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Abstract 

1,3-Propanediol (1,3-PDO) is a commercially valuable chemical for the production of 

polytrimethylene terephthalate polymers and polyurethane. In this study, the production of 1,3-

PDO was investigated via aqueous phase reforming (APR) and selective hydrogenolysis of 

glycerol over Ni-Ca/CeO2 catalysts synthesized by sonochemical (Us) and wet impregnation 

(WI) methods. The experiments were performed in a batch reactor at 20 bar, 230 ℃ and 450 rpm 

for 1 h. The synthesized catalysts were characterized using XRD, TEM, FESEM, BET, H2-TPR, 

XPS, CO-chemisorption and NH3-TPD to offer a deeper understanding of the physio-chemical 

and surface characteristics. The results revealed that sonochemical catalysts showed a larger 

surface area, smaller crystallite size, low reduction temperature and more homogenous particles 

distribution compared to wet impregnation catalysts. For both preparation methods, 

monometallic Ni/CeO2 catalysts showed the highest activity, whereas Ca modification of 

Ni/CeO2 catalysts significantly decreased the activity of the catalysts. The highest yield and 

selectivity of 1,3-PDO were found to be 19.54% and 42.73%, respectively using Ni/CeO2_Us 

catalyst. The best catalyst was further utilized for parameters optimization study to observe the 

effect of varying glycerol concentration (10 to 25 vol.%), temperature (210 to 250℃) and 

pressure (10 to 30 bar) on the yield and selectivity of 1,3-PDO and glycerol conversion. The 

results demonstrated that the highest yield (19.54%) and selectivity (42.73%) of 1,3-PDO were 

obtained over 10 vol.%, 230 ℃ and 20 bar with glycerol conversion of 54.26%. This present 

study provides a promising and economical process of converting glycerol to 1,3-PDO which is 

suitable for application in industry.  
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1 Introduction  

Production of 1,3-propanediol(1,3-PDO) from glycerol has become a great interest as it is a 

highly expensive value-added chemical used in the production of polytrimethylene terephthalate 

(PTT) polymer and polyurethane [1]. Currently, 1,3-PDO is produced through hydrogenolysis 

of glycerol utilizing active metal catalysts such as platinum (Pt) [2, 3], copper (Cu) [4] and nickel 

(Ni) [5]. However, the consumption of hydrogen gas during the hydrogenolysis reaction cause 

the process to be less cost-effective and highly risks as it may lead to explosion if there is leakage 

[6]. Therefore, to fully eliminate the usage of hydrogen gas in the hydrogenolysis process, the 

combination of APR with selective hydrogenolysis reaction was identified as the best alternative 

method.  

 

APR process was introduced in 2002 by Dumesic’s group [7]. The APR process is carried out at 

relatively low temperature (200–250 °C) and high pressure (1.5 MPa- 5.0 MPa) which assists to 

reduce the undesirable decomposition reaction [8]. This process also favours water gas shift 

(WGS) reaction that produces hydrogen which  could be further used for hydrogenolysis reaction 

to produce various gaseous and liquid products[9]. A few number of works have investigated the 

possibility of combining APR and hydrogenolysis of glycerol using Pt catalysts [7, 10-12], Cu-

Zn/Al catalyst [13] and Ni/Al-Fe catalyst [14]. Liu, Tamura [15] investigated on the production of  

propylene glycol through combined APR and hydrogenolysis of glycerol over IrReOx/SiO2 catalyst 

in an autoclave reactor. They reported that, the highest 1,3-PDO selectivity of up to 9.6 % with 20% 

glycerol conversion were obtained. 
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More attention has been made on the development of suitable catalyst for the 1,3-PDO production 

using noble or transition metal catalysts (Pt, Ru, Ir, Re and Ni) alone or promoted with other metal 

oxide or salts (Ca, Mo and Cu) supported on various supports (CeO2, WO3 and Al2O3) [4, 16, 17]. A 

Bronsted acid catalyst is necessary for the reaction to proceed via glycerol dehydration to 3-HPA 

then followed by in-situ hydrogenolysis of 3-HPA to 1,3-PDO [18, 19]. Among these catalysts, 

Ni has developing much interest for glycerol hydrogenolysis as it is highly selective towards C-O 

bond cleavage [20]. Meanwhile for the selection of promoter, Ca promoter is selected for this 

study as it has shown promising performance during hydrogenolysis reaction as well 

significantly improved the particles distribution [21]. Gong, Zhao [22] also agreed that the 

doping of Ca on the Co2-Al3 catalyst significantly increase the yield of 1,2-propanediol produced 

via hydrogenolysis of glycerol which shows that this catalysts is highly selective for 

hydrogenation reaction. 

 

The CeO2 was selected as the catalyst support for this application  due to its promising 

performance in improving the metal dispersion and metal-support interaction [23]. Therefore, 

these factors have a good impact on the catalytic activity of nickel supported catalysts in the 

reforming of hydrocarbons [24]. Bastan, Kazemeini [25] studied the effect of varying the 

composition of cerium on the catalytic activity of Ni/CexZr1-xO catalyst in APR of glycerol. It 

was found that the ceria itself has a great influence on the catalyst activity and stability during 

the reaction. 

The efficiency of the catalysts was also affected by the catalyst preparation method. It was 

reported that, the  conventionally synthesized catalyst commonly using impregnation method are 
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highly agglomerate due to uneven distribution of the metal on the support [25]. Therefore, 

extensive development on catalyst synthesizing method has been made by introducing 

ultrasound irradiation. This method has been proven to improve the physicochemical properties 

of the catalysts due to cavitation phenomena which involved the formation and collapse of micro 

bubbled in a split second [26]. Ahmadi, Haghighi [27] agreed that sonochemically synthesized 

catalyst possesses a smaller particle size and a more homogeneous distribution of metals on the 

support. . 

