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ABSTRACT

A Ni/MgO catalyst was used to undergo hydrogenolysis of glycerol, a byproduct of biodiesel
synthesis, in the aqueous phase at different nickel loadings (10—40% by weight). The wet
impregnation-prepared catalysts were characterized by XRD, SEM, TPR, and BET methods and
showed strong metal-support interaction, good Ni dispersion, and high surface area, respectively. The
catalytic activity in a batch reactor was measured at 220°C, 3 MPa hydrogen pressure, and 20 hours
of reaction time. Glycerol conversion exhibited an increasing trend with Ni loading in the following
sequence: 10%Ni/MgO < 20%Ni/MgO < 30%Ni/MgO < 40%Ni/MgO. The 20%Ni/MgO catalyst
yielded the highest 1,2-propanediol (1,2-PDO) production, with a subsequent decrease observed at
higher Ni loadings. In particular, the 20%Ni/MgO catalyst produced a 74% total glycerol conversion
and a 76% selectivity toward 1,2-PDO. The optimal reaction conditions were then ascertained by
examining the effects of temperature (200-240°C), glycerol content (5%—-30% by weight), hydrogen
pressure (3—5 MPa), and reaction time (6—25 hours) on the activity of the 20%Ni/MgO catalyst.
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INTRODUCTION

Prices have increased, and carbon emissions
have increased because of the growing
demand for and decreased availability of
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fossil fuels. Biofuel production offers a
crucial alternative to meet energy needs and
reduce the carbon footprint (Quispe et al.,
2013). Biodiesel, a sustainable fossil fuel
alternative, produces significant glycerol
byproducts (Gonzalez-Garay et al., 2017).
Increasing biodiesel production has boosted
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glycerol supply, posing challenges. Converting excess glycerol into valuable chemicals
like propanediols and acrolein can improve biodiesel economics (Sun et al., 2016).

Glycerol hydrogenolysis via catalysis can be directed towards the yield of several
alcohols, among which the two most relevant are 1,2-propanediol (1,2-PDO) and
1,3-propanediol (1,3-PDO). 1,2-Propanediol finds usage in the medicine and tobacco
sectors. Other important areas for its use are in the manufacture of antifreeze additives,
paints, cosmetics and polymers (Bagheri et al., 2015; Nakagawa & Tomishige, 2011).
Historically, a petrochemical method that involved the hydration of propylene oxide and
hydroperoxide made from propylene or chlorohydrin obtained from oil has been used
to create 1,2-PDO (Tendam & Hanefeld, 2011). However, these procedures are both
environmentally detrimental and costly (Kumar et al., 2020).

Glycerol hydrogenolysis, in which hydrogen cleaves the C—C and C—O bonds in
glycerol, provides a more economical as well as ecologically sound way to produce 1,2-
PDO. Along with lower amounts of alcohols, including methanol, ethanol, and ethylene
glycol, the process yields a variety of compounds, such as 1,2-propanediol, 1,3-propanediol,
acetol, 1-propanol, and 2-propanol (Wang et al., 2019). The catalyst's nature, metal-support
interaction, and particle size significantly influence the reaction mechanism and product
selectivity. Glycerol hydrogenolysis is generally understood to occur in two steps: Glycerol
is hydrogenated after dehydration to create an intermediate to the final product (Vasiliadou
& Lemonidou, 2015).

Numerous heterogeneous catalysts have been investigated for glycerol hydrogenolysis.
These include those based on noble metals like Pt (Dolsiririttigul et al., 2023), W (Numpilai
et al., 2021), Pd and Ru (Salgado et al., 2021), Rh (Wang et al., 2013), Ag (Rekha et al.,
2017), and Au (Checa et al., 2012), as well as those based on transition metals like Ni
(Azri et al., 2021) Cu (Raju et al., 2020; Wu et al., 2021; Xia et al.,, 2012; Zhou et al.,
2010) and Co (Cai, Song et al., 2018). Wang et al. (2013) investigated a range of metal
nanoparticles, about 2 nm in size, supported on m-ZrO, for the hydrogenolysis of glycerol,
including Ru, Rh, Pt, and Pd. The findings showed that the turnover rates were Ru > Rh
> Pt > Pd in that order. On the other hand, Pd > Pt > Rh > Ru was the sequence in which
the selectivity ratio for the cleavage of C—O to C—C bonds dropped.

Noble metals are too costly for the industrial manufacture of 1,2-PDO despite being
efficient and selective in the manufacture of propanediol. The development of catalysts
based on first-row transition metals, which are significantly less expensive than second—
and third-row noble metals, is advantageous for improving the economic viability of
glycerol hydrogenolysis.

