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ABSTRACT 

 

In the last two decades, considerable attention has been paid for the value addition of 

excess glycerol (~10 wt.%), a co-product of transesterification process, for the economic 

feasibility of biodiesel industry. In the recent literature, several routes have been proposed for the 

glycerol value addition process such as esterification, oxidation, hydrogenolysis, steam 

reforming etc. Conversion of glycerol to 1,2-propanediol (1,2-PDO) is one of the promising 

routes among all proposed glycerol conversion processes. 1,2-PDO is an essential commodity 

chemical used as a monomer for the production of polyester resin, antifreeze agent, paints, food 

additives, cosmetics, and pharmaceuticals. Globally, ~2.2 million tons of 1,2-PDO is produced 

per year and its increasing demand rate is 4% per annum. The formation of 1,2-PDO from 

renewable glycerol is an eco-friendly process compared to the existing commercial process.  

            Hydrogenolysis of glycerol is the splitting of C-C and/or C-O bond of a glycerol molecule 

with the concurrent addition of hydrogen at elevated temperature and pressure. It has been 

observed that the transformation of glycerol to 1,2-PDO requires a suitable catalyst with the 

capability to cleave the C-O bond selectively. Presence of acidic and/or basic sites on the catalyst 

surface favored the dehydration of glycerol and the active metal sites are necessary for 

hydrogenation of glycerol dehydrated product to produce 1,2-PDO.          

In this thesis, Cu, Ni, Zn, Fe, Co monometallic as well as bimetallic (Cu:Ni, Cu:Zn, 

Co:Zn, Cu:Fe, Co:Fe) catalysts supported on γ-Al2O3, MgO, BaO2, La2O3 and MgO-La2O3  and 

also Cu-Zn-Mg-Al-O catalysts derived from a layered double hydroxides (LDHs) precursor were 

developed and their performances were evaluated for selective transformation of glycerol to 1,2-

PDO in an autoclave reactor in liquid phase. Various techniques were employed to characterize 

the developed catalysts such as specific surface area (BET), X-ray Diffraction (XRD), NH3-

temperature programmed desorption (TPD), H2-temperature programmed reduction (TPR), CO2-

temperature programmed desorption (TPD), X-ray photoelectron spectroscopy (XPS), 

transmission electron microscopy (TEM), field emission scanning electron microscopy (FE-

SEM), atomic absorption spectroscopy (AAS). Further, to enhance the selectivity/yield of 1,2-

PDO, the reaction parameters were optimized experimentally by performing the experiment at 

the different reaction temperature (170-220 oC), pressure (3-6 MPa), glycerol concentration (10-

40 wt.%) and catalyst loading (2-10 wt.%), respectively. Stability and reusability of Cu-Zn-Mg-

Al-O LDHs, Cu:Zn(4:1)/MgO and Cu:Zn(4:1)/MgO-La2O3 catalysts were also performed.  
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          Hydrogenolysis activity of 20 wt.% Cu/γ-Al2O3, Ni/γ-Al2O3 and Cu-Ni(1:1)/γ-Al2O3 

catalysts were evaluated. Hydrogenolysis results demonstrated that the bimetallic Cu-Ni(1:1)/γ- 

Al2O3 
catalyst was the most active and selective to 1,2-PDO in comparison to other monometallic 

catalysts synthesized. Maximum glycerol conversion of 70.3% with 85.6% selectivity towards 

1,2-PDO was obtained in presence of this bimetallic catalyst. The higher catalytic activity of 

bimetallic Cu-Ni(1:1)/γ- Al2O3 
catalyst was due to the presence of a new mixed oxide phase as 

confirmed by XRD, smaller crystallite size, highest acidity and highest degree of reduction.  

Bi-functional Cu-Mg-Al-O and Cu-Zn-Mg-Al-O catalysts derived from LDHs precursor 

were synthesized by urea hydrolysis method and the performances of these catalysts were 

evaluated. Ball-flower shaped particles were identified in SEM images of all the catalysts and a 

well-defined layered structure of solid lamella has also been identified. Very high catalytic 

activity (> 85%) with > 90% selectivity towards 1,2-PDO was achieved in presence of all the 

LDHs catalysts synthesized. Cu-Zn-Mg-Al-O catalyst was the most active which showed ~98% 

conversion with very high (~92%) selectivity towards 1,2-PDO at 210 oC, at 4.5 MPa pressure 

after 12 h of reaction. The synergic interaction between the copper and ZnO on LDHs support, 

higher reducibility, smaller copper particle size, and well-developed curved platelet structure 

were solely responsible for the better catalytic activity of Cu-Zn-Mg-Al-O catalyst as compared 

to Cu-Mg-Al-O catalyst. Further, it was found that the inclusion of small amounts of NaOH as 

an additive in the reaction mixture significantly improved the selectivity (~94.3%) to 1,2-PDO. 

However, recycle study showed severe deactivation of the catalyst in the successive reuse. 

                Further, a series of monometallic (Cu, Co, Zn, and Fe) catalysts supported on MgO 

with 35% metal loading were synthesized and their performance was examined. Cu and Co 

metals were found to be more active as compared to Zn and Fe. Although the selectivity towards 

1,2-PDO was ~100% over Zn and Fe based catalyst. It was also found that 35% Cu/MgO catalyst 

exhibited 96.6% conversion with 92.6% selectivity towards 1,2-PDO at 210 °C, 4.5 MPa pressure 

after 12 h of reaction. Presence of acidic and/or basic sites, bi-functional nature, high metallic 

surface area (4.4 m2.g-1), lower copper crystallite size (~28 nm) were the main reasons behind 

the high catalytic activity and 1,2-PDO selectivity. Further, Zn and Fe were incorporated with 

Cu and Co to increase the overall selectivity and/or the yield of 1,2-PDO. A series of MgO 

supported bimetallic catalysts were also prepared and their performances were verified. This 

study aims to optimize the reaction parameters to maximize glycerol conversion and 1,2-PDO 

selectivity/yield, catalyst stability, and reusability. Among all the catalyst examined, 

Cu:Zn(4:1)/MgO catalyst exhibited a maximum of 98.4% conversion with 93.4% selectivity 
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towards 1,2-PDO at 210 oC and 4.5 MPa pressure. The addition of zinc into the Cu/MgO catalyst 

increased the degree of reduction of Cu:Zn(4:1)/MgO catalyst and also lowered its reduction 

temperature significantly. Zinc enhanced basicity and also the reducibility of catalyst by 

hydrogen spillover effect. NH3 –TPD and CO2 –TPD results revealed that copper introduced the 

acidic sites, whereas, Zn introduced the additional basicity in the catalyst. Very high catalytic 

activity and selectivity over Cu:Zn(4:1)/MgO catalyst was due to the presence of an appropriate 

combination of acidic (2.13 mmol NH3 gcat-1) and/or basic (1.81 mmol CO2 gcat-1) sites 

concentration on the catalyst, high hydrogen consumption (6.7 mmol gcat-1), very high degree of 

reduction (91.7%), and the presence of small average copper particle size (37.1 nm) in the 

reduced catalyst. Catalyst stability and reusability experiments were performed up to 3rd cycle. 

Glycerol conversion was found to reduce by ~ 14% after 3rd successive reuse. However, the 

selectivity towards 1,2-PDO was almost remained same (~94%).  

            The effects of various basic supports (La2O3, CaO, BaO2, and MgO-La2O3) on the 

performance of Cu-Zn bimetallic catalysts were investigated. The best catalytic activity was 

obtained in presence of Cu:Zn(4:1)/MgO-La2O3 catalyst, which showed 100% conversion with 

93% selectivity towards 1,2-PDO at 210 °C and at 4.5 MPa pressure. After the addition of La2O3 

to Cu:Zn(4:1)/MgO catalyst, average crystallite size of the catalyst was decreased from 33.2 to 

27.8 nm and the degree of reduction of the catalyst was increased significantly from ~92% to 

97%. Higher activity of Cu:Zn(4:1)/MgO-La2O3 catalyst was associated with the presence of 

smallest average crystallite size (27.8 nm), higher acidic strength (2.12 mmol.gcat-1)/basic 

strength (1.87 mmol.gcat-1) and higher degree of reduction (97%).  

                 To understand the intrinsic kinetic behaviour of glycerol hydrogenolysis reaction, 

kinetic studies were performed in presence of Cu:Ni(1:1)/γ-Al2O3, Cu:Zn(4:1)/MgO and 

Cu:Zn(4:1)/MgO-La2O3 catalyst, respectively. Over Cu:Ni(1:1)/γ-Al2O3 catalyst, the kinetic 

experiments were conducted at the different reaction temperature (180-220 ºC) and pressure (3-

6 MPa), respectively. A series reaction scheme of glycerol conversion to 1,2-PDO followed by 

the hydrogenolysis of 1,2-PDO to propanol was considered to develop the kinetic model. To 

develop the kinetic model, 1,2-PDO and propanol (1-PO + 2-PO) were considered as the main 

reaction products. A more realistic heterogeneous kinetic model based on combined Langmuir–

Hinshelwood-Hougen-Watson (LHHW) and an Eley-Rideal (ER) approach was developed. The 

calculated activation energy was found to be 70.5 kJ.mol-1 for the conversion of glycerol to 1,2-

PDO and it was 79.5 kJ.mol-1 for the production of PO from 1,2-PDO, respectively. The parity 

plot of the experimental and model simulated concentration of reactant and products were fitted 
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very well.  Further, in presence of Cu:Zn(4:1)/MgO-La2O3 and Cu:Zn(4:1)/MgO catalyst, a 

simple reaction scheme from glycerol to 1,2-PDO was considered and a kinetic model based on 

Langmuir–Hinshelwood-Hougen-Watson (LHHW) approach was also developed.  

         Finally, the overall economic feasibility of the liquid phase hydrogenolysis of glycerol to 

1,2-PDO was carried out in presence of Cu:Zn(4:1)/MgO catalyst which showed best activity 

among all the catalysts. Per day 60 kg production of 1,2-PDO was assumed to be the basis of 

calculation. Production cost included total fixed cost and operating cost. Annual income tax rate 

(φ) was considered as 30% of profit. Operating cost included material cost, energy cost, reaction 

cost, and catalyst separation cost and product purification cost. Production cost per kilograms of 

1,2-PDO was estimated to be Rs. 1502.4/-, whereas the market price of 1,2 PDO is Rs. 4437.5/- 

per kg (Alfa aesar = 99.5% 1,2 PDO, Item no 030948). The selling price of one kilogram 1,2-

PDO was considered to be Rs. 2000/-. Based on that, the return on investment after taxes (ROI) 

was found to be 82.82% and the payback period was calculated as 1.12 years. Therefore, the 

economic analysis suggested that the production of 1,2-PDO from renewable glycerol is 

extremely profitable and it is very promising for commercial application.  
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CHAPTER 1  

INTRODUCTION 

Energy is the backbone of socio-economic development of the modern era. At present, 

most of the energy comes from fossil fuel which is centralized only in some parts of the world. 

The developing countries like India, China needs to import crude petroleum from foreign 

countries to meet their energy requirement. India imports nearly 80% of its crude oil 

requirement from Middle East and organization of the petroleum exporting countries (OPEC) 

[Pal and Mitra (2015)]. In 2011, approximately 78% of global energy consumed was 

petroleum-based [REN-21-Renewable energy policy network]. Dwindling fossil fuel sources, 

its ever rising cost and its negative impact on the environment have triggered the necessity of 

alternative fuel from the past two decades [Wang et al., (2010), Maity (2015a)]. Recently, 

Indian national biofuel policy has fixed a target to reduce its crude oil import by 10% by 2022 

[National policy on biofuel 2018, Government of India]. In US, it has been targeted that 30% of 

existing petroleum-based fuel will be replaced by 2022 [Balan (2014)]. As a result, many 

attempts have been made for finding an alternative fuel which will be cheaper, environment-

friendly and also renewable. In this regard, conversion of biomass to value-added chemicals 

such as biodiesel, bio-butanol, and bio-ethanol by employing various processes such as 

thermochemical, chemical and biochemical are growing research interests in recent years 

[Maity (2015b)]. In this context, biodiesel has emerged as a potential alternative renewable, 

non-toxic, biodegradable clean fuel. The world production of biodiesel is expected to be around 

36.9 million metric tons by the end of 2020 [Dieuzeide et al., (2017)]. Biodiesel, a monoalkyl 

ester of long chain fatty acid is produced by the transesterification of vegetable oils, animal 

fats, and waste cooking oil. Scheme 1.1 [Naik et al., (2010)] is showing a typical 

transesterification process. 

 

 

Scheme 1.1. Transesterification of triglyceride for the production of biodiesel 
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One of the major issues in the biodiesel industry is value addition of the excess amount (~10 

wt.%) of crude glycerol obtained as a by-product [Karinen and Krause (2006)]. The 

commercial biodiesel industry has ended up with large surplus amounts of crude glycerol. This 

has led to decreasing the price of glycerol and also direct disposal of crude glycerol is a serious 

environmental concern. In light of this, value addition of these excess amounts of crude 

glycerol is essential to make the biodiesel industry economically viable [Pathak et al., (2010)].  

In addition to this, glycerol also can be obtained as a by-product in saponification process, 

hydrogenolysis of sorbitol, microbial fermentation etc. According to global glycerol analysis 

(GIA) report, global glycerol market will reach 6.7 billion pounds by 2020 [Special chem., 

(2014)].  

Glycerol, known as 1,2,3-propanetriol, is a clear, colourless, non-toxic, high 

functionalized molecule. Glycerol has been identified as one of the top 12 building block 

compounds. Numerous glycerol value addition processes such as catalytic reforming, 

oxidation, hydrogenolysis, dehydration, oxidation, etherification, esterification, fermentation 

and carboxylation have been discussed in the current literature [Nakagawa et al., (2011), 

Namdeo et al., (2016), Pagliaro et al., (2007)]. Stream reforming of glycerol for the production 

of H2 is also well studied [Bepari et al., (2017a)]. Among the various methods proposed, 

hydrogenolysis of glycerol to 1,2-propanediol (1,2-PDO) is an innovative, attractive and 

promising route due to the high market demand of 1,2-PDO. 

1.1 Hydrogenolysis of glycerol 

Hydrogenolysis of glycerol process involves cleavage of C-C bond and/or C=O bond 

and subsequent addition of hydrogen. The previous study has shown that the cleavage of C=O 

bond led to the formation of propanediols and cracking of C-C bond produced ethylene glycol, 

methanol, ethanol, and methane, respectively [Schlaf (2006)]. Therefore, development of an 

efficient and active catalyst for selective production of propanediols is a great challenge till 

now. In order to develop a highly active and selective catalyst, many authors have proposed the 

possible reaction mechanism for hydrogenolysis of glycerol. Two-step and three-step 

mechanism have been suggested for this reaction process (Scheme-1.2) [Nakagawa et al., 

(2014)]. In two-step mechanism, initially, glycerol is dehydrated to the intermediate product: 

either hydroxyacetone or 3-hydroxypropanal. If hydroxyacetone is produced as an intermediate 

product it is further hydrogenated to 1,2-PDO, whereas, if 3-hydroxypropanal is produced as an 

intermediate product it is then hydrogenated to 1,3-propanediol. It was observed from the 

previous literature that hydroxyacetone is thermodynamically more stable as compared to 3 
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hydroxypropanal which led to the formation of 1,2-PDO much easily in comparison with 1,3-

PDO. 

Two-steps mechanism (dehydration and hydrogenation): 

 

 

Three steps mechanism (dehydrogenation, dehydration and hydrogenation) 

 

Scheme 1.2. Reaction mechanism of glycerol hydrogenolysis [Nakagawa et al., 2014] 

 

In the three steps process, it was found that glycerol was dehydrogenated to 

glyceraldehyde followed by dehydration to 2-hydroxyacrolein. Further, 2-hydroxyacrolein was 

transformed to hydroxyacetone by keto-enol tautomerism followed by the hydrogenation of 

hydroxyacetone to 1,2-PDO. Now-a-days, 1,2-propanediol (1,2-PDO) is produced from 

petroleum-derived propylene oxide and the selling cost of 1,2-PDO is $ 1.0–2.2/ kg [Nakagawa 

and Tomishige (2011)]. 1,2-PDO is used as a monomer for polyester resin, antifreeze agent, 

solvents, paints, food additives, hydraulic brake fluids, sugar refining, cosmetics, and 

pharmaceuticals. Globally, ~2.2 million tons of 1,2-PDO is produced per year and its increasing 

demand rate is 4% per annum. [Rekha et al., (2015), Dasari et al., (2005), Pandhare et al., 

(2016)]. Archer Daniels Midland Company has opened the 1st commercial plant of 1,2-PDO 

production from glycerol with a capacity of 0.1 million tons [Mane et al., (2012b)]. 
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1,3 propanediol (1,3-PDO) is another glycerol hydrogenolysis product reported which is 

used as a monomer of polypropylene terephthalate (PPT) resin, which is a biodegradable 

polyester. World production of 1,3-PDO is 105 tons per year [Silva et al., (2009)]. 1,3-PDO is 

commercially produced by shell method or degussa-dupoint method. In shell method, 1,3-PDO 

is produced from hydroformylation of ethylene oxide (petroleum-derived chemical) and 

successive hydrogenation. Hydration of acrolein is employed in degussa-dupont method, but 

the main problems associated with these commercially available raw materials are the 

dependency on non-renewable energy sources and the generation of corrosive chemicals as by-

products.  

Ethylene glycol (EG), hydroxyacetone, 1-propanol (1-PO), 2-propanol (2-PO), ethanol, 

were also obtained as by-products of glycerol hydrogenolysis process. EG is used as an 

antifreeze, lubricant or precursor for the synthesis of polymer, plasticizer and surfactant [Zhu et 

al., (2010)]. Commercially, EG is produced by the oxidation of petroleum-derived ethylene 

followed by the hydrolysis of ethylene oxide. 1-propanol is used for the manufacture of waxes, 

natural and synthetic resin, polyamides, cellulose esters etc. 2-propanol is a common ingredient 

in antiseptic, detergents, mainly used as a solvent and ethanol is commonly used as a food 

additive, fuel for motors and also used as a fuel additive in gasoline. 

Various previous studies focused on the development of supported monometallic as 

well as bimetallic noble metals catalyst for selective hydrogenolysis of glycerol to 1,2-PDO 

[Xia et al., (2012b), Maris et al., (2007), Kusunoki et al., (2005), Ma and He (2009)]. Noble 

metals including Pt [Maris et al., (2007), Kusunoki et al., (2005)], Ru [Maris et al., (2007), 

Kusunoki et al.; (2005)], Rh [Maris et al., (2007), Kusunoki et al., (2005)], Pd [Kusunoki et al., 

(2005)], Re [Ma and He (2009)] and Ag [Zhou et al., (2012)] have been reported previously. 

However, the major drawbacks of noble metals were the low economic viability and poor 

selectivity towards 1,2-PDO due to overhydrogenolysis activity. To overcome these limitations, 

various studies focused on the development of less expensive supported non-noble metals 

including Cu, Co and Ni catalyst to increase the yield of 1,2-PDO. [Sharma et al., (2014), Yuan 

et al., (2010), Huang et al., (2008), Dasari et al., (2005), Balaraju et al., (2008), Guo et al., 

(2009), Guo et al., (2011), Pudi et al., (2015a), Pudi et al., (2015b)]. It was reported that Cu 

based catalysts are highly selective to 1,2-PDO due to its inherent capability to cleave the C-O 

bond preserving the C-C bond of glycerol. Co, Ni have more tendency to break C-C bond of 

glycerol which facilitated the formation of lower alcohols and some gaseous products. 

[Dhanala et al., (2015)]. The catalyst structure, surface acidity and/or basicity, orientation of bi-
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functional active centres including dehydration and hydrogenation sites played important roles 

on the selectivity to the desired 1,2-PDO [Xia et al., (2012b)]. It is reported that acidic centers 

favour dehydration of glycerol to hydroxyacetone and the metallic sites facilitate the 

conversion of hydroxyacetone to 1,2-PDO. In presence of basic sites on the catalyst, 

hydrogenolysis reaction follows three-step process including dehydrogenation, retro-aldol 

condensation, and hydrogenation, respectively. For Cu based catalyst, it is investigated that the 

presence of both Cuo and Cu+ plays an important role in their catalytic performance. Cuo 

provides the catalytic active sites and Cu+ provides lewis acid sites which inhibit the 

aggregation of Cuo particle during the reaction, as a result, the stability of the catalyst increase 

significantly [Xiao et al., (2014)]. It was observed that the addition of Ni to the Cu based 

monometallic catalyst exhibited higher catalytic activity as it changes the electronic and 

geometry of the catalyst [Lin et al., (2010)]. Bimetallic Cu-Ni catalyst has been used for many 

industrially important reactions such as water gas shift reaction, methanol decomposition etc. 

[Lin and Guliants (2009)]. Several studies also reported that different catalyst synthesis 

condition such as pH, time, and calcination temperature of the catalyst and flow rate of the gas- 

stream affects the metal surface area and crystallite size of the particle. [Shiju et al., (2009), 

Tsoncheva et al., (2011), Vasiliadou et al., (2013)]. The spillover effect is another important 

parameter which enhances the reducibility of metal. As a result, the active metallic surface area 

of the catalyst also increases. Previously, Cu, Ni, Cu-Co metals based ZnO nano-structured 

catalysts were developed and tested for various reaction [Gupta et al., (2009, 2012, 2016), Lee 

et al., (2015)]. Few studies focused on the use of hydrogen donor molecules such as methanol, 

ethanol, 1-propanol, butanol and isopropanol as a solvent instead of molecular hydrogen [Bej P 

et al., (2017)]. Various supports such as γ-Al2O3 [Mane et al., (2010), Mane and Rode (2012) 

Mane and Rode (2012), Guo et al., (2009)], chromite [Dasari et al., (2005)], MgO [Yuan et al., 

(2010), Yue et al., (2014), Balaraju et al., (2012)], SiO2 [Dasari et al., (2005)], ZnO [Balaraju et 

al., (2008)] and ZrO2 [Balaraju et al., (2012)] have been explored for glycerol hydrogenolysis 

reaction. Various previous studies also discussed about the performances of γ-Al2O3, TiO2, 

MCM-41, silica, molybdenum oxide supported catalysts for many important reactions 

[Mogalicherla and Kunzru (2010), (2011), Rao and Deo (2007), Rao et al., (2008), Rao et al., 

(2009), Unnarkat et al., (2016), (2018)]. 

