogenation of macroalgae-derived alginic
acid into sugar alcohols, mainly sorbitol and mannitol. Electronic and
geometric effects resulting from the addition of Cu and the role of Cu in
the hydrogenation reaction were elucidated by using various char-
acterization techniques.

2. Experimental

2.1. Materials

Activated carbon was purchased from Sigma-Aldrich. Nitric acid
was supplied from Samchun Chemical Co., Ltd. Various metal pre-
cursors of SnCl4∙5H2O, Fe(NO3)3∙9H2O, Co(NO3)2∙6H2O, (NH4)6Mo7O24,
and Cu(NO3)2∙3H2O were bought from Sigma-Aldrich except
RuCl3∙xH2O and Ni(NO3)2∙6H2O from Alfa Aesar. Alginic acid, a re-
actant, was obtained from Sigma-Aldrich. Sugar alcohols (sorbitol,
mannitol, galactitol, arabitol, ribitol, and xylitol), polyols (glycerol and
propylene glycol), sugars (glucose and mannose), and glucono-1,5-
lactone were purchased from Alfa Aesar. Mannono-1,4-lactone was
supplied from TCI Chemicals. All chemicals were used without further
purification.

2.2. Catalyst preparation

Ru-based bimetallic catalysts or monometallic catalyst were syn-
thesized via traditional wet impregnation method using aqueous solu-
tions of metal precursors. Activated carbon was oxidized with 13 N of
nitric acid to impart acidity according to the method reported else-
where (AC-N-13) [16]. Loading amount of Ru was maintained at 5 wt%
while those of other promoters (Sn, Fe, Co, Ni, Mo and Cu) were kept at
1 wt%. Loading amount was varied only for Cu (1, 3, 5, and 10wt%).
Wet-impregnated catalysts were dried in an oven at 100 °C overnight
followed by reduction at 300 °C for 3 h under 10% H2 stream (100 ccm).
Reduced catalysts were passivated under 5% O2/N2 (100 ccm) to pre-
vent sudden oxidation upon exposure to air. Resultant bimetallic cat-
alysts are denoted as Ru(5)M(x)/AC-N-13, where M and x stand for a
bimetal used and weight percent of the metal, respectively. Ru or Cu
monometallic catalysts were synthesized as described above except
using a precursor of each metal at a time. Resultant monometallic
catalysts are denoted as Ru(5)/AC-N-13 and Cu(y)/AC-N-13, where y
stand for weight percent of the metal.

2.3. Catalyst characterization

N2 adsorption-desorption analysis was performed on a BELSORP-
mini II (BEL Japan Inc.). Catalysts were evacuated at 200 °C for at least
3 h before analysis. An X-ray diffractometer (Rigaku, CuKα radiation
with 40 kV and 30mA) was used to analyze diffraction patterns of

catalysts. To investigate acid densities of catalysts, back titration was
performed using NaOH (0.01M) and HCl (0.02M) according to a pre-
viously reported method. [16] To determine the amounts of Ru and Cu
loaded on catalysts and amounts of metals leached, inductively coupled
plasma atomic emission spectroscopy (ICP-AES) was conducted on an
Optima-4300DV (PerkinElmer). H2 or CO Chemisorption analysis was
performed on a BELCat (BEL Japan Inc.). Before pulse chemisorption, a
catalyst was reduced at 300 °C for 2 h under 5% H2/Ar flow (50 ccm).
After cooling down to 50 °C, pulses of H2 or CO were injected with loop
volume of 0.8570mL. Temperature programmed reduction (H2-TPR) of
the catalyst was then executed on a BEL-CAT BASIC (BEL Japan Inc.).
Prior to the detection of hydrogen uptake by a thermal conductivity
detector, a catalyst was pretreated at 150 °C for 2 h under Ar stream
(50 ccm). After cooling down to 40 °C, the sample was heated to 900 °C
with a ramping rate of 10 °C/min under 5% H2/Ar flow (50 ccm). X-ray
absorption spectroscopy (XAS) was carried out on the 7D beamline of
Pohang Light Source (PLS-II) with SR E-beam energy of 2.5 GeV and SR
current of 360mA using Si(111) crystal as a monochromator. X-ray
photoelectron spectroscopy (XPS) was conducted on K-alpha (Thermo
Scientific) equipped with Al K α μ-focused monochromatic source
(1486.6 eV). C 1 s peaks for all catalysts were calibrated to 284.5 eV.