 

To the best of our knowledge, the combined APR and selective hydrogenolysis of glycerol for 

1,3-PDO production using active metals catalysts supported on CeO2 using the sonochemical 

approach have not been reported previously, which is the novelty of the present work. The 

purpose of using APR reaction exclusively to produce 1,3-PDO is aimed to utilize the in-situ 

hydrogen produce during APR reaction to convert the glycerol to 1,3-PDO via hydrogenolysis 

reaction. In the present study, the APR and selective hydrogenolysis of glycerol are carried out 

in a batch reactor over a series of Ca doped Ni-based catalysts supported on CeO2. The 

performance of the catalysts during the reaction are investigated based on the yield and 

selectivity of 1,3-PDO and glycerol conversion. 

2 Experimental  

2.1 Materials 

Nickel nitrate hexahydrate (Ni(NO3)2.6H2O), calcium chloride dihydrate (CaCl
2
.2H

2
O) cerium 

dioxide (CeO2), glycerol and 1,3-Propanediol(99.99%) standard were all purchased from Merck 

Company, Malaysia. All the chemicals used were of analytical grade and used without any 
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further purification. Purified hydrogen (99.99%) and nitrogen (99.99%) gases were supplied by 

Linde Malaysia.  

2.2 Catalyst preparation  

The Ni-xCa/CeO2 (where x=0, 0.5, 3 and 5) catalysts were synthesized using a typical 

sonochemical (Us) [28] and wet impregnation (WI) [29] methods. The Ni(NO3)2.6H2O and 

CaCl
2
.2H

2
O salts which were used as Ni and Ca precursor, respectively were dissolved separately 

in deionized water according to the catalyst formulation. Then, the aqueous solutions of the salts 

were doped simultaneously onto the support. For the sonochemical method, the mixture was 

sonicated using ultrasound sonicator (Model: Q700 Sonica; Fisher Scientific) at 90 W for 45 min 

with 30 s pulse ON and 5 s OFF. Whereas, for the wet impregnation method, the mixture was 

stirred at room temperature for 4 h and 350 rpm. The samples were then dried using vacuum 

oven at 110 ℃ for 24 h and calcined using a box furnace at 500 ℃ for 4 h in the static air 

environment. The synthesized catalysts were denoted as Ni-xCa/CeO2_Us and Ni-xCa/CeO2_WI 

(where; x=0, 0.5,3 and 5).  

2.3 Characterization of catalysts 

X-Ray Diffraction (XRD) analysis was performed by using X’ Pert 3 Powder & Empyrean, 

PANalytical diffractometer equipped with Cu Kα radiation source (λ=1.5406Ӑ) operating at 

45kV and 40Ma [14]. The diffraction data were collected in the 2θ range of 10o-70o in continuous 

mode. The crystallite size of the catalysts was determined using Scherrer equation [4]; 

D=Kλ/(βcos θ) where D = crystallite size, K = crystalline shape factor (0.9), λ = 0.154nm, β = 

line broadening at half the maximum intensity (in radians) and θ = peak angle (in radians). The 

textural properties of the catalysts were determined from nitrogen adsorption-desorption 

measurement using micromeritics ASAP 2020 instrument. The specific surface area was 
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calculated using BET analysis [4] and the pore volume size were determined using BJH method 

[30].  

 

The Field Emission Scanning Electron Microscope (FESEM) analysis was performed by using 

VPFESEM, Zeiss Supra 55VP operating at 5 kV. This FESEM analysis was performed together 

with Electron Dispersive X-ray(EDX) and dot mapping analysis. Temperature programmed 

reduction (H2-TPR), temperature-programmed desorption (NH3-TPD) and CO-chemisorption 

analysis were performed using TPDRO, Model:1100, Thermo Scientific equipped with thermal 

conductivity detector (TCD). For the TPR analysis, 10 g of catalysts powder were firstly 

degassed inflow of nitrogen (N2) gas at 300 oC for 1.5 hours to remove all the moisture. Then, 

the catalysts were cooled down to 25 ℃ by N2 stream and heated until 950 oC at the rate of 10 

oC/min in the presence of 5% H2 in Ni with holding time of 10 min [14]. Meanwhile, for the TPD 

analysis, 25 mg of catalysts powder were first pretreated under helium (He) gas with a flow of 

80 mL/min at 300 ℃ for 1 h. Then, the catalysts were cooled down to 25 ℃ and 50 mL/min of 

10 vol% NH3 in He gas were injected into the catalysts to ensure all the catalysts are saturated 

with NH3. The catalyst bed was heated to 800 ℃ at a heating rate of 30 ℃/min [31]. Meanwhile, 

the CO-chemisorption analysis was carried out at 30 ℃ with a successive injection of 0.5 mL 

CO samples via calibrated loop into the 30 mL/min He carrier until a saturated peak was 

observed to measure the CO uptake [32]. Transmission Electron Microscopy (TEM) 

micrographs were obtained using an electron microscope (Model: Zeiss Libra 200 made in the 

USA) with accelerating voltage of 100–200 kV. The average diameter of the metal particles was 

analyzed using Image J software. X-ray Photoelectron Spectroscopy (XPS) analysis was carried 

out using utilizing K-Alpha instrument equipped with monochromatic Al Kα source (hν=1486.6 
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eV) operating at 150 W, a double-sided adhesive tape vessel and detector at the pressure of 

1×10−9 Torr. The spectra were recorded at narrow scan and survey spectra of 40 eV and 160 eV 

respectively. 

2.4 Experimental setup  

The activity tests were carried out in PREMEX Autoclave High-Pressure batch reactor   equipped 

with a magnetic stirrer, thermocouple and two input valves for gas inserting and releasing (Fig. 

1). The catalysts were first reduced under H2 flow 50 mL for 1 h at their respective reduction 

temperature determined from H2-TPR analysis [33]. After the reduction process, pure N2 gas 

was purged into the reactor to remove the traces of hydrogen left on the catalysts. The reactor 

was let to cool down to 100 ℃ and  Glycerol solution (10 vol.%) was put into the reactor and 

sealed. The reaction was conducted at 230 ℃, 20 bar of purified nitrogen and 450 rpm for 1 h 

with and without catalyst as blank run to observe the presence of in-situ hydrogen produced 

during the reaction which was confirmed with GC-TCD [33]. Later, all the catalysts were 

screened at similar reaction condition.  The liquid products were analyzed using High-

Performance Liquid Chromatography (HPLC) equipped with a refractive index (RI) detector. 

