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Abstract: Glycerol hydrogenolysis to 1,2-propanediol (1,2-PDO) was performed over activated
carbon supported copper-based catalysts. The catalysts were prepared by impregnation using a
pristine carbon support and thermally-treated carbon supports (450, 600, 750, and 1000 °C). The
final hydrogen adsorption capacity, porous structure, and total acidity of the catalysts were found
to be important descriptors to understand catalytic performance. Oxygen surface groups on the
support controlled copper dispersion by modifying acidic and adsorption properties. The amount
of oxygen species of thermally modified carbon supports was also found to be a function of its
specific surface area. Carbon supports with high specific surface areas contained large amount of
oxygen surface species, inducing homogeneous distribution of Cu species on the carbon support
during impregnation. The oxygen surface groups likely acted as anchorage centers, whereby the
more stable oxygen surface groups after the reduction treatment produced an increase in the
interaction of the copper species with the carbon support, and determined catalytic performances.

Keywords: glycerol; copper; activated carbon

1. Introduction

Glycerol is produced in large amounts as a reaction by-product during biodiesel production
[1,2]. Glycerol has been identified by the Department of Energy of United States (DOE) as one of the
top-12 building block chemicals that can be derived from sugar and converted to high-value
bio-based chemicals or materials [3]. Glycerol is a non-toxic, edible, bio-sustainable, and
biodegradable compound [4]. Availability and low price of glycerol makes it a promising feedstock
for producing a wide range of value-added chemicals.

The use of glycerol for production of chemicals is of great industrial importance. For example,
propanediols such as 1,2 propanediol (1,2-PDO) is an important commodity chemical which can be
used as polyester resins, liquid detergents, pharmaceuticals, cosmetics, and animal feed [5]. 1,2-PDO
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is currently produced from petroleum derivatives such as propylene oxide [6]. Alternative routes to
the formation of 1,2-PDO can be traced from renewable feedstocks, involving for example,
hydrogenolysis of glycerol.

Several research works have used heterogeneous catalysts such as Zn, Cu, Mg, Co, Mo, Pd, Ni,
and Pt to catalyze the hydrogenolysis of glycerol. The main products of this reduction process were
ethylene glycol, 1,2 propanediol, 1,3 propanediol, lactic acid, acetol, propanol, or even acrolein. The
reactions have been conducted within a range of temperature (473-623 K) and pressure (2000-5000
psi). Conventional hydrogenation catalysts based on nickel, ruthenium and palladium are not
effective when employed for catalytic -OH cleavage. Copper has been extensively reported as a
selective active phase for the production of propylene glycol [7]. Hydrogenolysis of two primary
hydroxyl groups yields 1,2-PDO, 2-propanol, and eventually propane. The primary or secondary
hydroxyl groups of glycerol are more easily reduced depending on the catalytic system and reaction
conditions. Montassier et al. [8] proposed a reaction mechanism for the conversion of glycerol to
1,2-PDO. In this mechanism, the cleavage of C-C bond is proposed to occur through a base-catalyzed
retro-aldol reaction, whereas C-O cleavage occurs through base-catalyzed dehydration reaction.
Suppes et al. [9] proposed that C-O cleavage leading to the formation of propylene glycol is a
metal-catalyzed reaction. In this route, glycerol is directly dehydrated on the metal site to form
acetol as an intermediate, which can then be hydrogenated over the metal to form propylene glycol
(1,2-PDO). Copper is known for its poor hydrogenolytic activity towards C-C bond but it is an
efficient catalyst for C-O bond hydrogenation and dehydrogenation reactions. In fact, different
publications using Cu as a metallic active phase on different supports (ZrOz, Al20s, ZSM-5, ZnO,
5i02) have shown 1,2-PDO as a principal product [10-14].

Literature studies have shown that a variety of catalysts—such as ion exchange resins,
sulphates, phosphates [1], heteropolyacids supported on silica, alumina [15], and zeolites [16]—have
been employed to transform glycerol. Catalysts used also include acidic ZSM-5, beta, SAPO, and
Faujasite supported on heteropolyacids [17,18]. Glycerol hydrogenolysis using copper supported on
ZnO (473 K, 42 bar, 24 h) has been reported, although the selectivity to propanediols was low [19]. In
addition, previous research has shown that silica supports are not suitable for aqueous-phase
processes because silica is hydrolyzed under reaction conditions leading to coalescence and
sintering of metal particles on the support [20]. Conversion of glycerol to propanediols may proceed
by the combination of dehydration over acid sites with subsequent hydrogenation over metallic sites
[21]. Previous research has shown that hydrogenolysis of glycerol to 1,2-PDO proceeds via
dehydration of glycerol to acetol on acid catalysts and consecutive hydrogenation over metal
catalysts. Solid acid catalysts have been reported to enhance the conversion and selectivity in the
hydrogenolysis of glycerol [22,23]. Carbon materials satisfy most of the desirable requirements for
suitable catalyst support for glycerol hydrogenolysis due to its high surface area and optimum
porosity [24]. Sufficiently high surface area and optimum porosity are essential to provide high
accessibility to the active sites of the catalyst. The chemical reactivity of carbons is due primarily to
the existence of unsaturated valences at the edges of graphite-like hexagonal crystallites. Metal
interaction can be considerably enhanced by the introduction of acidic functional groups through
surface oxidation using different agents such as nitric acid, hydrogen peroxide, etc. Oxidized active
carbons possess some unique properties mainly due to the considerable amount of
oxygen-containing surface functional groups [25]. It has been pointed out that the more thermally
stable oxygen surface groups are more effective in anchoring metal species and increasing its
dispersion. The metallic dispersion on carbon support has been linked to porous structure of the
activated carbon [26], the oxygen groups present on activated carbons [27] and specific interactions
of metal precursors with surface defects [28].

Although Cu has been used as an active phase on several support with different
physicochemical properties [10-14], its use on activated carbon has only been as a promoter of Pt for
glycerol oxidation [29]. Therefore, the present work investigates the effect of thermal treatment of
activated carbon as supports for copper catalysts for glycerol conversion. The thermal treatment
influences the amount of oxygen surface groups, which consequently controls acidity and
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adsorption capacity of the copper catalyst. It is expected that oxygen surface groups will have a
crucial influence on the final accessibility to the exposed copper species on the catalyst.