2.4. Catalytic hydrogenation reaction

Hydrolytic hydrogenation of alginic acid was carried out in an au-
toclave (100mL, Parr Instrument Company). Alginic acid (0.3 g), dis-
tilled water (30mL), and a catalyst (0.1 g) were charged into the au-
toclave. The vessel was heated to 150 °C or 180 °C under 50 bar of H2

after purging with 50 bar of H2 three times to remove air inside. After a
desired reaction time, the reactor was quickly quenched in an ice-cold
bath to avoid side reactions. The liquid mixture inside the vessel was
agitated with an impeller at 1000 rpm during heating of the reactor and
reaction at the designated temperature. Recyclability experiment was
performed using a multi-batch process according to a previously re-
ported method to compensate weight loss of the catalyst during a cat-
alyst recovery step [16].

2.5. Product analysis

Gas chromatography (GC, Agilent 6890) equipped with a DB-5
column and an autosampler was utilized to analyze liquid products.
Before injection to GC, liquid products were filtered and freeze-dried
followed by silylation with BSTFA (N,O-Bis trimethylsilyl tri-
fluoroacetamide) [21]. Carbon yield was calculated as follows: Carbon
yield (%)= 100 × (number of carbons in an organic compound/6) ×
(moles of an organic compound in the product mixture/moles of a re-
peating unit in alginic acid of 0.3 g). Total organic carbon (TOC) was
measured by injecting the filtered liquid product into Sievers 5310C
(GE). Gel permeation chromatography (GPC) was performed on Dionex

Scheme 1. A reaction scheme of hydrogenation of alginic acid.
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Ultimate 3000 calibrated with Pullulan (molecular weight,
342–80500).

3. Results and discussion

Various Ru-based bimetallic catalysts were synthesized and applied
to hydrolytic hydrogenation of alginic acid for the production of sugar
alcohols, mainly sorbitol and mannitol. The support material used was
nitric acid-treated activated carbon to facilitate the hydrolysis of gly-
cosidic bonds in alginic acid since the acidity of activated carbon could
be enhanced by oxidation of carbon materials with nitric acid [22]. It
has been previously reported that the acid density of various carbon
materials is increased when the concentration of nitric acid is increased,
resulting in improved hydrolysis of sodium alginate into uronic acids
[16]. As shown in Fig. 1, a screening experiment was carried out at
150 °C for 3 h. It was found that Cu-promoted catalyst exhibited the
highest sugar alcohol ratio of C6/(C4+C5) and the lowest galactitol
formation. The formation of byproducts such as C4-C5 sugar alcohols
and galactitol, would decrease the selectivity to desired products,
namely sorbitol and mannitol. Thus, Cu was chosen for further studies
shown below. Since the cleavage of CeC bonds and the isomerization of
sugar alcohols could be expedited under harsher reaction condition, the
reaction temperature was further elevated to 180 °C to better under-
stand a synergistic effect of Cu addition on Ru catalyst [23,24].

To investigate the effect of Cu addition, catalysts were applied to the
reaction after various amounts of Cu were loaded to 5 wt% Ru.
Conversion of alginic acid over the catalysts was indirectly measured by
GPC due to difficulty in separating unreacted alginic acid from the re-
action mixture [16,20]. As shown in GPC chromatograms (Fig. 2), the
reactant was fully converted to smaller molecules over bimetallic cat-
alysts in all cases. However, a peak corresponding to a compound
having molecular weight higher than a C6 sugar alcohol was also ob-
served. For comparison, a sugar alcohol with 12 carbon atoms, namely
maltitol, was analyzed. The general trend of the increase in the in-
tensity of such higher MW compound was in line with the increase in
Cu content. It has been previously suggested that, under pressurized H2

atmosphere, spilled-over hydrogens by a metallic site can result in the
formation of protonic acid sites that are able to catalyze the hydrolysis
of cellulose [25]. Similarly, the ability of Ru to catalyze the hydrolysis
of CeC bonds in cellobiose into glucose has been also reported [26].
Thus, the above result implies that the addition of Cu could partly cover

the active surface of Ru for hydrogen spillover, resulting in lowered
hydrolysis activity and unconverted oligomeric compounds when the
amount of Cu was increased. As summarized in Table 1, acid densities
of catalysts measured by back titration under atmospheric condition
exhibited an inverse correlation with the amount of Cu loaded. This
might arise partly from the deposition of Cu on surface acidic oxyge-
nates formed after oxidation of activated carbon with nitric acid. It has
been previously reported that surface oxygenates of an oxidized carbon
material could act as anchoring sites for a metal which eventually af-
fects its dispersion [27].

