Catalysis Today xxx (XXXX) XXX—XXX

Contents lists available at ScienceDirect

Catalysis Today

journal homepage: www.elsevier.com/locate/cattod

Bio-propylene glycol by liquid phase hydrogenolysis of glycerol with Ni/
SiO,-C catalysts

Martin N. Gatti®”, Francisco Pompeo™", Gerardo F. Santori®", Nora N. Nichio™"*

2 Facultad de Ingenieria, Universidad Nacional de La Plata, 1 esq 47, 1900, La Plata, Argentina
® CINDECA, Facultad de Ciencias Exactas, Universidad Nacional de La Plata-CONICET, 47 n° 257, 1900, La Plata, Argentina

ARTICLE INFO ABSTRACT

Keywords: The development of catalytic materials, hydrothermally stable and selective to the desired products, is still a
Bio-propylene glycol challenge. The aim of the present work is to prepare a nickel catalyst with a metal loading of 5 wt% Ni supported
Hydrogenolysis on a SiO,-C composite, to be used in the liquid-phase glycerol hydrogenolysis reaction. The most active and
g;;:i;latalysm selective catalyst to 1,2-propylene glycol (1,2-PG) was Ni/SC-095, which presented surface acidity fundamen-

tally represented by the presence of carboxylic groups which promoted the C—O cleavage reactions of the
glycerol primary carbon to produce acetol, and subsequently by hydrogenation to produce 1,2-PG.

Concerning the selection of operating conditions, the influence of the most relevant variables of the process
were analyzed, i.e., temperature (220-260 °C), glycerol concentration (30-65%), and hydrogen partial pressure
(0—4 MPa). The best result was obtained at 260 °C with 30 wt% glycerol, 6 h on reaction and a hydrogen partial
pressure of 2 MPa. Under these conditions, selectivities of 77% towards 1,2-PG and 3% to acetol were obtained,
with 56% of conversion.

It was demonstrated that there are no important structural changes through the characterization of the used
samples. Both the SC-095 support and the Ni/SC-095 catalyst maintained their BET surface area. By XRD and
TEM, there could be a slight increase in particle size, which would indicate good resistance to sintering against

the severe hydrothermal conditions of this reaction.

1. Introduction

Recently, increased attention has been given to the potential of
catalytic processes to convert biomass resources into chemical products
[1]. Glycerol, a secondary product of biodiesel synthesis which is
considered a compound from biomass, can be used in a wide variety of
catalytic reactions such as oxidation, hydrogenation, esterification, and
reforming, which would allow substituting products that are synthe-
sized by the petrochemical industry [2-4].

In particular, the catalytic hydrogenolysis of glycerol allows obtain-
ing glycols such as 1,3-propylene glycol (1,3-PG), 1,2-propylene glycol
(1,2-PG) and ethylene glycol (EG). 1,2-PG and 1,3-PG have a high
added value and, depending on their purity, they can be used to
manufacture high-resistance polymers, resins, anti-freezing agents,
fluids for petroleum extraction, hydraulic fluid, pharmaceutical pro-
ducts, and others [5]. EG is mainly used as an anti-freezing agent. Other
major applications of EG include polymers, plastics, electronics,
emulsifiers, and surfactants [6,7].

Obtaining 1,2-PG by the catalytic hydrogenolysis of glycerol can be

performed in liquid phase, at moderate temperatures (150-300 °C) and
pressures between 2 and 8 MPa, avoiding glycerol vaporization and
consequently saving energy.

Conventional oxidic supports (e.g., Al;O3, SiO,, ZrO,, TiO;) em-
ployed in gas-phase reactions are not suitable for aqueous-phase
reactions due to hydrolytic attack at elevated temperatures. Most
catalytic supports lose their structure under reaction conditions in
liquid phase, as in the case of y-Al,O3 which at 200 °C is transformed
into boehmite with significant changes in surface area and acidity [8].
This type of behavior has also been observed in phases like 8 and 6-
Al,03 where the metallic particle suffers a strong sintering due to the
presence of water in the reaction medium [9].

Under severe conditions, water may even cause dissociation of
Si-O-Si bonds in the SiO,, which will eventually give rise to another
physical structure [10]. For example, the surface area of SBA-15
ordered mesoporous silica decreased from 930 to 31 m?g™"' after a
hydrothermal treatment (liquid water at 200 °C for 12 h) due to the
pore collapse resulting in the loss of its structural integrity [11,12].

Pham et al. [13,14] developed a method to modify the surfaces of
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oxidic supports to make them less susceptible to hydrolytic attack at
200 °C. The approach involves the deposition of a thin film of carbon
obtained by controlled pyrolysis of sugars on commercial SiO5. The
results obtained showed a reduced sintering of the metallic particles
and almost no leaching. Even though the results are interesting, the
difficulty of the method lies in controlling the carbon thickness that is
deposited to avoid covering the particle.