The analysis was performed using Eclipse XDB C18 column (5 μm, 46×150 mm) with total 

runtime of 35 min and 0.005 M sulfuric acid as mobile phase was injected at a flow rate of 0.6 

mL/min into the system [30]. The yield [5] and selectivity of 1,3-PDO [1] and glycerol 

conversion [34] were determined using the Eq. (1) to Eq. (3). 

 

Yield of 1,3 − PDO =
Mass of 1,3−PDO produced

Total mass of product produced
× 100%                                                      (1) 

Selectivity OF 1,3 − PDO =
Mass of 1,3−PDO produced

Total mass of glycerol consumed
× 100%                                          (2) 
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Conversion of glycerol =
Mass of glycerol consumed

Mass of glycerol in 
× 100%                                                      (3) 

2.5 Parameters optimization 

The best catalyst was further utilized for parameters optimization study to observe the effect of 

varying glycerol to catalyst weight ratio (Wglycerol/Wcatalyst), temperature and pressure on yield 

and selectivity of 1,3-PDO and glycerol conversion. The range of the parameters used in this 

optimization study was selected based on the work conducted by Remón, Giménez [35] and also 

considering the reactor limitation. The agreed range of parameters for this study are as follow: 

Wglycerol/Wcatalyst = 3.15 to 15.77 gglycerol/gcatalyst, temperature = 210 to 250 ℃ and pressure =10 to 

30 bar. Meanwhile, the other parameters such as reaction time and stirring rate were kept constant 

at 1 h and 450 rpm, respectively. The reaction products were analyzed using HPLC analysis as 

mentioned in Section 2.4. The yield and selectivity of 1,3-PDO and glycerol conversion were 

determined using Eq. (1) to Eq. (3). 

3 Results and discussion 

3.1 Physicochemical properties of catalysts 

The XRD patterns of CeO2 support and all the synthesized catalysts are shown in Fig. 2. Detailed 

analysis on the XRD patterns showed that the CeO2 peaks were observed at 2θ=28.54˚, 33.08˚, 

47.48˚, 56.49˚, 59.09˚, 69.62˚,76.92˚,79.26˚ and 88.71˚(JCPDS No. 34-0394) which represents 

the cubic structure of CeO2 [36]. Whereas the diffraction peaks of the cubic structure of NiO are 

observed at 2θ=37.3o, 37.49°, 43.1° and 62.93° (JCPDS No.47-1049) [28, 33]. The diffraction 

peaks of CaO are observed at 2θ= 37.32˚ and 54.1°(JCPDS NO. No. 82-1691) which represents 

cubic structure [21].  
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The inset of the XRD patterns of both sonochemical and wet impregnation catalysts revealed 

that the main peaks of the catalysts shifted towards the smaller angle and smaller line broadening 

with an increased in the Ca doping. This shift in peaks and smaller line broadening of the 

catalysts increase the crystallite size . Rajivgandhi, Ramachandran [37] also reported that the 

shift in peak position and line broadening of the planes significantly affect the crystallite size of 

the compound.  

 

Table 1 shows the average crystallite size of NiO, CaO and CeO2 crystals of each catalyst 

samples calculated using the Scherer equation. From the results, it is observed that the increased 

in the amount of Ca doping from 0 to 5 wt.% on the Ni/CeO2 catalysts synthesized by 

sonochemical significantly increase the crystallite size of NiO, CaO and CeO2 crystals from 2.10 

to 2.44 nm, 2.03 to 2.07 nm and 2.78 to 2.97 nm, respectively.  

 

Meanwhile for catalysts synthesized by wet impregnation methods, the increase in Ca doping 

from 0 to 5 wt.%, significantly increased the crystallite size of NiO, CaO and CeO2 crystals from 

2.27 to 2.60 nm, 2.10 to 2.30 nm and 2.80 to 3.05 nm, respectively. This indicates that the 

increased in metal doping leads to an increase in particles agglomeration due to the uneven 

distribution of the metals over the support.  Comparatively, the result also shows that 

sonochemical catalysts have a slightly smaller crystallite size compare to WI catalysts. 

Therefore, it can be proved that the high power of ultrasound irradiation promotes more 

homogeneous particles distribution which significantly affects the crystallite size of the catalysts. 

The catalyst with the smallest crystallite size is predicted to be the most active during the 

catalytic reaction as it prepares a larger surface area and more active sites for the reaction to 
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occur[26]. These findings also agreed with Rahbar Shamskar, Meshkani [38] which also reported 

that the ultrasound irradiation improved the distribution of the particles and decreased the 

agglomeration of the particles which resulted in smaller crystallite size of NiO-Al2O3 catalysts.  

 

The specific surface area (SSA), pore volume and pore size of the synthesized catalysts are 

shown in Table 1. From the results, it is observed that the surface area of the catalysts for both 

methods decreased with increased metal loading [39]. This decrease in surface area at higher 

metal loading is due to larger particles size effected by particles agglomeration [39]. A 

comparison of sonochemical and wet impregnation catalysts shows that sonochemical catalysts 

have a slightly bigger surface area. This is mainly caused by ultrasound irradiation which helps 

to reduce particles agglomeration by promoting homogeneous metals distribution. The catalyst 

with a larger surface area is believed to be more active during the catalytic reaction as it has more 

active sites for the reaction to occur [38]. These results are in line with the XRD analysis shown 

in Fig. 2, confirming that smaller particles size results in higher SSA.  

 

The pore volume and pore size are also affected by the ultrasound irradiation. The results 

revealed that the pore volume and pore size of catalysts decreased with an increase in metal 

loading. The results also show that sonochemical catalysts have a bigger pore volume and pore 

size compared to wet impregnation catalyst. Higher pore volume and pore size of sonochemical 

catalysts are caused by cavitation phenomena that promote homogeneous metals distribution 

[28]. However, the lower pore volume and pore size of wet impregnation catalyst confirmed that 

there is blockage of pores by loaded metals. Xu, Yang [31] observed that the increased in Ca 
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compositions, decreased the surface area and pore volume which caused by particles 

agglomeration due to uneven metal particles distribution (Table 1). 