Recently, hydrotalcite-type layered double hydroxides (LDHs) catalysts have attracted 

substantial attention in heterogeneous catalysts due to their unique structure [Xia et al., (2012a, 

2012b), Yang et al., (2007), Bepari et al., (2017b)]. The usages of LDHs catalyst is very 
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promising for a reaction where multi-functionality of the catalyst is desirable to improve the 

selectivity of the desired product. The report based on the activity of LDHs type catalyst for 

hydrogenolysis of glycerol to 1,2-PDO is only a few [Xia et al., (2012a, 2012b), Xia et al., 

(2013), Yuan et al., (2011), Meher et al., (2009)]. It is also reported that the acidic and basic 

properties of the catalysts were significantly affected by the variation of metal compositions 

(M2+/M3+) in the catalysts [Meher et al., (2009)]. A series of hydrotalcite catalyst having 

different (Cu+Mg)/Al ratio were prepared and Cu0.4Mg5.6Al2O8.6 catalyst showed good catalytic 

activity as compared to the remaining series of Cu/Mg/Al catalysts [Xia et al., (2013)]. 

Maximum 80% conversion with 98.2% selectivity towards 1,2-PDO was reported over 

Cu0.4Mg5.6Al2O8.6 catalyst at 180 °C and at 3 MPa H2 pressure after 20 h of reaction [Yuan et 

al., (2011)]. Xia et al., (2011, 2012a, 2012b) developed various layer double hydroxide based 

catalysts and evaluated for hydrogenolysis of glycerol. It is reported that different primary 

alcohols such as methanol, ethanol, 1-propanol, butanol, and isopropanol as a hydrogen donor 

were very effective towards 1,2-PDO formation from glycerol. Among all the primary alcohol 

studied, ethanol is suggested as the best hydrogen donor and maximum 95% conversion with 

92.2% selectivity towards 1,2-PDO was obtained over Cu0.4Mg6.28Al1.32O8.26 catalyst at 210 oC 

and at 3 MPa of nitrogen pressure in presence of ethanol as a hydrogen donor.  

Based on the previous literature information, it has been observed that 1,2-PDO was 

mainly formed by the removal of oxygen from the hydroxyl group of a glycerol molecule with 

simultaneous addition of hydrogen at elevated hydrogen pressure. It is also disclosed that the 

bi-functional acidic-basic sites concentration on the catalyst surface, metal particle size and the 

dispersion of active metal played a significant role to control the selectivity towards 1,2-PDO. 

Selective conversion of glycerol into 1,2-PDO required a suitable catalyst with bi-functional 

acid/base and metallic sites. The acid/base sites favoured the dehydration steps whereas the 

active metal sites favoured the hydrogenation process. Therefore, development of bi-functional 

catalyst having dehydration as well as hydrogenation sites with an appropriate surface 

orientation is highly desirable for higher selectivity and yield of 1,2-PDO.  
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CHAPTER II 

LITERATURE REVIEW 

   

This chapter summarizes the development of various catalysts and their activity for the 

conversion of glycerol and the products selectivity obtained in the glycerol hydrogenolysis 

process. Liquid phase as well as vapor phase hydrogenolysis of glycerol in presence of various 

catalysts have been discussed in the previous literature. It has been suggested that selective 

conversion of glycerol to propanediols requires a suitable catalyst which is active to cleave 

C=O bond without affecting the C-C bond of glycerol. Previous reports also help to understand 

the basic role of heterogeneous catalysts and reaction kinetics of the process. The review 

presented in this chapter is mainly focused on the synthesis of catalysts and their 

characterization, catalytic activity, hydrogenolysis process conditions used, and the product 

selectivity obtained. Kinetic study and the development of various kinetic models for this 

reaction are also discussed in this chapter.  

2.1 Glycerol hydrogenolysis to 1,2-PDO over noble metal catalysts 

2.1.1 Noble metal based monometallic catalysts 

Glycerol hydrogenolysis reaction were studied in presence of various noble metals such 

as Ru, Pt based monometallic catalysts. 

Maris and Davis (2007a) evaluated the catalytic activity of monometallic Ru/C and Pt/C 

catalysts for liquid phase glycerol hydrogenolysis reaction at 200 °C and at 4 MPa H2 pressure. 

At neutral pH, Ru was found to be more active which showed ~40% conversion of glycerol as 

compared to Pt-based catalyst which showed only ~13%. However, Pt/C catalyst was more 

selective to 1,2-PDO (S79%) in comparison to Ru/C catalyst (S26%). It was also reported that 

Ru/C catalyst boosted the formation of lower alcohol and the obtained selectivity to ethylene 

glycol was very high (S68%). Further, the effect of addition of bases (NaOH, CaO) in the 

reaction mixture was examined and it was found that the inclusion of base enhanced the 

catalytic activity of Pt/C significantly than Ru/C catalyst. However, a significant amount of 

lactate was produced along with 1,2-PDO in presence of base over both the Ru and Pt-based 

catalyst.  It was concluded that, in presence of Ru/C catalyst, C-C bond cleavage of glycerol 

was metal catalyzed reaction, whereas, in presence of Pt/C catalyst the reaction was a base 

catalyzed reaction. 
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Further, the effects of different supports (γ-Al2O3, SiO2, ZrO2) on the performance of 

Ru metal was investigated for glycerol hydrogenolysis reaction in liquid phase. [Vasiliadou et 

al., (2009)]. Ru metal on different oxide supported catalysts with chloride and nitrate precursors 

were synthesized by wetness impregnation method. The activity of the catalysts in terms of 

glycerol conversion was directly correlated with the acidic strength of the catalysts. Acidity of 

the catalysts and the activity in glycerol conversion followed the order as: RuAl(Cl3) > 

RuZr(NO3) > RuAl(NO3) > RuSi(Cl3) > RuSi(NO3). Among all these catalysts, RuAl(Cl3) 

exhibited highest glycerol conversion of 69% with lowest 1,2-PDO selectivity of 37.9% at 

240.8 oC, and at 8 MPa H2 pressure, after 5 h of reaction. On the other hand, RuSi(NO3) 

catalyst showed the lowest glycerol conversion of 21.7% with the highest selectivity of 65% to 

1,2-PDO. TEM and XRD-analysis suggested that RuO2 particle size was comparatively smaller 

on SiO2 support rather than γ-Al2O3, ZrO2. Poor selectivity towards 1,2-PDO in presence of 

chloride precursor suggested that higher acidity facilitated excessive hydrogenolysis resulting 

1,2-PDO to 1-propanol production.  

Later on, Hamzah et al., (2012) studied effects of different metal oxides (SiO2, TiO2, 

Al2O3 and bentonite) on the performance of Ru metal catalysts for liquid phase hydrogenolysis 

of glycerol. Results suggested that the activity of these catalysts were decreased in the 

following order Ru/SiO2 < Ru/TiO2 ≈ Ru/Al2O3 < Ru/bentonite. Among all these, Ru/bentonite 

catalysts exhibited the maximum glycerol conversion of 62.8% with 80% selectivity towards 

1,2-PDO at 150 oC and at 2–3 MPa of H2 pressure. Although Ru/TiO2 catalyst showed less 

activity (X = 38.8%), however, the obtained 1,2-PDO selectivity was highest (~83.7%) with 

respect to all other catalysts. In order to improve the performance of Ru/TiO2 catalyst, 

Ru/bentonite-TiO2 (1:2) catalyst was prepared. After the addition of bentonite to Ru/TiO2, 

glycerol conversion was found to be increased from 38.8% to 69.8%, however, the selectivity 

(80%) to 1,2-PDO was remained unchanged.  NH3-TPD analysis revealed that the combination 

of bentonite and TiO2 helped to increase the acidity of the catalyst which helped to increase the 

catalytic activity. 

In order to enhace the acidity of the catalysts solid acids were introduced into the noble 

metal based catalyst during synthesis. Balaraju et al., (2009) evaluated the performance of Ru/C 

catalyst along with four solid acid co-catalysts such as niobia, 12-tungstophosphoric acid 

(TPA) supported on zirconia, cesium salt of TPA and cesium salt of TPA supported on 

zirconia, respectively, for liquid phase reaction. Catalysts were prepared by impregnation 

method. Among different solid catalysts, niobia and 12-tungstophosphoric acid (TPA) 
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supported on zirconia showed almost similar activity (X = 44%) and selectivity towards 1,2-

PDO (S = 60.9-64.9%) at 180.8 ⁰C and at 6 MPa H2 pressure in presence of 20 wt.% aqueous 

glycerol solution as feed. Higher activity of Ru/C catalyst in presence of Nb2O5 and 12-

TPA/ZrO2 acid catalysts were correlated with the higher acidic strength of the catalyst with 

respect to other catalysts. Effects of reaction temperature, catalyst weight, H2 pressure, glycerol 

concentration and reaction time on the glycerol conversion and 1,2-PDO selectivity were 

studied to optimize the operating condition. Maximum 62.8% conversion with 66.5% 

selectivity towards 1,2-PDO was achieved at 180 oC, at 6 MPa H2 pressure, after 8 h of reaction 

in presence of 20 wt.% glycerol as a feed. 

Apart from conventional impregnation methods, other methods were also applied to 

increase the catalytic activity. Vanama et al., (2015) developed a series of Ru/MCM-41 

catalysts having different metal loading (1-6 wt.%) by micro-emulsion method. Catalytic 

performance was assessed for vapour phase hydrogenolysis of glycerol in a down-flow glass 

reactor. Reaction parameters were optimized by varying temperature, H2 flow rate, glycerol 

concentration and flow rate of H2. 3 wt.% Ru/MCM-41 catalyst exhibited 62% conversion with 

38% selectivity towards 1,2-PDO, 20% selectivity towards 1,3-PDO and 12% towards the other 

degraded products at 230 oC temperature. Experiments were conducted in presence of 20 wt.% 

aqueous glycerol solution as feed and the total H2 flow rate of 140 ml min-1. It was proposed 

that, initially, glycerol was dehydrated to hydroxyacetone and 3-hydroxypropionaldehyde as 

intermediates followed by the hydrogenation to 1,2-PDO and 1,3-PDO, respectively. High Ru 

metal dispersion on MCM-41 support, metal particle size obtained from CO-chemisorption, 

and strong metal-support interaction enhanced the catalytic activity. It was observed that 

catalytic activity was increased sharply with increasing the Ru metal loading from 0-3% and at 

higher metal loading (4-6%), it was found to decrease due to agglomeration of Ru metal.  

In addition to the Ru based catalysts, several studied showed that Pt based catalysts 

were also highly active. Yuan et al., (2009) studied the effect of various supports such as Al2O3, 

MgO, hydrotalcite and different types of zeolite (H-beta and HZSM-5) on the performance of 

Pt metal catalysts for liquid phase hydrogenolysis of glycerol reaction and the results were 

compared. It was demonstrated that hydrotalcite (Mg6Al2(OH)16CO3.4H2O) precursor 

supported Pt catalyst was the best active which exhibited 92.1% conversion with 93% 

selectivity towards 1,2-PDO at 3.0 MPa pressure after 20 h of reaction. The obtained activity of 

other catalysts was quite low (< 10%). It was reported that strong alkalinity, the small particle 

size of Pt and high Pt metal dispersion on the support was the primary reasons for very high 
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hydrogenolysis activity and 1,2-PDO selectivity over Pt/hydrotalcite catalyst. Catalyst recycle 

study suggested that Pt/hydrotalcite catalyst was quite stable, which showed ~70% conversion 

with ~94% selectivity towards 1,2-PDO even after 5th cycle.  

The activity of TiO2, SnO2, ZnO and ZrO2 supported Pt catalysts was examined in a 

high-pressure autoclave reactor by Checa et al., (2012) and Pt/ZnO was reported as the most 

active catalyst. Further, ZnO supported various other noble metals catalysts were also 

developed and their activity was compared. The obtained catalytic activity followed the order 

as Pt > Rh >> Pd >> Au. It was also noticed that catalyst reduced at low temperature (473 K) 

was more active than the catalyst reduced at a higher temperature (673 K) due to the alloy 

formation. Reduction temperature of 473 K was reported as effective.  

Delgado et al., (2013) developed a series of Pt catalysts supported on Al2O3, Al2O3–

SiO2 and TiO2, respectively, for liquid phase hydrogenolysis reaction. Among all these 

supported catalysts, TiO2 supported Pt catalyst exhibited highest activity and selectivity 

towards C3 products and the oxide sites of TiO2 was reported as the active sites for C-O bond 

cleavage. Small particle size (~1.3 nm) of Pt in Pt/TiO2 catalyst played a key role for the higher 

activity in glycerol hydrogenation reaction. Acidic sites of catalysts were involved in the 

glycerol dehydration reaction. However, it was also observed that too many acidic sites on the 

catalysts surface accelerated the C-C bond cracking. 

2.1.2 Noble metal based bimetallic catalysts 

In order to enhance the activity and selectivity to propanediol, bimetallic noble metal 

based catalysts were developed and their performances were investigated which is discussed 

below. 

Bimetallic Au-Ru/C and Pt-Ru/C catalyst were synthesized by surface redox reaction 

and the catalysts were characterized by H2 chemisorption, X-ray absorption spectroscopy and 

analytical electron microscopy [Maris et al., (2007b)]. Characterization study revealed that Au 

and Pt were successfully deposited on the surface of Ru/C catalysts and the average diameter of 

the catalyst was around 2-3 nm. It was found that, at neutral pH, Pt-Ru/C catalyst was more 

active than Au-Ru/C catalyst. The activity of both catalysts was increased significantly in 

presence of the base. Products selectivity obtained over both the bimetallic catalysts were 

almost similar with the monometallic Ru/C catalyst at neutral and higher pH condition. Pt-Ru 

catalyst was reported as a stable catalyst, whereas, the catalytic activity of Au-Ru catalyst was 

decreased as Au migrated off to Ru resulting the agglomeration on the supported carbon. 
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Further, reaction mechanism study was performed in presence of Pt-Ru/C catalyst and it was 

proposed that glycerol was converted to 1,2-PDO via three steps process. Initially, glycerol was 

dehydrogenated to glyceraldehyde followed by dehydrated to pyruvaldehyde which produced 

lactic acid in presence of the base. Further, subsequent hydrogenation of pyruvaldehyde 

produced 1,2-PDO in presence of metallic sites of the catalyst. 

Later, effects of various supports [ZrO2, SiO2, TiO2, and zeolites (H-beta and HZSM-5)] 

on the performance of Ru-Re bimetallic catalysts prepared by impregnation method were 

investigated [Ma and He (2009)]. Catalysts were characterized by N2 adsorption-desorption, 

XRD, H2-TPR, CO-chemisorption, and TEM, respectively. Among all these catalysts, Re 

promoted Ru–Re/ZrO2 bimetallic catalyst showed the maximum glycerol conversion of 56.9% 

with 47.2% selectivity towards 1,2-PDO in liquid phase at 160 ⁰C temperature, 8 MPa H2 

pressure after 8 h reaction. H2-TPR study revealed strong interaction of Re and Ru which 

increased H2 consumption significantly as compared to the monometallic Ru and Re catalysts. 

XRD and CO chemisorption results suggested that addition of Re significantly improved the 

Ru metal dispersion on the support of the catalyst and also the presence of Re inhibited the 

aggregation of Ru particles. Small average metal particle size (3.2-5 nm), highest Ru metal 

dispersion (~34%) on the support were reported as the primary reason for the highest catalytic 

activity of the catalyst. 

Addition of Re as a second metal to Pt based catalysts increased the production of  

1,3-PDO significantly. For liquid phase reaction, Daniel et al., (2010) reported the maximum 

34% selectivity towards 1,3-PDO and 33% selectivity towards 1,2-PDO in presence of 

bimetallic Pt–Re nanoparticles catalyst supported on activated carbon (Norit SX-1G) at 170 °C 

and at 4 MPa H2 pressure. Spillover of H from Pt to Re promoted the reduction of Re during H2 

treatment at 473 K. As a result, the charged Re atoms were dispersed widely on the support 

which enhanced the catalytic activity.  

A series of carbon nanotube supported bimetallic Pt-Re (1:1) catalysts were developed 

by varying Pt metal loading from 1-30% [Deng et al., (2014)]. It was observed that the particle 

size increased from 1.5 - 4.9 nm with increasing the metal loading. Turn over frequency (TOF) 

data showed a volcano-shaped graph with the variation of particle size of the catalysts. Turn 

over frequency increased from 32-62 h-1 as the average particle size enhanced from 1.5 to 1.9 

nm. Further, it gradually decreased to 8 h-1 when the catalyst particle size was ~4.9 nm. X-ray 

photoelectron spectroscopy revealed that the ratio of Pt/Re decreased with decreasing of 

particle size. The higher surface concentration of Re at smaller particle size led to increasing 
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the surface acidity of the catalyst which might enhance the catalytic activity. Furthermore, in 

order to reveal the reaction pathway with changing of particle size, hydrogenolysis of glycerol, 

1,2-PDO and 1,3-PDO were examined in presence of different particle sized catalysts. It was 

elucidated that larger particle size favoured the cleavage of secondary C-O bond only and 

smaller particle size accelerated the cracking of C-C bond and the primary C-O bond, 

simultaneously. 

Apart from Pt, Ru, Re based catalysts some efforts has been made to develop a special 

type of catalysts where noble as well as non-noble metals were incorporated simultaneously. 

Xia et al., (2011) prepared a series of layered double hydroxides (LDHs) 

PdxCu0.4Mg5.6xAl2(OH)16CO3 catalyst and tested their catalytic activity. It was disclosed that Cu 

metal dispersion on the catalyst surface was improved after the addition of Pd. Maximum 88% 

glycerol conversion and 99.6% selectivity towards 1,2-PDO was attained in presence of 

PdxCu0.4Mg5.6xAl2(OH)16CO3 catalyst at 180 °C and at 2.0 MPa of H2 pressure. However, the 

catalytic activity was decreased by ~35% after 5 cycles by keeping the 1,2-PDO selectivity 

almost unchanged.  High catalytic activity was ascribed to the synergistic interaction of Cu and 

Pd particles and hydrogen spillover effect of Pd on Cu metals. Later this group [Xia et al., 

(2012a)] developed LDHs derived Rh0.02Cu0.4/Mg5.6Al1.98O8.57 catalyst by thermal 

decomposition method. Rh promoted Cu/solid based catalyst exhibited higher glycerol 

conversion (91.0%) and higher selectivity (98.7%) to 1,2-PDO than the monometallic solid 

based catalyst at 180 °C and at 2.0 MPa when bio-ethanol was used as a solvent. Reusability 

study suggested that the catalyst was deactivated by ~45.8% with a slight decrease in 1,2-PDO 

selectivity after the 5th cycle. 

Deng et al., (2015) investigated the role of Al on the formation of Ir-Re alloy structure 

by impregnating Ir-Re metals on amorphous silica-alumina (ASA) and dealuminated ASA (D-

ASA), respectively. Characterization study revealed that ASA inhibited the formation of Ir-Re 

alloy structure due to the interaction of Re and Si-Al-OH sites of ASA. As a result, the 

comparatively larger particle size of Ir and finely dispersed Re species were observed on ASA 

support. The catalytic result suggested that only 4.1% glycerol conversion with 40.7% 1,3-PDO 

selectivity and 36.1% 1,2-PDO selectivity was observed over Ir-Re bimetallic catalyst 

supported on ASA. Further, ASA was dealuminated by treating with HNO3 followed by Ir-Re 

was impregnated on it. It was observed that dealuminated ASA acted as an inert material. As a 

result, the mobility of Re species stimulated the formation of Ir-Re alloy structure which 

significantly improved the catalytic activity. Maximum 54.5% conversion with 38.9% 
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selectivity to 1,3-PDO and 13.2% selectivity towards 1,2-PDO was achieved over Ir–Re/D-

ASA catalyst at 120 oC temperature and at 8 MPa of H2 pressure. 

Wang et al., (2016) investigated the effects of the incorporation of noble metals (Ru, Rh 

and Ir) and different metal oxide (La, Re, Zr, Fe, Sn and Ce oxides) onto the performance of 

Pt/WOx and Pt/WOx/Al2O3 catalysts. Among all these promoters, La showed higher 

promotional effects on both of the catalysts. Incorporation of 0.1% La to Pt/WOx catalyst 

increased the conversion of glycerol from 37.4% to 39.9%, the selectivity towards 1,2-PDO 

remained almost constant (2.3-2.8%) and the selectivity to 1,3-PDO enhanced from 35.1 to 

41.3%. Further, incorporation of La onto Pt/WOx/Al2O3 catalyst decreased glycerol conversion 

from 65.4% to 47.4%, whereas, the selectivity towards 1,2-PDO and 1,3-PDO increased from 

7.2-12.5% and 48.2-56.9%, respectively. Characterization studies such as TEM, NH3-TPD, and 

high angle annular dark field scanning tunnelling electron microscopy revealed that 

introduction of La increased the acidic strength of the catalysts, which improved the products 

selectivity especially the selectivity to 1,3-PDO. The effect of the introduction of other 

promoters was insignificant on the activity and/or product selectivity. 

Fernandez et al., (2017) performed liquid phase hydrogenolysis of glycerol in an 

autoclave reactor in presence of Pt/WOX/Al2O3 catalyst. In this study, the role of tungsten oxide 

for the formation of 1,3-PDO from glycerol was investigated by using an in-situ and ex-situ 

attenuated total reflection infrared spectroscopy. Characterization study suggested that tungsten 

oxide played three important roles i,e. anchoring of primary hydroxyl groups of glycerol, the 

supply of H+ and stabilization of secondary carbocation. Maximum 38.5% yield to 1,3-PDO 

and 6.3% yield to 1,2-PDO were achieved with Pt8WAl catalyst at 200 oC, 9.0 MPa H2 

pressure after 4 h of reaction. The reaction was also performed in presence of N2 instead of H2 

and 12.7% yield to 1,2-PDO with 22.2% glycerol conversion was obtained. This result revealed 

that the presence of brönsted acidic centers and higher exposure of H2 were necessary for the 

production of 1,3-PDO.  

In this section, it was observed that though catalytic activity were very high in presence 

of noble metal based catalysts, they are poor selective to 1,2-PDO. 1,2-PDO further converted 

to lower alcohols such as propanols, ethanol and methanol etc. As a result it is difficult to 

achieve high yield of 1,2-PDO over noble metal based catalysts. Therfore, various studies 

focused on the development of non-noble metal based comparatively cheaper catalysts to 

enhance high yield of 1,2-PDO. The development of non-noble metal based catalysts for 

glycerol hydrogenolysis process is discussed in the following section.   
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2.2 Glycerol hydrogenolysis to 1,2-PDO over non-noble metal catalysts 

2.2.1 Non-noble metal based monometallic catalysts 

Dasari et al., (2005) performed liquid phase glycerol hydrogenolysis reaction in an 

autoclave reactor in presence of Ni, Pd, Pt, Cu, and Cu-Cr based catalysts. Among all the 

catalysts studied, maximum 54.8% glycerol conversion with 85% selectivity to 1,2-propanediol 

(1,2-PDO) was obtained in presence of Cu-Cr catalyst at 200 °C and at 1.37 MPa pressure. 