Different metal catalysts of Ru [5,15-20], Pt [15-17,20-22] and Pd
[15,23,24] have been reported in the literature. Even though the
catalysts based on noble metals show adequate levels of activity and
selectivity, these precious elements are limited in their application due
to their low abundance and high costs. Besides, noble metal catalysts
generally present an undesired activity towards the cleavage of C—C
bonds.

Xiong et al. [11] reported a deposition—precipitation—carbonization
method to prepare highly dispersed Pd/niobia/carbon catalysts with
improved hydrothermal stability.They found that the niobia/carbon
compounds helped prevent the growth of oxide crystallite size and
preserved the Pd dispersion.

Gallegos-Suarez et al. [25] conducted the hydrogenolysis of glycerol
(10 wt%, 8 MPa of H, and 180 °C) over Ru-based catalysts supported on
activated carbon (AC), high surface area graphite (HSAG), multiwalled
carbon nanotubes (CNT) and KL-zeolite. They found that in Ruthenium
catalysts supported on HSAG and CNT the electron donor character of
the respective supports stabilizes electron-rich metal species (Ru®~)
favoring the cleavage of the C—O bond.

Non-noble metal catalysts are mainly based on Cu [15,26-33] and,
in particular, Ni [15,28,33,34]. Sepulveda et al. [35] studied the effect
of the addition of P,Os (2,3 and 4 wt%) to a Cu/SiO, (Cu 20 wt%)
catalyst. The increase of catalytic activity in glycerol hydrogenolysis at
220 °C and 5 MPa H, was attributed to a combination of electronic and
geometric effects induced by the presence of P,Os on the metallic
particles of Cu. The Cu-P interaction increased the distance Cu—Cu and,
consequently, the electronic density was increased, thus provoking the
increase in catalytic activity. This happened with low contents of (2 wt
%), while with higher contents of P,0s, the formation of aggregates led
to the loss of active sites and a consequent decrease in activity.

Dasari et al. [15] evaluated a Ni/C commercial catalyst and
obtained a conversion of 40% and a selectivity towards 1,2-PG of
69% at 24 h on stream operating at 200 °C and 1.4 MPa, employing
glycerol at 80 wt%. W. Yu et al. [34] employing catalysts of Ni/AC
(activated carbon) (Ni 10 wt.%), demonstrated that high nickel disper-
sions and the acidity generated by the surface oxygenated groups of
carbon have a synergic effect on the activity of the hydrogenolysis
reaction.

Chau et al. [36] synthesized bifunctional catalysts of Ni and
silicotungstic acid (HSiW) supported on Al,O3 by a sequential incipient
wetness impregnation method (Ni 1 and 10 wt%) for the hydrogeno-
lysis of glycerol (240 °C and 6 MPa H,). Due to the strong acid character
of the catalyst, the main product was 1-propanol. The authors
concluded that in order to obtain a desired product selectively, the
control of reaction conditions and catalyst properties such as acid
strength, the amount of appropriate acid sites, and metal hydrogenation
activity will be needed.

Jiménez-Morales et al. [37] prepared and characterized a catalyst of
Ni (10 wt% Ni) supported on a support of non-acid SBA-15 mesoporous
silica promoted by the addition of cerium (2.5 and 10 wt.% of Ce). The
effect of cerium oxide is to act as a strong acid site promoting the
formation of acetol, which is later reduced by H,.

From the above-mentioned studies, it can be concluded that the
development of catalytic materials, hydrothermally stable and selective
to the desired products, is still a challenge. The aim of the present work
is to prepare a nickel catalyst with a metal loading of 5wt% Ni
supported on a SiO,-C composite, to be used in the liquid-phase glycerol
hydrogenolysis reaction. For this purpose, two SiO,-C composites with
different composition were studied to analyze the effect of the support
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on the activity and selectivity of the catalyst. The nickel catalysts were
characterized by different techniques to correlate their activities with
the structure of the solids. We also studied the effect of the main
operating variables of this reaction, such as temperature, glycerol
concentration, reaction time and hydrogen partial pressure.

2. Experimental
2.1. Catalyst synthesis

The gelling property of TEOS (SILBOND 40-AKZO Chemicals) was
used in an alcoholic medium (Ethanol 96% from Anedra) to include a
phenol-formaldehyde liquid resin (RL 43003, ATANOR, Argentina) in
its structure. With subsequent curing and pyrolisis in reducing atmo-
sphere, this resin leaves a high amount of residual carbon.

TEOS and RL 43003, with a 1:1 mass ratio, were mixed on a
magnetic stirrer until obtaining an emulsion, to which ethanol was
gradually added. Afterwards, pregellification occurred at room tem-
perature for 24h, drying at 50 °C for another 24h and complete
polymerization by heating to 180 °C (heating rate 10 °Ch~") for 3 h.
Finally, calcination took place in a reducing atmosphere during 3 h on
an electrical oven at 1580 °C (at 5°Cmin~'). This material was
denominated SC-095.