Several elements from the d-block, such as Cu, Ni, Co, and Zn, have been studied by
researchers as possible catalysts for glycerol hydrogenolysis. Cu-dolomite catalyst has been
shown to be effective by Azri et al. (2020), who achieved total glycerol conversion with

1008 Pertanika J. Sci. & Technol. 33 (2): 1007 - 1030 (2025)



Hydrogenolysis of Glycerol over Ni/MgO Catalyst

92.2% selectivity toward 1,2-PDO at low temperature and pressure. Strong acid sites and
low-temperature reduction were identified as critical factors influencing the reaction. The
catalyst was stable after five successive reaction cycles, exhibiting 95% conversion and 84%
selectivity towards 1,2-PDO. The good activity and selectivity of Cu nanoparticles based on
ZnO against propylene glycol was shown by Wang and Liu (2014). Propylene glycol was
shown to be produced as a result of the interaction between the metal and support. On the
zinc oxide surface, glycerol first experienced dehydration, which produced acetol. Acetol
was then hydrogenated on the Cu sites, resulting in the creation of 1,2-PDO. Conversely,
when Cu was supported on a basic material such as MgO, the reaction mechanism was
altered (Balaraju et al., 2012)

Ni is widely used in industrial catalytic processes, including steam reforming of
methane (Rogers et al., 2016; Ross et al., 1978), methane decomposition (Rivas et al.,
2008) and glycerol reforming (Seretis & Tsiakaras, 2016). Ni is a good contender for the
creation of a less expensive catalyst than Pd- and Pt-based ones since it shares a group
in the periodic table with Pd and Pt and frequently displays similar chemistry. Glycerol
hydrogenolysis has been thoroughly researched using Ni-based catalysts. Van Ryneveld et
al. (2011) evaluated the Ni catalyst's performance in a fixed-bed reactor running at 4 and
7.5 MPa pressures and temperatures between 230 and 320°C. Silica and alumina served
as the catalysts' supports. Ni/SiO, achieved a glycerol conversion of 99%, while Ni/AL,O;
reached 96%. Higher density of active Ni sites and improved reducibility from weaker
metal-support interactions were the causes of Ni/Si0,'s superior conversion. However, Ni/
AlLO; showed higher selectivity (80%) toward 1,2-PDO in contrast with Ni/SiO, (71%)
due to the alumina surface's higher concentration of sites containing strong acids.

Reaction activity and selectivity toward 1,2-PDO are improved when the catalyst
surface has adequate basic and/or acidic sites (Vasiliadou & Lemonidou, 2015). Mg, Al,
Zn, and silica were added to a Ni catalyst supported on CeO, to maximize its selectivity
toward 1,2-PDO and ethanol. The selectivity toward 1,2-PDO and ethanol was 68% and
9%, respectively, after Mg was added as a promoter on Ni/CeO,. This work sheds important
light on the effects of attaching a basic promoter to an amphoteric support. The addition
of zinc and magnesium increased the number of basic sites, increasing the hydrogenolysis
activity in terms of conversion and selectivity, according to the study's findings. Menchavez
et al. (2017) suggest that the selectivity of the final product is largely dependent on the
basicity of the catalyst.

The utilization of monometallic Ni catalysts for glycerol hydrogenolysis has primarily
focused on acidic and amphoteric supports, with comparatively limited research available
on monometallic Ni catalysts supported on basic materials. Nonetheless, studies on sorbitol
hydrogenolysis have looked at the use of Ni/MgO catalysts, showing that, when the same
conditions are met, these catalysts have better activity and selectivity than Cu/MgO and

Pertanika J. Sci. & Technol. 33 (2): 1007 - 1030 (2025) 1009



Maryam Shakur, Maryum Irshad and Muhammad Sajjad Haider

Co/MgO catalysts. Ni/MgO demonstrated a liquid-phase carbon recovery of 91%, sorbitol
conversion of 57%, and 33.5% selectivity toward 1,2-PDO at 473 K and 6 MPa of hydrogen
pressure. In contrast, when Raney Ni was tested without support under the same operating
conditions, both the activity and selectivity toward propanediols were notably lower,
highlighting the synergistic role of Ni in conjunction with the MgO support in reaching
a high level of selectivity and conversion. Notably, the Raney Ni catalyst also led to a
notable rise in the production of gaseous byproducts, suggesting deep hydrogenolysis (X.
Wang et al., 2015). In another study investigating sorbitol hydrogenolysis over Ni/MgO,
Chen et al. (2013) demonstrated that harsher reaction conditions led to deep degradation
and produced more byproducts but increased the overall sorbitol conversion.

The synthesis, characteristics, and catalytic efficiency of many Ni/MgO catalysts with
varying Ni loadings are covered in this work. The wet impregnation method was used to
manufacture the catalysts and determine how the morphology of the catalysts affected
their catalytic performance. XRD, SEM, TPR, and BET tests were used to evaluate them.
20%Ni/MgO catalyst produced the best yield of 1,2-PDO, according to preliminary
studies done at a fixed temperature, hydrogen pressure, glycerol feed concentration, and
reaction duration. Next, to ascertain the ideal reaction conditions for the chosen 20%Ni/
MgO catalyst, a thorough investigation was conducted into the effects of the temperature,
hydrogen pressure, fed concentration of glycerol, and reaction time.