Various reaction parameters; temperature, pressure, glycerol concentration, catalyst amount and 

reduction temperature of the catalyst was optimized over Cu-Cr catalyst. It was found that the 

higher temperature (>200°C) and pressure (>1.37 MPa) were not beneficial for higher 

selectivity towards 1,2-PDO due to overhydrogenolysis of diol. Effect of glycerol concentration 

study suggested that, with increasing glycerol concentration from 20-100%, the yield of 

1,2-PDO was increased from 21.7% - 49.7%. Effect of catalyst loading result showed that 

glycerol conversion increased from 28.3% to 78.5% with increasing the catalyst loading from 

1% to 20%, as more number of catalytic active sites were available for the hydrogenolysis 

reaction with increasing catalyst loading. To understand the reaction pathway, reactions were 

carried out in two steps. In the first step, the reaction was performed at 200 °C and at 0.06 MPa 

pressure in absence of H2 over Cu-Cr catalyst. Further, hydroxyacetone, which was formed in 

the first step was isolated and further hydrogenation reaction was carried out with 

hydroxyacetone as a feed at 200 °C and at 1.37 MPa H2 pressure. From the experimental results 

obtained, it was proposed that initially glycerol was dehydrated to hydroxyacetone which was 

further hydrogenated to 1,2-PDO. 

Chaminand et al., (2004) tested different metals (Cu, Pd, Rh), supported on ZnO, C, 

Al2O3. The effect of various solvents (H2O, sulfolane, dioxane) and additives (H2WO4) on the 

products (1,2-PDO and 1,3-PDO) selectivity were also studied. Results disclosed that 

CuO/ZnO catalyst exhibited 100% selectivity towards 1,2-PDO, however, the conversion was 

very low (19%). The additive H2WO4 showed a very small effect on catalytic activity however 

it propagated the cracking of C-C bond of glycerol. Solvents had a significant effect on 

catalytic activity and products selectivity. In presence of sulfolane, 1-propanol was produced as 

the main product. However, dioxane favoured a higher number of C-C bond cleavage products 

i,e. ethanol, glycol, and methanol, respectively. 

Copper metal supported on γ-Al2O3, HY zeolite, HZSM-5 zeolite, 13X zeolite, H 

zeolite and copper-chromite catalysts were investigated by Guo et al., (2009) and achieved 
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maximum 96.8% selectivity towards 1,2-PDO with a conversion of 50% in presence of 

Cu/γ-Al2O3 catalyst at 220 oC and at 1.5 MPa pressure. 

Further, Akiyama et al., (2009) evaluated the activity of Cu based catalysts supported 

on various oxides (Al2O3, Cr2O3, ZnO and SiO2) for glycerol hydrogenolysis reaction in vapour 

phase. In this study, two steps reaction mechanism was proposed: dehydration of glycerol to 

hydroxyacetone subsequently hydrogenation of hydroxyacetone to 1,2-PDO. It was observed 

that dehydration of glycerol to hydroxyacetone was higher at elevated temperature, whereas, 

hydrogenation of hydroxyacetone was favorable at low temperature and elevated pressure. The 

yield of 1,2-PDO was limited to 80% due to the trade-off problem between 1st and 2nd step. The 

thermodynamic analysis suggested that the yield of 1,2-PDO was controlled by the equilibrium 

of 2nd step reaction i.e. hydrogenation of hydroxyacetone. Therefore, to enhance the catalytic 

activity, reactions were performed at the gradient temperatures. By employing this method, top 

and bottom temperature of the catalyst bed were kept at 200 °C and 120 °C, respectively. 

Among all the catalysts, Cu/Al2O3 catalyst exhibited the highest catalytic activity which 

showed ~100% conversion with 96.9% selectivity towards 1,2-PDO in presence of 30 wt.% 

glycerol as feed. In this study, the experiment was conducted at a higher flow rate of H2 (360 

cc.min-1). 

Yuan et al., (2010) developed a series of Cu-MgO catalyst with different copper content 

by impregnation and co-precipitation method, respectively. CuO-15/MgO catalyst synthesized 

by co-precipitation method exhibited the highest catalytic activity of 72% with 97.6% 

selectivity towards 1,2-PDO at 180 °C and at 3.0 MPa of H2 pressure. 75 wt.% aqueous 

glycerol solution was used as feed and the reaction data was reported after 20 h of reaction. 

Higher activity was correlated with the smaller particle size of copper and MgO. Further, after 

the addition of NaOH to the reaction mixture increased the catalytic activity significantly from 

72% to 82% with a slight decrease of 1,2-PDO selectivity from 97.6% to 95.8%. This result 

demonstrated that with increasing pH of the reaction mixture, the overall reaction rate was 

increased.  

Similar type of catalysts (a series of Cu/MgO catalyst with different composition) were 

also developed by Balaraju et al., (2012). Various techniques such as BET, XRD, TPR, N2O-

adsorption were used for catalyst characterization. It was reported that 20 wt.% Cu/MgO 

catalyst showed the highest catalytic activity which showed a maximum of 49.3% conversion 

with 92.3% selectivity towards 1,2-PDO at 200 °C and at 4 MPa of H2 after 8 h of reaction. 20 

wt.% aqueous glycerol solution was used as feed and the catalyst loading was 6 wt.% with 
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respect to glycerol. Highly dispersed copper metals and the presence of basic sites on MgO 

played the key role for high catalytic activity. Influences of temperature, pressure, and catalyst 

weight were also studied to optimize the reaction parameters. It was observed that maximum 

50% glycerol conversion with 92% selectivity towards 1,2-PDO was achieved at 220 oC, 4.0 

MPa of H2, after 8 h. 20 wt.% glycerol concentration and 0.6 g catalyst in the reaction mixture 

was the optimum value. 

Wu et al., (2013) synthesized four different catalysts such as Cu/γ-Al2O3, Ru/C, 

Cu/boehmite, Cu/SiO2, respectively, by aqueous chemical reduction method and compared 

their efficiency for the conversion of glycerol to 1,2-PDO. Among all these catalysts, 

Cu/boehmite displayed the highest conversion of 77.5% with very high 1,2-PDO selectivity to 

92.5%. Higher activity and selectivity was reported due to the higher Cu clusters dispersion 

(0.91%) on boehmite, which led to the higher surface concentration of active metal and lewis 

acidic sites of boehmite, which enhanced glycerol to hydroxyacetone formation. Based on the 

product selectivity obtained in presence of copper catalysts, two possible reaction pathways 

were proposed for glycerol hydrogenolysis process. First one was that, directly dehydration of 

glycerol to hydroxyacetone, whereas, another one suggested the dehydrogenation of glycerol to 

glyceraldehyde followed by the dehydration glyceraldehyde to pyruvic aldehyde and 

subsequent hydrogenation of pyruvic aldehyde to hydroxyacetone. 

A series of Cu metal (2.5-25 wt.%) supported on SBA-15 catalysts were synthesized 

and their activity was tested in a fixed bed-reactor at 0.1 MPa. [Harishekhar et al., (2015)]. 

XRD results revealed that higher dispersion of CuO was observed in 5 wt.% Cu/SBA-15 

catalyst. NH3-TPD profile suggested acidity of the catalysts increased up to 5 wt.% Cu loading 

followed by decreased. Catalytic results suggested that, in presence of 5 wt.% Cu/SBA-15 

catalyst, maximum 90% conversion with 84% selectivity towards 1,2-PDO was obtained at 

220 oC when 20 wt.% glycerol was used as feed mixture. This result was correlated with the 

highly dispersed CuO species and with higher acidity. 

A study has been carried out to investigate the deactivation behaviour of Cu-ZnO 

catalyst for the selective production of 1,2-PDO from glycerol by the hydrogenolysis reaction 

[Du et al., (2016)]. The activity of Cu-ZnO catalyst synthesized by co-precipitation method was 

evaluated in a liquid phase autoclave reactor up to cycle-8 at 220 oC and at 5 MPa of H2 

pressure. Results showed that glycerol conversion was decreased by 56.7%, whereas the 

selectivity towards 1,2-PDO was almost stable even after the 8th cycle. The used catalyst was 

characterized by N2-adsorption-desorption isotherm, XRD, NH3-TPD, H2-TPD, FE-SEM, EDS, 
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HRTEM, N2O-chemisorption, XPS and ICP, respectively. After successive reuse, the lowering 

of surface area, porosity, acidity, H2-uptake capacity, dispersion, aggregation of Cu and ZnO 

crystals were identified as the primary reasons for catalyst deactivation. XPS analysis showed 

that copper contents were decreased from ~13% to ~3% after 8th cycle. However, leaching of 

copper was not observed which was confirmed by XPS analysis. 

The deactivation behaviour of Cu-Zn based catalysts were studied by Duran-Martin et 

al., (2017). This group synthesized Cu-Zn bimetallic catalyst with different Cu:Zn ratio (1, 2.5 

and 6) by co-precipitation method and their performance were evaluated in a 100 ml autoclave 

reactor. The bimetallic catalysts were reused several times and their activities were reported. 

Maximum 16.2% glycerol conversion with 60.2% selectivity towards 1,2-PDO was observed at 

200 oC, 2.4 MPa pressure, in presence of 0.4 g of 1CuZn catalyst. 80 wt.% glycerol aqueous 

solution was used as feed. 1CuZn exhibited almost similar glycerol conversion after 1st use 

(16.2%), however, activity was decreased gradually and showed ~5.2% conversion after 5th 

cycle. The used catalysts were characterized by XRD, TEM-analysis, XPS etc. The reason 

behind the deactivation behaviour of the catalyst was sintering of copper metal which was 

facilitated by leaching of Zn metal into the reaction mixture.    

The performance of a series of Cu/oxide (SiO2, MgO, Al2O3, ZnO) catalysts prepared 

by co-precipitation method was evaluated by Zhou et al., (2017). Glycerol hydrogenolysis 

reactions were performed in an autoclave reactor in absence of hydrogen or any other external 

gas. Various techniques such as XRD, CO2-TPD, TEM, and XPS were used to characterize the 

catalysts. CO2-TPD results dictated that basic sites strength of MgO and ZnO supported 

catalyst were higher as compared to SiO2 and Al2O3 supported catalyst. Among all the catalysts 

tested, Cu/MgO catalyst showed the highest glycerol conversion of 55% with 68% selectivity 

towards 1,2-PDO at 473 K after a reaction time of 6 h. Reusability study showed that glycerol 

conversion was decreased by ~ 50 % after 2nd use. The reused catalyst was characterized by 

TEM, XPS and XRD analyses to identify the primary cause of deactivation of the catalyst. 

Characterization study of used catalyst revealed the aggregation of the copper particles on MgO 

support after reuse. In addition to that, ICP-OES analysis confirmed ~ 31.3% metal leaching 

after 2nd cycle. Further, the effect of solvent studies (methanol, isopropanol, ethanol, formic 

acid) was carried out with fresh and reused Cu/MgO catalyst. It was reported that methanol was 

the most effective solvent for hydrothermal hydrogenolysis reaction. Fresh Cu/MgO catalyst 

showed 72% conversion with ~38% selectivity towards 1,2-PDO in presence of methanol as a 

solvent, whereas 79% conversion with ~68% 1,2-PDO selectivity was achieved in presence of 
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used catalyst. It was elucidated that methanol reforming was beneficial due to more number of 

hydrogen production as compared to other solvents used.  

Mitta et al., (2018) synthesized a series of Y-zeolite supported Cu metal (3-15%) 

catalysts and their catalytic activity was tested in a fixed bed reactor at 0.2 MPa pressure. 

Among all the catalysts developed, 3 wt.% CuO/Y-zeolite exhibited the highest catalytic 

activity and selectivity towards 1,2-PDO. Experimental results were in good agreement with 

the characterization results reported. Higher catalytic activity of 3 wt.% CuO/Y-zeolite catalyst 

was correlated with the higher BET surface area (580 m2.g-1), higher pore diameter 

(0.129 cc.g-1), higher lewis acidic sites (480 µmol.g-1) along with total acidic sites 

(512 µmol.g-1), higher total basic sites (773 µmol.g-1), high dispersion (58%), smaller Cu 

particle size (2.1 nm), small crystallite size (2.8 nm) and higher metal surface area (480 m2.g-1). 

Further, the effects of reaction parameters i.e. temperature, glycerol to hydrogen feed ratio and 

H2 flow rate were investigated in presence of 3 wt.% CuO/Y-zeolite catalyst. It was observed 

that 92% conversion with 82% selectivity towards 1,2-PDO was achieved at 210 °C, at 0.2 

MPa of H2 pressure.  Time on stream study was performed up to 20 h to verify the stability of 

the catalyst. It was observed that catalyst was highly stable up to 11 h. After 20 h of reaction, 

20% conversion of glycerol along with 50% selectivity towards 1,2-PDO was obtained. 

Characterization study revealed that deactivation of catalyst was due to the sintering and 

agglomeration of Cu particle, which decreased the acidic sites significantly. 

Recently, Li et al., (2019) synthesized copper metal catalyst supported on hierarchically 

structured M-SAPO-11 zeolite and its performance was compared with conventional zeolites 

such as SAPO-11, M-Hbeta, and M-HZSM-5. It was found that Cu/M-SAPO-11 catalyst 

exhibited higher glycerol conversion (~80%) with very high selectivity (~78%) towards 1,2-

PDO as compared to the other catalysts at 240 °C and at 4 MPa pressure in presence of 8 wt.% 

glycerol as feed. It was observed that mesopores nature of M-SAPO-11 zeolite helped to reduce 

the diffusional barrier of reagents which reduced mass transfer resistance significantly. It was 

also found that the presence of medium strength acidic sites in M-SAPO-11 zeolite increased 

the selectivity to 1,2-PDO. Cu on M-Hbeta and M-HZSM-5 catalysts showed lower selectivity 

towards 1,2-PDO due to overhydrogenolysis of 1,2-PDO to propanol. Presence of higher 

number of strong strength acidic sites in conventional zeolites were solely responsible for 

overhydrogenolysis of 1,2-PDO to other degradation products. Further, incorporation of an 

appropriate amount of nickel metal to Cu/M-SAPO-11 catalyst (Cu2Ni/M-SAPO-11) increased 

its performance remarkably and showed ~93% conversion of glycerol with 97.7% selectivity 
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towards 1,2-PDO due to the formation of Cu-Ni alloy. TEM images of the catalysts revealed 

that after the addition of nickel to Cu/M-SAPO-11 catalyst, average particle size was 

decreased. This result suggested that Ni enhanced the dispersion of Cu metals which promoted 

the cleavage of more number of C-O bond and suppressed the cracking of C-C bond. 

Reusability study of Cu2Ni/M-SAPO-11 catalyst suggested that 90.2% glycerol conversion 

with 96.5% selectivity towards 1,2-PDO was achieved after 4th successive use. 

Few studies focused on the evaluation of the performance of Co-based catalyst. 

Co/MgO catalyst gave highest glycerol conversion (44% conversion) alongwith 42% selectivity 

towards 1,2-PDO at 200 °C and at 2 MPa H2 pressure [Guo et al., (2009)]. Calcination 

temperature of the catalysts, basic sites of MgO, crystallite size played an important role in the 

catalytic activity. It was also observed that hydration of MgO to Mg(OH)2 during the reaction 

caused the aggregation of cobalt particle which led to the deactivation of the catalyst. 

2.2.2 Non-noble metal based bimetallic catalysts 

Apart from monometallic catalysts, bimetallic non-noble metal based cataysts were also 

developed to increase the activity of the catalyst. 

In order to produce both 1,2-PDO as well as 1,3-PDO, Niu et al., (2013) prepared a 

series of acid-base bi-functional catalysts Cu(x)‐MgO(y) supported on ultra-stable Y type 

zeolite (USY) for hydrogenolysis reaction. Copper metal was used due to its inherent ability to 

cleave the C-O bond without affecting C-C bond. USY was introduced to provide acidic sites 

into the catalyst for the production of 1,3- PDO. Use of an appropriate amount of Cu and MgO 

improved conversion and also selectivity towards 1,2-PDO. Maximum 83.7% conversion was 

obtained with 40% selectivity towards 1,2‐PDO and 19.4% selectivity to 1,3‐PDO at 200 oC, 

3.5 MPa H2 in presence of 6 wt.% 0.2Cu-MgO/USY catalyst loading. High copper metal 

dispersion (from TEM image), the strong interaction between MgO and USY was reported as 

the main reasons for better catalytic activity and 1,3-PDO selectivity. 

Sharma et al., (2014) synthesized Cu:Cr (3:1) catalyst which was further modified by 

the addition of Zn and Zr and their catalytic activity was evaluated in liquid phase in an 

autoclave reactor. It was revealed that after the inclusion of Zn and Zr to the Cu:Cr matrix, 

glycerol conversion and selectivity towards 1,2-PDO was increased from 40 to 100% and 60 to 

97%, respectively. NH3-TPD study revealed that after the addition of Zn and Zr to Cu:Cr 

matrix, the acidity of the catalyst was increased significantly. It was also observed that the 

addition of Zn and Zr also helped to increase copper metal dispersion on the catalyst. Zn 
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increased the catalytic activity due to its H2-spillover effect. Reaction parameters were 

optimized by varying temperature, pressure, catalyst loading, and glycerol concentration. 

Cu:Zn:Cr:Zr (3:2:1:3) catalyst showed best performance (100% conversion and 97% selectivity 

towards 1,2-PDO) at 240 °C and at 4 MPa hydrogen pressure in presence of 80 wt.% aqueous 

glycerol solution as feed. Catalyst stability study revealed that the catalyst was moderately 

active and showed 86% conversion with 96% selectivity towards 1,2-PDO even after cycle 

five. Further, LHHW type model was proposed to understand the reaction mechanism for 

glycerol hydrogenolysis process over Cu:Zn:Cr:Zr (3:2:1:3) catalyst. The apparent activation 

energy for the formation of 1,2-PDO from glycerol was found to be 31.7 kcal/mol. 

Further, Rekha et al., (2016) prepared a series of Cu-ZrO2-MgO catalyst by varying 

composition of Cu and ZrO2 and their performance was evaluated in liquid phase glycerol 

hydrogenolysis reaction. XRD, BET, CO2-TPD, TPR, N2O-chemisorption and XPS techniques 

were used to characterize the catalysts. Catalytic activity was correlated with the number of 

copper active sites and moderate basic strength of the catalysts. Among all the catalysts 

synthesized, 20%Cu-10%ZrO2-MgO catalyst exhibited the highest catalytic activity. To 

optimize the reaction parameters, the effect of reaction temperature, glycerol concentration, 

hydrogen pressure and reaction time were studied in presence of 20%Cu-10%ZrO2-MgO 

catalyst. Maximum 62% conversion with 97% selectivity towards 1,2-PDO was obtained at 180 

oC temperature, 4.0 MPa H2 after 8 h of reaction. 20 wt.% glycerol and 0.6 g of catalyst were 

reported as optimum. Further, power-law type kinetic model was proposed. Results suggested 

that apparent reaction order of 0.6955 with respect to glycerol and the order was 0.6069 with 

respect to hydrogen, respectively. The activation energy for this reaction over 20%Cu-

10%ZrO2-MgO catalyst was reported as 22.78 kJ/mol. 

Huang et al., (2008) screened several catalysts on the basis of their performance in 

liquid phase reaction. Among various catalysts examined in the liquid phase, Ni/Al2O3 and 

Cu/ZnO/Al2O3 catalysts were selected for gas phase reaction in a fixed bed reactor. Ni/Al2O3 

catalyst exhibited complete conversion with 31.0% selectivity towards 1,2-PDO and 30.1% 

selectivity to [CO + CH4] at 210 oC temperature, at 0.1 MPa of pressure and in presence of the 

weight hourly space velocity (WHSV) of 0.18 h-1. This result suggested that Ni/Al2O3 catalyst 

had more tendency to cleave C-C bond which increased the selectivity to gaseous products. 

However, Cu/ZnO/Al2O3 catalyst exhibited high catalytic activity, which showed ~100% 

conversion with 77.4% selectivity towards 1,2-PDO at 210 °C, atmospheric pressure and at the 

WHSV of 0.08h-1. It was also proposed that hydroxyacetone was produced as an intermediate 
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product during glycerol hydrogenolysis to 1,2-PDO reaction. The thermodynamic analysis 

suggested that dehydration of glycerol to hydroxyacetone was thermodynamically favorable 

and hydrogenation of hydroxyacetone to 1,2-PDO formation was limited by thermodynamic 

equilibrium. 

H-beta supported Zr based monometallic and bimetallic (Ni-Zr, Cu-Zr, and Zn-Zr) 

catalysts were synthesized by wetness impregnation method [Kant et al., (2017)]. Bi-functional 

properties due to the presence of brönsted and lewis acid sites on the catalysts were reported to 

be the key factors for higher catalytic activity and diol selectivity. Catalytic activity results 

suggested that, with increasing of Zr metal loading in Zr/H-beta catalyst, moderate acidic 

strength of the catalyst was increased, which essentially increased the selectivity to lower 

alcohol at the expense of 1,3-PDO selectivity. This result depicted that, for the catalyst having 

higher acidic strength favoured over hydrogenolysis of 1,3-PDO to lower alcohols. 

Incorporation of 2nd metal in Zr/H-beta catalyst improved the catalytic activity and the 

selectivity towards 1,2-PDO and 1,3-PDO significantly. Higher activity of the bimetallic 

catalyst was because of the interaction of metals which led to increasing the total acidic 

strength of the catalysts. Among all of the catalysts, Ni-Zr/H-beta catalyst showed the highest 

activity. Further, reaction parameter optimization study was carried out to understand the 

influence of reaction temperature, H2 pressure and reaction time on the catalytic activity and 

diol selectivity. Maximum 77% conversion with 14% selectivity to 1,3-PDO and 26% 

selectivity towards 1,2-PDO was observed at 200 oC, at 600 psi H2 pressure. 50 wt.% glycerol 

solution and 0.5 g of catalyst were reported as the optimum values for higher 1,2-PDO 

selectivity. 