A portion of the SC-095 composite was treated with a solution at
10 wt% HF (48 wt% from Aldrich) for 30 min. This solid was washed
with distilled water until obtaining a value of neutral pH, filtered and
dried at 120 °C for 24 h. The presence of residual H,FSi was eliminated
by heating at 400 °C during 1h. The material thus obtained was
denominated SC-015.

The catalysts were prepared by incipient wetness impregnation of
Ni (NiCly:6H5O from Sigma-Aldrich) on supports SC-095 and SC-015.
Ethanol was used as solvent. The NiCl,-6H,O concentration in ethanol
was calculated so as to obtain 5 wt% of Ni in the final solid. Then, the
solid obtained was dried at 120 °C during 12h and activated in H,
(50 cm® min~1) at 400 °C for 90 min (10 °C min™1b).

2.2. Characterization

The Ni content of samples was determined by atomic absorption
spectrometry (Spectrophotometer AA-6650 Shimadzu).The equipment
utilized was an IL Model 457 spectrophotometer, with a single channel
and double beam.

Adsorption-desorption measurements were performed for a textural
characterization. Surface area measurements, the
Brunauer-Emmett-Teller (BET) multipoint method and textural analy-
sis were obtained using a Micromeritics ASAP 2020 equipment. The
samples were pretreated under vacuum in two 1 h stages at 100 and
300 °C.

XRD patterns were recorded on a Philips 3020 powder diffract-
ometer, using Cu Ka radiation (A = 1.5418 f\, intensity = 40 mA, and
voltage = 35kV). The patterns were recorded in the range of
20 = 20°—70°. The crystallite sizes of metallic nickel in the reduced
samples were calculated using Scherrefs equation:

KA

4XRD _
B.cos(0)

Where K was taken as 0.89 and B was the full width of the diffraction
line at half of the maximum intensity in radians (Nickel (111) planes).
The acid base properties of supports were determined by the test of
isopropanol decomposition (IPA). This reaction was tested in a con-
tinuous-flow fixed-bed reactor between 200 and 300 °C, atmospheric
pressure, feed 4.5% IPA in Helium, with a flow of 40 cm® min~'.

The acidic groups content was determined according to Boehm’s
method. The titration results allowed obtaining the concentration of
carboxylic, lactonic and phenolic groups present in the supports,
assuming that NaHCO3 neutralizes carboxylic groups, Na,CO3 neutra-



M.N. Gatti et al.

lizes carboxylic and lactonic groups and NaOH neutralizes carboxylic,
lactonic and phenolic groups.

To do so, 0.5 g of the sample were added to 30 mL of each one of the
following solutions of base 0.025 mol L~!: NaHCOs;, Na,CO; and
NaOH. The solutions were titrated according to the standardization of
this technique [38,39].

Potentiometric titrations were performed with 0.05 g of support
suspended in acetonitrile (Merck) and stirred for 3h. Then, the
suspension was titrated with 0.05 mol L~? n-butylamine (Carlo Erba)
in acetonitrile using a Metrohm 794 Basic Titrino apparatus with a
double junction electrode.

Thermogravimetric analyses (DTA-TGA) were performed in a
NETZSCH STA 409C/CD instrument. For these assays, 0.02 g of each
dried and degassing sample were subjected to a heater from room
temperature to 900 °C with a heating rate of 10 °Cmin~?! in a flux of
Argon or 90%v/v nitrogen and 10%v/v oxygen composition.

Temperature-programmed reduction tests (TPR) were performed
using a conventional dynamic equipment and the response was
measured using a TCD and MS detectors. The feed flow was a Hy/N»
ratio of 1/9 and the heating rate was 10°Cmin~! from room
temperature up to 1000 °C.

Transmission-electron microscopy (TEM) images were taken by
means of a TEM JEOL 100C instrument, operated at 200KV. A graphite
pattern was used for calibration. In this analysis, a suspension in 2-
propanol was prepared by stirring the solid sample with ultrasound for
10 min. To estimate the average particle size (d,,), the particles were
considered spherical, and the diameter volume-area was calculated by
using expression:

Z}’l,"di3
X npd?
Where n; is the number of particles with diameter di. Histograms of

particle size distribution arose from microphotographs using the
technique of clear field image.

doy =

2.3. Catalytic activity test

Glycerol hydrogenolysis reactions were carried out in a stainless
steel high pressure reactor BR-100 system, from Berghof Instruments,
with a volume of 100 mL, operated in batch mode.

The catalyst was reduced ex situ at 400 °C for 90 min in H, flow
(30 cm®min ') using a heating rate of 10 °C min~'. The catalysts were
cooled down to room temperature under hydrogen stream and im-
mediately transferred to the reactor containing the glycerol aqueous
solution. Then, the reactor was closed, purged and pressurized with
pure H, (Air Liquide, 99.99%) at 2 MPa. Afterwards, heating was
started (6 °C min~ ') and when the reactor was at 260 °C, autogenous
pressure reached a value of 5,5 MPa and stirring began. The magnetic
stirring was set at 1000 rpm to ensure kinetically controlled conditions.