MATERIALS AND METHODS
Materials

Nickel nitrate hexahydrate (>98%) was purchased from BDH Chemicals, UK. Glycerol
(>99.9%), ethylene glycol (>99.9%), and 1,2-PDO (>99%) were purchased from Fisher
Scientific, USA. Methanol (>99.8%), 1-propanol (>99.5%), and 2-propanol (>99.5%)
were purchased from Sigma-Aldrich, USA. Merck in Germany was the supplier of ethanol
(>99%). Daejung Chemicals, located in South Korea, provided 1-butanol (>99%) and
1,3-PDO (>99%). Acetonitrile (>99.9%) was purchased from Honeywell, USA. Acetol
(95%) was purchased from Alfa Aesar, USA. Nitrogen (99.999%) and hydrogen (99.999%)
cylinders were purchased from Fine Gas Company, Pakistan. Without any additional
purification, all compounds were utilized just as supplied.

Catalyst Preparation

The Ni/MgO catalysts were prepared with different Ni loadings (10%—40% by weight)
using the wet impregnation method. To prepare a certain amount of catalyst with 10%
Ni loading, 0.496 g of Ni(NO;),.6H,O was dissolved in deionized water. After that, this
solution was combined with commercially available MgO and agitated for three hours at
50°C. The wet catalyst was dried overnight in an oven (Memmert, Germany) at 110 °C.
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The dry catalyst was calcined for three hours at 500 °C in a tube furnace (Carbolite Gero,
UK) with static air. The calcined catalyst was stored in air-tight glass bottles in a desiccator.
Prior to use in the reactor, the catalyst was reduced in the tube furnace under hydrogen
flow (50 mL/min) at 500 °C for 3 hours.

Catalyst Characterization

The calcined catalysts were characterized by X-ray diffraction (XRD) using a D8
DISCOVER X-ray diffractometer (Bruker, Germany). Cu—Ka radiation (A =0.15418 nm)
was installed in the apparatus, and a scintillation detector running at room temperature,
40 kV, and 40 mA was used. The powder samples were scanned at a pace of 1.4 seconds
per step, with an increment of 0.04° from 20° to 85° (20). The phase was identified by
comparing the XRD spectrum with the JCPDS data cards.

A Quantachrome® ASiQwin™ gas adsorption device (Quantachrome Instruments,
USA) was used to study nitrogen adsorption at -196 °C. The powder samples were degassed
at 250°C for 3 hours under a secondary vacuum before the nitrogen adsorption test at P/Po
= 0.3. The samples' surface areas were determined using the BET equation.

A Quantachrome® Autosorb iQ chemisorption analyzer (Quantachrome Instruments,
USA) was used to perform the H,-TPR (temperature-programmed reduction with hydrogen)
examination of the catalysts. The catalyst sample (100 mg) was purged in helium flow for
one hour prior to the TPR experiment. The TPR study was then performed with a linear
heating rate of 10 K/min while hydrogen was flowing from 353 K to 1173 K. A thermal
conductivity detector was used to track the amount of hydrogen consumed (TCD).

SEM (scanning electron microscopy) was used to investigate the catalyst shape and
particle distribution using an Evo LS10 scanning electron microscope (Zeiss, Germany).

Catalyst Performance Evaluation

A benchtop stainless steel autoclave reactor (Parr 4566, Parr Instruments, USA) was used
for the catalyst performance evaluation. The reactor had a capacity of 300 mL and was
equipped with temperature and pressure sensors and a mechanical stirrer. Figure 1 displays
the layout of the setup for the experiment.

A typical experiment involved adding 1 g of freshly reduced catalyst to the reactor
after adding 100 mL of feed solution (10 weight percent glycerol in water). The reactor
was sealed and purged with high-purity nitrogen at least five times to get rid of any air
within. In the same manner, hydrogen was added in place of nitrogen. Prior to initiating
the experiment, the reactor was examined for leaks for two hours after being pressurized
with hydrogen to the required pressure of 3—5 MPa. With the Parr 4848 Reactor Controller
(Parr Instruments, USA), the temperature (200-240°C) and stirring rate (500 rpm) were
automatically adjusted.
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Figure 1. Reactor setup for catalyst evaluation

After the appropriate reaction time had passed (625 h), the reactor was quenched
by being plunged into an ice bath, and samples of the liquid and gaseous products were
collected through the respective sampling ports. The catalyst in the liquid sample was
removed by filtration followed by centrifugation at 10,000 rpm for 10 min. All experiments
were run in duplicate on different batches of catalysts.