Recently, a series of cerium promoted Cu/MgO catalyst was synthesized by co-

precipitation method. Physico-chemical properties i.e. surface area, oxidation states, acidity and 

basicity of these catalysts were analysed by BET, TPR, NH3-TPD, CO2-TPD, XPS, XRD, and 

Raman spectroscopy [Mallesham et al., (2017)]. With increasing the Ce loading into the 

Cu/MgO catalyst, BET surface area was found to be increased up to Cu/Ce3/Mg. H2-TPR 

results revealed that the addition of Ce to Cu/MgO catalyst lowered the reduction temperature 

of CuO. Among all the catalysts, Cu/Ce3/Mg exhibited a low-temperature peak around 127 oC, 

which ascribed the strong interaction of CuO species with CeO2 and MgO. NH3-TPD study 

revealed that Cu/Ce3/Mg catalyst showed the highest acidic strength (521 µmol.g-1) among all 

other catalysts and Cu/Ce3/Mg catalyst showed smaller CuO crystallite size which suggested 

the well-dispersion of CuO species on the catalyst surface. XPS spectra demonstrated the 
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presence of more number of Ce+3 ions in the Cu/Ce3/Mg catalyst. Raman spectra proclaimed 

that Cu/Ce3/Mg catalyst showed a maximum number of oxygen defects, which might be the 

vital reason for the reduction of more number of Ce+4 ions to Ce+3 ions. Glycerol 

hydrogenolysis activity of the catalysts was evaluated in liquid phase and Cu/Ce3/Mg catalyst 

exhibited the maximum glycerol conversion of 56.4% with 97.4% selectivity towards 1,2-PDO 

at 200 oC, 6 MPa pressure after 10 h of reaction time. Reusability test of the catalyst depicted 

that glycerol conversion was decreased by 31.4% with almost constant 1,2-PDO selectivity 

(97.4%) after 4th cycle.  

It can be concluded that among non-noble metals Cu based catalysts are highly active 

and selective to 1,2-PDO compared to Co and Ni based catalysts. Ni based catalysts have more 

tendency to break C-C bond cleavage which increases selectivity to lower alcohols.  It was also 

observed that bimetallic catalysts were more active compared to monometallic catalysts due to 

synergic metal support interaction. Cu supported on acidic (γ-Al2O3) or basic carrier (MgO, 

ZnO) are highly promising for glycerol hydrogenolysis reaction. Incorporation of ZnO to Cu 

based catalysts enhances the catalytic activity of Cu due to its hydrogen spillover effect. 

Moreover, appropriate amount of acidic and/or basic sites, highly dispersed Cu0, small particle 

size, small crystallite size are highly desirable for higher catalytic activity, selectivity to 1,2-

PDO and stability of the catalysts.  

2.3 Glycerol hydrogenolysis to 1,2-PDO over hydrotalcite-type catalysts 

Recently, hydrotalcite-type layered double hydroxides (LDHs) catalysts have received 

considerable attention in heterogeneous catalysts due to their unique structure [Xia et al., 

(2012a), Yang et al., (2004)]. Hydrotalcite compounds are layered double hydroxide (LDH), 

consists of negatively charged anions intercalated between the positively charged hydroxide 

layers combined with H2O molecule. The empirical formula of LDH catalyst is [MII
1-x M

III 

x(OH)2]
x+[An-

x/n]
x-.m H2O where x is the ratio of MIII/[MIII + MII] ( range is 0.20 to 0.40). MII is 

divalent metals (Cu, Zr, Zn, Ti, and Ni) and MIII is trivalent metals (Al, Cr and Ga). An- is anion 

charged compounds (CO3
2-, Cl-, SO4

2- and NO3
-) and m is the molar amount of water between 

hydroxide layer [Xia et al., (2012a)]. The usages of LDHs catalyst is very promising for a 

reaction where multi-functionality of the catalyst is desirable to improve the selectivity of the 

desired product. The report based on the performance of LDHs type catalyst for hydrogenolysis 

of glycerol to 1,2-PDO is only a few [Xia et al., (2012a), Xia et al., (2012b), Yang et al., 

(2004), Xia et al., (2013), Yuan et al., (2011), Meher et al., (2009)]. 
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 The performance of Cu/Zn/Al mixed metal oxides based hydrotalcite catalyst was 

evaluated and maximum 52% conversion with 94% selectivity towards 1,2-PDO was achieved 

in presence of Cu/Zn/Al (1:1:4) mixed metal oxides based hydrotalcite catalyst at 200 oC and at 

1.4 MPa of H2 pressure [Meher et al., (2009)]. It is also reported that the acidic and basic 

properties of the catalysts were significantly affected with the variation of metal compositions 

(MII/MIII) in the catalysts [Meher et al., (2009)].  

Xia et al., (2012a) developed various layered double hydroxide based catalysts and their 

performance was evaluated for glycerol hydrogenolysis in liquid phase. It is reported that 

different primary alcohols such as methanol, ethanol, 1-propanol, butanol, and isopropanol as a 

hydrogen donor were very effective for selective conversion of glycerol to 1,2-PDO. Among all 

these primary alcohols, ethanol is suggested as the best hydrogen donor, and maximum 95% 

conversion with 92.2% selectivity towards 1,2-PDO was achieved over Cu0.4Mg6.28Al1.32O8.26 

catalysts at 210 oC and at 3 MPa nitrogen pressure in presence of ethanol as a hydrogen donor. 

Later this group [Xia et al., (2012b)] prepared a series of Cu0.4/Zn5.6-xMgxAl2O8.6 catalysts 

derived from layered double hydroxide precursors. It was found that after the addition of Zn to 

Cu0.4Mg5.6Al2O9 catalyst, surface area and pore size of the catalysts were decreased gradually. 

N2O adsorption data revealed that copper metal dispersion was increased with the addition of 

Zn up to Cu0.4Zn0.6Mg5.0Al2O9 composition of catalyst and further it was decreased. The 

smallest copper particle size of 2.02 nm was detected for Cu0.4Zn0.6Mg5.0Al2O9 catalyst. NH3-

TPD and CO2-TPD study demonstrated that Cu0.4/Zn5.6Al2O8.6 catalyst exhibited highest acidic 

strength, whereas, Cu0.4/Mg5.6Al2O8.6 catalyst showed highest basic strength. H2-TPR result 

showed that with increasing the Zn amount in the catalysts, new reducible CuO sites were 

evolved due to hydrogen spillover effect between Cu and ZnO. To ensure the spillover effect, 

H2-TPD analysis of reduced catalyst was carried out. With increasing Zn content in the 

catalysts, two types of H2-desorption peaks were observed. Peaks detected in the temperature 

range of 80–170°C was because of desorption from ZnO sites and peaks in the temperature 

range of 240–360°C was due to the desorption from copper particle sites. Catalytic activity 

result suggested maximum 78.2% glycerol conversion and 99.3% selectivity towards 1,2-PDO 

over Cu0.4Zn0.6Mg5.0Al2O9 catalyst at 180 °C, and at 2.0 MPa H2 pressure after 10 h of reaction. 

The highest catalytic activity of Cu0.4Zn0.6Mg5.0Al2O9 catalyst was reported due to the optimum 

basic strength of the catalyst and H2 spillover effect of ZnO, small Cu particle size (~2.02 nm) 

and higher copper metal dispersion (49.4 ± 6%). This group also prepared a series of 

hydrotalcite catalyst having different (Cu+Mg)/Al ratio and Cu0.4Mg5.6Al2O8.6 catalyst showed 
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good catalytic activity as compared to the remaining series of Cu/Mg/Al catalysts [Xia et al., 

(2013)]. 

A series of double layered base Cux/Mg6-xAl2O9-x catalysts were developed via co-

precipitation, impregnation and ion exchange method, respectively [Yuan et al., 2011]. N2-

adsorption study revealed that with increasing copper content, surface area and pore volume of 

the catalysts were decreased. This was because of uniformity of crystallites were decreased 

with increasing of Cu content in the catalyst. XRD-pattern of calcined catalysts showed that 

only Cu0.4/Mg5.6 Al2O8.6 catalyst had lamellar-like structure after calcination and this lamellar-

like structure was collapsed at higher Cu+2/Mg+2 ratio because of agglomeration of CuO 

particle. H2 TPR profile of Cu0.4/Mg5.6Al2O8.6 catalyst showed only one reduction peak at 150-

260 °C region which ascribed the presence of Cu+2 species in the lamellar-like structure. 

However, with increasing Cu+2/Mg+2 ratio, two H2 consumption peaks were detected. This 

result indicated the presence of reducible Cu+2 species in the lamellar-like structure as well as 

the bulk Cu+2 species outside the lamellar surface. N2O chemisorption study suggested that 

very high dispersion (~80 %) and copper surface area (1083 m2.g-1) of Cu0.4/Mg5.6Al2O8.6 

catalyst. CO2-TPD study showed that the basic strength of the catalysts was increased with 

decreasing Cu+2/Mg+2 ratio. Cu0.4/Mg5.6 Al2O8.6 catalyst showed the highest glycerol conversion 

of 80% with 98.2% selectivity towards 1,2-PDO at 180 °C and at 3.0 MPa H2 pressure after 20 

h of reaction. 75 wt.% aqueous glycerol solution was used as feed. Further, it was found that 

the addition of small amounts of NaOH in the reaction mixture was beneficial for glycerol 

conversion without significant loss of selectivity towards 1,2-PDO. However, catalyst stability 

and reusability were not reported in this study. 

Kolena et al., (2018) developed various Cu-Zn-Al based hydrotalcite catalysts by co-

precipitation method and catalysts were calcined at different temperatures (350-700 °C) 

followed by the reduction at their respective reduction temperature. TEM images of the 

catalysts revealed that at lower calcination temperature (350 °C), particle sizes were in the 

range of 10-50 nm, whereas, the particle sizes were increased significantly (100-400 nm) at 

higher calcination temperatures (> 450 °C). Glycerol hydrogenolysis results suggested that 

catalyst calcined at 350 °C showed the best catalytic performance which showed 82.6% 

selectivity towards 1,2-PDO at 83% conversion of glycerol. Lower activity of catalysts calcined 

at higher temperature attributed to the agglomeration of particles, lower surface area, pore 

volume and disintegration of structure. Further, the same catalyst (Cu-Zn-Al catalyst) was 

developed by one step activation process. In this process, the dried hydrotalcite catalyst was 
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directly reduced in an autoclave reactor at 350 °C and at 7 MPa pressure and the catalytic 

activity was investigated at similar reaction condition. Results showed that both the catalysts 

exhibited similar activity (~80% conversion). However, selectivity to 1,2-PDO increased 

significantly (~93.1%) when catalyst was developed by one step activation process. 

Co-Zn-Al layered double hydroxide, a efficient and stable catalyst as compared to Co-

based monometallic catalyst was developed [GuO et al., (2011)]. Co-Zn-Al LDHs catalysts 

reduced at 673 K and 873 K, were synthesized and designated as Co-Zn-Al-673 and Co-Zn-Al-

873, respectively. Maximum 70% conversion with 57.8% selectivity towards 1,2-PDO was 

achieved over Co-Zn-Al-873 catalyst at 200 °C and at 2 MPa H2 pressure. Co-Zn-Al-873 

catalyst containing smaller Co particle size (~16 nm) showed higher catalytic activity as 

compared to Co-Zn-Al-673 catalyst having large Co particle size (~50 nm).  

Overall, Cu based layered double hydroxide catalysts are highly promising for selective 

production of 1,2-PDO from glycerol at mild reaction condition. Higher metal dispersion, 

higher surface area are the key factors for higher selectivity to 1,2-PDO in presence of Cu 

based LDHs catalysts. 

2.4 Kinetic study  

Very limited literature information is available on the kinetic studies of glycerol 

hydrogenolysis.  

Lahr and Shanks (2003) developed Langmuir-Hinshelwood type kinetic model for 

glycerol hydrogenolysis reaction in presence of Ru/C catalysts. The reaction was performed in 

a batch reactor at two pH levels to obtain kinetic data. In the model development, competitive 

adsorption of three compounds i.e. glycerol, ethylene glycol, and propylene glycol were taken 

into account. H2 was considered as in excess in the reaction mixture. The final rate equation 

was developed as follows: 

                                      

' 1.5

G G
G

G G PG PG EG EG

k C
-r =

1+ k C + k C + k C
                                                    (2.1) 

where, kG′ is the reaction rate constant and kG, kPG, kEG are the adsorption constants of glycerol, 

propylene glycol, and ethylene glycol, respectively. The degradation rate of glycols at different 

pH were determined from the model which helped to comprehend the instantaneous selectivity 

toward both glycols at different pH of the solution. The values of glycerol rate constant (kG) 

and glycerol adsorption constant (kG′) were 50 L.mol-1 and 0.57 L3/2/min.(kg of catalyst).mol1/2, 
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respectively, with an R2 value of 0.88. Results suggested that propylene glycol selectivity was 

not affected with pH of the solution, whereas, the selectivity to ethylene glycol was decreased 

with increasing the pH of the reaction mixture. Competitive adsorption suggested that affinity 

of propylene glycol towards the catalyst active sites was lower as compared to glycerol and 

ethylene glycol. The affinity of glycerol to the catalyst surface was twice than the ethylene 

glycol. These phenomena gave an overall reaction pathway for glycerol hydrogenolysis 

reaction.  In this study, the effect of temperature on reaction rate was not considered in the 

model.  

Torres et al., (2010) studied aqueous phase hydrogenolysis of glycerol to 1,2-PDO in a 

slurry reactor in the temperature and pressure range of 220 -240 oC and 2.4-9.6 MPa H2 

pressure, respectively, in presence of bimetallic Ru-Re/C catalyst. The bimetallic catalyst 

showed the highest conversion of 57.7% with 36.6% selectivity towards 1,2-PDO. 

Monometallic Ru based catalyst showed a 52.1% conversion with 18.9% selectivity towards 

1,2-PDO whereas monometallic Re catalyst was not at all active. To develop the kinetic model, 

experiments were performed at the different reaction temperature, pressure and catalyst 

loading. In this study, both liquid and gaseous products were considered for the development of 

kinetic model. A simple power-law type kinetic model was proposed for the hydrogenation of 

glycerol to 1,2-PDO due to the complexity of the reaction scheme. The rate equations were 

defined as follows: 
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                                                    (2.2) 

The obtained rate equations were solved by using Rosenbrock algorithm in MATLAB coupled 

with Levenberg-Marquardt method. According to the kinetic model, predicted data showed in 

good agreement with the experimental data in terms of goodness of fit and activation energy 

parameters. The calculated activation energy for the formation of 1,2-PDO and EG were 54.2 

and 63.8 kJ/mol, respectively.  

Xi et al., (2010) presented a three-step model of glycerol dehydrogenation-dehydration-

hydrogenation for the production of 1,2-PDO in a trickle-bed reactor. The rate equation (2.3) 

was solved by Euler’s method in MATLAB. 
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The result showed that the developed kinetic model was fitted well with the experimental data. 

Pre-exponential factor, activation energy and adsorption constant were reported as 8.2×1010, 86 

kJ/mol, 4.6×104 m3/kmol, respectively.  

Zhou et al., (2010) prepared a series of Cu-ZnO-Al2O3 catalyst by co-precipitation 

method and the maximum 93.5% selectivity towards 1,2-PDO at 81.5% glycerol conversion 

was obtained over Cu-ZnO-Al2O3 catalyst with 1:1:0.5 molar ratio. Kinetic studies were 

conducted in a fixed-bed reactor over Cu-ZnO-Al2O3 catalyst at reaction temperature varying 

from 493-513 K and at H2 pressure varying from 3.0-5.0 MPa. A two-site Langmuir-

Hinshelwood type model was proposed based on two steps (dehydration-hydrogenation) 

mechanism. The rate equation was as follows:   

                                             
G G G

G

G G A A P P

k K C
-r =

1+K C +K C +K C
                                                    (2.4) 

where CG, CP, CA are the concentrations of glycerol, 1,2-PDO and hydroxyacetone, 

respectively. Competitive adsorption of glycerol, hydroxyacetone, and propylene glycol were 

assumed. Results showed that the predicted concentration data were in a good match with the 

experimental data with the relative error of 6.3% for glycerol and 7.6% propylene glycol, 

respectively. The kinetic and adsorption factors were calculated by using 4th order Runge-Kutta 

method coupled with Rosenbrock algorithm. The activation energies obtained for dehydration 

to hydroxyacetone and hydrogenation to 1,2-PDO were 86.56 and 57.80 kJ·mol−1, respectively. 

This result suggested that the first step dehydration to hydroxyacetone was slower than the 

second step hydrogenation of hydroxyacetone to 1,2-propanediol.  

Vasiliadou and Lemonidou (2013) carried out a kinetic study over Cu/SiO2 catalyst in 

an autoclave reactor in the temperature range of 180-240 °C and the pressure range of 2-8 MPa. 

A simple reaction scheme of two parallel routes leading to the formation of 1,2-PDO and 1,3-

PDO was considered to develop the kinetic model. The kinetic parameters were calculated by 

assuming a Power-law type kinetic model. In this study, the overall reaction rate exhibited an 

almost zero order with respect to initial glycerol concentration and ~1st order with respect to H2 

in liquid phase. The production rate of 1,2-PDO was not affected by the initial glycerol 

concentration, however, it was strongly depended (almost first order) on H2 concentration. 

Furthermore, the formation rate of 1,3-PDO was strongly dependent on glycerol concentration 

and to nearly first order on H2 concentration.  The activation energies obtained for the overall 

reaction (96.8 kJ/mol), 1,2-PDO (94.3 kJ/mol) and 1,3-PDO (135.3 kJ/mol) formation 



28 
 
 

 

demonstrated the selective formation of the 1,2-PDO at lower temperatures. Recently, this 

group [Yfanti et al., (2018)] has developed a Langmuir-Hinshelwood type kinetic model for 

glycerol hydrogenolysis reaction by using methanol as a hydrogen donor in presence of a 

Cu:Zn:Al catalyst. For the development of a kinetic model, four reaction steps including 

aqueous phase reforming (APR) of methanol for the production of hydrogen, dehydration of 

glycerol to hydroxyacetone, hydrogenation of hydroxyacetone to 1,2-PDO and glycerol 

hydrogenolysis for the formation of ethylene glycol, respectively, were considered. Kinetic 

experiments were carried out at different reaction temperatures (200-270 oC) and at different 

reaction times (0-75 min). The obtained activation energies for dehydration of glycerol to 

hydroxyacetone and hydrogenation of hydroxyacetone to 1,2-PDO were estimated to be 87 

kJ/mol and 68.4 kJ/mol, respectively. Further, the kinetic models were validated with the 

experimental runs collected at different initial glycerol concentration (1-5 wt.%) and different 

methanol concentration (7-30 wt.%). 

Gandarias et al., (2013) performed glycerol hydrogenolysis reaction over 17Ni–

13Cu/Al2O3 catalyst using formic acid as a hydrogen donor. In this study, Langmuir-

Hinshelwood type kinetic model was developed where a series reaction scheme of glycerol to 

1,2-PDO and hydrogenolysis of 1,2-PDO to 1-propanol (1-PO) were considered. Competitive 

adsorption between glycerol and 1,2-PDO was proposed in the reaction model. It is concluded 

that initial conversion of glycerol to 1,2-PDO was higher than the decomposition of formic acid 

which indicated that initially, H+ was generated from aqueous phase reforming of glycerol or 

any other source. At higher glycerol conversion, the H+ ions generated from formic acid were 

captured by 1,2-PDO and was not transferred to glycerol. These H+ ions finally were converted 

to molecular H2 which eventually escaped in the gas phase. Briefly, to achieve higher hydrogen 

donor efficiency and to avoid further degradation of 1,2-PDO to 1-PO, optimum glycerol 

conversion was required. The major drawback of this study was that the effect of reaction 

temperature was not taken into account.  

Sharma et al., (2014) proposed Langmuir-Hinshelwood-Hougen-Watson type kinetic 

model over Cu:Zn:Cr:Zr (3:2:1:3) mixed metal catalyst. The obtained overall rate equation was 
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In the kinetic model, only 1,2-PDO was considered as a product and the inhibition terms were 

neglected. As a consequence, the kinetic model was reduced to a simple power-law kinetic 

model as follows:   

                                                                          G SR G H-r = k C P
                                                         (2.6)

 

It was concluded that the reaction was followed pseudo 1st order kinetics relating to glycerol 

and the apparent activation energy was estimated as 132 kJ.mol-1.  

Rajkhowa et al., (2017) carried out the kinetic experiments for hydrogenolysis of 

glycerol reaction in a trickle-bed reactor at the temperature and pressure range of 190-240 oC 

and 6.5-8 MPa, respectively. The spacetimes were varied from 25 to 340 kg s mol−1. It was 

proposed that glycerol was dehydrated to hydroxyacetone predominantly and subsequently 

hydrogenated to 1,2-PDO. In addition, 1,3-propanediol and ethylene glycol were also formed as 

side products. The degradation of 1,2-PDO to lower alcohols such as ethanol, methanol, and 

propanol were also reported. In the proposed kinetic model, all the reaction products were 

considered. The activation energy for the dehydration of glycerol to hydroxyacetone and 

hydroxyacetone to 1,2-PDO were found to be 84 kJ.mol-1 and 59.3 kJ.mol-1, respectively. It 

was elucidated that high selectivity towards 1,2-PDO was obtained because of the lower 

reaction rate of the parallel and side reactions and lower adsorption affinity of hydroxyacetone 

as compared to glycerol. 

2.5 Knowledge gaps and hypothesis 

Hydrogenolysis of glycerol to 1,2-PDO is a promising route for the value addition of 

excess amounts of glycerol obtained in the biodiesel industry. For successful commercialization 

of glycerol hydrogenolysis process, development of selective and stable catalysts is highly 

desirable. In the last two decades, various catalysts were developed and examined for liquid 

phase hydrogenolysis of glycerol. Noble metals have been reported as very active for this 

reaction. However, the primary drawback associated with the noble metals is that these metals 

facilitate the overhydrogenolysis process which produces more degradation products and noble 

metals are also very expensive. As a result, the development of highly active, selective, 

relatively cheaper and higher resistance to poisoning, non-noble metal-based catalysts are 

highly desirable. The heterogeneous catalysed glycerol hydrogenolysis process is not yet fully 

commercialized due to lower 1,2-PDO yield, adverse reaction condition, poor catalyst 

reusability, and catalyst leaching.   
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Regarding the catalyst development, previous literature information dictated that acidic 

and/or basic sites on the catalyst surface favour the dehydration of glycerol and the active metal 

sites are necessary for hydrogenation of glycerol dehydrated product to produce 1,2-PDO. High 

active metallic surface area, good dispersion of active metals onto the support, higher 

reducibility, small particle size are the important factors for higher catalytic activity and the 

selectivity towards 1,2-PDO. Morphology and structure of the catalysts also have significant 

roles on the catalytic activity and product selectivity. Among the various transition metal 

catalysts, Cu, Co based catalyst showed very decent performance for selective hydrogenolysis 

of glycerol to 1,2-PDO and Ni metal is known as for its hydrogenation ability. It was also 

observed from the literature that addition of Zn enhanced the activity as well as 1,2-PDO 

selectivity mainly for copper-based catalysts. Several previous reports dictated that ZnO can act 

as a reservoir for atomic hydrogen which enhances the hydrogen spillover, thereby increase the 

hydrogenation capability of the catalyst. 