 

The N2 adsorption-desorption isotherms of sonochemical and wet impregnation catalysts is 

shown in Fig. 3(a) and (b) respectively. It is observed that the isotherms of all the synthesized 

catalysts are similar to type IV isotherm which indicate that the catalysts are in mesoporous 

structure with particle diameter between 2 to 50 nm [40, 41]. The FESEM images, EDX spectra 

and dot mapping images of the synthesized catalysts are shown in Fig. 4. From the FESEM images 

it is observed that at high metal loadings, the catalysts might experience particles agglomeration 

due to the uneven distribution of metals on the support. This finding is supported by the EDX 

spectra and dot mapping images which also proved that at high metals loading the catalysts are 

highly agglomerate. This particles agglomeration may lead to catalysts deactivation during the 

reaction. He, Yao [42] also agreed that at high metal loadings, the catalysts experienced serious 

particles agglomeration due to non-homogeneous particles distribution. This is supported by the 

crystallite size (Table 1) calculated from XRD analysis which shows that the average crystallite 

size of NiO, CaO and CeO2 crystals increased with an increase in the amount of metals loading.  

 

Besides that, SSA determined from the BET method shows that the SSA of the catalysts decreased 

with increased metals loadings (Table 1). Comparatively, the FESEM images, EDX spectra and 

dot-mapping images of sonochemical and wet impregnation catalysts show that the metal 

particles of sonochemical catalysts are homogeneously distributed on the support (Fig. 4). 

Meanwhile, for wet impregnation catalysts, particles agglomeration is observed at a particular 

area which might be caused by the uneven distribution of metals. Therefore, this confirmed that 
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the ultrasound irradiation significantly reduced the particle agglomeration by promoting 

homogeneous metals distribution [38, 43]. These results are supported by the crystallite size and 

SSA determined from XRD and BET analysis respectively (Table 1). The H2-TPR analysis was 

conducted to determine the reducibility and interaction between metal and support of 

sonochemical and wet impregnation catalysts. Fig. 5 represents the individual reduction profile 

of all the synthesized catalysts.  

 

It is observed that for all the catalysts, one broad peak is present in the range of 300-500 ℃. The 

peak of Ni/CeO2_WI, Ni-0.5Ca/CeO2_WI, Ni-3Ca/CeO2_WI and Ni-5Ca/CeO2_WI catalysts 

are observed at 392, 402, 406 and 420 ℃ respectively. Whereas the peak of Ni/CeO2_Us, Ni-

0.5Ca/CeO2_Us, Ni-3%Ca/CeO2_Us and Ni-5Ca/CeO2_Us catalysts are observed at 352, 372, 

378 and 402 ℃ respectively.  These peaks represent the reduction of weakly interacted NiO to 

Ni [38, 44]. The reduction profiles of the catalysts show that the increased in metals loading 

shifted the TPR peaks towards higher temperature for both preparation methods. This indicated 

the increased in Ca loading decreased the reducibility of the catalysts due to stronger interaction 

between metals and support [21]. This is mainly caused by the agglomeration of particles and 

non-homogeneous particles distribution at higher metals loading.  

 

Besides that, particles size also has a great influence on the reducibility of the catalysts. Catalysts 

with smaller particles size are reduced at slightly low temperature due to weak interaction 

between metals and support[39]. This is the reason why the increased in metal loading leads to 

an increase in catalysts reducibility due to an increase in particles size.  This finding agreed with 

the FESEM, XRD and BET analysis which proved that at low metals loading, the metals are 
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more homogenously distributed which results in smaller particles size. Comparatively, for 

sonochemical and wet impregnation catalysts with the same formulation, it is observed that the 

sonochemical catalyst has a slightly lower reduction temperature (Fig. 5). This is due to 

homogeneous particles distribution which leads to smaller particles size possess by 

sonochemical catalysts.  

 

Meanwhile, wet impregnation catalysts show a higher reduction temperature due to non-

homogeneous particles distribution which leads to bigger particles size and strong interaction 

between metals and support [38]. Besides that, it is also observed that sonochemical catalysts 

have a sharper reduction peak compared to wet impregnation catalyst. This indicates that 

sonochemical catalysts consumed less hydrogen to breaks the weak interaction between metals 

and support compared to wet impregnation catalyst. The catalyst with lower reduction 

temperature has lower binding energy between metal and support as well as lower hydrogen 

consumption compared to catalyst with higher reduction temperature [39]. As mention above, 

the catalyst with strong metals-support interactions and smaller particles size results in high 

dispersion is desirable for this in-situ hydrogenolysis reaction [45] 

3.2 Catalytic performance and selective hydrogenolysis of glycerol 

The APR and selective hydrogenolysis of glycerol were performed using PREMEX autoclave 

batch reactor at the following reaction conditions: 230 ºC, 20 bar, the reaction time of 1 h, 10 

wt.% glycerol and stirring rate of 450 rpm. A blank test of glycerol as reactant was performed at 

similar reaction conditions without the presence of a catalyst to evaluate the in-situ H2 produced 

via APR of glycerol. The blank run exhibited poor H2 production performance of only 0.1 mol 

was produced after 1 h of reaction time. Subsequently, a blank test of 10 g of CeO2 support was 
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performed at similar reaction conditions. The result showed that the H2 production slightly 

improved to 0.2 mol and a smaller yield of 1,3-PDO of approximately 2.05% were found in the 

gas and liquid products respectively. Therefore, it has anticipated that this in-situ hydrogen 

produced via APR reaction will be able to facilitate the hydrogenolysis of glycerol to 1,3-PDO. 