Analysis of Reaction Products

Liquid samples were analyzed by the Shimadzu GC-2014 gas chromatograph (Shimadzu,
Japan), which was equipped with an AOC-20i autoinjector, FID, and the HP-Innowax
capillary column (30 m X 0.25 mm x 0.25 pm); 1-butanol was used as the internal standard,
acetonitrile as the dilution solvent, and nitrogen as the carrier gas. A temperature schedule
of injection at 45°C, hold for 4 min, rise to 180°C at 5°C /min and hold for 14 min. Injector
temperature: 250°C, detector temperature: 280°C, column flow rate 0.75 mL/min, split
ratio 1:50, injection volume 1 pL. Calibration curves were built up for glycerol, 1,2-PDO,
1,3-PDO, 1-propanol, 2-propanol, acetol, ethylene glycol, ethanol and methanol (4 points,
R2 > 0.9995). All samples were run twice on the gas chromatograph; the average result
is reported here.

The breakdown of glycerol also produces trace amounts of gaseous products. The
gaseous samples were examined using a Chromatec Crystal 9000 gas chromatograph
(Chromatec, Russia), and the results showed the presence of CO,, CH,4, and CO, in trace
levels. However, the composition of the gaseous samples was not quantified.

The overall glycerol conversion, X, ,was calculated using Equation 1:

Gly °
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n -nNn

Xay [%] = =+ —=22%x100 [1]

Gly,in

where N and Ngy, ,+ represent the total moles of glycerol in the reactor both prior

Gly,in
to and following the experiment. The selectivity to any specific product, S, , was calculated

using Equations 2 (Ramesh et al., 2022):

carbon moles of product i produced

S (%] =
'[ O] carbon moles of all products

x100 (2]

RESULTS AND DISCUSSION
Catalyst Characterization

The crystalline phases of the MgO support and the Ni/MgO catalysts were investigated using
X-ray diffraction. To provide an equitable comparison of these data, we have only offset
these diffractograms' intensities (Figure 2) rather than rescaling them. Discrete diffraction
peaks for the MgO powder at 20 angles of 36.9°, 42.9°, 62.3°, and 74.7° demonstrate the
presence of well-defined MgO crystallites in the support material. Diffraction peaks at 26
angles 0of 37.3°, 43.3°, and 79.4° correspond to the crystal planes of NiO(111), NiO(200),
and NiO(222) for the Ni/MgO catalysts, respectively. The diffraction peaks corresponding
to MgO and NiO are distinctly resolved and can be observed as clearly separated in the
XRD pattern. To further emphasize this distinction, a zoomed-in snapshot of the relevant
regions of the diffraction pattern has been included in Figure 2. In the case of the Ni/MgO
catalysts, these peaks increase in intensity upon increasing the Ni concentration of the
catalyst, which again indicates the increased formation of NiO species on the catalytic
surface. Interestingly, the diffractograms of Ni/MgO catalysts also present evidence that
the catalysts contain a MgNiO, phase evidenced by diffraction peaks which are somewhat
higher at 20 angles than those of NiO and MgO (Chuanming et al., 2006; Nakayama et al.,
1997). Furthermore, the MgNiO, peaks at roughly 43° and 62° gradually move toward larger
20 angles as the catalyst's Ni concentration increases. The trends seen in the peak shift are
in line with previous research and can be attributed to a greater degree of Mg substitution
with Ni in the catalyst structure (Chen et al., 2013). Overall, the presence of the MgNiO,
phase, along with the shifting diffraction peaks, indicates strong metal-support interaction.

Hydrogen consumption analysis of Ni/MgO catalysts was conducted using H,-TPR
studies. The results revealed three distinct reduction peaks observed at around 440 K, 600
K, and 1050 K (Figure 3). According to the literature (Shi et al., 2009; Usman & Daud,
2016), these peaks represent weak, medium-strong, and strong interactions between MgO
and NiO. Thus, a low reduction temperature of 440 K indicates that NiO present on the
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catalyst surface is weakly bound and, hence, easily reducible. Strong interaction between
NiO and the support MgO restricts the reduction of Ni, and the reduction temperature rises.
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Figure 2. XRD spectra of Ni/MgO catalysts: (a) MgO, (b) 10%Ni/MgO, (c) 20%Ni/MgO, (d) 30%Ni/MgO,
(e) 40%Ni/MgO
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Figure 3. H-TPR curves for Ni/MgO catalysts: (a) 10%Ni/MgO, (b) 20%Ni/MgO, (c) 30%Ni/MgO, (d)
40%Ni/MgO
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At higher Ni loadings (30%—40%), the H>-TPR curves show minimal variation around
the reduction peaks at 440 K and 600 K. However, increasing nickel loading makes the
reduction peak near 1050 K more noticeable. Catalysts with elevated Ni loadings (30%—
40%) display reduced hydrogen consumption across all temperatures, further indicating a
stronger interaction of Ni and MgO, potentially leading to the formation of MgNiO:- solid
solution, as confirmed by the XRD analysis.