As shown in Fig. 3, Ru catalysts added with varied amounts of Cu
exhibited different activities. The yield of target C6 sugar alcohols,
sorbitol and mannitol, was greatly improved from 33.3% to 47.4%
when 1wt% of Cu was added. However, further increase of Cu content
to 3 wt% and 5wt% reduced yields of the target product to 15.2% and
5.0%, respectively. Surprisingly, the yield was partially recovered to
18.0% when the loading amount of Cu was increased to 10 wt%. In
addition, it was found that pure Cu itself, Cu(10)/AC-N-13, was inactive
in the hydrogenation of alginic acid. To investigate such unusual cat-
alytic behavior with the addition of Cu, physicochemical properties of
these catalysts were analyzed as follows.

As shown in Fig. S1, all ruthenium-based catalysts displayed type IV
isotherm with H4 hysteresis, a representative of micro-mesoporous
carbons [28]. As summarized in Table 1, when the amount of Cu was
increased, surface area and pore volume of catalysts were decreased
from 642.4 to 510.6 m2/g and from 0.46 to 0.39 cm3/g, respectively,
indicating partial pore blocking of the support.

As shown in Fig. 4, diffraction lines for Cu metal were observed for
samples loaded with Cu at 5 wt% or higher. It was worth noting that Cu
existed mainly in the metallic form in bimetallic catalysts in the bulk
state while Cu2O crystallite and metallic Cu co-existed in pure Cu cat-
alyst. This suggests that the noble metal, Ru, can inhibit metallic Cu
from being oxidized upon exposure to air during passivation [29]. On
the other hand, in all samples, no diffraction lines for Ru was detected.
This might suggest that Ru was well dispersed with average particle size
below the detection limit of the instrument (< 5 nm). This might also
suggest the formation of amorphous RuO2·xH2O upon exposure to the
air after the reduction of catalysts [30]. As shown in Fig. 5, this oxidized
Ru species was further evidenced by positive shifts of binding energy of
Ru 3p3/2 compared to metallic Ru (ca. 461 eV) [30,31].

Surface oxidation states of Ru and Cu on the activated carbon was
further investigated by XPS. As shown in Fig. 5, a positive shift (ca.
0.4 eV) for Cu° (932.5 eV) in Cu 2p spectra was observed along with a
negative shift (ca. 0.8 eV) for oxidized Ru species (462.8 eV) in Ru 3p
spectra when the loading amount of Cu was increased compared to each
monometallic catalyst. This result is inconsistent with previous studies
concerning a direction of electron transfer between Ru and Cu. Previous
XPS studies have proposed that an electron transfer from Ru to Cu can
occur for silica supported RuCu bimetallic catalysts [32,33]. However,
electron transfer from Cu to Ru has also been suggested based on in-
frared spectroscopy of CO adsorbed on RuCu supported on silica [34].
The result obtained in the present study indicates electron transfer is
more likely to occur from Cu to Ru. Since the formation of galactitol, C4
epimer of sorbitol, was well-reported to be catalyzed by metallic sites
under pressurized H2, [35]. Hence, the suppression of galactitol for-
mation, as shown in Fig. 3, might be due to non-zero valent Ru species
formed by the electronic effect caused by Cu addition. Copper in its
oxidation state of Cu2+ was also observed, which could be character-
ized by broad satellite peaks (939–946 eV and 960–965 eV) on the side
of main peaks partially screened by large Cu° peak [36]. Unfortunately,
the oxidation state of Cu+ could not be characterized since photo-
electron peaks for Cu+ overlapped with those of Cu°. The effect of Cu
addition was further investigated by chemisorption analysis as follows.