Several previous studies were focused on the development of catalysts and the 

optimization of reaction parameters to maximize the 1,2-PDO selectivity. However, a very less 

attention was paid to develop the kinetic model and the estimation of kinetic parameters for this 

industrially important reaction. The fundamental understanding of reaction kinetics, 

development of kinetic models and the estimation of kinetic parameters are very important to 

design a suitable reactor and process before commercialization. Therefore, more study is 

required regarding the development of new and efficient catalysts, kinetic models and the 

estimation of kinetic parameters for successful commercialization of glycerol hydrogenolysis 

process. The aim of this study was to develop a highly active, selective, stable and 

environment-friendly catalyst for selective conversion of bio-glycerol to 1,2-PDO at mild 

reaction condition. In this regard, bi-functional Cu-Mg-Al-O and Cu-Zn-Mg-Al-O catalysts 

derived from layered double hydroxide (LDHs) precursors, and a series of monometallic (Cu, 

Ni, Co, Zn and Fe), bimetallic catalysts supported on MgO, Al2O3, CaO, La2O3, MgO-La2O3 

were developed for selective production of 1,2-PDO by the hydrogenolysis of glycerol in liquid 

phase in a slurry batch reactor. Different supports such as γ-Al2O3, MgO, CaO, La2O3 etc. were 

selected to incorporate the acidic and/or basic sites and metals (Cu, Zn, Co) were selected to 

incorporate the hydrogenation sites on the catalysts surface, respectively. Various kinetic 

models including power-law, modified power-law, Eley-Rideal (ER), Langmuir–Hinshelwood-

Hougen-Watson (LHHW), and a new kinetic model based on in a combination of ER and 

LHHR approach were developed. The kinetic models were validated with the help of the 
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experimental data generated in presence of Cu:Ni(1:1)/γ-Al2O3, Cu:Zn(4:1)/MgO and 

Cu:Zn(4:1)/MgO-La2O3 catalyst, respectively. Finally, an economic analysis was performed for 

the overall glycerol hydrogenolysis process in presence of the best catalyst developed in this 

thesis. Economic analysis suggested that the production of 1,2-PDO from renewable glycerol is 

extremely profitable and it is very promising for commercial application.  

 

2.6 Objectives 

In this thesis work, the following objectives were set: 

(i) Synthesis of following supported monometallic and bimetallic catalysts for liquid phase 

hydrogenolysis of glycerol.  

20 wt.% Cu/γ-Al2O3, Ni/γ-Al2O3, Cu:Ni(1:1)/γ-Al2O3, 35 wt.% Cu/MgO, Zn/MgO, 

Co/MgO, Fe/MgO, Ni/MgO, 50 wt.% Cu:Fe(1:1)/MgO, Co:Fe(1:1)/MgO, 

Co:Zn(1:1)/MgO, Cu:Zn(1:1)/MgO, Cu:Zn(4:1)/MgO,  Cu/MgO,  Zn/MgO , 50 wt.% 

Cu:Zn(4:1)/BaO2, Cu:Zn(4:1)/La2O3, Cu:Zn(4:1)/CaO, Cu/La2O3, Cu:Zn(4:1)/MgO-La2O3. 

(ii) Characterization of the catalysts by several techniques such as  

BET surface area, X-ray diffraction (XRD), temperature programmed reduction (TPR), 

NH3-temperature programmed desorption (NH3-TPD), CO2-temperature programmed 

desorption (CO2-TPD), transmission electron microscopy (TEM), field emission scanning 

electron microscopy (FE-SEM), X-ray photoelectron spectroscopy (XPS), atomic 

absorption spectroscopy (AAS) etc. 

(iii) Performance evaluation of the synthesized catalysts in an autoclave reactor. 

Study the effect of various reaction parameters such as reaction temperature, hydrogen 

pressure, glycerol to water ratio, reaction time and amount of catalyst on the glycerol 

conversion and 1,2-PDO selectivity/yield. 

(iv)  To investigate the stability and reusability of the catalysts. 

(v)  To develop a suitable kinetic model and the estimation of kinetic parameters for glycerol 

hydrogenolysis reaction in presence of Cu:Ni(1:1)/γ-Al2O3, Cu:Zn(4:1)/MgO and 

Cu:Zn(4:1)/MgO-La2O3 catalyst, respectively.  
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CHAPTER III 

EXPERIMENTAL DETAILS   

Previous literature suggested that for selective production of 1,2-PDO from glycerol 

hydrogenolysis reaction requires heterogeneous catalyst having bi-functional acidic-basic 

properties, small average particle size, higher reducibility, higher dispersion of active metals on 

the support. In this chapter, the synthesis of various catalysts and their characterization 

techniques are discussed. Details of the experimental set-up, experimental procedure, and the 

product analysis techniques are also described.  

 3.1 Catalyst Preparation 

3.1.1 Materials  

Cu(NO3)2.3H2O (>99%, Thomas baker, India), Ni(NO3)2.6H2O (>99.9%, Thomas 

Baker, India), Co(NO3)2.6H2O (>98%, Alfa Aesar India), Zn(NO3)2.6H2O (>99%, Thomas 

baker, India), Fe(NO3)3.9H2O (>99.9%, Merck specialities, India), Mg(NO3)2.6H2O (99.0%, 

Thomas Baker Chemicals, India), Al(NO3)3.9H2O (95%, Thomas Baker Chemicals, India) were 

used as metal precursors. Aluminium oxide (>99.9%, Thomas Baker, India), MgO light 

(Thomas Baker, India, 98%), CaO (>95%, Thomas Baker, India), BaO2 (>90%, Thomas 

Baker, India) and La2O3 (>99.9%, Thomas Baker) were used as catalyst supports. NaHCO3 

(>99.8%, Thomas Baker, India) and urea (99.0%, Sisco Research Lab, India) were used as 

precipitating agents. Glycerol (>99.9%, Thomas baker, India), 1,2-PDO (>99%, Merck 

specialities, India), Hydroxyacetone (95%, Alfa Aesar, India), Ethylene glycol (>95%, Sigma 

Aldrich-Fluka, India) were used as feed and product calibration, respectively. The hydrogen 

(99.99%) and nitrogen (99.99%) were purchased from Sigma gases, India and used directly 

without any further purification.  

3.1.2 Preparation of γ-Al2O3 supported catalysts  

Copper (II) nitrate trihydrate, nickel (II) nitrate hexahydrate were used as metal 

precursors and aluminium oxide was used as catalyst support. 20 wt.% Cu/γ-Al2O3, 20 wt.% 

Ni/γ-Al2O3 and 20 wt.% Cu:Ni(1:1)/γ-Al2O3 catalysts were synthesized by wetness 

impregnation method. γ-Al2O3 was added to the aqueous solution of the calculated amount of 

metal precursors [Cu(NO3)2.3H2O and/or Ni(NO3)2.6H2O]. The resulting slurry was stirred for 

15 min and kept for aging for 12 h at 25-30 °C. Further, the resulting slurry was dried overnight 

in an oven at 110 oC followed by calcination at 400 oC for 4 h in presence of air. Prior to each 
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reaction, catalysts were reduced in ex-situ under the flow of H2 for 3 h at their respective 

reduction temperatures obtained from TPR peak. 20 wt.% Cu:Ni(1:1)/γ-Al2O3 signified that 

unit mass of catalyst contained 80 wt.% of γ-Al2O3 and 20 wt.% of total Cu and Ni metals, 

where weight ratio of Cu/Ni =1. 

3.1.3 Preparation of layered double hydroxides (LDHs) catalysts 

Cu(NO3)2.3H2O, Zn(NO3)2.6H2O, Mg(NO3)2.6H2O, Al(NO3)3.9H2O were used as metal 

precursors and urea was used as precipitating agent. Glycerol, 1,2-PDO, hydroxyacetone, 

ethylene glycol  were used as feed and product calibration, respectively. The hydrogen and 

nitrogen were purchased from Sigma gases, India. 

Table 3.1. Catalyst designation and their composition 

Urea 

concen

tration 

(M) 

Catalyst Catalyst Theoretical 

Cu 

(wt.%) 

ZnO 

(wt.%) 

MgO 

(wt.%) 

Al2O3 

(wt.%) 

1.5  Cu0.40Mg5.6Al2O9  Cu-Mg-Al-O-1 35 - 48.8 16.3 

2  Cu0.40Mg5.6Al2O9  Cu-Mg-Al-O-2 35 - 48.8 16.3 

2.5  Cu0.40Mg5.6Al2O9  Cu-Mg-Al-O-3 35 - 48.8 16.3 

2 Cu0.64Mg5.37Al2O9  Cu-Mg-Al-O-4 45 - 38.8 16.3 

2 Cu0.45Zn0.15Mg5.4Al2O9 Cu-Zn-Mg-Al-O 35 15 33.8 16.3 

2 Zn0.15Mg5.85Al2O9 Zn-Mg-Al-O - 15 68.8 16.3 

 

Layered double hydroxides (LDHs) Cu-Mg-Al-O and Cu-Zn-Mg-Al-O catalysts were 

synthesized by homogenous co-precipitation via urea hydrolysis method [Jingfa et al., (1996), 

Turco et al., (2004), Ogawa et al., (2002)]. An aqueous solution of the required amounts of 

metal precursors was mixed with the aqueous solution of urea and heated at 100 oC for 2 h in a 

three-necked round bottom flask equipped with a reflux and a magnetic stirrer.  After two 

hours, the solution turned into a slurry and the resulting slurry was continuously refluxed at 

100 oC for 12 h under stirring. Further, the obtained slurry was cooled to room temperature, 

filtered, and washed thoroughly with deionized water. The solid obtained was dried in an oven 



35 
 
 

 

at 110 oC for 10 h followed by calcination at 400 oC for 4 h in presence of air. Prior to each 

reaction, catalysts were reduced in ex-situ under the flow of H2 for 3 h at their respective 

reduction temperature obtained from TPR peak. The catalysts were prepared in presence of 

three different urea concentration i,e. 1.5M, 2M, and 2.5M, respectively. The reaction 

mechanism of the formation of LDHs catalysts by following urea hydrolysis method is 

discussed elsewhere [Costantino et al., (2013), Basahel et al., (2014)]. Theoretical composition 

of the catalyst synthesized and their designations are shown in Table 3.1. 

3.1.4 Preparation of MgO supported catalysts  

Cu(NO3)2.3H2O, Co(NO3)2.6H2O, Zn(NO3)2.6H2O, Fe(NO3)3.9H2O were used as metal 

precursors and MgO light was used as catalyst support. NaHCO3 was used as a precipitating 

agent. Glycerol, 1,2-PDO, Hydroxyacetone, Ethylene glycol were used as feed and product 

calibration, respectively. The hydrogen (99.99%) and nitrogen (99.99%) were purchased from 

Sigma gases, India and used directly without any further purification. 

MgO supported monometallic and bimetallic catalysts were prepared by precipitation- 

deposition method [Pudi et al., (2015a)]. Total metal loading in the final catalyst was kept 

constant at 50 wt.%. In a typical catalyst synthesis, an aqueous solution of NaHCO3 (1 mol.L-1) 

was added dropwise to the aqueous solution of the nitrate salts of metal precursors with an 

appropriate ratio with constant stirring until the pH of the solution was 8-9. After precipitation, 

the required amount of MgO light was added to the solution under vigorous stirring for 6 h 

followed by aging for 12 h at room temperature. The slurry obtained was filtered, washed 

thoroughly with deionized water and dried at 110 oC for 12 h. The dried solid was calcined in 

air at 400 oC for 4 h. Prior to each reaction, catalysts were reduced in ex-situ under the flow of 

H2 for 3 h at their respective reduction temperature obtained from TPR peak. Catalysts 

prepared and their composition is shown in Table 3.2. The catalysts prepared by this method 

were designated as Cu/MgO, Zn/MgO, Cu:Zn(4:1)/MgO, Cu:Zn(1:1)/MgO, Cu:Fe(1:1)/MgO, 

Co:Fe(1:1)/MgO, Co:Zn(1:1)/MgO, respectively.  

3.1.5 Preparation of different metal oxide supported Cu-Zn bimetallic catalysts  

Cu(NO3)2·3H2O and Zn(NO3)2·6H2O were used as metal precursors. CaO, BaO2 and 

La2O3 were used as supports without any further treatment. All the various metal oxide 

supported Cu-Zn bimetallic catalysts were prepared by precipitation- deposition method [Pudi 

et al., (2015a)]. Total metal loading in the final catalysts were kept constant at 50 wt.%. For 

catalyst synthesis, 0.1 M NaHCO3 solution was added drop by drop to the aqueous solution of 
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nitrate precursors with continuous stirring until pH of the solution reached 8-9. Further, 

respective supports [CaO, BaO2, La2O3, MgO:La2O3 (1:1)] were added to the aqueous solution 

under continuous stirring for 6 h. After that, the solution was kept for aging for 12 h at room 

temperature. The obtained precipitate was filtered under vacuum and washed thoroughly with 

distilled water to remove the Na+ ion. The solid residue was dried in an oven at 110 oC for 24 h 

followed by calcination at 400 oC for 4 h in presence of air for the removal of nitrate (NO3
-), 

bicarbonate (HCO3
-) and hydroxyl (OH-) ions present if any. Prior to each reaction, catalysts 

were reduced in ex-situ under the flow of H2 for 3 h at their respective reduction temperature 

obtained from TPR peak. The final catalysts were designated as Cu-Zn(4:1)/CaO, Cu-

Zn(4:1)/La2O3, Cu-Zn(4:1)/BaO2, Cu-Zn(4:1)/MgO-La2O3, respectively. 50 wt.% Cu-

Zn(4:1)/CaO, Cu-Zn(4:1)/La2O3, Cu-Zn(4:1)/BaO2, Cu-Zn(4:1)/MgO-La2O3 signified that per 

unit mass of different supported catalysts contained 50 wt.% of supports [i.e. CaO, La2O3, 

BaO2, MgO-La2O3 (1:1)] and 50 wt.% of total Cu and Zn metals, where weight ratio of 

Cu/Zn =1. 

3.2 Catalyst characterization 

The physico-chemical properties of the fresh and used catalysts were characterized by 

various techniques such as specific surface area (BET), X-ray powder diffraction (XRD), 

temperature programmed reduction (TPR), temperature programmed desorption (TPD), 

scanning electron microscope with energy-dispersive X-ray analysis (FESEM-EDX), 

transmission electron microscopy (TEM) and atomic absorption spectroscopy (AAS) etc.  

Nitrogen adsorption-desorption isotherm was used to determine the specific surface area 

of the catalysts by using a Micromeritics Accelerated Surface Area and Porosimetry (ASAP 

2020, USA) instrument at liquid nitrogen temperature (-196 oC).  Prior to the adsorption 

process, the catalyst was degassed under vacuum for 4 h to remove the moisture from the 

catalyst sample. Specific surface area was determined by the multipoint Brunauer-Emmett-

Teller (BET) method and Barret-Joyner-Halendra (BJH) method was used to measure the pore 

size distribution by considering the desorption branch. 

X-ray diffraction patterns were collected on a Bruker AXS D8 advanced diffractometer 

coupled with Ni-filtered Cu-Kα radiation (40 KV, λ = 1.5418 oA). Data were recorded at the 

scanning range of 10-90o with a ramp rate of 1o min-1. Expert-Pro software and Joint committee 

on powder diffraction standards (JCPDS) were used to identify the XRD peaks. The average 

crystallite sizes of the metal and/or oxides were determined by using the Scherrer’s formula 
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from the line width of the XRD peaks corresponding to their respective crystal planes. 

Scherrer’s equation: D = 0.90λ/β Cosθ, where β is the full width at half-maximum (FWHM) 

and θ is the diffraction angle  

The reduction behavior of the catalysts was determined on a Micromeritics Pulse 

Chemisorb 2720 equipment coupled with a thermal conductivity detector (TCD) to determine 

the amounts of hydrogen consumed. Prior to each experiment, 50 mg of calcined catalysts was 

degassed at 200 oC for 2 h under the flow of argon (20 cc.min-1) followed by cooling at room 

temperature. Temperature programmed reduction (TPR) profile was monitored by heating the 

sample linearly at a rate of 10o min-1 from room temperature to 800 oC under the flow of 10% 

H2/Ar gas mixture (20 cc.min-1).  

NH3-temperature programmed desorption (NH3-TPD) was performed to measure the 

acidic property of the catalyst. NH3-TPD analyses were performed on a Micrometrics Pulse 

Chemisorb 2720 equipped with a TCD. Before the analysis, catalyst was degassed at 200 oC for 

2 h under the flow of helium (20 cc.min-1) followed by cooling at 25-30 oC. After degassing, 

the sample was saturated with NH3 under the flow of 27% NH3/He (20 cc.min-1) for 1 h and the 

sample was purged with helium for 1 h to remove the physically adsorbed ammonia. NH3 

desorption was monitored by heating the sample from 40 to 900 oC at a heating rate of 10 oC 

min-1. 

Surface morphology of the catalyst was determined by field emission scanning electron 

microscopy (FE-SEM) on a quanta scanning electron microscope (QUANTA, Model 200 FEG) 

coupled with energy dispersive X-ray (EDX). A small amount of sample was dispersed on the 

specimen stub and coated with gold using a sputter coater (Edward S150) under argon flow to 

avoid the charging of particles and analysis was performed at an accelerating voltage of 20 kV 

under vacuum.  

Average particle size and distribution of the particles on the support were determined by 

transmission electron microscope (TEM) on a Tecnai G2 20 S-Twin microscope attached with 

EDAX. A small amount of samples was dispersed in ethanol solution by ultrasonic and a few 

drops of the solution was placed in a carbon-coated copper grid. 

Thermal stability of catalysts was investigated by differential thermal analysis (DTA) 

and thermo-gravimetric analysis (TGA) by using an EXSTAR TGA/DTA 6300 machine. 
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                                Table 3.2. Catalysts composition and their designation 

Catalyst composition (theoretical) Catalyst designation Theoretical metal 

composition 

Metal 1: Metal 2 

(wt.%) 

Actual metal 

composition a 

(wt.%) 

Pure MgO MgO - - 

50 wt.% Cu/MgO Cu/MgO 50:0 49.7 : 0 

50 wt.% Zn/MgO Zn/MgO 0:50 0 : 48.7 

50 wt.% [40 wt.% Cu:10 wt.% Zn]/MgO Cu:Zn(4:1)/MgO 40:10 38.8 : 7.8 

50 wt.% [25 wt.% Cu:25 wt.% Zn]/MgO Cu:Zn(1:1)/MgO 25:25 25.6 : 20.7 

50 wt.% [25 wt.% Cu: 25 wt.% Fe]/MgO Cu:Fe(1:1)/MgO 25:25 25.9 : 26.5 

50 wt.% [25 wt.% Co: 25 wt.% Fe]/MgO Co:Fe(1:1)/MgO 25:25 21.3 : 20.2 

50 wt.% [25 wt.% Co: 25 wt.% Zn]/MgO Co:Zn(1:1)/MgO 25:25 24.0 : 24.5 

                                                 a composition obtained from FESEM-EDX 
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in mass of the sample with temperature was recorded. Whereas, the temperature difference 

between sample and reference material were recorded in DTA. 

The metal concentration in the fresh reduced and reused catalysts were determined by 

atomic absorption spectroscopy (AAS) in an AVANTA M, GBC scientific equipment. For the 

analysis, 20-30 mg of samples and 2 ml of aqua regia solution (HNO3:HCl = 1:3) were taken in a 

15 ml borosilicate glass vessel equipped with a Teflon lined cap and digested at 130 oC for 45 

min. Prior to analysis, the solution was diluted up to the required concentration. 

The metal concentrations in the fresh and spent catalysts were also determined by X-Ray 

Fluorescence (XRF) analysis on a Bruker S4 Poinner instrument. The working principle of XRF 

analysis is based on wavelength dispersive spectroscopy technique. In this analysis technique, 

the sample was excited initially with the primary X-ray source and the emitted X-ray was 

measured. 

X-ray photoelectron spectra (XPS) were recorded on a PHI 5000 Versa Probe III to 

determine the oxidation states of the metal element. Monochromatic Al-Kα X-ray radiation 

source (hv = 1,486.6 eV) with 100 µm of spot size was operated in the constant pass energy 

mode at 23.50 eV. The analysis was carried out at room temperature under an ultra-high vacuum 

of 10-13 MPa for charge neutralization. All the spectra were collected with reference to C1s peak 

at 284.6 eV and with a step size of 0.025 eV.  

3.3 Catalytic activity test  

3.3.1 Experimental set-up and procedure 

Hydrogenolysis of glycerol was performed in an autoclave reactor equipped with a 250 

ml Teflon lined reaction vessel (Amar equipment, India, Model No. 2000), turbine impeller, 

temperature controller (PID), pressure indicator and a sampling port. The schematic diagram of 

the reactor set-up is shown in Figure 3.1. Prior to each experiment, fresh calcined catalyst was 

reduced ex-situ in a separate tubular flow reactor at their respective reduction temperature 

obtained from TPR analysis for 3 h under the flow (25-30 cc min-1) of pure hydrogen. The 

catalysts were loaded into the reactor as synthesized without any pelletization. The average 

catalyst particle size were < 50 nm obtained from TEM analysis. After reduction, the catalyst was 

allowed to cool to room temperature under the flow of hydrogen. After cooling, reduced 

catalysts were immediately charged into the autoclave reactor. The time lag of shifting the 

reduced catalyst into the autoclave was <1 min. Therefore, it was assumed that the re-oxidation 
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of the catalyst within this short period of time at room temperature was almost negligible. 

Further, the required amount of reduced catalyst and 100 g of aqueous glycerol solution (20 

wt.%) was taken into the autoclave reactor and then the reactor was purged several times with 

hydrogen to remove air inside the reactor and pressurized the reactor with hydrogen up to 3-6 

MPa. Experiments were carried out at 170-220 oC under constant stirring speed at 800 rpm. After 

the reaction, the reactor was allowed to cool to 25-30 °C and the products were separated from 

the catalyst particle by centrifugation (Heraeus Biofuges Stratos, Thermo Scientific) if any. All 

the experiments were conducted atleast two times, in some cases multiple experiments were also 

carried out to verify the consistency of the results. Data reported in this thesis are the average 

values of the multiple experiments performed. 