After reaction, the system was cooled to ambient temperature and
liquid and gaseous samples were collected. For the analysis and
quantification of gaseous products, a Shimadzu GC-8A chromatograph
equipped with a thermal conductivity detector (TCD) with a Hayesep D
100-120 column was used. For the analysis and quantification of liquid
products a GCMS-QP505A Shimadzu chromatograph was used,e-
quipped with a 19091S-001 HP PONA, 50 m capillary column and
with FID and MS detectors.

The accuracy of the measured values was within 5%, and the
experiments could be reproduced with a relative error of 10%. Carbon
balance for all runs was close to within 98%.

The total conversion of glycerol (Xg) was determined as follows:

moles of consumed glycerol

Xg (%) = 00%

moles of initial glycerol

The selectivity and yield to liquid products were defined as:
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Table 1
Textural properties of SC-095 and SC-015.

Sample Si/C mass ratio  Sggr” VPb Micropores Mesopores
Smicr’  Vimiero  Smeso”  Vineso”
SC-095 0.95 208 0.48 55 0.02 153 0.46
SC-015 0.15 678 1.42 257 0.11 421 1.31
SC-095/260 °C 0.95 209 0.42 45 0.02 164 0.40
SC-015/260°C  0.14 608 1.14 255 0.09 353 1.05

@ Specific surface area (m>g~?).

Y Total pore volume (cm®g~1).

¢ Specific surface area (m* g~ ') and total pore volume for micropores (cm®g~!).
4 Specific surface area (m? g~ ') and total pore volume for mesopores (cm® g~ ").

moles of carbon in specific product

Si (%)= .100%

moles of consumed glycerol. 3

moles of carbon in specific product

Yield; (%)= .100%

moles of initial glycerol. 3

3. Results and discussion
3.1. Support characterization

The SiO,-C composites employed as catalytic support were char-
acterized employing various techniques. The Si content was determined
from the weight loss produced by oxidation and followed by thermo-
gravimetry (TPO/TGA). In this way, the SC-095 support had a mass
ratio of Si/C = 0.95. As indicated in the Experimental section, the
support denominated SC-015 was obtained from the SC-095 support
treated with HF. Due to this treatment, the content of Si decreases and
the mass ratio Si/C is 0.15.

Both supports present type IV N, adsorption-desorption isotherms
with H3 hysterisis loops, characteristic of mesoporous materials.
Table 1 shows the results of BET specific surface area and total pore
volume. The SC-095 support present the smallest specific surface,
approximately 200 m?g~', while the SC-015 support presents a
specific surface of 678 m2%g~' and a greater contribution of the
micropores which could have been generated by the HF treatment. A
similar effect has been observed during acid treatments in the functio-
nalization of activated carbons with HNO3 [40].

In order to evaluate the hydrothermal stability of the support, the
support composites were characterized after being treated in hot water
(260 °C) and reducing atmosphere (5 MPa Hj) for 24 h. These samples
were denoted as SC-095/260 °C and SC-015/260 °C. No changes were
observed in the Si content by TPO/TGA, so that Si leaching can be
discarded. According to Table 1, the SC-095 support is the most stable
[41].

Fig. 1 shows that the X-ray diffractograms are quite similar in SC-

A SiC
O C graphite

Intensity (a.u.)

A

SC-015 A

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20 (%)

Fig. 1. XRD patterns of SC-095 and SC-015.
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095 and SC-015. The presence of a band between 26 = 15 and 30° is
observed, characteristic of the silica amorphous band [42,43]. A signal
at 20 = 43.7° assigned to the (1 0 0) plane of the hexagonal phase of
graphitic carbon (Q) [43,44] can be observed as well as the peaks at
20 = 21.8° 26.4°, 35.7°, 41.4°, 60.0° and 71.9° assigned to the (0 0 4 8),
(011),(111),(200),(220)and (31 1) planes of silicon carbide (A)
(JCPDS 29-118, JCPDS 29-129) [45,46]. The peaks corresponding to
the graphitic carbon hexagonal phase (1 0 2), (0 0 4) and (1 0 3) at
20 = 51°, 54.5°, 59° respectively cannot be distinguished. This could be
due to the formation of turbostratic carbon. In the literature, it has been
reported that turbostractic carbon is a graphitic carbon whose structur-
al planes are rotated and translated with respect to their normal
conformation. The presence of turbostractic carbon provokes a shift
of the peaks to lower angular values of 26 and, in this case, they could
overlap the silica amorphous band [47].

The surface acid-base properties of the support are very important
in the glycerol hydrogenolysis reaction due to the fact that the acid sites
promote the dehydration of glycerol. To evaluate these properties,
various techniques were used which complement each other: poten-
tiontiometric titration, isopropanol decomposition reaction and the
Boehm titration technique.

By means of potentiometric titration with n-butylamine, it is
possible to estimate the strength and number of the acid sites present
in the solid. It is considered that the initial potential (E;) indicates the
maximum strength of the acid sites, while the value of mmol of n-
butylamine per gram of sample consumed until reaching a plateau in
the titration curve (Fig. 2) indicates the total number of acid sites
present in the titrated sample [48,49].