2. Materials and Methods

2.1. Catalyst Preparation

The Cu supported on activated carbon (CGran) catalysts, denoted as Cu/CGran(X) catalysts,
were prepared by wetness impregnation using aqueous solution of Cu(NOs)2-3H20 (Sigma Aldrich,
Darmstadt, Hesse, Germany) as precursor salts and CGran Norit commercial activated carbon as
support. The activated carbon support was previously crushed and sieved to 80 and 125 um particle
size, and modified by thermal treatment prior to impregnation. The thermal treatment was carried
out in an inert environment (He) at four different temperatures (450, 600, 750, and 1000 °C). The
temperature program was from 25 °C to the modification temperature indicated (heating rate of 10
°C min™), which was then maintained for 1 h. The supports were correspondingly denoted as:
CGran (450), CGran (600), CGran (750), and CGran (1000). Then, catalysts with copper loading of 7
wt.% were prepared on un-modified and modified CGran activated carbon supports (five
Cu/Gran(x) catalysts), left at room temperature for 24 h, and finally dried at 120 °C for 12 h. Before
the reaction, the catalysts were reduced ex-situ at 350 °C for 4 h in flowing H2 (60 mL min-"). The Cu
contents were determined by atomic absorption spectroscopy (AAS) using a Thermo Scientific ICE
3000 model series (Waltham, Massachusetts, United States)

2.2. Characterization of Supports and Catalysts

BET surface area (Sser), total pore volume (Vp), mesopore volume (Vm), and micropore volume
(Vo) were determined by nitrogen sorption measurement at —196 °C using Micrometrics TriStar II
3020 equipment (Beijing, China). Prior to the measurements, the samples were outgassed at 300 °C
for 2 h. The BET surface area was calculated from the adsorption branch of the isotherms in the
range 0.05 < P/P°< (.15 while the total pore volume was recorded at P/P’= 0.99.

Temperature programmed decomposition-mass spectrometry (TPD-MS) was utilized to
determine of oxygenated surface functional groups on the activated carbons. CO and CO: TPD
profiles were obtained with Micromeritics Autochem II equipment (Beijing, China). 100 mg of
sample was packed in a U-shaped quartz tube and placed inside a furnace. The sample was heated
to 1050 °C, with a heating rate of 10 °C min'under a helium flow of 50 mL min~'. A quadrupole mass
spectrometer Cirrus 2 was used to monitor CO and CO: signals. Fourier-transform infrared (FTIR)
spectroscopy of the supports were performed on a Nicolet Nexus (Waltham, Massachusetts, United
States) FT-IR in the middle range (4000400 cm™) and averaged after 64 scans. The tablets were
prepared using KBr as a support in a 1:100 mg proportion of sample to support.

The total acidity measurements of the carbon supports and catalysts were carried out
potentiometrically by titrating a suspension of carbon in acetonitrile with n-butylamine using an
Ag/AgCl electrode [30]

Temperature programmed reduction (TPR) of the calcined sample was carried out in a quartz
cell using a Micromeritics AutoChem II equipment equipped with a thermal conductivity detector.
Approximately, 20 mg of the sample was heated under 5% Haz/Ar flowing at 50 m Lmin, and heated
from 25 °C to 1050 °C (10 °C min). The consumption of hydrogen was determined after the internal
calibration of the TCD.

N:20 reactive chemisorption was performed using the same Micromeritics AutoChem II device.
A quantity of about 80 mg of catalyst was introduced into the fixed bed tubular reactor. The N2O
consumption was calculated from a two-step analysis consisting of (i) N2O oxidation of Cu to Cu0
(2Cu + N2O — Cu20 + N2) and (ii) hydrogen temperature-programmed -reduction of the formed
Cu20 surface species. Briefly, the supported catalysts were reduced in 5%H:/Ar (20 mL min™) at 5
°C/min from 35 to 350 °C, and the temperature was held at 350 °C for 4 h. Selective oxidation of the
copper surface to Cu20 was performed under 20% N20/Ar flow (20 mL min™) at 60 °C. Then, Cu20
surface was reduced with 5% Hz/Ar (20 mL min) at 5 °C min~! from 35 to 900 °C (Hz + Cu2Osurface —
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2Cusurtace + H20). Finally, the total hydrogen consumption of the surface selectively oxidized by N2O
was performed with the internal calibration of the TCD.

XPS measurements were performed using a VG Escalab 200R electron spectrometer equipped
with a hemispherical electron analyzer and Mg Ka (1253.6 eV) X-ray source, according to procedure
detailed in our previous publication [14].

2.3. Catalytic Tests

Hydrogenolysis of glycerol was performed according to detailed experimental conditions
reported in our previous work [14]. The condition of the reaction included an aqueous glycerol
solution (80 wt % or 10 mol L), a 0.5 g of pre-reduced catalyst, a temperature of 220 °C and a total
pressure of 5 MPa of Ha.

The initial rate (r0) was expressed in mol of glycerol per gram of catalyst per unit time (molgcat?
s1) and calculated according to Equation (1):

bxn®Gl
ry = XM Gly )
m
where b is the initial slope of the conversion, n® Gly is the initial mol of glycerol and, m is mass of

catalyst.
The intrinsic rate was calculated from the specific rate according to the following equation:

N
= i @

where 11 is the intrinsic rate (molecules of glycerol transformed per Cu atom per second), rs is the
specific rate (moles of glycerol transformed per gram of catalyst per second), nCu represents the
total number of Cu atoms per gram of catalyst, and Nav is Avogadro’s number. The product
distribution was calculated when the reaction was completed.

3. Results
3.1. Catalysts and Support Characterization

3.1.1. Temperature Programmed Decomposition-Mass Spectrometry (TPD-MS)

Differences in the chemical nature of the oxygen functional groups of un-modified and
modified CGran activated carbon used as supports were determined by means of TPD profiles, as

shown in Figure 1.
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Figure 1. (a) Thermal-programmed decomposition (TPD) of CGran and CGran(x) activated carbon
supports; (b) TPD-MS of un-modified CGran activated carbon.

Figure 1a shows that un-modified activated carbon (AC) support presents a shoulder at low
temperature (200—400 °C), an intense peak at intermediate to high temperature (500-800 °C), and a
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weak signal at high temperature (700-900 °C). According to Figuereido et al. [31], the peaks can be
assigned to different oxygen surface groups: lactonic groups (200-700 °C) [32,33]; carboxylic (200—
300 °C) [32]; phenolic (600-700 °C) [32]; carbonyls (900-1000 °C) [32]; and quinones (700-1000 °C)
[33]. The decomposition of these groups can be associated with the release of CO: or CO, as
confirmed by the TPD-MS profiles in Figure 1b for un-modified CGran AC. This result suggests the
presence of acidic groups, consistent with previous results which found strong acid sites on CGran
AC by TPD profiles coupled to a non-dispersive infrared device [34]. Figure 1 also shows that
thermal treatment affects the intensities of the peaks, and correspondingly, the nature and amount of
surface oxygen groups. A selective decrease of oxygen functional groups can be observed depending
on the temperature of modification: for CGran (450), carboxylic groups decreased, whereas for the
other modified AC supports, quinonic groups decreased in the order Gran (600) > CGran (750) >
CGran (1000). These TPD results indicate that selective removal of functional groups occurs as the
treatment temperature increased, as expected.