Results of H2- and CO-chemisorption are summarized in Table 2. As
indicated in the last row of Table 2, Cu was unable to chemisorb H2 or
CO under the condition studied [37]. This corresponds well to the

Fig. 1. Product distribution over various bimetallic carbon catalysts at 150 °C
for 3 h under 50 bar of H2. C6 sugar alcohols: sorbitol (Sor), mannitol (Mann),
and galactitol (Gal); C5 sugar alcohols: xylitol, arabitol, and ribitol; C4 sugar
alcohols: threitol and erythritol; Aldonolactones: glucono-1,5-lactone and
mannono-1,4-lactone.
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inactive nature of Cu in hydrogenation of alginic acid as already shown
in Fig. 3. A general trend of decrease in the amount of CO adsorbed was
observed with the addition of Cu with the exception of Ru(5)Cu(10)/
AC-N-13. This result implies that the number of active Ru exposed is
decreased due to partial coverage of Ru surface by Cu. [7,34]. The

decrease in the yield of sorbitol and mannitol correlated well with the
decrease in the active Ru sites measured by CO chemisorption. Simi-
larly, with the exception of Ru(5)Cu(1)/ and Ru(5)Cu(10)/AC-N-13, the
amount of hydrogen adsorbed exhibited a decreasing trend with in-
creasing Cu content. The higher amount of hydrogen adsorption for Ru
(5)Cu(1)/AC-N-13 than for Ru/AC-N-13 implies facile hydrogen spil-
lover from Ru to Cu due to their intimate contact. [7,38,39] Thus, Ru
(5)Cu(1)/AC-N-13 could retain its ability of hydrogen activation and
hydrogenation, although Ru surface was partially screened by Cu. In-
creases in amounts of hydrogen and CO adsorption were also observed
for Ru(5)Cu(10)/AC-N-13. Such increases might indicate separation of

Fig. 2. GPC chromatograms of liquid products obtained over monometallic and bimetallic catalysts at 180 °C for 2 h under 50 bar of H2.

Table 1
Textural properties of monometallic and bimetallic catalysts.

Catalyst Specific surface areaa (m2/g catalyst) Total pore volumea (cm3/g catalyst) Acid densityb (mmol/g catalyst)

Ru(5)/AC-N-13 642.4 0.46 1.54
Ru(5)Cu(1)/AC-N-13 670.9 0.51 1.28
Ru(5)Cu(3)/AC-N-13 637.9 0.49 1.15
Ru(5)Cu(5)/AC-N-13 588.0 0.45 1.01
Ru(5)Cu(10)/AC-N-13 510.6 0.39 0.91
Cu(10)/AC-N-13 483.7 0.38 0.84

a Measured by N2 adsorption-desorption.
b Measured by back titration.

Fig. 3. Product distribution over bimetallic and monometallic carbon catalysts
at 180 °C for 2 h under 50 bar of H2. C6 sugar alcohols: sorbitol, mannitol, and
galactitol; C5 sugar alcohols: xylitol, arabitol, and ribitol; C4 sugar alcohols:
threitol and erythritol; Aldonolactones: glucono-1,5-lactone and mannono-1,4-
lactone.

Fig. 4. XRD diffractograms of monometallic and bimetallic catalysts.
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Cu from Ru surface at high Cu loading [6,38]. In this regard, restoration
of the hydrogenation activity to some extent for Ru(5)Cu(10)/AC-N-13
could be explained by the recovery of active Ru surface. Similar be-
havior was further evidenced by H2-TPR as shown below.

Reducible behavior of each catalyst was then investigated by H2-
TPR. Results are shown in Fig. 6. Monometallic Ru(5)/AC-N-13 ex-
hibited one reduction peak at ca. 130 °C which could be assigned to the
reduction of Ru species [40,41] while Cu(10)/AC-N-13 exhibited two
reduction peaks: one at 192 °C and the other broader one at 261 °C that
could be assigned to the reduction of Cu2+ to Cu+ and Cu+ to Cu°,
respectively [42]. Interestingly, reduction peak of Ru species shifted to
higher temperature by 7 °C for bimetallic Ru(5)Cu(1)/AC-N-13 com-
pared to monometallic Ru(5)/AC-N-13. This result might indicate the
presence of a strong interaction between Ru and Cu, forming bimetallic
clusters [34,43]. When Cu loading amount was more than 1wt%, the
reduction peak of Ru species shifted back to ca. 130 °C and the reduc-
tion peak of CuOx appeared. These above results further support the
separation of Cu from Ru surface when Cu content was increased to
more than 1wt%. Compared to monometallic Cu catalyst which ex-
hibited two reduction peaks, the reduction peak of Cu+ shifted to lower
temperature for all bimetallic catalysts except Ru(5)Cu(1)/AC-N-13,
resulting in one broad reduction peak near 205 °C. This might indicate
the intimate contact between Cu and Ru which could give rise to facile
reduction of Cu oxides with the aid of Ru by means of hydrogen spil-
lover, thus overlapping two CuOx reduction peaks. [44,45]