The acidic strength of surface sites can be assigned according to the
following ranges: very strong site, Ei > 100mV; strong site,
0 < Ei < 100 mV; weak site, —100 < Ei < 0 mV and very weak site,
Ei < —100 mV. Table 2 shows that total acidity is greater for the SC-
015 support, and the acid sites are weak.

The isopropanol decomposition reaction (IPA) was also employed to
characterize these supports. This reaction has been reported as an
indirect measure to characterize acidity, basicity and strength of sites.
They are classified according to their capacity to dehydrate or
dehydrogenate, leading to the formation of propylene, diisopropyl
ether (DIPE) and water by dehydration, or the formation of acetone
and hydrogen by dehydrogenation. When propylene and DIPE are
produced, surface sites are strong Lewis acid and base sites. When
propylene and acetone are produced, weak Lewis acid sites or strong
base sites can be found. If the only reaction product is propylene, the
sites can be either strong Lewis or Brgnsted acids [50].

The results of this reaction using SC-095 and SC-015 in the
200-300 °C temperature range indicate that the activity was much
higher for the SC-015 support, which demonstrates the greater number

50

E (mV)

-100 A

-150 A

-200 — T T
0 0.1 02 03 04 0.5 0.6 0.7

mmol n-butylamine.g!

Fig. 2. Potentiometric titration curves with n-butylamine in acetonitrile of SC-095 (4)
and SC-015 (@).
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Table 2
Acidic strength and number of acid sites of SC-095 and SC-015 by means of potentio-
metric titration.

Sample E; (mV) Acidic strength N° acid sites (mmol n-butylamine g~ ')
SC-095 12.6 Strong 0.18
SC-015 —42.7 Weak 0.40

Table 3
Conversion (Xipa) and selectivities towards propylene (Sprop
di-isopropylether (Sppg) in isopropanol decomposition reaction.

), acetone (S, ) and

Sample T (°C) Conversion X;pa% Selectivity (%)

Spropylene Sacetone SpipE
SC-095 260 6 51 47 2
SC-015 260 24 96 3 1
SC-015 220 6 86 9 5

Reaction conditions: 4.5% IPA in Helium 40 cm® min =1,

of surface active sites. Table 3 shows the results of selectivity towards
propylene, acetone and diisopropyl ether (DIPE) for the same level of
conversion (6%). For the SC-095 sample, the selectivity towards
propylene and acetone is similar which indicates the presence of weak
Lewis acid sites. The higher selectivity towards propylene of SC-015
would indicate a greater contribution of strong Lewis acid sites or
Brgnsted acid sites.

The presence of DIPE in very low amounts indicates a low
concentration of strong Lewis acid sites.

The Boehm titration technique applicable to carbon-based materials
allows the identification and quantification of surface acid oxygenated
groups [38,39]. The technique is based on the treatment with different
alkaline solutions in order to neutralize their surface oxygenated
groups. This technique assumes that carboxylic groups are neutralized
with a weak base like NaHCO;, while stronger bases like Na,CO;
neutralize carboxylic and lactonic groups.

When NaOH is employed, carboxylic, lactonic and phenolic groups
are neutralized. If HCI is employed instead of NaOH, by an analogous
procedure, it is possible to estimate the total concentration of basic sites
of the material, even though the differentiation of basic oxygenated
groups has not been reported in the literature [51,52].

Table 4 shows the results of the Boehm titration. It can be observed
that the total acidity of the SC-015 support is higher, in agreement with
the results of both the potentiometric titration and the decomposition
reaction of IPA. As regards the surface groups, the presence of
carboxylic groups is slightly higher for SC-095 while the presence of
lactonic and phenolic groups is greater for SC-015.

Concerning basicity, SC-095 has a greater content of basic sites
which could be groups of pyrones and quinones [51,53], coinciding
with the higher selectivity to acetone obtained in the dehydrogenation
reaction of IPA.

Table 4
Surface oxygenated groups of SC-095 and SC-015, according to standardization of the
Bohem titration.

Sample  Acidic surface groups (mmol g~ ') Total acidity ~ Total basicity

(mmol g™ 1) (mmol g™ 1)
Carboxyl Lactonic Phenol
group group group
—COOH —CO—C=0 —COH
SC-095 0.220 0.004 0.034 0.259 0.058
SC-015 0.177 0.019 0.106 0.302 0.018
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Fig. 3. Thermogravimetric analysis for Ni/SC-095.
3.2. Catalyst characterization

After the support impregnation with nickel chloride, the samples
were calcined in Argon atmosphere. Fig. 3 shows the decomposition
profiles of the metallic precursor by thermogravimetry (TGA) for the
Ni/SC-095 sample. Three well-differentiated peaks were observed. The
weight loss at temperatures below 150 °C is 9 wt% and is assigned
towater loss. The second peak, at 440 °C, corresponds to a loss of 5 wt%
and is assigned to decomposition of NiCl, [54]. The third peak, at
650 °C, corresponds to 25 wt% and is assigned to the gasification of the
support.