3.1.2. Fourier Transformed Infrared Spectroscopy (FT-IR)

Figure 2 shows the FT-IR spectra of the modified CGran(x) support compared with CGran AC
[34]. The characteristic bands of these solids are in the region of 3500-3300 cm™, assigned to phenolic
structures; 1600-1500 cm™, ascribed to C=O stretching vibrations of lactonic, quinonic, or carboxylic
groups, and 1300-900 cm™, assigned to C-O-C vibrations or C-O stretching of ether, lactonic
carboxylic, or phenolic groups [34,35]. In addition, Figure 2 shows a decrease of all the oxygen
functional groups with the increase of the temperature of the thermal treatment, which is in
agreement with results deduced from TPD profiles.

CGran (1000

2ra\n(ﬁ)_)’h__/\,\//.

CGran (450)

Intensity (a.u)

o0
N~
n

-

T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1 )

Figure 2. FT-IR of CGran(x) activated carbon supports.

3.1.3. Total Potentiometric Acidity

The acid strength determined by potentiometric titration and expressed as total acidity (Eo) is
summarized in Table 1. All catalysts were reduced, following the same protocol employed for the
activation of the catalysts prior to the catalytic tests. For comparison, potentiometric titration of
un-modified CGran AC was included. Strength of acid sites can be classified according to a scale
reported by Cid and Pecchi [30]: Eo > 100 mV (very strong acid sites), 0 < Eo < 100 mV (strong acid
sites), =100 < Eo < 0 mV (weak acid sites), and Eo< =100 mV (very weak acid sites). As expected, the
CGran AC presents very strong acid sites, in agreement with TPD results. Table 1 shows that the Eo
of the reduced catalysts decreases with the increases of the temperature of thermal treatment. This
behavior could be attributed to the deposition of copper species over oxygen surface groups of the
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activated carbon support together with decrease of oxygen functional groups by thermal treatment

[26].
Table 1. Physical and chemical properties of the CGran(x) supports and Cu/CGran catalysts
SUPPORTS
Cu loading ST Vp Vm Vo Eo e %
W) mgh (g (g (mgh) my) oeblY
o
CGran 1477 1.11 0.72 0.39 1715
CGran (450) 1022 0.95 0.58 0.37
CGran (600) - 893 0.84 0,51 0.33 -
CGran (750) 881 0.82 0.50 0.32
CGran (1000) 667 0.64 0.38 0.26
CATALYSTS
Cu/CGran 74 559 0.52 0.32 0.20 -134.9 86
Cu/CGran (450) 5.8 687 0.66 0.39 0.27 -140.8 94
Cu/CGran (600) 5.8 652 0.62 0.37 0.25 -144.5 95
Cu/CGran (750) 5.7 579 0.55 0.33 0.22 -1494 97
Cu/CGran (1000) 6.3 423 0.44 0.24 0.20 -158.3 81

3.1.4. Nitrogen Sorption at

* Calculated from TPR results.

77K

The textural properties of the un-modified and modified CGran activated carbons, and the
corresponding Cu/CGran(x) catalysts obtained from nitrogen sorption isotherms are shown in

Figure 3 and summarized i
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Figure 3. N2 adsorption-desorption isotherms at 77 K of CGran and CGran(x) activated carbon

supports.

Figure 3 shows that the CGran and CGran(x) supports exhibit the same behavior, namely a high
initial adsorbed volume, characteristic of microporous materials. In addition, at high relative

pressures, an increase in the adsorbed volume is observed, indicating the presence of mesoporous
structure. All solids displayed a type IV isotherm [36] and their hysteresis loop corresponds to a type
H4, suggesting that the supports are mainly mesoporous with thin slit of pores [36]. Additionally, as
the modification temperature increases, the porous volume of the support decreases, indicating that
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the heat treatment produces a change in the textural properties of the activated carbon. In this
context, Table 1 shows that thermal modification slightly modified the CGran (450) sample, in
comparison to the un-modified carbon support. For the CGran (600) and CGran (750) samples, their
apparent surface area (Sser) and mesoporous volume (Vm) decreased by 14 %, while the microporous
volume (Vo) diminished by 20%. Textural properties of CGran (1000) sample was the most
compromised: the high temperature treatment likely promoted annealing of the grains of the carbon
support, resulting in a decrease in the apparent surface area [37]. After Cu impregnation, the Sger
values decreased by 38% for the Cu/Gran catalyst, and 27-37% for the Cu/CGran(x) catalysts. The Vm
and Vo values decreased by 44% and 51% for Cu/Gran catalyst, respectively. Similarly, these values
decreased by a similar degree for the Cu/CGran(x) catalysts. The slight decrease of textural
properties among the Cu/CGran(x) catalysts compared to the un-modified Cu/CGran catalyst can be
attributed to a more homogeneous distribution of copper precursor due to elimination of
hydrophobic oxygen species from the surface of CGran support. This hydrophobic character and its
effect on textural properties was proposed in a previous work [34], and similar results using
activated carbon was obtained by Lagos et al. [38].

3.1.5. Temperature Programmed Reduction (TPR)

Figure 4 shows the TPR profiles of Cu/CGran and Cu/CGran(x) catalysts. All the catalysts
displayed one prominent reduction peak, observed around 270 °C for Cu/CGran, Cu/CGran (450)
and Cu/CGran (1000) catalysts, and 350 °C for Cu/CGran (600) and Cu/CGran (750) samples.

’ \ Cu/CGran(1000)
D

Cu/CGran(750)

b

Intensity (a.u. g

Cu/CGran(450)

Cu/CGran

T T T T T T T T
150 300 450 600 750

Temperature (OC)

Figure 4. Thermal programmed reduction (TPR) of Cu/CGran and Cu/CGran(x) catalysts.

The principal peaks at 270 °C and 350 °C are assigned to the reduction of dispersed CuO species
to Cu [39,40]. The shift in the reduction temperature peak to a higher temperature can be attributed
to the elimination of hydrophobic surface groups and the permanence of hydrophilic oxygen surface
groups, such as quinones, after thermal treatment at 600 °C and 750 °C. This hydrophilic character in
CGran (600) and CGran (750) samples favors the homogeneous distribution of Cu species [34,38],
resulting in an increase in the metal-support interaction. The homogeneous distribution of copper
species may contribute to the observed increase in reducibility as shown Table 1.

On the other hand, the lower reduction temperature peak observed for the Cu/CGran (1000)
catalyst is due to a decrease of the interaction between the metal and carbon support due to the near
total elimination of the oxygen functional groups. Figure 4 also shows a broad feature between 450
and 700 °C for all catalysts, which progressively disappears as the temperature of the thermal
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treatment increases. This shoulder can be attributed to the consumption of hydrogen by the oxygen
groups of the corresponding activated carbon surface, methane generation, or organic compounds
decomposition producing CO by surface support gasification [32].