SEM-EDX images show that at low Ni loading, Ni distribution on the catalyst support
is relatively homogenous (Figure 4). However, as the Ni content is increased, Ni particles
have a noticeable agglomeration, which is particularly prominent for the 40%Ni/MgO
catalyst (Figure 4d). This is consistent with the XRD analysis and can be explained by the
increased formation of the MgNiO, solid solution at high Ni loading (Echegoyen et al.,
2007). Overall, the catalyst with 20% Ni loading appears to have the best surface dispersion
of Ni among all synthesized catalysts. Additionally, the EDX analysis for all four catalysts,
along with the weight percentages of Ni and Mg prior to the reduction process, is presented
in Figure 4. The EDX results demonstrate a clear increase in Ni content as the Ni loading
progressively increases.

The results of the BET analysis reflect a similar trend, as presented in Table 1. The
surface area and pore volume of the MgO support are comparatively high. However,
applying a tiny amount of Ni (10% loading) to the support reduces its pore volume and
surface area to about half'its original value. This is frequently observed in catalysts that have
been prepared by wet impregnation and is explained by the Ni particles blocking the pores
of the catalyst. Further additions of Ni loading further reduce the catalyst surface area and
pore volume. This agrees with a progressive increase in the dimensions of the Ni particles
and an accompanying rise in the pore-blocking effect. This effect is most pronounced for
the 40%Ni/MgO catalyst, as expected from the corresponding XRD and SEM analyses.

Table 1
Catalyst surface area and pore volume from BET analysis

Catalyst Surface Area Pore volume*
[m?/g] [x1072 cm?/g]
MgO 172.57 8.54
10%Ni/MgO 78.26 3.92
20%Ni/MgO 71.30 3.31
30%Ni/MgO 56.07 2.79
40%Ni/MgO 29.22 1.46

*The pore volume of the catalysts was calculated using a relative pressure (P/Po) of 0.3
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Figure 4. SEM-EDX images of Ni/MgO catalysts: (a) 10%Ni/MgO, (b) 20%Ni/MgO, (c) 30%Ni/MgO, (d)
40%Ni/MgO Catalyst Performance Evaluation
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In the first blank experiment, the hydrogenolysis of glycerol was studied in the
absence of a catalyst. The reaction conditions included 10 wt.% glycerol in water, 220°C
temperature, 3 MPa hydrogen pressure, and 20 hours reaction time. No conversion of
glycerol was observed at the end of the experiment. We conclude that the hydrogenolysis
reaction cannot proceed spontaneously under these reaction conditions. In the second blank
experiment, the hydrogenolysis was carried out under the same reaction conditions but
in the presence of MgO support without any Ni metal added to it. A very low conversion
of glycerol (<3%) was obtained, and no 1,2-PDO was detected in the liquid mixture.
We conclude from this that MgO alone has little influence on the decrease in the energy
activation of glycerol hydrogenolysis.

Significantly higher glycerol conversion was recorded when the glycerol hydrogenolysis
was performed in the presence of Ni/MgO catalyst under identical reaction conditions.
The liquid product mixture mainly consisted of 1,2-PDO, 2-propanol and unconverted
glycerol. In addition, in minor quantities, ethylene glycol, methanol, acetol, 1-propanol,
and ethanol were present.

Table 2
Effect of Ni loading on the conversion of glycerol (10 wt.% glycerol solution, 220°C temperature, 3 MPa
hydrogen pressure, 20 hours reaction time)

Catalyst Glycerol Selectivity [%]*
Conversion 12 ppO  2-Propanol  Ethylene  Methanol  Others®
[%] Glycol

Blank - - - - - -
MgO <3% - - - - -
10%Ni/MgO 47.3 80 9 5 5 2
20%Ni/MgO 74.2 76 13 7 3 2
30%Ni/MgO 80.6 67 19 7 5 2
40%Ni/MgO 87.9 65 21 9 4 2

“The calculated selectivity has been rounded to the nearest integer
Others include acetol (detected in all experiments, 0.4%—2%), 1-propanol (detected in all experiments,
0.3-0.8%), and ethanol (detected in some experiments, ~0.1%)