3.3.2 Product analysis 

The products were analysed by gas chromatography (GC 6800, Newchrom Technologies, 

India). A chromosorb 101 packed column (1.52 m × 3.1 mm OD × 2 mm OD) attached with a 

flame ionization detector (FID) was used for the separation and the products were quantified by 

an internal standard process (Appendix I). In this study, n-butanol was used as an internal 

standard.  
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Figure 3.1. Schematic diagram of reactor set-up 
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Glycerol conversion, products selectivity, and yield were calculated as follows:  

Moles of glycerolconverted
Conversion (%) = ×100

Totalmolesof glycerolin feed  

Molesof carbon  in specific product
Selectivity(%) = ×100

Total carbon moles in all liquid products
 

 
Conversion (%) Selectivity (%)

Yield (%) = 
100
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CHAPTER IV 

RESULTS AND DISCUSSION 

This chapter describes the activity of γ-Al2O3 supported Cu, Ni mono-metallic and bi-

metallic catalyst, Cu based hydrotalcite catalysts, MgO supported Cu, Co, Zn, Fe monometallic 

and bimetallic catalysts for selective glycerol hydrogenolysis to 1,2-PDO. The role of various 

supports i.e. CaO, BaO2, La2O3 and MgO-La2O3 on the performance of Cu:Zn bi-metallic 

catalysts are also discussed. The physico-chemical properties such as oxidation state of Cu, 

presence of bi-metallic phase, bi-functional acidic/basic sites, H2 spillover effect were explored 

and the correlation between the catalyst characterization results with the catalytic activity and 

product selectivity were also investigated. Various reaction parameters such as temperature, 

pressure, glycerol concentration, catalyst loading, reaction time were optimized to maximize the 

glycerol conversion and 1,2-PDO selectivity. The possible reaction pathway for the conversion 

of glycerol to 1,2-PDO was also investigated in presence of various catalysts. In addition, the 

catalyst stability and their reusability were verified and the obtained results were explained with 

the help of the used catalyst characterization results.  

4.1 Selective hydrogenolysis of glycerol to 1,2-PDO over Cu/γ-Al2O3, Ni/γ-Al2O3 and 

Cu:Ni(1:1)/γ-Al2O3 catalysts  

γ-Al2O3 supported Cu, Ni monometallic and Cu-Ni bi-metallic catalysts were synthesized 

by incipient wetness impregnation method. The catalysts were characterized by BET surface area 

measurement, X-ray diffraction study, NH3-temperature programmed desorption, H2-temperature 

programmed reduction etc. The hydrogenolysis activity of these catalysts was examined in a 

batch reactor. Activity data were correlated with the catalyst characterization results. In presence 

of γ-Al2O3 supported Cu and/or Ni, a possible reaction pathway was proposed. 

4.1.1 Catalyst characterization 

4.1.1.1 Textural properties 

The BET surface area and pore volume of the catalysts determined from their N2-

adsorption-desorption isotherm are listed in Table 4.1. The BET surface area and pore volume 

were in the range of 71-78 m2g-1, and 0.12-0.15 cm3.g-1, respectively (Table 4.1). The obtained 

BET surface area of all the catalysts was followed the order as Cu:Ni(1:1)/γ-Al2O3 > Cu/γ-Al2O3 

> Ni/γ-Al2O3. 
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Table 4.1. Physico-chemical property of catalysts 

Catalyst 

SBET 
a 

(m2 g-1)#  

Vp
a  

(cm3 g-1)  

Total acidity b 

(mmol NH3 gcat-1) #  

Average reduced particle 

size c  (nm) 

Cu Ni 

Cu/γ-Al2O3 77  0.15 0.562 89 - 

Cu:Ni(1:1)/γ-Al2O3 78  0.15 0.609  33 22 

Ni/γ-Al2O3 71  0.12 0.407 - 39 

#Analytical instruments error for BET surface area, active volume for TPD: x ± 2% 
a Calculated based on the desorption branch of isotherm 

b Calculated from NH3-TPD data 
c Average crystallite size calculated from XRD pattern by using Scherrer’s formula 

 

4.1.1.2 X-Ray diffraction pattern (XRD) 

The XRD pattern of reduced catalysts is shown in Figure 4.1 (A). The diffraction peaks 

obtained at the 2θ of 43.3o, 50.4o, 74.2o represented the presence of cubic metallic copper 

corresponding to (111), (200) and (220) crystal planes, respectively [JCPDS: 85-1326]. Peaks 

detected at 2θ = 45.5o, 51.8o and 76.4o represented the cubic nickel metal corresponding to (111), 

(200) and (220) crystal planes, respectively [JCPDS: 04-0850]. The peaks at the 2θ range of 

43.3o- 45.5o and 50.4o-52o, corresponded to the copper-nickel mixed oxide phase [JCPDS: 78-

1602] [Pudi et al., (2015b), Lee et al., (2004), Rogatis et al., (2008)]. The formation of mixed 

oxide phase indicated the strong interaction of metals (Cu, Ni) with alumina support. The 

average crystallite size of copper, nickel particle from the line width of their corresponding 

crystal planes were calculated by using the Scherrer’s formula and the calculated values are 

summarized in Table 4.1. Results suggested that after incorporation of Cu and Ni metal on 

γ-Al2O3, the average crystallite size was decreased significantly. The small average crystallite 

size of Cu:Ni(1:1)/Al2O3 bimetallic catalyst indicated the synergetic interaction of Cu and Ni 

metal with γ-Al2O3 support. 
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Figure 4.1. (A) XRD pattern of γ-Al2O3 based monometallic and bimetallic catalyst (B) H2-TPR 

profiles of γ-Al2O3 supported catalysts 
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Figure 4.1. (C) NH3-TPD profiles of γ-Al2O3 supported catalysts 

 

4.1.1.3 H2-temperature programmed reduction (TPR) 

H2-TPR profile of γ-Al2O3 supported catalysts is shown in Figure 4.1 (B). 20 wt.% Cu/γ-

Al2O3 catalyst showed two reduction peaks of Cu metal at 250 °C and 350 °C, respectively. The 

peak at 250 °C represented the highly dispersed CuO to Cu metal, whereas, the reduction peak at 

350 °C indicated the reduction of bulk CuO to Cu cubic metal [Jiang et al., (2005)]. 20 wt.% 

Ni/γ-Al2O3 catalyst exhibited a broad reduction peak at the temperature range of 350-610 °C, 

with a shoulder peak at 366 °C. This low-temperature reduction peak at 366 °C was because of 

weakly bonded NiO to Ni. Two major reduction peaks detected at 431  °C and 477 °C indicated 

the bulk reduction of NiO to Ni metal [Yu et al., (2010)]. The reduction peak at higher 

temperature was because of strongly bonded NiO with γ-Al2O3 support. For Cu-Ni bimetallic 

catalyst, a broad reduction peak was observed at the temperature range of 230-350 °C, which 

indicated the combined reduction of CuO and NiO. It was observed that the reduction 

temperature of CuO and NiO in the bimetallic catalyst was shifted towards the lower side, which 

suggested the variation of metal support interaction after the addition of  Cu and Ni metals on γ-

Al2O3 support. 
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4.1.1.4 NH3-temperature programmed desorption (TPD)  

NH3-TPD pattern (Figure 4.1 (C)) of γ-Al2O3 supported catalysts showed the acidic sites 

on all the catalysts were distributed in three different temperature regions i,e. 80-250 °C, 250-500 

°C and above 500 °C, respectively. Desorption of ammonia from the temperature region of 80-

250 °C corresponded to weak strength acidic sites, desorption at  250-500 °C indicated the 

presence of moderate strength acidic sites and the desorption at  > 500 oC characterized the 

presence of strong strength acidic sites, respectively [Khandan et al., (2008)]. The TPD pattern 

(Figure 4.1 (C)) of γ-Al2O3 supported copper, nickel catalysts suggested the presence of primarily 

weak strength acidic sites on the surface. The calculated total acidic strength of all the catalysts 

are summarized in Table 4.1. Results showed that the highest acidic strength of 0.609 mmol 

NH3.gcat-1 was obtained for the bimetallic Cu:Ni(1:1)/γ-Al2O3 catalyst as compared to 

monometallic catalysts. 

4.1.2 Catalytic performance 

In presence of all the γ-Al2O3 supported catalysts, catalytic activity was evaluated in 

liquid phase autoclave reactor at 210 °C temperature, 4.5 MPa of H2 pressure in presence of 2 g 

of catalyst. The obtained glycerol conversion and products selectivity are summarized in Table 

4.2. Carbon balances of all the experiments reported in Table 4.2 were closely 100 ± 5%. 

Monometallic Cu, Ni catalysts showed lower catalytic activity as compared to the bimetallic 

catalyst. Monometallic Cu/γ-Al2O3 and Ni/γ-Al2O3 catalysts showed glycerol conversion of 21% 

and 14.5%, respectively. Lower glycerol conversion was because of lower acidic strength (0.407-

0.562 mmol.gcat-1) of the catalyst, presence of larger metal particle size and lower metal 

dispersion in the catalysts. However, Cu:Ni(1:1)/γ-Al2O3 catalyst exhibited significantly higher 

glycerol conversion (71.6%). The higher catalytic activity of bimetallic Cu:Ni(1:1)/γ-Al2O3 

catalyst was because of higher surface area (78 m2.g-1), higher acidity (0.609 mmol.gcat-1), 

smaller average particle size (27 nm). The highest 1,2-PDO selectivity of 91.1% was obtained in 

presence of Cu/γ-Al2O3 catalyst with small amounts of hydroxyacetone (3.3%), propanol (4.8%) 

and 0.8% of others products were also obtained. Ni/γ-Al2O3 catalyst exhibited 87.9% selectivity 

towards 1,2-PDO and trace amounts of hydroxyacetone (3%), propanol (2.8%) and 6.1% of other 

products including ethylene glycol, 2-propanol, ethanol, and methanol, respectively. More 

degradation products obtained over nickel catalyst suggested cleavage of C-C bond of glycerol. In 

presence of Cu:Ni(1:1)/γ-Al2O3 catalyst, the obtained 1,2-PDO selectivity was 85.6%, and the 

selectivity to propanol, hydroxyacetone, and other products were 8.9% 1.4% and 4.1%, 
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respectively. Lower degradation products in presence of bimetallic Cu:Ni(1:1)/γ-Al2O3 catalyst  

suggested that this catalyst stimulated the cleavage of C-O bond by suppressing the C-C bond of 

glycerol. The maximum overall yield of 61.2% was obtained in presence of Cu:Ni(1:1)/γ-Al2O3 

catalyst  due to the bi-functional behavior of the catalyst. The bi-functional behavior of this 

catalyst was may be due to the presence of a new copper-nickel bimetallic phase on the catalyst as 

shown in the XRD pattern (4.1 (A)). 

Table 4.2. Catalytic results in presence of γ-Al2O3 supported Cu, Ni catalysts 

Catalyst Conversion 

(%) 

Selectivity (%) 1,2-PDO 

yield  

(%) 

 1,2-PDO Hydroxy-

acetone 

Propanol Othersa 

Cu/γ-Al2O3 21.0 91.1 3.3 4.8 0.8 19.1 

Cu:Ni(1:1)/γ-Al2O3 71.6 85.6 1.4 8.9 4.1 61.2 

Ni/γ-Al2O3 14.5 87.9 3.0 2.8 6.1 12.7 

a Others: ethylene glycol, 2-propanol, ethanol, methanol 

Reaction condition: 210 °C, 4.5 MPa, 20 wt.% glycerol, 12 h reaction time, 2 g of catalyst, 700 

rpm 

Experimental errors for all the values (conversion, selectivity and yield) : x ± 1 % 

 

4.1.3 Effect of calcination temperature 

Bimetallic Cu:Ni(1:1)/γ-Al2O3 catalyst was found to be more active and the highest 1,2-

PDO yield was obtained in presence of this catalyst due to the presence of new copper-nickel 

bimetallic phase in this catalyst. The effect of catalyst calcination temperature on the formation 

of this new bimetallic phase and the variation of catalytic activity and 1,2-PDO selectivity/yield 

of the catalyst calcined at different temperature were examined. Catalyst calcination temperature 

significantly affected the physico-chemical properties of Cu:Ni(1:1)/γ-Al2O3  catalyst (Appendix-1). The 

reaction was performed at standard reaction condition (210 °C, 4.5 MPa), the results obtained are 

shown in Figure 4.2. As shown in Figure 4.2, with increasing the catalyst calcination temperature 

from 350 °C to 400 °C, glycerol conversion was increased from 70.3% to 71.6% and further, the 

glycerol conversion was decreased gradually and reached to 58.5% for the catalyst calcined at 

550 °C. The decrease in conversion was might be due to the agglomeration of particles in the 
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catalyst calcined at the higher temperature. The selectivity towards 1,2-PDO was found to be 

increased from 85.6% at 300 °C to 90.4% at 550 °C with a simultaneous decrease in selectivity 

to propanols (PO). The maximum 1,2-PDO yield of ~61% was achieved in presence of 20 wt.% 

Cu:Ni(1:1)/γ-Al2O3 catalyst calcined at 400 oC. This result suggested that the calcination 

temperature of ~400 °C was the optimum for higher conversion and yield to 1,2-PDO.  

 

Figure 4.2. Effect of calcination temperature on glycerol conversion and products selectivity 

over 20 wt.% Cu:Ni(1:1)/γ-Al2O3 catalyst 

 

4.1.4 Parameter studies  

The influences of reaction temperature, pressure, glycerol concentration and catalyst 

loading on the activity and product selectivity over 20 wt.% Cu:Ni(1:1)/γ-Al2O3 catalyst calcined 

at 400 oC is discussed in the following section. Experimental errors for all the values in Figure 

4.3 are  x ± 1 %. 
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4.1.4.1 Effect of temperature 

A variation in reaction temperature had a significant effect on glycerol conversion 

(Figure 4.3 (A)). The glycerol conversion increased with an increase in reaction time and 

temperature at a constant pressure (4.5 MPa). At 180 °C, the glycerol conversion increased from 

10% after 2 h to 37% after 12 h of reaction. However, at 220 oC, glycerol conversion varied from 

48% to 85% with a variation in reaction time from 2 h to 12 h. In presence of Cu:Ni(1:1)/γ-Al2O3 

catalyst, 1,2-PDO and propanol (1-PO + 2-PO) were identified as the major reaction products. 

Although, slight amounts of hydroxyacetone, ethylene glycol, ethanol, and methanol were also 

detected. After 12 h, the selectivity towards hydroxyacetone, ethylene glycol, ethanol and 

methanol varied as 0.6-3.6%, 1.7-2.3%, 1.18-2.3%, and 0.9-1.0%, respectively, with an increase 

in the reaction temperature from 180-220 °C. The 1,2-PDO selectivity decreased slightly by 

simultaneously increasing the selectivity towards propanol with reaction time at all reaction 

temperatures (Figure 4.3 (B)). The effect was more pronounced at higher reaction temperature 

(220 oC). After 12 h of reaction, the selectivity towards 1,2-PDO decreased from ~95% at 180 °C 

to 68% at 220 °C, and the selectivity to propanol increased from ~1% to ~21%. At higher 

temperature, more propanol was produced due to further hydrogenolysis of 1,2-PDO [Sepulveda 

et al., (2017)]. The investigation on the effect of temperature study disclosed that the selective 

conversion of glycerol to 1,2-PDO was not favourable at the higher reaction temperature 

(>210 °C).  

4.1.4.2 Effect of pressure  

The glycerol conversion and products selectivity at different pressures (3-6 MPa) and at a 

constant temperature (210 °C) is shown in Figure 4.3 (C) and 4.3 (D), respectively. The 

conversion was found to increase with reaction time as well as pressure. After 12 h, with 

increasing pressure from 3 to 6 MPa, glycerol conversion increased from 58% to 85%. As shown 

in Figure 4.3 (D), apart from 1,2-PDO and propanol, hydroxyacetone, ethylene glycol, ethanol, 

and methanol were also detected in the reaction mixture. After 12 h of reaction, selectivity 

towards hydroxyacetone, ethylene glycol, ethanol and methanol varied in the range of 7.5 - 

1.3%, 1.5 - 2.3%, 1.0 - 2.0%, 0.4 - 1.2%, respectively, with raising the pressure from 3 MPa to 6 

MPa. The selectivity towards 1,2-PDO showed a decreasing trend and selectivity to PO showed 

an increasing trend with reaction time at all pressures (Figure 4.3 (D)). The decrease in 

selectivity towards 1,2-PDO with increasing time was mainly due to the sequential conversion of 

1,2-PDO to propanol and the C-C bond scission of glycerol which led to the formation of other 
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lower alcohols [Hamzah et al., (2012)]. The selectivity towards 1,2-PDO increased with a 

simultaneous decrease in selectivity towards PO with an increase in reaction pressure. The 

variation in selectivity towards both products was insignificant at > 4.5 MPa [Amada et al., 

(2011)]. At higher pressures, hydroxyacetone was produced as an intermediate by the 

dehydration of glycerol, which was instantaneously hydrogenated to 1,2-PDO, hence the 

selectivity towards 1,2-PDO increased [Pandhare et al., (2016)]. However, in this study, at a 

lower pressure, a significant amount of propanol was obtained, which suggested that propanol 

was formed due to the sequential hydrogenation of glycerol, hydroxyacetone, and 1,2-PDO. 

However, the decrease in the selectivity towards propanol with hydrogen pressure suggested that 

its formation was not favoured by the increase in hydrogen partial pressure. These results 

indicated that a high reaction pressure (> 4.5 MPa) favoured the selective hydrogenolysis of 

glycerol to 1,2-PDO and minimized the formation of other lower alcohols. 

4.1.4.3 Effect of glycerol concentration 

Influence of glycerol concentration on glycerol conversion and products selectivity is 

shown in Figure 4.3 (E). It can be observed that glycerol conversion decreased from 73.5% to 

42.4% with increasing the glycerol concentration from 10-40 wt.%. Decreasing of glycerol 

conversion with glycerol concentration was because of less number of catalyst active sites 

[Balaraju et al., (2012)]. Selectivity towards 1,2-PDO decreased from 95.2% to 72.8% with 

simultaneous increasing the selectivity to 1-propanol from 1-20%. This result suggested that at 

higher glycerol concentration (> 20%), overhydrogenolysis of 1,2-PDO took place which 

produced 1-propanol. 

4.1.4.4 Effect of catalyst loading 

Effect of catalyst loading is shown in Figure 4.3 (F). Glycerol conversion was found to be 

increased from 43% to 84% with increasing the catalyst loading from 1-2 g. The sharp increase 

in catalytic activity with increasing the catalyst loading was because of increasing of catalyst 

active sites. It was also observed that selectivity towards 1,2-PDO increased from 86.5% to 93% 

at the range of catalyst loading from 1-2 g. However, selectivity to 1-propanol decreased from 

10.5% to 2.5% with increasing the catalyst amount. These results suggested that with increasing 

the catalyst amount, total active sites were increased, which promoted selective glycerol 

conversion of 1,2-PDO by suppressing the degradation products. 
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Figure 4.3. Variation in (A) glycerol conversion and (B) product selectivity with time at 

different temperatures = 180-220 °C, pressure = 4.5 MPa, feed = 20 wt.% glycerol (20 g), 

catalyst = 2 g 
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Figure 4.3. Variation in (C) glycerol conversion and (D) product selectivity with time at 

different pressures = 3 MPa – 6 MPa, temperature = 210 °C, feed = 20 wt.% glycerol (20 g), 

catalyst = 2 g 
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Figure 4.3. (E) Effect of glycerol concentration on conversion and selectivity. Reaction 

Conditions: reaction temperature = 210 oC, H2 pressure = 4.5 MPa, reaction time = 12 h, catalyst 

= 2 g 

 

Figure 4.3. (F) Effect of catalyst amount on conversion and selectivity. Reaction Conditions: 

feed = 20 wt.% glycerol (20 g), reaction temperature = 210 oC, H2 pressure = 4.5 MPa, reaction 

time = 12 h 
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4.1.5 Reaction mechanism study 

It is very important to understand the actual reaction pathway followed for the production 

of 1,2-PDO and other reaction products in liquid phase hydrogenolysis of glycerol. The reaction 

mechanisms for liquid phase hydrogenolysis of glycerol have been studied previously and 

discussed the possible reaction path over various catalysts [Wang et al., (2010), Dasari et al., 

(2005), Xia et al., (2012b), Maris et al., (2007), Wang et al., (2015b), Menchavez et al., (2017)]. 

Existing literature information suggested two different reaction mechanisms for hydrogenolysis 

of glycerol to 1,2-PDO. A two-step mechanism described the formation of metastable 

hydroxyacetone as an intermediate by dehydration of glycerol over the acidic-basic sites of the 

catalytic surface followed by the formation of 1,2-PDO by the hydrogenation of hydroxyacetone 

over the active metallic sites of the catalyst [Wang et al., (2010), Dasari et al., (2005), Maris et 

al., (2007), Vasiliadou and Lemonidou (2011)]. The dehydration step followed the homogenous 

E1 mechanism, where the primary -OH group of glycerol was removed and formed carbocation 

intermediate i.e: hydroxyacetone. Another possible path discussed three steps hydrogenolysis 

process [Xia et al., (2012b), Wang et al., (2015b)]. Initially, glycerol dehydrogenated to 

glyceraldehyde followed by dehydration to 2-hydroxyacrolein. Further, 2-hydroxyacrolein was 

converted to pyruvaldehyde by keto-enol tautomerism followed by hydrogenation to 

hydroxyacetone and finally hydroxyacetone hydrogenated to 1,2-PDO [Maris et al., (2007), 

Maris and Davis (2007), Xiao et al., (2012), Xia et al., (2012b), Wang et al., (2015b)]. 

Glyceraldehyde was formed primarily in the presence of basic sites of the catalyst surface. It was 

also reported that hydroxyacetone was more stable and its formation was thermodynamically 

more favourable as compared to glyceraldehyde.  

Reaction mechanism study was performed in presence of Cu:Ni(1:1)/γ-Al2O3 catalyst at 

the optimum reaction condition, i.e. at 210 °C, 4.5 MPa pressure, in presence of 10 wt.% catalyst 

and 20 wt.% aqueous glycerol solution as feed [Pudi et al., (2015b)]. Experimental results 

suggested that the primary reaction products were 1,2-PDO and propanol (1-PO + 2-PO). 