Then, the APR and selective hydrogenolysis of glycerol were performed using all the synthesized 

catalysts at similar reaction conditions. The catalytic performance of the synthesized catalysts 

for this APR and selective hydrogenolysis reaction were determined by comparing the yield and 

selectivity of 1,3-PDO and glycerol conversion to the liquid product as summarized in Fig. 6.  

 

The results obtained revealed that the yield of 1,3-PDO decreases with an increased in the 

amount of Ca doping for both preparation methods. For Us catalysts, the increased in the amount 

of Ca doping from 0 to 5 wt.%, decreased the 1,3-PDO yield from 19.54 to 5.36%. Meanwhile, 

for WI catalysts, the 1,3-PDO yield decreased from 4.08 to 2.15% with an increased in the 

amount of Ca loading from 0 to 5 wt.%. The results show that, for both preparation methods, 

monometallic Ni/CeO2 catalysts give the highest yield of 1,3-PDO. This is mainly caused by the 

Ni active sites which act as dehydrogenating and hydrogenating catalysts. It is also reported in 

the literature that Ni alone is more suitable for the hydrogenolysis reaction route [46]. 

 

Similarly, for 1,3-PDO selectivity it is also observed that the 1,3-PDO selectivity decreased with 

an increased in the amount of Ca doping for both preparation methods (Fig. 6). For Us catalysts, 

the increased in Ca doping from 0 to 5 wt.%, decreased the 1,3-PDO selectivity from 42.73 to 

10.39%. Meanwhile, for WI catalysts, the 1,3-PDO selectivity decreased from 7.69 to 3.90% 

with an increased in the amount of Ca doping from 0 to 5 wt.%. Although it has been reported 
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in the literature that Ca as a promoter has shown good performance during the hydrogenolysis 

reaction, however for our study the addition of Ca brings a negative impact on the yield of 1,3-

PDO produced via in-situ hydrogenolysis of glycerol. This might be caused by the reduction in 

the Bronsted acid sites of the catalysts affected by the basic properties Ca [47]. As reported in 

the literature, Bronsted acid sites are necessary to ensure that the reaction proceeds via 

dehydration and hydrogenation of glycerol to1,3-PDO [45].  

 

Besides that, this might also cause by the reduction in the active sites of the catalysts due to 

particles agglomeration at higher metal loading. The decreased in the amount of H2 produced 

during APR reaction could also be the reason for decreased in the 1,3-PDO yield and selectivity 

with an increased in the amount of Ca doping. This finding is supported by García-Fernández, 

Gandarias [48] which also reported that the lower availability of H2 significantly affects the 

distribution of 1,3-PDO in the product. In the comparison of sonochemical and wet impregnation 

catalysts with similar composition, the 1,3-PDO yield and selectivity obtained using 

sonochemical catalysts is slightly higher than the wet impregnation catalysts. This is caused by 

the ultrasound irradiation that improved the metal dispersion which resulted in a larger surface 

area and more active sites for the reaction to occur.  

 

For the glycerol conversion to liquid products, it is observed that all the catalysts have 

approximately 40-60% glycerol conversion except for CeO2 support (Fig.6). This result is in line 

with the reported data for this APR and selective hydrogenolysis of glycerol [45]. This high 

conversion of glycerol to liquid products might be due to operating conditions such as 

temperature, pressure, glycerol concentration and reaction times. During this reaction, glycerol 
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was converted into respective liquid products at their vaporized temperature through various 

processes such as hydration and hydrogenolysis [49]. Similarly, it is also observed that the 

glycerol conversion of Us and WI catalysts decreased from 54.26 to 48.44% and 46.90 to 37.22% 

respectively, with an increased in the amount of Ca composition from 0 to 5 wt.%. At higher 

metals loading, the catalysts are less active due to smaller surface area. In comparison, 

sonochemical catalysts have higher glycerol conversion compared to wet impregnation catalysts. 

This is because the particles of sonochemical catalysts are homogeneously distributed which 

resulted in smaller particles size and higher active sites for the reaction.  

 

Moreover, Table 2 shows the comparison of the different catalysts used and their synthesizing 

methods as well as different technology used in the production of 1,3-PDO utilizing glycerol. 

From the table, it can be concluded that this present study, utilized a rather novel catalyst and 

technology which give significant results in term of 1,3-PDO selectivity when compared with 

the best results reported on the 1,3-PDO via the conventional method. This study mainly focuses 

on the effect of varying amount of Ca doping and comparative study of the conventionally 

synthesized catalyst and sonochemically synthesized catalyst. Overall, Ni/CeO2_Us catalyst was 

identified as the best catalyst for 1,3-PDO production via APR of glycerol which has the highest 

yield and selectivity of 1,3-PDO. The best-designed catalyst is further characterized using TEM, 

NH3-TPD, XPS and Co-Chemisorption analysis to compare its physicochemical properties with 

catalysts synthesized by conventional methods. 

 

The TEM images and particles size distribution of Ni/CeO2_Us and Ni/CeO2_WI catalysts are 

shown in Fig. 7. From the TEM images, it is observed that catalyst particles have mainly 
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truncated octahedral morphology. Meanwhile, from the particles size distribution, it is observed 

that sonochemical catalyst has slightly smaller particles size distribution compared to wet 

impregnation catalysts. This proved that ultrasound irradiation promotes a more homogeneous 

particle distribution which resulted with larger surface area and higher catalytic activity for APR 

and selective C-O hydrogenolysis of glycerol. Meanwhile, wet impregnation catalyst has a 

slightly larger particle size mainly due to particle agglomeration which reduced the performance 

of catalysts during the reaction. The maximum particle size of Ni/CeO2_Us and Ni/CeO2_WI 

catalysts are obtained at 30 nm and 50 nm respectively, while the calculated average particle 

sizes of Ni/CeO2_Us and Ni/CeO2_WI are 22 nm and 40 nm respectively. This result is in line 

with the XRD analysis discussed in Section 3.1. 