To further investigate the bimetallic interaction, XAS was con-
ducted. Fig. 7(b) shows k2-weighted Fourier-transformed EXAFS spectra
for these catalysts. For the case of Ru(5)Cu(1)/ and Ru(5)Cu(3)/AC-N-
13, a backscattering peak with interatomic distance of ca. 2.55 Å was
observed. This could be attributed to multiple interatomic interactions
longer than Cu-O and Cu-Cu, implying RuCu bimetallic entities and a
strong interaction between Cu and Ru as discussed in the H2-TPR result
[7,46]. Although the above result was similar to previous researches,
the extent of the interatomic interaction between Ru and Cu was

Fig. 5. XPS spectra of (a) Cu 2p and (b) Ru 3p of bimetallic and monometallic catalysts.

Table 2
Metal contents of catalysts and results of H2- and CO-Chemisorption of catalysts.

Catalyst Actual metal contentsa Relative adsorbed amount of H2/Rub Relative adsorbed amount of CO/Rub

Ru (%) Cu (%)

Ru(5)/AC-N-13 4.8 – 1.00 1.00
Ru(5)Cu(1) /AC-N-13 4.2 1.1 1.73 0.93
Ru(5)Cu(3) /AC-N-13 3.5 3.0 0.55 0.50
Ru(5)Cu(5) /AC-N-13 4.0 5.2 0.11 0.22
Ru(5)Cu(10) /AC-N-13 4.6 10.6 0.31 0.53
Cu(10) /AC-N-13 – 12.1 -c 0.01

a Actual metal contents were measured by ICP-AES.
b The values were normalized by the adsorbed amount of each adsorbate on Ru(5)/AC-N-13.
c Slightly negative value was observed.

Fig. 6. H2-TPR profiles of the support, monometallic and bimetallic catalysts.
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relatively low compared to that in previous studies. There have been
contradictory opinions regarding the presence of RuCu bimetallic en-
tities. The subject of controversy includes the formation of bimetallic
clusters as evidenced by EXAFS and a simple masking of active Ru
surface as evidenced by H2-chemisorption [6]. In addition, different
extent for the formation of RuCu bimetallic clusters on various supports
has been previously discussed. It has been suggested that a stronger
metal-support interaction can result in a lower degree of the formation
of RuCu bimetallic aggregates [47]. Thus, a lower degree of the for-
mation of RuCu bimetallic clusters in the present study compared to
previous researches might be explained by a strong metal-support in-
teraction induced by surface oxygenates of AC-N-13.

Long-term stability of a catalyst is crucial for practical application of
catalysts. To investigate the durability of Cu-promoted Ru catalyst, the
catalyst was subjected to repeated reactions. As shown in Fig. S2, the
catalyst deactivated after each reaction. ICP result of liquid product
after recycle runs indicated the leaching of Ru and Cu was negligible
(less than 3%). To investigate the cause for the catalyst deactivation, N2

adsorption-desorption was performed for spent catalysts. As summar-
ized in Table S1, the result exhibited a general trend of decrease in
specific surface area. This might indicate that carbon byproducts have
been formed on the support. Hence, carbon deposition on the catalyst
could be the reason for the catalyst deactivation. The above result left
us a further study to design a more stable Cu-promoted bimetallic
catalyst.

4. Conclusion

In conclusion, RuCu bimetallic carbon catalysts was successfully
hydrogenated macroalgae-derived alginic acid into sugar alcohols,
mainly sorbitol and mannitol. The addition of Cu resulted in coverage
of active Ru surface and electron transfer between Ru and Cu.
Furthermore, the addition of a proper amount of Cu, namely 1 wt% Cu,
resulted in a strong interaction between Ru and Cu and formation of
RuCu bimetallic aggregates as evidenced by H2-TPR and XAS. Such
intimate interaction between metals facilitated hydrogen spillover from
Ru to Cu, which enabled Ru to maintain its hydrogenation activity in
spite of a decrease in active Ru exposed. The highest yield of target
sugar alcohols was 47.4% when alginic acid was hydrogenated at
180 °C for 2 h over Ru(5)Cu(1)/AC-N-13. Such RuCu bimetallic catalyst
deactivated over repeated reactions owing to carbonaceous byproduct
deposition on the catalyst.
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