Table 2 also shows that while increasing the Ni loading from 10% to 20%, the
conversion of glycerol increased significantly from 47% to 74%, whereas the selectivity of
1,2-PDO remained almost the same, with a marginal decrease from 80% to 76%. Further
increasing the Ni loading to 40%, the glycerol conversion further increased to 88%, whereas
the selectivity of 1,2-PDO decreased gradually to 65%. All of them provided a general
trend where the conversion of glycerol was in the order of 10%Ni/MgO < 20%Ni/MgO <
30%Ni/MgO < 40%Ni/MgO, whereas selectivity to 1,2-PDO was in the order of 10%Ni/
MgO > 20%Ni/MgO > 30%Ni/MgO > 40%Ni/MgO. While the conversion of glycerol
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increases, there is a distinct increase in the production of 2-propanol. This is normal
because, under these reaction conditions, 1,2-PDO may further undergo hydrogenolysis into
2-propanol (Wang et al., 2022). Another important observation is the consistent increase
in the production of cracking products, ethylene glycol and methanol, at high Ni loading.
This is in accordance with earlier research that demonstrated Ni is an effective catalyst
for C—C bond breakage (Davda et al., 2005; El Doukkali et al., 2020). The 20%Ni/MgO
catalyst generally showed the best balance of glycerol conversion and 1,2-PDO selectivity
since it had a high surface area and good Ni dispersion, as evidenced by the catalyst
characterization tests.

A comparison of the catalysts created in this investigation with those documented
in the literature is shown in Table 3. The present review demonstrates that the Ni/MgO
catalysts developed in this work have comparable amounts of glycerol conversion and
1,2-PDO selectivity. Coupled with their low cost and the relative ease of synthesis using
well-established techniques, this makes them a suitable candidate for further evaluation
and optimization of reaction conditions.

Table 3
Comparison of glycerol conversion and 1,2-PDO selectivity over several Ni-based catalysts tested under
batch conditions

Catalyst Experimental Conditions Glycerol 1,2-PDO Reference
T [°C]/P [MPa]/Reaction time [h]/ Conversion Selectivity
Feed Conc. [wt.%] [%] [%]
Ni/C 200°C/1.4 MPa/24 h/80% 39.8 68.6 Dasari et al.
(2005)
Ni/Si0,-ALO;  200°C/1.4 MPa/24 h/80% 45.1 64.5 Dasari et al.
(2005)
Ni/HDT 220°C/ 3.4 MPa/24 h/60% 47.8 100 Lopez et al.
(2019)
Ni/NaX 200°C/6 MPa/10 h/25% 94.5 72.1 Zhao et al.
(2010)
Co/MgO 200°C/2 MPa/9 h/10% 44.8 422 Guo et al.
(2009)
Ni/MgO 220°C/3 MPa/20 h/10% 74.2 76 This work

Reaction Mechanism

Three different mechanisms have been proposed for glycerol hydrogenolysis over
supported metal catalysts. These consist of the direct hydrogenolysis mechanism,
the dehydration—hydrogenation mechanism, and the dehydrogenation—dehydration-
hydrogenation mechanism (Y. Wang et al., 2015). The product distribution analysis shows
that a quantifiable amount of acetol is present in all experiments (Table 2). Glycerol is
dehydrated to produce acetol (Figure 5). This process takes place on sites that are either
very acidic or basic, such as MgO (Kinage et al., 2010; Stosi¢ et al., 2012; Velasquez et al.,
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2014). Acetol is then hydrogenated on metallic Ni sites to produce 1,2-PDO. According to
Gandarias et al. (2010), these data align with the dehydration—hydrogenation mechanism.
We note here that dehydration of glycerol can involve either the terminal —OH group
(resulting in acetol) or the middle —OH group (resulting in 3-hydroxypropionaldehyde).
Hydrogenation of 3-hydroxypropionaldehyde produces 1,3-PDO, which was not detected
in any experiment. Based on Ni/MgO catalysts, we deduce that the terminal -OH group is
important for the early dehydration of glycerol.

Dehydration Hydrogenation
Glycerol Acetol 1,2-PDO
OH ; OH
"o o J e L' P
CH3 T ,0 *H;  H,C” TCHs
1,2-PDO MgO Acetone 2-Propanol
-H,0
e L, T HC
Propanal 1-Propanol

Figure 5. Proposed reaction pathway for the hydrogenolysis of glycerol

On the other hand, the dehydrogenation—dehydration—hydrogenation mechanism
goes through glyceraldehyde and pyruvaldehyde intermediates. We note here that no
significant peak in any chromatogram was left unquantified. Furthermore, considering
the excellent hydrogenation activity of Ni and the hydrogen-rich reaction atmosphere, the
initial dehydrogenation of glycerol is highly unlikely to occur, effectively shutting down
this reaction pathway.

Because glycerol and 1,2-PDO have similar molecular structures, deep hydrogenolysis
is possible under these reaction conditions. Dehydration of 1,2-PDO through the
terminal—OH group produces acetone, which is then hydrogenated to produce 2-propanol.
On the other hand, dehydration of 1,2-PDO through the mid-chain —OH group forms
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propionaldehyde (propanol), which subsequently undergoes hydrogenation to 1-propanol.
As shown in Table 2, the selectivity to 2-propanol is always many times higher than that
to 1-propanol. We conclude that the dehydration of 1,2-PDO also predominantly proceeds
through the terminal —OH group. Further hydrogenolysis of 1- and 2-propanol would
produce propane, which was not detected in any experiment.