 

The number of acidic sites and strength of Ni/CeO2_Us and Ni/CeO2_WI catalysts were 

determined using NH3-TPD analysis. Fig. 8 shows the individual desorption profile of the 

synthesized catalysts. According to [1] the strength of acidic sites of the catalyst is categorized 

into three peak temperature regions; Region I: 150 -300 ℃ represent the weak acid site which is 

also known as Lewis acid, Region II: 300-450 ℃ represent the moderate acid site and Region 

III:  450-650 ℃ represent strong acid site which also known as Bronsted acid. From the 

desorption profile, it is observed that the number of peaks present in the sonochemical catalyst 

is higher than the wet impregnation catalyst which indicates that sonochemical catalyst has more 

acidic sites. Higher surface area and homogeneous dispersion of metals over the support is 

identified as the main reason why sonochemical catalyst has more acidic sites compared to wet 

impregnation catalyst which is also agreed by the literature [39].  
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Besides that, from the desorption profile, it is also observed that both catalysts possess a high 

amount of Bronsted acid sites due to the present of desorption peak at high temperature between 

450-650 ℃ (Region III). The first desorption peak for both sonochemical and wet impregnation 

catalysts appeared at 325 ℃ (Region II) while the second desorption peak appeared at 445℃ 

(Region III). The third desorption peak that appeared at 500℃ is observed for both sonochemical 

and wet impregnation catalysts while the fourth and fifth desorption peaks at 600 ℃ and 750 ℃ 

(Region III) is only observed for the sonochemically synthesized catalyst. Thus, it is observed 

that sonochemical catalyst poses more active sites and higher desorption of ammonia. The 

catalyst with stronger acids sites is believed to be more active and selective for in-situ 

hydrogenolysis of glycerol to 1,3-PDO. 

 

The oxidation states of the Ni/CeO2_Us and Ni/CeO2_WI catalysts were determined using XPS 

analysis. The fitted XPS spectra of Ni 2p of the synthesized catalysts were showed in Fig. 9(a) 

and (b) respectively. Detailed analysis of the XPS spectra revealed that two intense peaks were 

observed at around ~863.08 and ~869.95 eV for both Ni/CeO2_Us and Ni/CeO2_WI catalysts. 

These peaks correspond to Ni 2p. The binding energy of Ni 2p is in good agreement with the 

binding energy reported in the literature[50, 51]. For both sonochemical and wet impregnation 

catalysts, only one functional group is observed in the form of Ni2+. Comparatively, the 

sonochemical catalyst has lower binding energy of 856 eV compared to the wet impregnation 

catalyst with a binding energy of 856.8 eV. This might be caused by the strong electrostatic 

repulsion between the functional groups and metallic ions of precursors on the surface of the 

support due to the introduction of ultrasound irradiation which resulted in highly intensive 

energy generation.  
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The turnover frequency (TOF), percentage dispersion and aggregate particles size were 

determined to evaluate the catalytic activity of Ni/CeO2_Us and Ni/CeO2_WI catalysts when the 

conversion reached 40-60% as tabulated in Table 3. The calculated TOF value of Ni/CeO2_Us 

catalysts is 2.5×10-2 s-1 which is higher compared to Ni/CeO2_WI with TOF value of 1.2×10-2 s-

1. This indicates that the hydrogenation rate per active sites of sonochemical catalyst is 

significantly higher than the wet impregnation catalyst due to larger active sites possess by 

sonochemical catalyst [39]. Similarly, the cumulative percentage dispersion of Ni metal was also 

higher for the sonochemical catalyst. The average particle size determined by TEM for 

Ni/CeO2_Us and Ni/CeO2_WI are 22 nm and 40 nm, respectively, which is in line with the 

average particle size determined by CO chemisorption of (18.2 nm and 36.5 nm), assuming that 

the particles exist in a spherical shape.  

 

The calculated percentage dispersion of Ni/CeO2_Us and Ni/CeO2_WI were found to be 35.20% 

and 20.50%, respectively. Therefore, ultrasound irradiation has a significant effect on the particle 

size distribution and dispersion, TOFs, and active sites of the catalyst which enhanced the 

catalytic activity of the catalyst[52]. In term of the economical aspect, the combination of APR 

and hydrogenolysistechnology using a sonochemically synthesized catalyst is more 

economically feasible compared to the other conventional methods. This  might be caused by 

the less energy consumption during the reaction which gives a significantly high yield and 

selectivity of 1,3-PDO within a short reaction time compared to conventional methods which 

operate at high reaction temperature and longer time [3, 53].  
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3.3 Optimization of reaction parameters  

3.3.1 Effect of glycerol to catalyst weight ratio 

The experiments were performed at a reaction temperature of 230 ℃ with the reaction pressure 

of 20 bar, the reaction time of 1 h and a stirring rate of 450 rpm. The glycerol to catalyst weight 

ratio (Wglycerol/Wcatalyst) was varied from 3.15 to 15.77 gglycerol/gcatalyst. The data set present here 

are replicate of 3 data points with % error ±5. Fig. 10(a) shows the effect of Wglycerol/Wcatalyst on 

the 1,3-PDO yield and selectivity and glycerol conversion. A significant increase in 1,3-PDO 

yield and selectivity from 3.21 to 19.54% and 4.2 to 42.73% respectively are observed when the 

Wglycerol/Wcatalyst increased from 3.15 to 6.31 gglycerol/gcatalyst. This might be caused by the increase 

in the selective hydrogenolysis of glycerol to 1,3-PDO due to the increased in the amount of H2 

produced via APR. The previous study conducted by Seretis and Tsiakaras [7] has reported that 

the production of propylene glycol via in-situ hydrogenolysis is more favoured with the increase 

in glycerol concentration due to the effect of an increase in autogenous pressure and maximum 

H2 produced at the highest glycerol concentration. Meanwhile, the 1,3-PDO yield and selectivity 

significantly decrease from 10.48 to 4.29% and 31.3 to 10.75% respectively with an increase in 

from.  