Besides, it can be observed that for heating in air flow, in the
400-620 °C temperature range, both the NiCl, decomposition and the
support gasification occur simultaneously.

Concerning the metallic content of catalysts, it was determined by
AAS that the Ni content is very close to the nominal 5% value: 4.5 wt%
for Ni/SC-095 and 4.7 wt% for Ni/SC-015.

Fig. 4 shows the TPR profiles for catalysts Ni/SC-095 and Ni/SC-015
are very similar. There is a reduction event at 360 °C with a shoulder at
400 °C, which would correspond to nickel species with middle interac-
tion with the support. At 560 °C, the signal corresponds to H,
consumption which is accompanied by the release of CO, CO, and
CH,, for this reason this event is assigned to the gasification of the
support.

Fig. 5 shows the X-ray diffractograms for the catalysts activated in
H, at 400 °C. It is possible to observe the presence of peaks at
20 = 44.4°, 51.7° and 76.3°, corresponding to planes (1 1 1), (2 0 0)
and (2 2 0) of the cubic phase of metallic nickel (A) (JCPDS 04-0850).
No NiO peaks are observed. The crystal sizes calculated by Scherrer’s
equation are 12.2 nm for Ni/SC-095 and 8.6 nm for Ni/SC-015.

Ni/SC-095

Intensity (a.u.)

Ni/SC-015

N TN

50 100 150 200 250 300 350 400 450 500 550 600 650
Temperature (°C)

Fig. 4. TPR profiles of Ni/SC-095 and Ni/SC-015.
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ANi°

A

Ni/SC-015

Inensity (a.u.)

Ni/SC-095 A

Used Ni/SC-095 4

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
26

Fig. 5. XRD patterns of Ni/SC-015, Ni/SC-095 reduced fresh catalysts and used Ni/SC-
095 catalyst.

By TEM it was determined that the distribution of metallic particle
size is between 4 and 15 nm with an average diameter d,, of 8.5 nm for
Ni/SC-095 and 8.4 nm for Ni/SC-015 (Fig. 6 (a) and (b), respectively)
which would correspond to metallic dispersions in the order of 11%.
The particle size distribution histograms show a greater contribution of
4nm particles in the NiSC-095 sample. However, this has little
incidence on the calculation of the average particle size (d,,).

3.3. Catalytic activity

A reaction mechanism has been proposed for glycerol hydrogeno-
lysis based on a first dehydration stage of C—O bond cleavage reactions
to produce acetol (AcOH) or 3-hydroxypropanaldehyde as intermediate
products and a subsequent hydrogenation stage to produce 1,2-PG or
1,3-PG [16].

On the other hand, the C—O bond cleavage reactions can convert
1,2-PG or 1,3-PG to 1-propanol (1-POH) or 2-propanol (2-POH).
Methanol, ethylene glycol and ethanol can be side products due to
the occurrence of the C—C bond cleavage reactions.

The results of the catalytic activity in the liquid-phase glycerol
hydrogenolysis reaction are shown in Table 5. It can be noticed that
even though catalysts Ni/SC-095 and Ni/SC-015 were active, catalyst
Ni/SC-095 reaches higher glycerol conversions.

The obtention of gaseous products was very low, less than 4%
conversion (mainly CO, and CH,). The reaction products in liquid
phase identified and quantified were C1: methanol (MeOH), of C2:
ethanol (EtOH), ethylene glycol (EG), of C3: acetone (AcO), 1-propanol
(1-POH), acetol (AcOH), 1,2 propylene glycol (1,2-PG) and 1,3
propylene glycol (1,3-PG). Table 5 shows the product distribution and
it can be noticed that the selectivity towards Cl1 and C2 is low if
compared with results obtained with noble metal catalysts like Ru
[5,18,19] and Pt [20-22] that have a high capacity of C—C bond
cleavage.

Besides, it can be observed that catalysts Ni/SC-095 and Ni/SC-015
present high selectivity towards C3 but low selectivity towards AcOH, if
compared with results obtained with Cu catalysts, which demonstrates
the higher hydrogenating activity of Ni [27,29,30].

In Table 5 it can also be observed that the higher yield of 1,2 PG is
obtained with the Ni/SC-095 catalyst. The results with a similar
conversion level (15-17%) allow comparing the differences in the
product distribution of C3. The most significant difference is that the
Ni/SC-015 catalyst presents a higher selectivity towards 1-POH and 1,3-
PG. This would be indicating a greater capacity of the C—O bond
cleavage which allows obtaining 1-POH from 1,2-PG and 1,3-PG.