Cracking Hydrogenolysis
S
HO/YOH IIMgO | OH ! NiMgO PN
| >
H, iHO/\/ | _h,o+H, G OH
| I
| Ethylene | Ethanol
Glycerol | glycol i
|
| 1
ot
I ! .
| B I Ni/MgO
i H3C OH : —HZO +H2 CH4
! I
| Methanol | Methane
o __ ]

Figure 6. Possible cracking reactions during the hydrogenolysis of glycerol

Cleavage of C—C bonds in glycerol presents another selectivity challenge. Figure
6 illustrates how glycerol splits into a hydrogen-rich environment to create methanol
and ethylene glycol. Both these products were present in quantifiable amounts in all
experiments. Further hydrogenolysis of ethylene glycol and methanol produces ethanol
and methane, respectively. These products were detected only in small quantities.

Likewise, Table 2 demonstrates that when Ni loading increases, the production of
byproducts increases. This is observed both in terms of deep hydrogenolysis and cracking
pathways, consistent with previous studies (Wolosiak-Hnat et al., 2013). We conclude
that under these reaction conditions, glycerol conversion proceeds primarily through
hydrogenolysis, with undesired reactions presenting serious selectivity challenges at high
Ni loading.

Effect of Reaction Conditions

The 20%Ni/MgO catalyst produced the highest yield of 1,2-PDO through a combination of
good glycerol conversion and high selectivity toward 1,2-PDO. It was chosen for additional
research to examine the impact of reaction circumstances.
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Effect of Temperature

To investigate the effect of temperature on the hydrogenolysis of glycerol, a 20% Ni/MgO
catalyst was utilized, and the reaction temperature was changed from 200°C to 240°C. Other
reaction conditions were kept fixed, including 10 wt.% glycerol feed, 3 MPa hydrogen
pressure, and 20 hours of reaction time. The findings showed that the selectivity of 1,2-
PDO and glycerol conversion are both significantly influenced by the reaction temperature
(Figure 7). The glycerol conversion rises gradually with increasing reaction temperature,
reaching 100% at 240°C from 61% at 200°C. Selectivity for 1,2-PDO has a reverse trend,
progressively declining from 82% at 200°C to barely 60% at 240°C. Additionally, there
is a noticeable rise in the generation of propanols, with 2-propanol production rising from
9% at 200°C to 24% at 240°C and 1-propanol production rising from 0% at 200°C to
4% at 240°C. From that, we can also infer that higher temperatures increase the glycerol
conversion because of an increase in the reaction rate constant since, under such conditions,
the hydrogenolysis reaction is not equilibrium-limited.

On the other hand, such excessive hydrogenolysis,2-PDO at elevated temperatures
to produce more propanol, causes a decrease in 1,2-PDO. Higher temperatures promote
glycerol cracking and reforming over Ni-based catalysts (Mondal & Biswas, 2022),
resulting in lower total liquid phase carbon recovery, indicating an increase in the creation
of gaseous substances.
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M Glycerol Conversion (%) ™ 1,2-PDO Selectivity (%)

Figure 7. Effect of temperature on the hydrogenolysis of glycerol (20%Ni/MgO catalyst, 10 wt.% glycerol
solution, 3.0 MPa hydrogen pressure, 20 hours reaction time)
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Effect of Glycerol Concentration

To study the influence of feed concentration, the glycerol concentration of the feed solution
varied from 5 weight percent to 30 weight percent in the hydrogenolysis of glycerol over
the catalyst of 20%Ni/MgO. The reaction temperature was held constant at 220°C, the
hydrogen pressure was kept invariant at 3 MPa, and the reaction time was kept constant
at 20 hours. It is evident from the results that the glycerol conversion decreased from
100% in the case of a relatively dilute feed solution of 5 wt% to only 44% in the case of
a concentrated feed solution of 30 wt% (Figure 8). This would, therefore, suggest that the
concentration of the feed is of particular importance regarding glycerol conversion. This
limit in the number of active Ni sites available, even for far larger amounts of glycerol
molecules present in the reaction mixture, provides the basis for the observed decrease in
conversion at higher glycerol concentrations. Another possible explanation, though not
investigated in this study, is the possibility of increased mass transfer resistance around
catalyst particles due to increased viscosity of the reaction mixture at higher glycerol
concentrations (Cai, Pan et al., 2018; Cai et al., 2016).