 

The decrease in 1,3-PDO yield and selectivity at higher Wglycerol/Wcatalyst above 6.31 

gglycerol/gcatalyst is mainly due to the viscous glycerol solution that limits the amount of H2 

dissolved in the solution and therefore reduces the availability of in-situ hydrogenolysis reaction 

[49]. Notably, the glycerol conversion improved significantly when the Wglycerol/Wcatalyst 

increased from 3.15 to 9.46 gglycerol/gcatalyst and remain constant with further increased in 

Wglycerol/Wcatalyst above 9.46 gglycerol/gcatalyst (Fig. 8). At higher Wglycerol/Wcatalyst , the presence of 

excess reactant might cause the reaction to achieve a maximum glycerol conversion due to the 
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limited surface area and active sites of the catalyst present during the reaction [54]. This finding 

agreed with Seretis and Tsiakaras [7] reported a similar trend of increase in glycerol conversion 

with increased glycerol concentration. The decrease in 1,3-PDO yield and selectivity and 

increase in glycerol conversion at Wglycerol/Wcatalyst above 6.31 gglycerol/gcatalyst might be caused by 

the conversion of glycerol to other side products. It has been reported in the literature that during 

the APR and hydrogenolysis reaction other side reaction which includes methanation reaction is 

simultaneously occur during this reaction which contributed to the increase in glycerol 

concentration [55]. Thus, from the results, it can be concluded that the optimum Wglycerol/Wcatalyst 

is determined at 9.46 gglycerol/gcatalyst, where the maximum yield and selectivity of 1,3-PDO is 

obtained at this reaction condition. 

3.3.2 Effect of temperature 

The experiments were performed at a reaction pressure of 20 bar with a reaction time of 1 h, 

stirring rate of 450 rpm and Wglycerol/Wcatalyst of 6.31 gglycerol/gcatalyst. The reaction temperature was 

varied from 210 to 250 ℃. The data set present here are replicate of 3 data points with % error 

±5. Fig. 10(b) shows the effect of temperature on the 1,3-PDO yield and selectivity and glycerol 

conversion.  The results showed that the increased in temperature from 210 to 230 ℃, increased 

the 1,3-PDO yield and selectivity from 13.2 to 19.54 % and 31.7 to 42.7% respectively. This 

shows that at this temperature range, this reaction is highly selective toward C-O hydrogenolysis 

which resulted in high yield and selectivity of 1,3-PDO. The previous study conducted by Seretis 

and Tsiakaras [7] has proved that the increased in temperature from 200 to 220 ℃, significantly 

increased the H2 selectivity from 23.2 to 29.7% which resulted in a higher conversion of 

methanation reaction.  
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Meanwhile, an additional increased in temperature from 240 to 250 ℃ slightly reduce the 1,3-

PDO yield and selectivity from 17.1 to 11.8% and 39.2 to 23.0% respectively. This might be 

caused by the reduction in the H2 solubility in the glycerol aqueous solution at higher temperature 

as agreed by García, Valiente [56]. At this point, it is important to refer that, at a higher 

temperature, 1,3-PDO might act as a reactant that is being converted into other chemical 

products. As reported in the literature, 1,3-PDO is produced as an intermediate product during 

the hydrogenolysis of glycerol which makes it less stable and can be further converted into other 

final products (1-propane or propane) at higher reaction temperature [4].  

 

Moreover, for the effect of temperature on glycerol conversion, it is observed that the glycerol 

conversion increase from 30 to 61%with an increased in temperature from 210 to 250 ℃ 

although the 1,3-PDO yield and selectivity decreased significantly at reaction temperature above 

230 ℃ (Fig.10(b)). The higher glycerol conversion might be contributed by the conversion of 

glycerol to gases and other liquid products at higher temperature as reported in the literature [35]. 

García, Valiente [56] reported that at low temperature (210-230 ℃), the production of liquid 

products meanwhile at high temperature (240-250 ℃), the production of gases product is 

favoured. The optimized temperature is determined at 230 ℃, whereby, the maximum 1,3-PDO 

yield and selectivity of 19.5% and 42.7% are obtained respectively. 

3.3.3 Effect of pressure  

The experiments were performed at a reaction temperature of 230 ℃ for a reaction time of 1 h, 

stirring rate of 450 rpm and Wglycerol/Wcatalyst of 6.31 gglycerol/gcatalyst. The pressure was varied from 

10 to 30 bar. The data set present here are replicate of 3 data points with % error ±5. Fig. 10(c) 

shows the effect of pressure on 1,3-PDO yield and selectivity and glycerol conversion.  From 
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the result, it is observed that the 1,3-PDO yield and selectivity increase slightly from 8.4 to 19.5% 

and 34.6 to 42.7% respectively with an increase in reaction pressure from 10 to 20 bar. This 

might be caused by the increased in the H2 solubility with an increase in reaction pressure which 

favours hydrogenation reaction. As reported in the literature, for an aqueous phase reaction, the 

pressure has a significant effect on the H2 solubility in the reaction system[55]. It is agreed that 

the increase in pressure, increase the H2 solubility which improved the hydrogenolysis reaction.  

 

The surplus increased in pressure from 25 to 30 bar, decreased the 1,3-PDO yield and selectivity 

from 15.9 to 7.0% and 39.9 to 30.2% respectively. This can be attributed to the conversion of 

1,3-PDO to other final liquid products via hydrogenolysis reaction due to the increased in H2 

solubility in the reaction system with increased pressure. For the effect of pressure on glycerol 

conversion, it is observed that the increase in pressure from 10 to 30 bar, significantly increase 

the glycerol conversion from 22.9 to 56.6% (Fig. 10(c)). This result agreed with the reported 

literature that the increase in pressure leads to an increase in glycerol concertation as more 

glycerol can be converted to other liquid and gases products [55]. The optimized temperature is 

determined at 20 bar, whereby, at this pressure, the maximum 1,3-PDO yield and selectivity of 

19.54% and 42.73% are obtained respectively.  

4 Conclusion  

The sonochemical method for the synthesis of mesoporous Ni- Ca/CeO2 catalysts have become 

a new development in 1,3-PDO production via APR and selective hydrogenolysis of glycerol. 