In previous studies, we have determined that the metallic dispersion
affects the C—C and C—O bond cleavage reactions. However, the C—O
bond cleavage reactions are favored when the metallic dispersion
decreases from 60 to 20% [55]. The small differences in particle size
observed by TEM would not allow explaining the differences in
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Fig. 6. TEM micrographs of reduced fresh catalysts and particle size distribution: (a) Ni/SC-095 (b) Ni/SC-015 (c) used Ni/SC-095 catalyst.
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Table 5

Catalysis Today xxx (XXXX) XXX-XXX

Catalytic performance of Ni/SC-095 and Ni/SC-015 in the liquid phase hydrogenolysis of glycerol.

Catalyst Time (h) X6 (%) Selectivity (%) Yield (%)
C1 c2 C3 AcO 1-POH AcOH 1,2-PG 1,3-PG 1,2-PG

Ni/SC-095 0.5 8 2.7 14.3 83.0 1.3 6.6 4.6 70.5 0.0 5.6
1.0 15 2.7 14.4 82.9 0.6 6.0 4.3 72.0 0.0 10.8
2.0 30 2.9 13.1 84.0 0.4 2.7 6.9 74.0 0.0 22.2
4.0 45 1.8 12.0 86.2 0.6 5.9 3.2 76.5 0.0 34.4
6.0 56 1.8 7.0 91.2 0.6 10.0 3.3 77.3 0.0 43.3

Ni/SC-015 0.5 3 2.1 6.0 90.9 2.8 18.5 8.5 49.5 11.6 1.5
1.0 5.5 1.8 9.2 89.0 4.0 20.0 8.0 47.0 10.0 2.6
2.0 10 2.1 6.2 91.7 6.9 28.2 7.8 39.0 9.8 3.9
4.0 17 2.7 9.3 88.0 7.0 40.5 6.1 30.0 4.4 5.1
6.0 24 2.8 9.1 88.1 2.8 46.5 5.6 28.8 4.4 6.9

Reaction conditions: 260 °C, Py, initial = 2 MPa, 30 wt% glycerol aqueous solution, catalyst/glycerol = 0.16 (mass ratio).

X glycerol conversion.

PAcO: acetone, 1-POH: 1-propanol, AcOH: acetol, 1,2-PG: 1,2-propylene glycol, 1,3-PG: 1,3-propylene glycol.
€C1: methanol, C2: ethanol + ethylene glycol, C3: AcO + 1-POH + AcOH + 1,2-PG + 1,3-PG.

selectivity.

The presence of 1,3-PG could be explained by the formation of 3-
hydroxypropanaldehyde, intermediate compound coming from the
secondary carbon dehydration of glycerol, as reported in the literature
[18,56]. According to the results obtained by Zhu et al. and references
therein cited, it is clearly stated in the literature that Brgnsted acid sites
favor the removal of the secondary hydroxyl group from glycerol to
generate 1,3-PG [57].

The differences between Ni/SC-095 and Ni/SC-015 in activity and
selectivity could be attributed to the different acid-base properties of
the supports. The presence of functional groups of the lactonic and
phenolic type of SC-015, determinated by Boehm titration, could be
responsible for favoring the C—O bond cleavage reactions of the
secondary carbon of glycerol to produce 1,3 PG and 1-POH [18,56].

Since catalyst Ni/SC-095 presented the best performance, the effect
of the main operating variables was studied. Fig. 7 shows the effect of
the hydrogen partial pressure on activity.

Studies published in the literature have reported the increase in
glycerol conversion with the increase of hydrogen partial pressures for
Ru [15,18], Cu [31] and Co [58] catalysts. Sharma et al. [32] worked
with Cu-Cr-Zn-Zr catalysts in the range of 1-4 MPa of H, and
T = 240 °C; they found that glycerol conversion increases with the H,
partial pressure without affecting the selectivity towards propylene

1
i —-O—-AcOH
90 A —-8—1,.2-PG
—4—Glycerol conversion
80

Conversion/Selectivity
(%)
W
S

Hydrogen pressure (MPa)

Fig. 7. Glycerol conversion and selectivities to 1,2-PG and AcOH as a function of
Hydrogen pressure for Ni/SC-095.Reaction conditions: 260 °C, 30 wt% glycerol aqueous
solution, catalyst/glycerol = 0.16 (mass ratio), 2 h.

glycol.

Vasiliadou et al. [31], employing a Cu/SiO,, catalyst between 2 and
8 MPa and 240 °C, reported that the increase in hydrogen concentration
positively affects both the rate of reaction and the selectivity towards
1,2-PG.

Our results show that the increase in hydrogen concentration affects
conversion very little but it considerably affects the selectivity towards
1,2-PG. Fig. 7 shows that the selectivity towards acetol decreases with
hydrogen increase. These results would be indicating that the first
stage, the C—O bond cleavage to produce acetol, would not be affected
by the presence of H,.

The effect of temperature in the 220-260 °C range was also studied,
which allowed estimating an apparent activation energy
Eap ~ 140 kJ mol ™", according to an Arrhenius-type law presented in
Fig. 8. In the literature were reported values of E,;, of 97 kJ mol ~! and
132 kJ mol ! were obtained for Cu catalysts, according to Vasiliadou
et al. and Sharma et al., respectively [31,32].