100
80 -+
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40 A
20 A
0 A
5wt.% 10 wt.% 20 wt.% 30 wt.%
Feed Conc. (wt.%)
H Glycerol Conversion (%) M 1,2-PDO Selectivity (%)

Figure 8. Effect of feed concentration on the hydrogenolysis of glycerol (20%Ni/MgO catalyst, 220°C
temperature, 3.0 MPa hydrogen pressure, 20 hours reaction time)

The selectivity towards 1,2-PDO reached as high as 76% in the case of a 10 wt.% feed
solution and remained almost constant at this level when the glycerol concentration of the
feed solution was increased further to 20 wt.% and 30 wt.%. In these cases, 2-propanol
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production also remained almost constant in the range of 10%—12%. This perfectly aligns
with the previously reported behavior of Ru and Ni-based catalysts (Alhanash et al., 2008;
Yu et al., 2010)—only the feed solution of 5 wt.% showed a considerably lower 1,2-PDO
selectivity of 63% and increased production of 2-propanol as high as 23%. From these
results, we conclude that beyond the complete conversion of glycerol, the reaction of
hydrogenolysis of 1,2-PDO continues and, as such, is responsible for the decrease of 1,2-
PDO selectivity observed towards the end of the test.

Effect of Reaction Time

Using a 20%Ni/MgO catalyst, reaction periods ranging from 6 to 25 hours were employed
to investigate the impact of reaction length on glycerol hydrogenolysis. Other reaction
parameters that were held constant were the feeding of 10% glycerol, the reaction
temperature of 220°C, and the hydrogen pressure of 3 MPa. The results show that the
glycerol conversion steadily increases for longer reaction times, rising from 64% after 6
hours to 84% after 25 hours (Figure 9). The 1,2-PDO selectivity does, however, significantly
decrease with extended reaction periods, indicating that longer reaction times cause deeper
hydrogenolysis, which ultimately results in the undesirable destruction of 1,2-PDO. Overall,
a reaction time of 12-20 hours is reasonable under these reaction conditions.

100
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Figure 9. Effect of reaction time on the hydrogenolysis of glycerol (20%Ni/MgO catalyst, 10 wt.% glycerol
solution, 220°C temperature, 3.0 MPa hydrogen pressure)
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Effect of Pressure

The total hydrogen pressure was changed from 3 MPa to 5 MPa to investigate the effect
of pressure on the hydrogenolysis of glycerol using the 20%Ni/MgO catalyst. A 10-weight
percent glycerol feed, a reaction temperature of 220°C, and a 20-hour reaction duration
were further predetermined reaction parameters. According to the data (Figure 10), glycerol
conversion increased steadily at greater pressures. At 3 MPa hydrogen pressure, the acetol
concentration in the final mixture drops significantly to less than 0.4%, but the 1,2-PDO
selectivity stays relatively stable at 76%—78%. Higher gas phase hydrogen pressure causes
hydrogen to dissolve more readily in the liquid reaction mixture. This increased availability
of hydrogen near the catalyst facilitates rapid hydrogenation of acetol and, hence, a slight
increase in the production of 1,2-PDO over acetol.
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Figure 10. Effect of pressure on the hydrogenolysis of glycerol (20%Ni/MgO catalyst, 10 wt.% glycerol
solution, 220°C temperature, 20 hours reaction time)

We highlight that in terms of cost-effectiveness, the aim should be to achieve the
desired level of glycerol hydrogenolysis at lower operating pressures to reduce equipment
costs. Considering the relatively small gain in glycerol conversion by increasing the total
pressure but a potentially significant increase in equipment cost, a hydrogen pressure of
3-4 MPa is recommended.
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CONCLUSION

The current work concentrated on synthesizing and characterizing Ni/MgO catalysts made
with different Ni loadings using the wet impregnation approach. Under specific reaction
circumstances (20 hours of reaction time, 220°C temperature, 3 MPa hydrogen pressure,
and 10% weight percent glycerol solution in water), the catalyst with 20% Ni loading
(20%Ni/MgO) demonstrated a strong combination of activity and selectivity. This catalyst
showed a 76% selectivity toward 1,2-PDO and a 74% glycerol conversion. The catalyst's
remarkable performance can be attributed to its small particle size, optimal metal-support
interaction, and good Ni concentration and dispersion. It was discovered that the main
chemical pathway involved the hydrogenation of acetol to 1,2-PDO after glycerol was
dehydrated to acetol. Side reactions, including C-C bond breakage and extra 1,2-PDO
hydrogenolysis, were more prevalent when reaction times were extended and Ni loadings
were high. Several reaction conditions were subsequently analyzed, and the results indicated
that they significantly affected the glycerol conversion and the selectivity of 1,2-PDO. It
was discovered that the ideal values for temperature, pressure, feed concentration, and
reaction time were 220°C, 3 MPa, 10 weight percent glycerol concentration, and 20 hours,
respectively. Due to these conditions, a reasonable trade-off between 1,2-PDO selectivity
and glycerol conversion could be reached, highlighting the importance of carefully
controlling the reaction conditions to maximize the desired product's yield.

Overall, this work's results advance our knowledge of the hydrogenolysis process
using Ni/MgO catalysts. The developed catalyst and optimized reaction conditions provide
valuable insights for future research and potential industrial applications in glycerol
conversion processes.
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