The present study showed that the catalytic activity of the catalysts decreases with an increase 

in Ca loading. Hence, there is no significant effect of Ca loading for1,3-PDO selectivity and 

yield. Whereas, Ni/CeO2_Us catalysts showed the highest catalytic activity for APR and 
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selective hydrogenolysis reactions with the highest yield of 1,3-PDO(19.54%). The highest 

catalytic activity achieved by the sonochemically synthesizes catalyst is due to the higher surface 

area, smaller crystallite size and homogeneous particles distribution. This is also supported by 

TOF which shows that Ni/CeO2_Us catalyst has more active sites. Therefore, it can conclude 

that ultrasound irradiation has a significant effect in improving the physicochemical properties 

as well as the catalytic activity. The distribution of the desired products is strongly dependent on 

the reaction conditions and catalyst preparation method. The best-designed catalysts were further 

utilized to optimize the reaction parameters and their effects on the1,3-PDO yield and selectivity 

and glycerol conversion. The results revealed that using 6.31 gglycerol/gcatalyst, at 230 ℃ and 20 

bar produced the highest yield and selectivity of 1,3-PDO obtained i.e. (19.54%) and (42.73%) 

respectively. The monometallic Ni/CeO2 catalysts synthesized via sonochemical method proved 

as a novel alternative for 1,3-PDO production through APR and selective hydrogenolysis of 

glycerol. In future work, a continuous reaction system could be used to investigate this similar 

process to improve the selectivity of 1,3-PDO and the conversion rate. Moreover, longer reaction 

times are expected to increase the selectivity of 1,3-PDO which simultaneously increase the 

contact time between reactant and catalyst.  
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 Table 1. Crystallite size, SSA, pore volume and pore size of the synthesized catalysts. 

Catalyst Average crystallite size 

 (nm) 

SSA  

(m2/g) 

Pore volume 

(cm3/g) 

Pore size  

(nm) 

NiO CaO CeO2 

CeO2 - - 2.76 24.27 5.06 0.43 

Ni/CeO2_Us 2.10 - 2.78 26.77 7.87 0.45 

Ni/CeO2_WI 2.27 - 2.82 15.79 6.59 0.32 

Ni-0.5Ca/CeO2_Us 2.23 2.03 2.80 26.03 6.73 0.41 

Ni-0.5Ca/CeO2_WI 2.34 2.10 2.88 14.35 4.81 0.29 

Ni-3Ca/CeO2_Us 2.30 2.14 2.85 25.36 5.63 0.41 

Ni-3Ca/CeO2_WI 2.45 2.21 2.98 13.59 2.76 0.21 

Ni-5Ca/CeO2_Us 2.44 2.27 2.97 24.55 4.59 0.39 

Ni-5Ca/CeO2_WI 2.60 2.30 3.05 11.74 1.74 0.20 
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Table 2. Comparison of the present work with the available literature on 1,3-PDO production 

via the various catalytic process. 

Catalyst 
Preparation 

method 
Process 

T 

(℃) 

P 

(bar) 

1,3-PDO 

Selectivity  

(%) 

Glycerol 

conversion 

(%) 

Reference 

Pt/WO3 SMD Hydrogenolysis 160 10 56.93 29.71 [57] 

9Pt/8W SWI Hydrogenolysis 200 45 51.92 53.13 [58] 

Ir-Re/S-C4 CI Hydrogenolysis 130 80 40.61 44.54 [59] 

IrNi1.0 IWI Hydrogenolysis 200 25 3.08 4.87 [60] 

2Pt/S-MMT IWI Hydrogenolysis 200 1 62.14 94.03 [1] 

Ni/CeO2 Us APR and 

hydrogenolysis 

230 20 42.73 54.26 This work 

*Note: SMD= Surface modified dispersion; SWI=Sequential wetness impregnation; CI= Co-impregnation; IWI=Incipient wetness impregnation; 

T=Temperature; P=Pressure. 
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Table 3. TOF, percentage dispersion and particle size by CO-uptake of different catalysts; 

Ni/CeO2_Us and Ni/CeO2_WI. 

Catalyst TOF 

(s-1) 

Dispersion  

(%) 

Particle size by CO-uptake 

(nm) 

Ni/CeO2_Us 2.5 X 10-2 35.20 18.20 

Ni/CeO2_WI 1.2 X 10-2 20.50 36.50 
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List of Figures 

 

Fig. 1. Experimental setup for the reaction.  
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Fig. 2. XRD patterns of various catalysts synthesized by (a) Sonochemical and (b) Wet 

impregnation methods.. Insect shows the shift of the main peak with doping concentration.  
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Fig. 3. Nitrogen adsorption-desorption isotherms of various catalysts synthesized by (a) 

Sonochemical and (b) Wet impregnation methods.  
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Fig. 4. FESEM images, EDX spectra and dot mapping images of all the synthesized catalysts. 
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Fig. 5. H2-TPR profiles for various catalysts; (a) Ni/CeO2_WI, (b) Ni-0.5Ca/CeO2_WI, (c) Ni-

3Ca/CeO2_WI, (d) Ni-5Ca/CeO2_WI, (e) Ni/CeO2_Us, (f) Ni-0.5Ca/CeO2_Us, (g) Ni-

3Ca/CeO2_Us and (h) Ni-5Ca/CeO2_Us. 
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Fig. 6. Catalytic performance of various catalysts for APR and selective hydrogenolysis of 

glycerol. Reaction conditions: 10 vol.% glycerol solution, 2 g catalyst, 230 ℃, 20 bar, 450 rpm 

and 1 h.  
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Fig. 7. TEM images and particle size distribution; (a) CeO2, (b) Ni/CeO2_Us and (c) 

Ni/CeO2_WI catalysts  
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Fig. 8. NH3-TPD profile for (a) Ni/CeO2_Us and (b) Ni/CeO2_WI catalysts. 
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Fig. 9. XPS spectra of Ni 2p for (a) Ni/CeO2_Us and (ii) Ni/CeO2_WI catalysts. 
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Fig. 10. Effect of (a)Wglycerol/Wcatalyst, (b)temperature and (c)pressure on 1,3-PDO yield and 

selectivity and glycerol conversion. 
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