Although small amounts (~ 5.4%) of other products, such as hydroxyacetone, ethylene glycol 

(EG), ethanol and methanol, were also detected. The maximum of 85.7% selectivity towards 1,2-

PDO and 8.9% selectivity to propanol was achieved with 71.6% conversion of glycerol. The 

obtained selectivity to hydroxyacetone (~1.9%), EG (2.1%), ethanol (0.9%) and methanol (0.5%) 

were very low. 
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Table 4.3. Hydrogenolysis of glycerol, hydroxyacetone, 1,2-PDO and EG over Cu:Ni(1:1)/γ-

Al2O3 catalyst 

Reactant Conversion 

(%) 

Selectivity (%) 

1,2-PDO Hydroxy-

acetone 

EG 1-PO + 

   2-PO 

Ethanol Methanol 

Glycerol 71.6 85.7 1.8 2.1 8.9 0.9 0.5 

Hydroxy-

acetone 

97.4 94.3 - - 4.1 1.6 0 

1,2-PDO 9.6 - - - 13.2 83.2 3.6 

EG 14.7 - - - - 10.5 89.5 

Experimental errors for all the values (conversion, selectivity and yield) : x ± 1 %  

Reaction condition: Feed = 20 wt.% aqueous glycerol solution (100 g), pressure = 4.5 MPa, 

temperature = 210 °C, catalyst loading = 2 g, time = 12 h 

 

To find out the probable reaction pathway followed in presence of bi-functional 

Cu:Ni(1:1)/γ-Al2O3 catalyst the primary reaction products i,e. hydroxyacetone, 1,2-PDO and 

ethylene glycol (EG) were used as reactants and hydrogenolysis reactions were conducted at the 

similar optimized reaction condition. For each experiment, the reactant i.e. hydroxyacetone, 1,2-

propanediol, and ethylene glycol concentration was 20 wt.% of the feed mixture. The products 

distribution obtained for each reactant as a feed is shown in Table 4.3. In the presence of 

hydroxyacetone as a reactant, 97.4% conversion of hydroxyacetone with 94.3% selectivity 

towards 1,2-PDO and ~4% selectivity to propanol was achieved. This result indicated that 

hydroxyacetone was obtained as an intermediate and primarily transformed into 1,2-PDO and a 

trace amount of propanol. This reaction mechanism suggests that glycerol was initially converted 

to hydroxyacetone by dehydration and 1,2-propanediol was obtained by the hydrogenation of 

hydroxyacetone. Further, with 1,2-PDO as the reactant, 9.6% conversion of 1,2-PDO was 

achieved and 1,2-PDO was mainly converted to ethanol (S83%), propanol (S13.2%) and a small 

amount of methanol (S3.6%). This result suggested that 1,2-PDO was the main contributor of 

ethanol (0.9%) and propanol (1-PO + 2-PO) (8.9%), when glycerol was used as the feed. EG as a 

reactant showed only 14.7% conversion with 89.5% selectivity to methanol and 10.5 % 
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selectivity to ethanol. This result suggested that ethanol and methanol were mainly obtained by 

the degradation of EG or 1,2-PDO, whereas propanol may have been formed via the 

overhydrogenolysis of 1,2-PDO. Based on these experimental observations (Table 4.3), the 

probable reaction pathway was proposed (Scheme 4.1) in the presence of the Cu:Ni(1:1)/γ-Al2O3 

catalyst. 

4.1.6 Summary 

This study focused on the development of γ-Al2O3 supported Cu, Ni monometallic and 

Cu-Ni bimetallic catalysts for hydrogenolysis of glycerol in a liquid phase batch reactor. 

Experimental results demonstrated that bimetallic copper-nickel catalysts were more active and 

selective to 1,2-PDO as compared to monometallic catalysts due to bi-functional behaviour. 

Further, the influences of temperature and pressure on glycerol conversion and products 

selectivity were investigated to maximize the yield to 1,2-PDO. Results suggested that 20 wt.% 

Cu:Ni(1:1)/γ-Al2O3 catalyst calcined at 400 °C exhibited very high catalytic activity (70.3%) and 

1,2-PDO selectivity (85%) at mild reaction condition. The reaction mechanism study suggested 

two steps hydrogenolysis process i.e. dehydration of glycerol to hydroxyacetone on the acidic 

centres of the catalyst followed by hydrogenation of hydroxyacetone to 1,2-PDO on the metallic 

sides of the catalyst. 
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Scheme 4.1.  Reaction mechanism for hydrogenolysis of glycerol over 20 wt.% Cu:Ni(1:1)/γ-Al2O3  catalyst 
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4.2 Selective hydrogenolysis of glycerol to 1,2-propanediol over Cu-Mg-Al-O catalyst 

derived from layered double hydroxides (LDHs) precursor  

It was observed in the previous section that 20 wt.% Cu:Ni(1:1)/γ-Al2O3 catalyst was 

moderately active and selective to 1,2-PDO. It was also observed that, although the addition of 

Ni increased the catalytic activity of Cu/γ-Al2O3, however, the catalyst was not selective to 1,2-

PDO at the higher temperature because of overhydrogenolysis of 1,2-PDO to propanol. 

Therefore, to increase the catalytic activity as well as 1,2-PDO selectivity, instead of nickel, 

magnesium metal was introduced into the Cu-Al catalyst. The following section discusses the 

selective hydrogenolysis of glycerol to 1,2-PDO in presence of bi-functional layered double 

hydroxide (LDHs) type Cu-Mg-Al-O and Cu-Zn-Mg-Al-O catalysts prepared by urea 

hydrolysis method. The physico-chemical properties of these catalysts were characterized by 

various techniques such as specific surface area (BET), X-ray Diffraction (XRD), H2-

temperature programmed reduction (H2-TPR) and scanning electron microscopy (FE-SEM) etc. 

Ball-flower shaped particles were identified in FE-SEM images of all the catalysts and a well-

defined layered structure of solid lamella has also been identified. Further, the effect of 

concentration of urea in catalysis synthesis, the effect of metal loading and influences of the 

addition of bases in the reaction mixture on catalytic activity were also studied. Reaction 

parameters were optimized experimentally by studying the effect of temperature, pressure, 

glycerol concentration and catalyst loading. Catalyst stability and reusability of Cu-Zn-Mg-Al-

O catalyst were also verified.  

4.2.1. Catalyst characterization 

4.2.1.1 Textural properties 

BET surface area (SBET), cumulative pore volume (VP) and average pore diameter (DP) 

of the catalysts are shown in Table 4.4. The surface area, pore volume (VP) and average pore 

diameter of the catalysts were in the range of 22.9-70.3 m2.g-1, 0.029-0.097 cm3.g-1 and 5.1-6.2 

nm, respectively. The surface area, pore volume and pore diameter of the Cu-Mg-Al-O catalyst 

were increased from 22.9 to 70.3 m2.g-1, 0.029 to 0.097 cm3.g-1 and 5.1 to 5.5 nm, respectively, 

with increasing the urea concentration from 1.5 to 2.5 M. With increasing Cu metal in 

Cu-Mg-Al-O-2 catalyst, surface area, and pore volume were decreased to 16.1 m2.g-1 and 0.022 

cm3.g-1, respectively. The surface area, pore volume and pore diameter of the Cu-Zn-Mg-Al-O 

catalyst were 23.5 m2.g-1, 0.036 cm3.g-1 and 6.2 nm, respectively. 
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Table 4.4. Physico-chemical properties of catalysts 

Catalyst Urea 

concentration  

(M) 

BET surface 

area 

(SBET, m2.g-1)a # 

Pore volume  

(Vp, cm3.g-

1)a 

Average 

pore size 

(Dp, nm)a 

Average 

crystallite 

size of Cub 

(nm) 

Cu-Mg-Al-O-1 1.5 22.9 0.029 5.1 25.4 

Cu-Mg-Al-O-2 2.0 54.1 0.063 5.3 22.5 

Cu-Mg-Al-O-3 2.5 70.3 0.097 5.5 16.2 

Cu-Mg-Al-O-4 2.0 16.1 0.022 5.5          28.8 

Cu-Zn-Mg-Al-O  2.0 23.5 0.036 6.2          21.6 

 

a Data obtained from BET surface analyzer 
b Crystallite size calculated by using Scherrer's formula  
#Analytical instruments error for BET surface area: x ± 2% 

 

4.2.1.2 XRD 

 The XRD pattern (Figure 4.4 (A)) of all the fresh dried catalysts showed the diffraction 

peaks at the 2θ value of 11.7o, 23.6o, 35.0o, 39.7o, 47.1o, 60.9o and 62.4o corresponding to the 

(003), (006), (009), (105), (108), (110) and (113) crystal planes of LDHs structure (JCPDS 35-

0965) [Xia et al., (2012a), Meher et al., (2009)].  

The XRD patterns of reduced Cu-Mg-Al-O catalyst are shown in Figure 4.4 [(B) and 

(C)]. The sharp and symmetrical reflection peaks obtained at the 2θ value of 43.3o and 50.3o 

were corresponding to the (111) and (200) diffraction planes of cubic metallic copper (JCPDS: 

85-1326). Whereas, the diffraction peak obtained at 2θ = 35.5o was corresponding to the (002) 

plane of crystalline monoclinic CuO phase (JCPDS: 80-1987). Diffraction due to the (111) and 

(220) crystal planes of typical cubic MgO phase were detected at 2θ = 36.9o and 62.2o, 

respectively (JCPDS:78-0430). The peak obtained at 2θ = 74o was corresponding to the Al2O3 

(JCPDS: 78-0430). XRD patterns of Cu-Mg-Al-O catalyst suggested that the crystal 

morphology of the catalysts was varied with the variation of urea concentration during the 
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synthesis of these catalysts. With increasing the urea concentration, the intensity of the 

diffracted Cuo peaks decreased (Figure 4.4 (B)). On the contrary, the intensity of the diffracted 

peaks related to Cuo increased with increasing copper metal loading in the catalyst (Figure 4.4 

(C)) [Nagaraja et al., (2007), Balaraju et al., (2012)]. For Cu-Zn-Mg-Al-O catalyst (Figure 4.4 

(C)(c)), an additional peak was obtained at 2θ = 36.2o corresponding to the (002) plane of ZnO 

(JCPDS: 04-0831). The average crystallite sizes of copper calculated by using Scherrer’s 

equation are summarized in Table 4.4. The average crystallite size of copper was decreased 

from 25.4 nm to 16.2 nm with increasing the urea concentration from 1.5M to 2.5M [Fernandez 

et al., (2009), Ansari et al., (2009)]. The average copper crystallite size was 28.8 nm and 21.6 

nm for the catalyst Cu-Mg-Al-O-4 and Cu-Zn-Mg-Al-O, respectively.  

 

 

Figure 4.4. (A) XRD pattern of fresh dried LDHs (a) Cu-Mg-Al-O-1 (1.5M), (b) Cu-Mg-Al-O-

2 (2M), (c) Cu-Mg-Al-O-3 (2.5M), (d) Cu-Mg-Al-O-4 (2M), (e) Cu-Zn-Mg-Al-O (2M) 
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Figure 4.4. (B) XRD patterns of fresh reduced catalysts (a) Cu-Mg-Al-O-1 (1.5M), (b) Cu-Mg-

Al-O-2 (2M), (c) Cu-Mg-Al-O-3 (2.5M) 

 
Figure 4.4. (C) XRD patterns of the reduced catalysts synthesized in presence of 2M urea 

solution: (a) Cu-Mg-Al-O-2, (b) Cu-Mg-Al-O-4, (c) Cu-Zn-Mg-Al-O 
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4.2.1.3 H2-TPR 

The reduction profile of calcined LDHs catalysts is shown in Figure 4.5. 

For Cu-Mg-Al-O-1 catalyst, one major reduction peak at 294 oC could be ascribed to the 

reduction of CuO to Cuo [Kim et al., (2003), Dedecek et al., (1995)]. The reduction peaks 

corresponding to MgO, Al2O3, and ZnO was not observed in the temperature range studied 

[Balaraju et al., (2008), Pudi et al., (2014), Pudi et al., (2015a)]. For Cu-Mg-Al-O-2 catalyst, 

combined reduction peaks were obtained at 215 oC and 318 oC, respectively. The low 

temperature (215 oC) reduction peak was attributed the reduction of CuO to Cu+ [Kim et al., 

(2003), Dedecek et al., (1995)] and the reduction peak at higher temperature (318 oC) was due 

to the reduction of Cu+ to Cu° [Pudi et al., (2015)]. The reduction profile of Cu-Mg-Al-O-3 

catalyst was almost similar to the reduction peak obtained for Cu-Mg-Al-O-1 catalyst. 

However, the reduction peak was shifted slightly towards lower temperature (285 oC) side. This 

result indicated that the concentration of urea played a significant role in the LDHs structure as 

well as the reduction behaviour of these catalysts. The reduction temperature of the catalyst 

(Cu-Mg-Al-O-4) having higher copper content was shifted towards higher temperature (327 

oC). For Cu-Zn-Mg-Al-O catalyst, a broad combined reduction peak was detected and the 

reduction peak was shifted towards lower temperature (196-285 oC) due to the strong 

synergetic interaction in the LDHs structure [Xia et al., (2012a)]. The hydrogen consumption 

and the total degree of copper metal reduction was calculated based on the TPR results 

obtained for all the catalysts and summarized in Table 4.5. The hydrogen consumption for Cu-

Mg-Al-O catalyst prepared in presence of 1.5-2.5 (M) urea solution was almost similar (7.1-7.6 

mmol gcat-1). For the catalyst having higher copper metal loading (Cu-Mg-Al-O-4), the 

hydrogen consumption was maximum (11.4 mmol H2 gcat-1) due to the presence of more 

reducible copper. The hydrogen consumption was lower (5.5 mmol H2 gcat-1) for Cu-Zn-Mg-

Al-O catalyst. The degree of reduction of all the catalysts was estimated from the difference in 

theoretical and experimental H2 consumption following the relation given in Table 4.5. The 

total degree of reduction of all the catalyst was very high (93.1-98.6 %). 
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Figure 4.5. TPR patterns of fresh calcined catalysts (a) Cu-Mg-Al-O-1, (b) Cu-Mg-Al-O-2, 

(c) Cu-Mg-Al-O-3, (d) Cu-Mg-Al-O-4, (e) Cu-Zn-Mg-Al-O 

Table 4.5. Summary of TPR and TPD results for LDHs catalyst 

 

Catalyst 

TPR results TPD results 

Reduction 

peak (oC) 

H2 consumption 

(mmol H2 gcat-1)a # 

Degree of 

reduction of copper 

(%)b 

Acidity (mmol 

NH3 gcat-1)c # 

Cu-Mg-Al-O-1 294 7.1 97.3 1.8 

Cu-Mg-Al-O-2 215, 318 7.6 96.9 2.6 

Cu-Mg-Al-O-3 285 7.3 98.6 3.1 

Cu-Mg-Al-O-4 327 11.4 95.1 2.0 

Cu-Zn-Mg-Al-O 196, 231, 

285 

5.5  93.1 2.6 

aConsumption of H2 calculated from TPR peaks. 
bDegree of reduction of copper (%) = [(experimental consumption of H2)]/(theoretical 

consumption of H2) × 100 
cAcidity calculated from NH3-TPD data 
#Analytical instruments error for the active volume obtained in TPR, TPD: x ± 2% 
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4.2.1.4 NH3-TPD 

Surface acidity of the reduced catalysts was determined via NH3-TPD and the obtained 

TPD patterns are shown in Figure 4.6. The quantitative estimation of the acidity of the catalysts 

is listed in Table 4.5. As shown in Figure 4.6, the acidic sites were classified into three different 

temperature regions, i,e. 80-300 oC, 300-550 oC and above 550 oC, respectively. These 

temperature regions were characterized by desorption of ammonia from the weak, medium and 

strong strength acidic sites, respectively [Pudi et al., (2015a), Pudi et al., (2015b)]. Total acidic 

strength was calculated based on the total amount of ammonia desorbed (mmol NH3.gcat-1) at 

different temperature regions (Table 4.5). The total acidity of the catalysts was increased from 

1.8 to 3.1 mmol NH3 gcat-1 with increasing the urea concentration from 1.5M to 2.5M. The 

acidic strength of Cu-Mg-Al-O-4 and Cu-Zn-Mg-Al-O catalyst was 2.0 mmol NH3 gcat-1 and 

2.6 mmol NH3 gcat-1, respectively. 
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Figure 4.6. NH3-TPD patterns of the fresh reduced catalysts: (a) Cu-Mg-Al-O-1, 

(b)  Cu-Mg-Al-O-2, (c) Cu-Mg-Al-O-3, (d) Cu-Mg-Al-O-4, (e) Cu-Zn-Mg-Al-O 
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4.2.1.5 FE-SEM 

Figure 4.7 [(A) to (E)] represent the FE-SEM images of the LDHs catalysts. Ball-flower 

shaped particles were identified in FE-SEM images of all the catalysts and a well-defined 

layered structure of solid lamella has also been identified in each particle under high resolution 

[Xia et al., (2012b)]. The FE-SEM images confirmed the formation and stability of LDHs type 

structure of the catalysts even after calcination and reduction. 

4.2.2 Catalytic activity 

The catalytic activity of all the catalysts was evaluated at a standard reaction condition 

which was experimentally optimized in the previous section. The conversion of glycerol and 

products distribution obtained over all the catalysts are shown in Table 4.6. Carbon balances of 

all the experiments reported in Table 4.6 were closely 100 ± 5%. Cu-Mg-Al-O-1, Cu-Mg-Al-O-

2, and Cu-Mg-Al-O-3 catalysts exhibited very high glycerol conversion (85-89%) and 1,2-PDO 

was identified as the primary reaction product (S1,2-PDO ≥ 90.2%). Small amounts of ethylene 

glycol (EG) (~5%) and other products (< 5%) such as hydroxyacetone, propanols, ethanol, and 

methanol were also detected. The higher glycerol conversion and 1,2-PDO selectivity was due 

to the presence of bi-functionality [Yuan et al., (2011)], higher acidic strength (1.8-3.1 mmol 

NH3 gcat-1) [Balaraju et al., (2008)], high hydrogen consumption (7.1-7.6 mmol H2 gcat-1) 

[Pudi et al., (2015a)], high reducibility (96.9%) and small average copper crystallite size 

(~16.2-24.7 nm) [Liu et al., (2014)]. As shown in Table 4.6, with increasing urea concentration 

from 1.5M to 2.0M during the catalyst synthesis, the conversion of glycerol increased from 

85% to 89% and the selectivity of 1,2-PDO increased from 90.2% to 93.4% with a 

simultaneous decrease in selectivity to other products from 4.7% to 1.8%. However, further 

increase in urea concentration up to 2.5M, the glycerol conversion and 1,2-PDO selectivity 

were almost unchanged. These results suggested that higher urea concentration (>2M) for 

catalyst synthesis was not favourable for higher selectivity towards 1,2-PDO. Therefore, 2M 

urea solution was selected for the preparation of other catalysts.  

To determine the effect of copper metal loading on the catalytic performance, copper 

wt.% in the catalyst was increased at the expense of magnesium wt.% and the resulting catalyst 

was designated as Cu-Mg-Al-O-4. The performance of this catalyst was also evaluated at the 

same reaction condition and the results obtained were compared with the other Cu-Mg-Al-O 

catalysts. 
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Figure 4.7. FE-SEM images of fresh reduced catalysts: (A) Cu-Mg-Al-O-1, (B) Cu-Mg-Al-O-

2, (C) Cu-Mg-Al-O-3, (D) Cu-Mg-Al-O-4, (E) Cu-Zn-Mg-Al-O 

 

B A 

 

D C 

E 



68 
 
 

 

The results depicted that, with increasing copper metal loading at the expense of magnesium, 

the glycerol conversion (88.5%) and product selectivity (S1,2-PDO = 94%, SEG = 4.6%, Sothers 

=1.4%) was not affected. To determine the effect of addition of zinc on Cu-Mg-Al-O moiety in 

the LDHs structure as well as catalytic performance, a small amount of zinc was added in the 

Cu-Mg-Al-O catalyst and the corresponding catalyst was designated as Cu-Zn-Mg-Al-O. It is 

interesting to note that, after the addition of small amount of zinc on the Cu-Mg-Al-O LDHs 

catalyst, glycerol conversion increased significantly (98.3%). The increase in glycerol 

conversion after the addition of Zn in the catalyst was due to the presence of strong strength 

acidic sites on the catalyst surface and the hydrogen spillover effect of ZnO [Xia et al., (2012), 

Feng et al., 2013]. As shown in Figure 4.6 (e), the presence of high-intensity peak at >550 oC 

for Cu-Zn-Mg-Al-O catalyst indicated the presence of strong strength acidic sites at the catalyst 

surface. Rode et al., (2010) reported that lewis acidic characteristics of Zn species played a key 

role in catalytic activity. It is also observed from Figure 4.5 that, the addition of Zn 

significantly lowered the reduction temperature of the catalyst. After the addition of Zn, new 

reducible CuO species were formed at lower reduction temperature. This enhancement of 

reducibility of CuO was solely responsible for increasing catalytic activity [Xia et al., (2012b)]. 

It was also observed that after incorporation of Zn to the catalyst, the selectivity towards 1,2-

PDO was decreased by 2.5%, the selectivity to EG was increased by 2% and the selectivity to 

other products was almost constant (1.4%). However, the overall yield of 1,2-PDO was 

increased significantly i.e. from 83% to 90%. The increase in catalytic activity after the 

addition of zinc in the LDHs catalyst Cu0.4/Zn5.6xMgxAl2O8.6 is also reported in the previous 

literature [Xia et al., (2012b)]. Addition of zinc might increase the activity of H2 on the surface 

of the catalyst by hydrogen spillover effect of ZnO which enhanced the catalytic activity. 

It can be seen from Figure 4.6, with increasing urea concentration from 1.5M to 2M, the 

intensity of the peak corresponding to the moderate acidic sites strength of the catalysts was 

increased. As a result, the surface acidity of the catalyst was increased from 1.8 to 2.6 mmol 

NH3 gcat-1 (Table 4.5). This increase in acidity on the catalyst surface enhanced the glycerol 

conversion from 85.1% to 88.9%. Further increasing the urea concentration up to 2.5M during 

catalyst synthesis, in addition to the peak corresponding to the moderate acidic sites strength of 

the catalysts, the peaks corresponding to the strong acidic sites strength were also detected 

(Figure 4.6 (c)). Therefore, the total surface acidity of this catalyst (Cu-Mg-Al-O-3) was further 

increased to 3.1 mmol NH3 gcat-1 (Table 4.5). Although the acidity was increased for Cu-Mg-

Al-O-3 catalyst, the glycerol conversion was almost unaffected (~ 88.5%). These results 
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indicated that optimum concentration of acidity on the catalyst surface is essential for higher 

glycerol conversion. Further, Cu-Mg-Al-O-4 catalyst was synthesized in presence of 2M urea 

solution and copper wt.% in the catalyst was increased at the expense of magnesium wt. % with 

respect to the Cu-Mg-Al-O-2 catalyst. The acidity (2.0 mmol. gcat-1) of Cu-Mg-Al-O-4 catalyst 

was slightly lower than the acidity (2.6 mmol. gcat-1) of the Cu-Mg-Al-O-2 catalyst. For these 

two catalysts, the glycerol conversion was almost similar (~88.5 %) and selectivity towards 

1,2-PDO was slightly (~1%) increased for Cu-Mg-Al-O-4 catalyst due to the presence of higher 

copper metal [Feng et al., (2013)]. The acidity value was not affected the glycerol conversion 

obtained over Cu-Mg-Al-O-4 catalyst may be because of the value was within the optimum 

concentration of the acidic sites on the catalyst surface. For zinc loaded catalyst (Cu-Zn-Mg-

Al-O), the acidity was further increased to ~2.6 mmol. gcat-1 which was similar to the value 

obtained for Cu-Mg-Al-O-2 catalyst. Although the acidity value was almost similar, the 

glycerol conversion was increased by ~10% for Cu-Zn-Mg-Al-O catalyst due to the presence of 

strong strength acidic sites on the catalyst surface and the hydrogen spillover effect of ZnO 

[Feng et al., (2013)]. After the addition of Zn, new reducible CuO species were formed at lower 

reduction temperature. This enhancement of reducibility of CuO was solely responsible for 

increasing catalytic activity [Xia et al., (2012b)]. To verify the role of copper, the catalytic 

activity of copper-free catalyst (Zn-Mg-Al-O) was also evaluated. Results demonstrated that in 

absence of copper the catalytic activity was very low (Table 4.6). 