Table 1 shows the reducibility (%) of Cu/CGran and Cu/CGran(x) catalysts calculated from TPR
measurements. The reducibility increases as the temperature of the thermal treatment increases up
to 750 °C. This behavior can be related to the presence of thermally-stable oxygen species on the AC
support which anchors and increases Cu species on the surface, and as a result increases copper
reducibility (%). On the contrary, the reducibility of the Cu/CGran(1000) catalyst is the lowest at 81
%, probably due to a decrease of the interaction of Cu species with the support as a result of loss of
stable thermal oxygen groups.

3.1.6. N2O Titration (N2O-TPR)

One important feature of N0 titration of copper catalysts is the total quantity of H2 consumed
(expressed in umol. gear') measured by temperature-programmed reduction (TPR) of the selectively
oxidized surface copper atoms by N20 (Table 2).

Table 2. Hydrogen adsorption capacity measured by temperature programmed reduction (TPR) of
the selectively oxidize surface copper atoms by N20 and initial rates

Cu active sites x 1022 Cu bulk x 102

Sample Consumed H: (umol/gcat) (N20 TPR) (AAS)
Cu/CGran 829 1.00 7.02
Cu/CGran (450) 983 1.18 5.50
Cu/CGran (600) 1635 1.97 5.50
Cu/CGran (750) 1376 1.66 5.41
Cu/CGran (1000) 723 8.71 6.00

Assuming that hydrogen consumption is only modulated by the dispersion of copper on the
catalyst surface, Table 2 shows the amount of Cu active sites calculated from experimental N2O-TPR.
However, if these results are compared with the total Cu content in the catalyst obtained by AAS
(also in Table 2), there is an overestimation of Cu species on the surface, which is unlikely. This
behavior suggests that the thermal treatment of activated carbon during the catalyst preparation
seems to control the hydrogen adsorption capacity of copper catalyst. Data in Table 2 shows that
Cu/CGran (600) and Cu/CGran (750) exhibited the highest values of consumed H: whereas
Cu/CGran and Cu/CGran(1000) had the lowest values. Stronger interaction may prevail between the
more stable oxygen groups of the carbon support and the copper species, minimizing copper
sintering. The presence of oxygenated groups may act as anchors of the copper particles. This is
reflected in the observed higher hydrogen adsorption capacity (Table 2), especially for Cu/CGran
(600) and Cu/CGran (750) samples, which is consistent with the percent reducibility calculated from
TPR measurements. This behavior have attracted substantial interest due to the significant
enhancement of hydrogen storage on carbon materials which could improve the reducibility of
metal [41]. Most importantly, the observation that hydrogen spillover effect could be enhanced by a
variety of functional groups [42-44] must also be taken into account. Effectively, Psofogiannakis
and Froudakis [45] studied hydrogen spillover effect of metals supported on carbon materials. The
authors found that the removal of oxygen-containing acidic functional groups (at lower
temperatures) promotes the appearance of hydrogen spillover on metal/activated carbon supported
catalysts. Related to the effect on metal active sites, Hu et al. [46] demonstrated quantitatively by
chemisorption measurements that an important type of activated Cu sites is enabled by hydrogen
spillover. These results are also in agreement with our TPR analysis which suggests that the
observed higher copper reducibility is attributed to the selective elimination of acidic oxygen
functional groups by thermal treatment. Therefore, the higher reducibility (%) for Cu/CGran (600)
and Cu/CGran (750) samples could be related to higher hydrogen adsorption capacity attributed to
hydrogen spillover effect.
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3.1.7. X-ray Photoelectron Spectroscopy (XPS)

XP spectra of Cu 2p for Cu/CGran and Cu/CGran(750) reduced catalysts and, C 1s XP spectra
for Cu/CGran catalyst are shown as reference in Figure 5(a, b, and ¢, respectively). The XPS results
for Cu/CGran and Cu/CGran(x) reduced catalysts, binding energies (eV), Cu/C surface atomic ratios
and the Auger aCu parameters, are summarized in Table 3.

a) b) ) L c=C
Cu2p Cu2p Ci1s
Cu/CGran Cu/CGran(750) ;o CuCGran

Counts per second (au)
Counts per second (au)
counts per second (au)

J L

924 935 946 957 968 924 935 946 957 968 280 284 288 292
BE (eV) BE(eV) BE (eV)

Figure 5. XP spectra of Cu 2p in reduced catalysts (a) Cu/CGran, (b) Cu/CGran(750), and Cls XP
spectra for (c¢) Cu/CGran catalysts.

Table 3 shows that the binding energy (BE) of the principal component of Cu 2p3/2 is 933.0 £ 0.1
(eV), which can be attributed to Cu® species [47-49], suggesting complete reduction of Cu surface
species under the experimental conditions used. On the contrary, TPR showed that the reducibility
(%) of Cu species was not 100 %. The difference between these two characterization techniques can
be attributed to two points: (i) XPS analysis only measures the near-surface of the catalyst; and (ii)
TPR measurements detect the Cu oxide species deposited inside the activated carbon porous. Since
the binding energies of Cu® and Cu* species are similar, it is difficult to differentiate them based only
on Cu 2p3/2. The Auger parameter (aA) can distinguish both species. Based on aA parameter only
Cu? species is present on the surface of the catalysts, in agreement with conclusions drawn by a
previous work [50]. In addition, Table 3 summarizes three C 1s peaks with binding energies at 284.8,
286.2, and 287.8 + 0.1 eV, for all catalysts. These BE are assigned to: C-C and/or C=C bonds of
aromatic and aliphatic carbon at 284.8 eV [32,51], C-O bonds [52] in phenolic or ether groups at 286.2
eV [53], and C=0 bonds in carbonyl groups at 287.8 eV [52].
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Table 3. Bond energies (eV) and surface atomic ratios of copper carbon species (Cu/C) of
Cu/CGran(x) catalysts

Cis Cu2ps Cu/C Cu/C aCu
(eV) (eV) (exp.) (nominal) (eV)
284.8 (76)
Cu/CGran 286.2 (21) 933.0 0.022 0.015 1851.1
287.8 (3)
284.8 (77)
Cu/CGran (450) 286.2 (20) 933.0 0.016 0.012 1851.0
287.8 (3)
284.8 (78)
Cu/CGran (600) 286.2 (20) 933.0 0.018 0.012 1851.2
287.8 (2)
284.8 (77)
Cu/CGran (750) 286.2 (20) 933.0 0.017 0.012 1851.0
287.8 (3)
284.8 (76)
Cu/CGran (1000) 286.2 (20) 933.0 0.021 0.013 1850.9
287.8 (4)