The increase in temperature provokes the decrease of the selectivity
towards 1,2-PG accompanied by an increase in the selectivity towards
C2 (Fig. 9), due to a greater contribution of C—C bond cleavage
reactions [15,18,22]. The increase in the selectivity towards AcOH
could be due to the fact that hydrogenation is not favored with
temperature.

The effect of glycerol concentration was studied, keeping constant
the catalyst mass, in the range of 30-65 wt%. Fig. 10 shows that the
glycerol conversion decreases as the glycerol concentration increases.
This is as expected since the number of active sites is kept constant. The
maximum conversion reached is 30% for a glycerol concentration of
30 wt% (at 2 h on reaction). Miyazawa et al. [16] and Balaraju et al.
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Fig. 8. Ln (glycerol moles reacted/Ni moles*s) as function of 1/T (1/K) for Ni/SC-095
between 220 and 260 °C.Reaction conditions: Py, initial = 2 MPa, 30 wt% glycerol
aqueous solution, catalyst/glycerol = 0.16 (mass ratio), 1 h.
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Fig. 9. Effect of reaction temperature over selectivity towards Cl1 (methanol), C2
(ethanol + ethylene glycol), AcOH and 1,2-PG for Ni/SC-095.Reaction conditions: Py
initial = 2 MPa, 30 wt% glycerol aqueous solution, catalyst/glycerol = 0.16 (mass ratio),
2h.
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Fig. 10. Effect of initial glycerol concentration over glycerol conversion and selectivity
towards 1,2-PG for Ni/SC-095.Reaction conditions: 260 °C, Py initial = 2 MPa, catalyst/
glycerol = 0.16 (mass ratio), 2 h.

[18] reported conversions of 45% for concentrations of glycerol to 10
and 20 wt% respectively.

In Fig. 10 it is observed that the selectivity towards 1,2-PG remains
constant with the change in glycerol concentration, suggesting the
selective nature of this catalyst.

3.4. Structure changes under reaction conditions

It is important to make sure that the structure of the Ni/SC-095
catalyst is not modified during the catalytic evaluation tests. Thus, the
catalyst used in the reaction was washed, dried and then characterized.
The Sgpr of sample Ni/SC-095 used for 6 h is 195 m?g !, representing a
very small surface reduction in the order of 8%, which is within the
experimental error of the technique.

The Ni content in the liquid phase after 6h on reaction was
100 ppm, determined by the AAS analysis. This would indicate that
the Ni loss by leaching is very low, in the order of 4 wt%.

Fig. 5 shows the X-ray diffractogram of the 6 h-used catalyst and of
the fresh catalyst. It is not possible to observe the presence of NiO in the
used sample. There is a small difference in the width of the Ni® peaks,
which could be evidencing the presence of bigger crystal sizes.

This is consistent with microscopy results showing an increase in
particle size of 8.5 nm in the fresh sample (Fig. 6-a) to 9.7 nm in the 6-h
used sample (Fig. 6-c).

The used Ni/SC-095 sample (washed, dried and reduced) was

Catalysis Today xxx (XXXX) XXX-XXX

reused in a 6-h reaction test at 260 °C. A selectivity towards 1,2 PG of
76% was obtained with a glycerol conversion of 49%. If this result is
compared with Table 5, it can be observed that conversion decreases by
13%, which is consistent with the increase in particle size. However,
further studies will be carried out in order to evaluate the catalytic
behavior during several reaction cycles.

4. Conclusions

Ni catalysts were prepared using carbon-based supports which are
SiO,-C composites and are stable against the severe hydrothermal
conditions of the liquid-phase glycerol hydrogenolysis reaction. The
HF treatment to the SiO,-C composite generated lactonic and phenolic
oxygenated groups on the carbon surface. These groups promoted the
formation of 1-POH and 1,3-PG through the C—O bond cleavage
reactions of the secondary carbon of glycerol at the expense of 1,2 PG
formation.

The most active and selective catalyst towards 1,2-PG was Ni/SC-
095, which presented surface acidity fundamentally represented by the
presence of carboxylic groups which promoted the C—O bond cleavage
reactions of the glycerol primary carbon to produce acetol, and
subsequently by hydrogenation to produce 1,2-PG.

Concerning the selection of operating conditions, the influence of
the most relevant variables of the process were analyzed, i.e., tempera-
ture (220-260 °C), glycerol concentration (30-65%), and H, partial
pressure (0—4 MPa). The best result was obtained at 260 °C with 30%
glycerol, 6 h on reaction and a hydrogen partial pressure of 2 MPa.
Under these conditions, selectivities of 77% towards 1,2-PG and 3% to
acetol were obtained, with 56% of conversion.

It was demonstrated that there are no important structural changes
through the characterization of the used samples. Both the SC-095
support and the Ni/SC-095 catalyst maintained their BET surface area.
By XRD and TEM, there could be a slight increase in particle size, which
would indicate good resistance to sintering against the severe hydro-
thermal conditions of this reaction.
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