Catalysts

Table 3 also presents the proportion of the surface C 1s groups (in parenthesis), and shows that
they are similar for all catalysts. This suggests that the proportion of oxygen surface groups on the
surface of the catalysts are similar after the thermal modification. Table 3 also summarizes the Cu/C
surface atomic ratios of all the catalysts. Table 3 shows the apparent dispersion of Cu species on the
activated carbon support, expressed as experimental Cu/C atomic ratio obtained from XPS, which is
compared to calculated Cu/C atomic ratio estimated from AAS measurement. The experimental
value is higher in all the catalysts. This behavior suggests the formation of larger Cu species on the
activated carbon surface, or the formation of multilayer Cu species on the outer surface or the mouth
of the pores. A similar result was observed previously for Re catalysts supported on activated
carbon, which was also attributed to the formation of Re aggregates over a homogeneous monolayer
formed on the support surface [34]. On the other hand, Yin-Fan Han et al. [54] have reported by XPS
measurements that surface Cu concentrations were much lower than the nominal loadings,
suggesting that Cu species are indeed dispersed inside the porous of support. In light of the above
considerations, Cu based catalysts supported on CGran (450), CGran (600) and CGran (750),
presented lower experimental Cu/C atomic ratio values compared to Cu/CGran and Cu/CGran
(1000), and they are also closer to the nominal atomic ratio. These results suggest a more
homogeneous surface distribution of Cu species on these three supports, in agreement with their
higher percent of reduction. The results are also consistent with the slight decrease of textural
properties of the Cu/CGran(x) catalysts compared to the un-modified Cu/CGran catalyst.
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3.2. Catalytic Activity of Cu/CGran and CCGran(x) Catalysts

11 of 17

The transformation of glycerol and the evolution of products as a function of time over
Cu/CGran and Cu/CGran(x) catalysts are shown in Figure 6.
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Figure 6. Variation of the transformation of glycerol and the yield of products with time for (a)
Cu/CGran, (b) Cu/CGran(450), (c) Cu/CGran(600), (d) Cu/CGran(750), (e) Cu/CGran(1000) catalysts.
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The concentration profiles over all the catalysts were similar.1,2-PDO was the main product.
Acetol was observed as an intermediate product and 2-propanol was formed as a minor product.
Other products observed as trace amounts include propanoic acid, 1,3-PDO, acetic acid, ethylene
glycol and other polymerized compounds. The catalytic activity of the catalysts are represented as
initial rate expressed in terms of mol of glycerol converted per gram of catalyst per unit time (mol
glyc geat 1 s7) and is shown in Figure 7a. Also, the intrinsic rate expressed in terms of molecules of
glycerol converted per active site of Cu per unit time (molec glyc AScu~' s) is shown in Figure 7b,
and summarized in Table 4. Figure 7a shows an increase in catalytic activity of the Cu/CGran
catalysts as the temperature of thermal modification of the support was increased up to 750 °C. This
behavior indicates that thermal modification of the carbon support is beneficial to the overall activity
by controlling the surface oxygen groups. As previously discussed, the more thermally-stable
oxygen enhanced the dispersion of copper, confirmed by the increase in hydrogen adsorption
capacity (Table 2) observed especially for Cu/CGran(600) and Cu/CGran(750) samples. On the other
hand, when the catalytic activity is expressed in terms of the active site of Cu (intrinsic rate), this
trend changes, as observed in Figure 7b.
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Figure 7. Catalytic activity of Cu/CGran and Cu/CGran(x) catalysts expressed as (a) Initial rate (ro),
(b) Intrinsic rate (r1).

Figure 7b shows that a similar catalytic activity is observed for all the Cu/CGran(x) catalysts,
except for Cu/CGran(1000), where the initial rate decreased drastically compared to the other
catalysts. This behavior can be explained by the following: although Cu/CGran(1000) contains the
highest amount of Cu surface species, as calculated by N2O-TPR (Table 2), the metal active sites
exposed are the least active. The results could be associated with the presence of low amount of
thermally stable oxygen surface groups on CGran(1000) due to the thermal treatment conditions.
This may decrease the interaction with Cu species, and therefore inhibit the hydrogen adsorption
capacity, as observed by N2O titration (Table 2). It should be noted that the harsh thermal treatment
of 1000 °C significantly decreases the apparent surface area (Table 1) which could limit the hydrogen
adsorption capacity as shown Table 2.

Table 4 and Figure 8 present the selectivity (%) calculated at 10% of glycerol conversion for all
catalytic systems studied. According to literature report [55-61], hydrogenolysis of glycerol can
occur by three typical reaction mechanisms, namely, dehydration-hydrogenation,
dehydrogenation-dehydration-hydrogenation, and direct-hydrogenolysis mechanism in which a C-
C bond breaking occurs and glycerol is converted by C-C bond cleavage to ethylene glycol and
methanol. In the dehydration-hydrogenation mechanism acetol is formed from the dehydration of
the ~OH linked to the terminal carbon glycerol which is further hydrogenated to 1,2-PDO. 1,2-PDO
can also be hydrogenated to 2-propanol [9]. 3-hydroxypropionaldehyde can be formed from the
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dehydration of the middle -OH of glycerol followed by subsequent hydrogenation to form 1,3-PDO.
Propanoic acid and acetic acid can be obtained from consecutive hydrogenation/dehydration of
3-hydroxipropanal [57,58,62].

Table 4. Catalytic activity and selectivity of Cu/CGran(x) catalysts

. .. Selectivity (%)
Conversion Initial rate Intrinsic rate (10% of glyc conversion)
Catalysts %) (x10-3 molgiyc (molecgiyc y
? gearl s71) ASculs™) -
12-PDO  acetol 2-Pro Other N
Products
Cu/CGran 16.6 0.85 051 78.6 000 184 226 0.75
Cu/CGran 13.6 1.04 0.53 81.0 313 114 391 0.60
(450)
Cu/CGran 16.8 1.38 0.42 78.3 342 128 382 1.73
(600)
Cu/CGran
21.8 1.70 0.61 947 288 191 044 0.00
(750)
Cu/CGran 169 1.39 0.10 772 112 118 857 1.61
(1000) . . . . . . . .

Figure 8 shows that the copper-based catalysts transformed glycerol mainly to acetol, 1,2-PDO
and 2-propanol. In addition, it is observed that as the temperature of the thermal modification of
CGran increased from 600 °C to 750 °C higher selectivity to 1,2-PDO is obtained. Cu/CGran (750)
exhibited the highest selectivity towards 1,2-PDO. On the other hand Cu/CGran and Cu/CGran
(1000) samples present smaller selectivity towards 1,2-PDO compared with the other samples.

100
80
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40

Selectivity (%)

20

culCee® ceran 450 joaran 600 ceran 159) gran (1000)

Cu/CGran(x) catalysts
‘ I Others [l Minor products [l 2-Propanol [l Acetol [l 1.2-PDO ‘

Figure 8. Product distribution calculated at final conversion of glycerol on Cu/CGran and
Cu/CGran(x) catalysts.

4. Discussion

Firstly, the effect of the reducibility (%) of the samples on the observed yield will be discussed
in more detail. The influence of the metallic property is remarkable, especially for the Cu/CGran
(750) catalyst which presents the highest reducibility with a value of 97% (Table 1). Indeed, the
Cu/CGran (750) exhibited the highest 1,2-PDO yield (Figure 6) at about 8 h of reaction. The presence
of metallic copper may favor the hydrogenolysis route to form 1,2-PDO. It must be added that the
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highest hydrogenolytic capacity towards 1,2-PDO by Cu/CGran (750) may be attributed to the
positive effect of acidity, conferred by oxygen functional groups present on the activated carbon
support. In addition, the accessibility to the copper atoms on this sample which exhibited the highest
hydrogen adsorption capacity. These findings suggest that the effect of oxygen surface groups of the
support on copper dispersion is an important factor in this reaction. The behavior may be linked to
the presence of stable oxygen surface groups such as quinones which enhances interaction of the
copper species during the reduction process, leading to catalysts with high hydrogen adsorption
capacity (Table 2). In fact, previous works have reported that oxygen groups present at lower
temperatures, mainly carboxylic groups, exhibit hydrophobicity, which could hinder the
homogeneous distribution of aqueous precursor solutions. On the contrary, hydrophilic groups
present at higher temperatures (phenolic, lactonic, and quinonic groups) could facilitate the
dispersion of metallic aqueous species on the surface of activated carbon [26,31,34,37]. This is
precisely what was observed for the Cu/CGran (450), Cu/CGran (600) and Cu/CGran (750) samples
which presented relatively lower Cu/C surface atomic ratios, higher hydrogen adsorption capacity
(Table 2), and higher rates initial rates than the un-modified Cu/CGran (Figure 7). This means that
the less acidic groups, especially phenolic and quinonic groups are responsible for anchoring Cu
species, which minimizes sintering of the copper particles during the decomposition and reduction
of the copper nitrate precursor. These results are as expected since mainly quinonic groups are stable
under the thermal modification conditions employed for CGran (450), CGran (600), and CGran (750)
supports, as deduced by Figure 1.

Finally, the acid sites present on CGran activated carbon are an important catalytic descriptor in
the copper samples, which can also influence the hydrogenolysis of glycerol towards 1,2 PDO
production. Previous work has reported that during the formation of the chemisorbed species, the
chemical bonds in the glycerol adsorbing molecule are polarized [63]. Therefore, the oxygen species
that remained on CGran activated carbon after thermal treatment have an hydrophilic character and
acidity, which may polarize the glycerol molecule. Consequently, the acid sites on the activated
carbon in contact or neighboring the metallic copper species may favor the dehydration of a terminal
OH group of glycerol, promoting the pathway towards acetol formation which is later hydrogenated
to 1,2-PDO.

5. Conclusions

Glycerol hydrogenolysis to 1,2-propanediol (1,2-PDO) was evaluated over copper supported on
activated carbon. The carbon support was thermally modified at different temperatures. The more
thermally stable oxygen groups inhibit copper sintering. This was reflected in the observed higher
hydrogen adsorption capacity measured by temperature programmed reduction (TPR) of the
selectively oxidize surface copper atoms by N20, and also on the initial rates. The thermal treatment
of the activated carbon support substantially impacted the apparent surface area, acid properties,
and hydrogen adsorption capacity of the copper catalysts. For this reason, the temperature of the
thermal treatment was important in the catalytic reactivity. At high temperatures, the interaction of
copper species with the carbon support is minimized, leading to large Cu particles, in agreement
with TPR results. The results from this study will contribute additional knowledge on the effect of
thermal modification on the final properties of the copper-based activated carbon catalyst. The
presence of oxygen surface groups with higher thermal stability such as quinones could enhance the
interaction of the copper species during the reduction process, and thus generate a final catalyst with
high hydrogen adsorption capacity by hydrogen spillover effect.

Author Contributions: Validation, J.S.; Investigation, C.S., R.G., RJ.C., and J.L.G.-F.; Formal analysis, C.S.;
Supervision, C.S.; Writing—original draft, C.S.; Writing—review and editing, C.S., L.T.G., and N.E.; Funding
acquisition, C.S. and N.E. All authors have read and agreed to the published version of the manuscript.

Funding: The authors thank CONICYT-Chile for FONDECYT no. 11130376, FONDEQUIP EQM120096, PIA
CCTE AFB170007 and FONDEQUIP EQM150103 grants. The authors also thank the Ministry of Economy,



Materials 2020, 13, 603 15 of 17

Development and Tourism, for funding under the Millennium Science Initiative grant “Nuclei on Catalytic
Processes towards Sustainable Chemistry (CSC)”.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Zhou, C.-H.; Beltramini, J.N.; Fan, Y.-X;; Lu, G.Q., Chemoselective catalytic conversion of glycerol as a
biorenewable source to valuable commodity chemicals. Chem. Soc. Rev. 2008, 37, 527-549.

Srivastava, A.; Prasad, R. Triglycerides-based diesel fuels. Renew. Sustain. Energy Rev. 2000, 4, 111-133.
Werpy, T.; Petersen, G. Top Value Added Chemicals from Biomass: Volume I -- Results of Screening for Potential
Candidates from Sugars and Synthesis Gas; DOE/GO-102004-1992, TRN: US200427%%671; National
Renewable Energy Lab., Golden, CO (US): Golden, CO, USA, 1 August 2004.

Flaxbart, D., Kirk-Othmer Encyclopedia of Chemical Technology, Fourth Edition, 27-Volume Set Wiley
Interscience: New York, NY, USA, 1992-1998. ISBN 0-471-52704-1. . Am. Chem. Soc. 1999, 121, 2339-2339.
Alhanash, A.; Kozhevnikova, E.F.; Kozhevnikov, 1.V., Hydrogenolysis of Glycerol to Propanediol Over Ru:
Polyoxometalate Bifunctional Catalyst. Catal. Lett. 2008, 120, 307-311.

Rose, J. Industrial Organic Chemistry; 3rd Edition, KW., H-].A. Eds; Wiley-VCH: United States, ISBN 3-527-
28838-4. Appl. Organomet. Chem. 1999, 13, 857-858.

Lahr, D.G.; Shanks, B.H. Kinetic Analysis of the Hydrogenolysis of Lower Polyhydric Alcohols: Glycerol
to Glycols. Ind. Eng. Chem. Res. 2003, 42, 5467-5472.

Montassier, C.; Giraud, D.; Barbier, J. Polyol Conversion by Liquid Phase Heterogeneous Catalysis Over Metals;
Elsevier BV, 1988; Vol. 41, pp. 165-170;.

Dasari, M.A.; Kiatsimkul, P.-P.; Sutterlin, W.R.; Suppes, G.J]. Low-pressure hydrogenolysis of glycerol to
propylene glycol. Appl. Catal. A: Gen. 2005, 281, 225-231.

Zhao, H.; Zheng, L.; Li, X.; Chen, P.; Hou, Z. Hydrogenolysis of glycerol to 1,2-propanediol over Cu-based
catalysts: A short review. Catal. Today 2019.

Gabrysch, T.; Muhler, M.; Peng, B. The kinetics of glycerol hydrodeoxygenation to 1,2-propanediol over
Cu/ZrO2 in the aqueous phase. Appl. Catal. A: Gen. 2019, 576, 47-53.

Freitas, 1.C.; Manfro, R.L.; Souza, M.M. Hydrogenolysis of glycerol to propylene glycol in continuous
system without hydrogen addition over Cu-Ni catalysts. Appl. Catal. B: Environ. 2018, 220, 31-41.

Zheng, L.; Li, X;; Du, W.; Shi, D.; Ning, W.; Lu, X.; Hou, Z. Metal-organic framework derived Cu/ZnO
catalysts for continuous hydrogenolysis of glycerol. Appl. Catal. B: Environ. 2017, 203, 146-153.

Sepulveda, C.; Delgado, L.; Garcia, R.; Melendrez, M.; Fierro, J.; Ghampson, I.; Escalona, N. Effect of
phosphorus on the activity of Cu/SiO 2 catalysts in the hydrogenolysis of glycerol. Catal. Today 2017, 279,
217-223.

Tsukuda, E.; Sato, S.; Takahashi, R.; Sodesawa, T. Production of acrolein from glycerol over
silica-supported heteropoly acids. Catal. Commun. 2007, 8, 1349-1353.

Chai, S.-H.; Wang, H.-P.; Liang, Y.; Xu, B.-Q. Sustainable production of acrolein: investigation of solid
acid-base catalysts for gas-phase dehydration of glycerol. Green Chem. 2007, 9, 1130.

Jia, C.-].; Liu, Y.; Schmidt, W.; Lu, A.-H.; Schuth, F. Small-sized HZSM-5 zeolite as highly active catalyst for
gas phase dehydration of glycerol to acrolein. J. Catal. 2010, 269, 71-79.

Kim, Y.T.; Jung, K.-D.; Park, E.D. Gas-phase dehydration of glycerol over ZSM-5 catalysts. Microporous
Mesoporous Mater. 2010, 131, 28-36.

Chaminand, J.; Djakovitch, L.; Gallezot, P.; Marion, P.; Pinel, C. Glycerol hydrogenolysis on heterogeneous
catalysts. Green Chem. 2004, 6, 359-361.

Maris, E.P.; Ketchie, W.C.; Oleshko, V.; Davis, R.J. Metal Particle Growth during Glucose Hydrogenation
over Ru/SiO2Evaluated by X-ray Absorption Spectroscopy and Electron Microscopy. J. Phys. Chem. B 2006,
110, 7869-7876.

Kusunoki, Y.; Miyazawa, T.; Kunimori, K.; Tomishige, K. Highly active metal-acid bifunctional catalyst
system for hydrogenolysis of glycerol under mild reaction conditions. Catal. Commun. 2005, 6, 645-649.
Miyazawa, T.; Kusunoki, Y.; Kunimori, K.; Tomishige, K., Glycerol conversion in the aqueous solution
under hydrogen over Ru/C + an ion-exchange resin and its reaction mechanism. J. Catal. 2006, 240, 213—
221.

Montassier, C.; Ménézo, J.; Hoang, L.; Renaud, C.; Barbier, J. Aqueous polyol conversions on ruthenium
and on sulfur-modified ruthenium. J. Mol. Catal. 1991, 70, 99-110.



Materials 2020, 13, 603 16 of 17

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Cerro-Alarcon, M.; Maroto-Valiente, A.; Rodriguez-Ramos, I.; Guerrero-Ruiz, A. Further insights into the
Ru nanoparticles—carbon interactions and their role in the catalytic properties. Carbon 2005, 43, 2711-2722.
Strelko, V.; Malik, D.J. Characterization and Metal Sorptive Properties of Oxidized Active Carbon. ].
Colloid Interface Sci. 2002, 250, 213-220.

Rodriguez-Reinoso, F.; Rodriguez-Ramos, I.; Moreno-Castilla, C.; Guerrero-Ruiz, A.; Lopez-Gonzalez, ].D.
Platinum catalysts supported on activated carbons: I. Preparation and characterization. . Catal. 1986, 99,
171-183.

Gurevich, S.V.; Simonov, P.A; Lisitsyn, A.S.; Likholobov, V.A.; Moroz, E.M.; Chuvilin, A.L.; Kolomiichuk,
V.N. Influence of carbon support pretreatment on properties of Pd/C catalysts. React. Kinet. Catal. Lett. 1990,
41, 211-216.

Ehrburger, P.; Mahajan, O.; Walkerjr, P.; Jr., P.W. Carbon as a support for catalystsl. Effect of surface
heterogeneity of carbon on dispersion of platinum. . Catal. 1976, 43, 61-67.

Zhang, C.; Wang, T ; Liu, X,; Ding, Y. Cu-promoted Pt/activated carbon catalyst for glycerol oxidation to
lactic acid. J. Mol. Catal. A: Chem. 2016, 424, 91-97.

Cid, R.; Pecchi, G. Potentiometric method for determining the number and relative strength of acid sites in
colored catalysts. Appl. Catal. 1985, 14, 15-21.

Figueiredo, J.; Pereira, M.; Freitas, M.; Orfao, J. Modification of the surface chemistry of activated carbons.
Carbon 1999, 37, 1379-1389.

Zielke, U.; Hiittinger, K.; Hoffman, W. Surface-oxidized carbon fibers: I. Surface structure and chemistry.
Carbon 1996, 34, 983-998.

Marchon, B.; Carrazza, ].; Heinemann, H.; Somorjai, G. A., Carbon. Interface Anal. 1990, 15, 627-634.
Sepulveda, C.; Garcia, R.; Reyes, P.; Ghampson, L; Fierro, J.; Laurenti, D.; Vrinat, M.; Escalona, N.
Hydrodeoxygenation of guaiacol over ReS2/activated carbon catalysts. Support and Re loading effect.
Appl. Catal. A: Gen. 2014, 475, 427-437.

Fanning, P.E.; Vannice, M. A DRIFTS study of the formation of surface groups on carbon by oxidation.
Carbon 1993, 31, 721-730.

Oliveira, L.C.; Silva, C.N.; I Yoshida, M.; Lago, R.M. The effect of Hz treatment on the activity of activated
carbon for the oxidation of organic contaminants in water and the H202 decomposition. Carbon 2004, 42,
2279-2284.

Pradoburguete, C. The effect of oxygen surface groups of the support on platinum dispersion in Pt/carbon
catalysts. J. Catal. 1989, 115, 98-106.

Lagos, G.; Garcia, R.; Agudo, A.L.; Yates, M; Fierro, J.; Gil-Llambias, F.; Escalona, N. Characterisation and
reactivity of Re/carbon catalysts in hydrodesulphurisation of dibenzothiophene: Effect of textural and
chemical properties of support. Appl. Catal. A: Gen. 2009, 358, 26-31.

Chary, K.V.R,; Seela, K.K; Sagar, G.V.; Sreedhar, B. Characterization and Reactivity of Niobia Supported
Copper Oxide Catalysts. |. Phys. Chem. B 2004, 108, 658—-663.

Marchi, A.; Fierro, J.; Santamaria, J.; Monzon, A. Dehydrogenation of isopropylic alcohol on a Cu/SiO2
catalyst: a study of the activity evolution and reactivation of the catalyst. Appl. Catal. A: Gen. 1996, 142, 375—
386.

Lueking, A.; Yang, R.T. Hydrogen storage in carbon nanotubes: Residual metal content and pretreatment
temperature. AICHE ]. 2003, 49, 1556-1568.

Wang, L.; Yang, R.T. Hydrogen Storage Properties of N-Doped Microporous Carbon. J. Phys. Chem. C 2009,
113, 21883-21888.

Wang, Z; Yang, F.H.; Yang, R.T. Enhanced Hydrogen Spillover on Carbon Surfaces Modified by Oxygen
Plasma. J. Phys. Chem. C 2010, 114, 1601-1609.

Lachawiec, A.J.; Yang, R.T. Reverse Spillover of Hydrogen on Carbon-Based Nanomaterials: Evidence of
Recombination Using Isotopic Exchange. |. Phys. Chem. C 2009, 113, 13933-13939.

Psofogiannakis, G.M.; Froudakis, G.E. Fundamental studies and perceptions on the spillover mechanism
for hydrogen storage. Chem. Commun. 2011, 47, 7933.

Hu, B.; Yin, Y.; Liu, G.; Chen, S.; Hong, X.; Tsang, S.C.E. Hydrogen spillover enabled active Cu sites for
methanol synthesis from CO2 hydrogenation over Pd doped CuZn catalysts. ]. Catal. 2018, 359, 17-26.

E Lépez-Sudrez, F.; Lopez, A.B.; Illan-Gomez., M. Cu/Al203 catalysts for soot oxidation: Copper loading
effect. Appl. Catal. B: Environ. 2008, 84, 651-658.



Materials 2020, 13, 603 17 of 17

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Agrell, ]. Production of hydrogen from methanol over Cu/ZnO catalysts promoted by ZrO2 and AI203. ].
Catal. 2003, 219, 389-403.

Jernigan, G.; Somorjai, G. Carbon Monoxide Oxidation over Three Different Oxidation States of Copper:
Metallic Copper, Copper (I) Oxide, and Copper (II) Oxide - A Surface Science and Kinetic Study. J. Catal.
1994, 147, 567-577.

Sun, D.; Yamada, Y.; Sato, S.; Ueda, W. Glycerol hydrogenolysis into useful C3 chemicals. Appl. Catal. B:
Environ. 2016, 193, 75-92.

Vissers, J.; Bouwens, S.; De Beer, V.; Prins, R. Carbon black-supported molybdenum sulfide catalysts.
Carbon 1987, 25, 485-493.

Biniak, S.; Szymanski, G.; Siedlewski, J.; éwia,tkowskiA. The characterization of activated carbons with
oxygen and nitrogen surface groups. Carbon 1997, 35, 1799-1810.

Gardner, S.D.; Singamsetty, C.S.; Booth, G.L.; He, G.-R.; Pittman, C.U. Surface characterization of carbon
fibers using angle-resolved XPS and ISS. Carbon 1995, 33, 587-595.

Sun, Y,; Tian, P,; Ding, D.; Yang, Z.; Wang, W.; Xin, H.; Xu, J.; Han, Y.-F. Revealing the active species of
Cu-based catalysts for heterogeneous Fenton reaction. Appl. Catal. B: Environ. 2019, 258, 117985.

Bienholz, A.; Hofmann, H.; Claus, P. Selective hydrogenolysis of glycerol over copper catalysts both in
liquid and vapour phase: Correlation between the copper surface area and the catalyst’s activity. Appl.
Catal. A: Gen. 2011, 391, 153-157.

Huang, Z.; Cui, F.; Xue, ].; Zuo, J.; Chen, ].; Xia, C. Cu/SiO2 catalysts prepared by hom- and heterogeneous
deposition-precipitation methods: Texture, structure, and catalytic performance in the hydrogenolysis of
glycerol to 1,2-propanediol. Catal. Today 2012, 183, 42-51.

Sharma, R.V.; Kumar, P.; Dalai, A K. Selective hydrogenolysis of glycerol to propylene glycol by using
Cu:Zn:Cr:Zr mixed metal oxides catalyst. Appl. Catal. A: Gen. 2014, 477, 147-156.

Vila, F.; Granados, M.L.; Ojeda, M.; Fierro, J.; Mariscal, R. Glycerol hydrogenolysis to 1,2-propanediol with
Cu/y-Al203: Effect of the activation process. Catal. Today 2012, 187, 122-128.

Vasiliadou, E.; Eggenhuisen, T.; Munnik, P.; De Jongh, P.; De Jong, K.; Lemonidou, A. Synthesis and
performance of highly dispersed Cu/SiO2 catalysts for the hydrogenolysis of glycerol. Appl. Catal. B:
Environ. 2014, 145, 108-119.

Gallegos-Suarez, E.; Perez-Cadenas, M.; Guerrero-Ruiz, A.; Rodriguez-Ramos, I.; Arcoya, A. Effect of the
functional groups of carbon on the surface and catalytic properties of Ru/C catalysts for hydrogenolysis of
glycerol. Appl. Surf. Sci. 2013, 287, 108-116.

Montassier, C.; Dumas, J.; Granger, P.; Barbier, J. Deactivation of supported copper based catalysts during
polyol conversion in aqueous phase. Appl. Catal. A: Gen. 1995, 121, 231-244.

Gandarias, I.; Arias, P.L.; Requies, J.; Gliemez, M.; Fierro, J. Hydrogenolysis of glycerol to propanediols
over a Pt/ASA catalyst: The role of acid and metal sites on product selectivity and the reaction mechanism.
Appl. Catal. B: Environ. 2010, 97, 248-256.

Foo, G.S.; Wei, D.; Sholl, D.S.; Sievers, C. Role of Lewis and Brensted Acid Sites in the Dehydration of
Glycerol over Niobia. ACS Catal. 2014, 4, 3180-3192.

© 2020 by the authors. Licensee MDP], Basel, Switzerland. This article is an open access
@ ® | article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