The products distribution obtained over various copper, magnesium and aluminum-

based catalyst suggested that hydrogenolysis process primarily followed two steps process. 

Initially, hydroxyacetone was formed as an intermediate via dehydration of glycerol over the 

acidic and/or basic sites of the catalyst. In the second step, hydroxyacetone further 

hydrogenates over active metal sites and produced 1,2-PDO. EG and other products formed due 

to the over hydrogenolysis of glycerol, hydroxyacetone and 1,2-PDO, respectively [Pudi et al., 

(2015a), Dasari et al., (2005), Vasiliadou et al., (2011), Nakagawa et al., (2011)]. It is also 

known that the products selectivity is a strong function of nature of the catalyst as well as the 

reaction condition. Over Cu-Mg-Al-O-2 catalyst, the selectivity towards 1,2-PDO was highest 

(93.4%), EG selectivity was ~5% and other products selectivity was 1.5%. These results 

suggested that Cu-Mg-Al-O-2 catalyst favoured the selective breakage of C-O bond by 

suppressing the breakage of C-C bond of glycerol which produced very high selectivity 

towards 1,2-PDO, and formed very small amount of degradation products (1.5%). EG was 

formed via dehydration of glycerol [Xia et al., (2013), Yuan et al., (2011)]. In presence of Cu-
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Zn-Mg-Al-O catalyst, the conversion of glycerol increased whereas the selectivity towards 1,2-

PDO decreased with simultaneous increase in selectivity to EG by keeping the selectivity to 

other products almost constant. These results demonstrated that the addition of zinc favoured 

direct conversion of glycerol to EG through dehydration step [Rode et al., (2010)].  

Table 4.6. Conversion and product selectivity obtained over LDHs catalysts 

Catalyst Urea 

Concentration 

(M) 

Base 

additives 

Conversion 

(%) 

Selectivity (%) 1,2-PDO 

yield (%) 1,2-

PDO 

EG Others*  

Cu-Mg-Al-O-1 1.5  - 85.1 90.2 5.1 4.7 76.7 

Cu-Mg-Al-O-2 2.0  - 88.9 93.4 4.8 1.8 83.1 

Cu-Mg-Al-O-3 2.5  - 88.5 93.5 4.7 1.8 82.7 

Cu-Mg-Al-O-4 2.0  - 88.5 94.0 4.6 1.4 83.2 

Cu-Zn-Mg-Al-O 2.0  - 98.3 91.5 7.1 1.4 90.0 

Zn-Mg-Al-O 2.0  2.9 59.2 29.2 11.6 17.1 

NaOH 

(1g) 

98.4 94.3 3.7 2.0 92.8 

KOH 

(1g) 

95.1 93.2 3.9 2.9 88.6 

Ca(OH)2 

(1g) 

94.7 93.1 3.7 3.2 88.1 

Reaction conditions: 20 wt.% glycerol (20 g), 7.5 wt.% catalyst with respect to glycerol, 800 

rpm, 210 oC, 4.5 MPa pressure, 12 h reaction time.  

*Others: hydroxyacetone, 1-propanol, 2-propanol, ethanol and methanol. 

Experimental errors for all the values (conversion, selectivity and yield) : x ± 1 % 

 

The reduction of 1,2-PDO selectivity after the addition of zinc was also observed 

previously [Xia et al., (2011), Rode et al., (2010)]. The effect of the addition of different bases 

such as NaOH, KOH and Ca(OH)2 on the conversion of glycerol and product selectivity was 

investigated over Cu-Zn-Mg-Al-O catalyst. Results obtained showed that the addition of 1 g of 
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NaOH in the 100 g of reaction mixture  (1 (wt./wt.) %), the conversion of glycerol was 

unaffected. However, the selectivity towards 1,2-PDO was increased to 94.3% at the expense 

of EG. This result suggested that selective conversion of glycerol to 1,2-PDO by following 

dehydration followed by hydrogenation step was favoured in presence of suitable basic 

environment in the reaction mixture. Addition of base also reduced the formation of 

degradation products due to the C-C bond cleavage of glycerol. The addition of other bases was 

not very effective [Yadav et al., (2012)]. 

4.2.3 Parameter studies 

4.2.3.1 Effect of temperature 

As expected, the glycerol conversion increased from 93.4% to 99.1% as the temperature 

increased from 190 oC to 220 oC (Figure 4.8 (A)). The selectivity towards 1,2-PDO increased 

initially from 92.4% at 190 °C to 94.3% at 210 °C and further it slightly decreased to 92% at 

220 °C. However, the selectivity to EG was ~4% up to 210 oC, thereafter it increased to 5.2% at 

220 °C. At higher temperature (> 210 oC), selectivity towards 1,2-PDO decreased slightly 

while selectivity to EG and other degradation products increased. This results suggested that, at 

higher temperature, 1,2-PDO was further hydrogenolysed to degradation products and also at 

higher temperature, the breakage of C-C bond of glycerol molecule predominated which 

resulted in the higher selectivity to EG, propanols and lower alcohols [Dasari et al., (2005), 

Balaraju et al., (2012)]. 

4.2.3.2 Effect of pressure 

Influence of pressure (3.5-5 MPa) on glycerol conversion and product selectivity in presence is 

shown in Figure 4.8 (B). Glycerol conversion increased from 95% to 99.3% with increasing the 

pressure from 3.5 MPa to 5 MPa. The selectivity towards 1,2-PDO passed through a maxima. It 

increased from 92.5% at 3.5 MPa to 94.3% at 4.5 MPa and further it decreased to 92.6% at 5 

MPa. Initially, with increasing pressure, the solubility of hydrogen in the reaction mixture 

increased which enhanced selective hydrogenation of glycerol to 1,2-PDO. At pressure higher 

than 4.5 MPa, selectivity towards 1,2-PDO decreased due to the formation of degradation 

products [Pudi et al., (2015), Sharma et al., (2014), Guo et al., (2009)]. 
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Figure 4.8. Effect of reaction parameters on glycerol conversion, and product selectivity (A) 

Effect of temperature, Reaction condition: 4.5 MPa pressure, 12 h, 7.5% of catalyst weight with 

respect to glycerol, 20 wt.% glycerol (20 g), 800 rpm (B) Effect of pressure: Reaction 

condition: 210 oC, 12 h, 7.5% of catalyst weight with respect to glycerol, 20 wt.% glycerol (20 

g), 800 rpm. 
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Figure 4.8. Effect of reaction parameters on glycerol conversion, and product selectivity (C) 

Effect of catalyst loading: Reaction condition: 210 oC, 4.5 MPa, 12 h, 20 wt.% glycerol (20 g), 

800 rpm. (D) Effect of glycerol concentration: Reaction condition: 210 oC, 4.5 MPa pressure, 

12 h, 7.5% of catalyst weight with respect to glycerol, 800 rpm. 
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4.2.3.3 Effect of catalyst loading 

As expected, conversion of glycerol increased from 91% to 100% when catalyst loading 

was increased from 2.5 wt.% to 10 wt.% (Figure 4.8 (C)). The conversion was increased due to 

increasing the concentration of the active sites in the reaction mixture with increasing the 

catalyst amount. However, the selectivity towards 1,2-PDO decreased marginally (~ 1.5 %) at 

highest catalyst loading (10 wt.%), which was may be due to the over hydrogenolysis of 

glycerol and 1,2-PDO to other linear alcohols such as methanol, ethanol, 1-propanol and 2-

propanol [Meher et al., (2009), Miyazawa et al., (2006)]. Moreover, the overall yield of 1,2-

PDO increased with increasing the catalyst loading and achieved ~93% in presence of 7.5 wt.% 

catalyst loading and higher. These results demonstrated that 7.5 wt.% catalyst loading was 

optimum for maximum yield (~93%) of 1,2-PDO at 210 oC, and 4.5 MPa pressure in presence 

of 20 wt.% glycerol as feed.  

4.2.3.4 Effect of glycerol concentration 

As shown in Figure 4.8 (D), with increasing glycerol concentration from 20 to 50 wt.%, 

glycerol conversion was decreased by ~8% because of the availability of a limited number of 

metallic sites in the reaction mixture [Miyazawa et al., (2007), Feng et al., (2008)] and the 

solution viscosity which might enhance the mass transfer resistance. The selectivity towards 

1,2-PDO decreased marginally (94-94%). Whereas, the selectivity to hydroxyacetone and 

ethylene glycol increased to ~2.1% and ~2.3%, respectively. These results suggested that, for 

higher selectivity towards 1,2-PDO, lower glycerol (~20 wt.%) concentration was beneficial. 

4.2.4 Comparison of performance of Cu-Zn-Al-Mg-O catalyst with previous reported 

LDHs catalysts 

The performance of LDHs catalyst for hydrogenolysis of glycerol is very limited [Xia et 

al., (2012b), Xia et al., (2013), Yuan et al., (2011), Meher et al., (2009)]. Xia et al., (2012a) 

reported maximum glycerol conversion of 91% with 98.7% selectivity towards 1,2-PDO at 

180 oC and 2 MPa pressure when 75 wt.% glycerol was used as feed. In this study, the catalyst 

concentration used was very high (12.5 wt.%). Meher at al., (2009) reported the performance of 

Cu/Zn/Al mixed metal oxide derived from a hydrotalcite precursors and showed maximum 

glycerol conversion of 52% with 93-94% selectivity towards 1,2-PDO in presence of 80 wt.% 

aqueous glycerol concentration at 200 oC and at 1.36 MPa pressure. In their study, 5 wt.% 

catalyst loading was used and the reaction data was collected after a longer period of reaction 
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time (24 h). In comparison with the previous results reported, in this study, the glycerol 

conversion and 1,2-PDO selectivity obtained was significantly high. Maximum 98.4% glycerol 

conversion with 94.3% selectivity towards 1,2-PDO was observed after 12 h of reaction at 210 

°C temperature, 4.5 MPa pressure when 20 wt.% glycerol concentration and 7.5% catalyst 

loading was used. The effect of glycerol concentration on conversion and 1,2-PDO selectivity 

results suggested that Cu-Zn-Mg-Al-O catalyst developed in this study was very active even in 

presence of very higher concentration (50 wt.%) of glycerol. Higher than 90% conversion with 

very high selectivity towards 1,2-PDO (> 93%) was obtained when 50 wt.% of glycerol was 

used as a feed (Figure 4.8). The experimental results reported in this study demonstrated that 

Cu-Zn-Mg-Al-O LDHs catalyst was very active and selective to 1,2-PDO in presence of wide 

range of glycerol concentration (20-50 wt.%) as a feed. Therefore, the Cu-Zn-Mg-Al-O LDHs 

catalyst developed in this study is efficient and showed better performance in comparison to the 

LDHs catalysts reported in the literature. 

4.2.5 Catalyst reusability 

Reusability of the catalyst is very important for an industrial application. Previous 

literature reported non-noble metal (Cu, Co and Ni) based LDHs catalyst undergoes a serious 

deactivation problem in hydrogenolysis of glycerol due to the damaging of LDHs structure of 

catalyst during recycling and reactivation process [Meher et al., (2009), Montassier et al., 

(1995), Vasiliadou et al., (2011)]. To verify the stability and reusability of Cu-Zn-Mg-Al-O 

LDH catalyst, a series of recycle experiments were performed at the optimum reaction 

condition. After each experiment, the used catalyst was recovered by filtration followed by 

drying at 120 oC for 12 h. In each recycle experiment there was a loss in the weight of the 

catalyst particles. Therefore, to verify the reusability of the catalyst, the constant catalyst to 

glycerol ratio was maintained in each recycle batch [Sharma et al., (2014), Vasiliadou et al., 

(2011)]. Prior to each experiment, used Cu-Zn-Mg-Al-O catalyst was reactivated in a tubular 

reactor under hydrogen flow at 400 oC for 2 h. As shown in Table 4.7, after 1st recycle, glycerol 

conversion was decreased from 98.4% to 70% i,e. nearly (1/3rd) catalytic activity was lost. The 

glycerol conversion was decreased severely to 30% after cycle-3. It is very interesting to note 

that, although the catalyst activity was decreased significantly, the selectivity of 1,2-PDO was 

almost unchanged (~95%).  
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Table 4.7. Glycerol conversion and product selectivity obtained over Cu-Zn-Mg-Al-O catalyst 

and average copper crystallite size in the catalyst in successive cycles  

No. of cycle Glycerol 

conversion 

(%) 

Product selectivity (%) 1,2-PDO 

yield 

(%) 

Average 

copper 

crystallite 

sizea (nm) 

Cu 

wt.(%)b 
1,2-PDO EG Others* 

Fresh 

catalyst 

98.4 94.3 3.7 2.0 92.7 21.6 35.7 

1st reuse 70.0 94.9 2.4 2.7 66.4 34.6 33.7 

2nd reuse 54.5 95.8 1.2 3.0 52.2 35.3 32.6 

3rd reuse 30.0 96.4 1.1 2.5 28.9 46.9 30.3 

Reaction conditions: 20 wt.% glycerol (20 g), 7.5% catalyst weight with respect to glycerol, 

800 rpm, 210 oC, 4.5 MPa pressure, 12 h.  

*Others: Hydroxyacetone, 1-propanol, 2-propanol, ethanol and methanol. 
aCalculated by using Scherrer’s formula. 
bObtained from XRF data 

Experimental errors for the values (conversion, selectivity and yield) : x ± 1% 

 

To understand the reason for deactivation of the catalyst, the used catalyst was 

characterized by FE-SEM, TEM, and XRD, respectively.FE-SEM images of the used catalyst 

(Figure 4.9) showed that the well-developed lamella-like structure of the fresh Cu-Zn-Mg-Al-O 

catalyst was destroyed in successive recycles due to repetitive reactivation of catalyst via 

reduction at 400 oC for 2 h before each cycle. XRD pattern of fresh and used catalysts was 

compared (Figure 4.10). The XRD profile of the used catalyst showed highly crystalline 

diffraction patterns of copper metal. In addition to the peaks corresponding to copper metal 

detected for fresh reduced catalyst (Figure 4.10 (a)), additional peaks at 2θ = 31.7o 

corresponding to the diffraction of (100) crystal plane of ZnO (JCPDS: 80-0075) and at 2θ = 

36.9o corresponding to the diffraction pattern of (111) crystal plane of MgO phase (JCPDS:78-

0430) became very prominent. XRD pattern of the used catalyst also indicated the variation in 

metal interaction in the catalyst due to the agglomeration of particles which is in agreement 

with the FE-SEM micrograph. 
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Figure 4.9. FE-SEM micrographs of fresh and used catalysts (A) fresh dried, (B) fresh reduced, 

(C) after cycle-1, (D) after cycle-2 and (E) after cycle-3 
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Figure 4.10. XRD pattern of fresh and used Cu-Zn-Mg-Al-O catalysts (a) fresh reduced, (b) 

after cycle-1, (c) after cycle-2 and (d) after cycle-3 

 

The copper crystallite size of the used catalyst after each cycle was calculated by using 

Scherrer's equation. The result showed that the copper crystallite size was increased from 21.6 

nm to 46.9 nm after cycle-3 due to agglomeration. Similar kind of results were also observed in 

the previous reports [Yun et al., (2014), Huang et al., (2012)]. X-ray fluorescence (XRF) data 

disclosed the elemental composition of fresh and used catalysts (Table 4.7). It was observed 

that Cu content was slightly decreased (~5%) after cycle-3. TEM images and corresponding 

metal particle size histogram of fresh reduced and used catalyst (Figure 4.11) suggested 

agglomeration of the particle after 3rd cycle. Average mean catalyst particles size was increased 

from 31.4 nm to 46.1 nm which is in agreement with the XRD results. 
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Figure 4.11. TEM micrograph and corresponding metal particle size histogram: [(A) and (a)] 

fresh reduced Cu-Zn-Mg-Al-O catalyst; [(B) and (b)] Cu-Zn-Mg-Al-O catalyst after cycle-3 

 

4.2.6 Summary 

In this study, highly active Cu-Mg-Al-O based LDHs catalysts were synthesized by 

homogenous urea hydrolysis method. Ball-flower shaped particles were identified for all the 

catalysts and a well-defined layered structure of solid lamella has also been identified. The 

characterization results confirmed the formation and stability of LDHs type structure of the 

catalysts even after calcination and reduction. Effects of urea concentration on the physico-

chemical properties as well as catalytic performance were evaluated for liquid phase 

hydrogenolysis of glycerol to 1,2-PDO. Results demonstrated that the catalysts synthesized in 

presence of 2M urea showed best catalytic activity due to the presence of optimum acidity, 

small copper crystallite size, and well developed curved lamellae structure. Higher urea 

 

(B) 
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concentration (> 2M) for catalyst synthesis was not beneficial for higher selectivity towards 

1,2-PDO. In order to improve the catalytic activity and 1,2-PDO selectivity, zinc was 

incorporated in Cu-Mg-Al-O catalyst. Catalyst characterization results suggested that ZnO 

helped to reduce the reduction temperature of the catalyst by hydrogen spillover effect of ZnO 

to copper metal. In presence of Cu-Zn-Mg-Al-O catalyst, the conversion of glycerol was 

increased whereas the selectivity towards 1,2-PDO was decreased with simultaneous increase 

in selectivity to EG by keeping the selectivity to other products almost constant. These results 

demonstrated that the addition of zinc favoured direct conversion of glycerol to EG through 

dehydration step. Addition of zinc might increase the activity of H2 on the surface of the 

catalyst by hydrogen spillover effect of ZnO which enhanced the catalytic activity. The highest 

94.3% selectivity towards 1,2-PDO at 98.4% glycerol conversion was achieved over Cu-Zn-

Mg-Al-O-3 catalyst at 210 oC and at 4.5 MPa pressure when 20 wt.% glycerol was used as 

feed. The reaction was carried out up to 12 h in the presence of 1g of NaOH. Effect of addition 

of different bases such as NaOH, KOH and Ca(OH)2 on glycerol conversion and product 

selectivity over Cu-Zn-Mg-Al-O catalyst were also studied. Results showed that addition of 1 g 

of NaOH in the reaction mixture increased the selectivity towards 1,2-PDO to 94.3% at the 

expense of EG. The addition of other bases was not very effective. Effect of glycerol 

concentration in the feed revealed that increasing glycerol concentration from 20% to 30%, the 

variation in glycerol conversion and selectivity towards 1,2-PDO was insignificant. However, 

at higher glycerol concentration (>30%), the conversion was dropped by ~7%. The product 

distribution obtained over Cu-Zn-Mg-Al-O catalyst suggested that glycerol was converted to 

1,2-PDO selectively by dehydration followed by hydrogenation step in presence of suitable 

basic environment in the reaction mixture. Addition of base also reduced the formation of 

degradation products due to the cleavage of C-C bond of glycerol. Catalyst reusability results 

revealed that conversion of glycerol decreased significantly due to structural changes of the 

catalyst after successive reuse and sintering of copper and ZnO species during the reaction. 

However, the selectivity to 1,2-PDO was increased from 94.3% to 96.3% at the expense of EG 

after 3rd cycle. 
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4.3 Selective hydrogenolysis of glycerol to 1,2-PDO over MgO supported catalysts 

It was observed from the previous section (4.2) that LDHs type catalysts were highly 

active and selective for glycerol hydrogenolysis to 1,2-PDO. However, the catalyst was 

severely deactivated after successive reuses. In further study, MgO supported monometallic 

and bimetallic catalysts were developed by co-precipitation method and their activity is 

discussed. In preliminary catalyst screening study, a series of monometallic (Cu, Co, Zn and 

Fe) catalysts supported on MgO with 35% metal loading were synthesized and their 

performance for liquid phase hydrogenolysis of glycerol was evaluated (Table 4.8).  

Table 4.8. Screening of catalysts 

Catalyst Conversion (%) Selectivity (%) 

1,2-PDO EG Others* 

35% Cu/MgO 96.4 92.0 6 2 

35% Co/MgO 79.7 72.8 13.9 13.4 

35% Zn/MgO 11.6 100 0 0 

35% Fe/MgO 2.5 100 0 0 

Reaction condition: 20 wt.% glycerol (20 g), catalyst: 1.6 g, temperature: 210 oC, H2 pressure: 

4.5 MPa, speed of agitation: 700 rpm, time: 12 h 
*Others: hydroxyacetone, 1-PO, 2-PO, ethanol, and methanol 

Experimental errors for all the values (conversion, selectivity and yield) : x ± 1 % 

 

 

 The obtained results demonstrated that the catalytic activity followed the order: Cu > 

Co > Zn > Fe. Cu and Co exhibited best catalytic activity and Zn and Fe were less active 

although the selectivity towards 1,2-PDO was ~100% over Zn and Fe based catalyst. It was 

also found that 35% Cu/MgO catalyst exhibited 96.6% conversion with 92.6% selectivity 

towards 1,2-PDO at 210 °C, 4.5 MPa pressure after 12 h of reaction. It was observed from our 

earlier study that presence of acidity and basicity, bi-functional nature, high metallic surface 

area (4.4 m2.g-1), lower copper crystallite size (~28 nm) were the main reasons behind the high 

catalytic activity and 1,2-PDO selectivity [Pudi et al., (2015)]. Therefore, in further study, Zn 
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and Fe were incorporated with Cu and Co to increase the overall selectivity and/or yield of 1,2-

PDO. A series of MgO supported bimetallic catalysts were developed by co-precipitation 

method and their performance was assessed. The primary emphasis was given to optimizing the 

reaction parameters to maximize glycerol conversion and 1,2-PDO yield, catalyst stability, and 

reusability. Among all the catalysts tested, bimetallic 50wt.% Cu:Zn(4:1)/MgO catalyst showed 

almost complete conversion with very high selectivity ( ̴ 94%) to 1,2-PDO under mild reaction 

condition. A number of experiments were also performed in the presence of various reaction 

intermediates to establish the reaction mechanism for the hydrogenolysis of glycerol and a 

possible reaction path of the formation of 1,2-PDO is proposed over the Cu:Zn(4:1)/MgO 

catalyst. Catalytic stability and reusability test was also performed. 

4.3.1 Catalyst characterization 

4.3.1.1 Textural properties  

The specific surface area (SBET), and cumulative pore volume (Vp) of MgO support and 

reduced catalysts are listed in Table 4.9. The specific surface area of MgO support was 92 

m2.g-1 and after the inclusion of Cu and Zn metal precursors, the specific surface area of the 

catalysts decreased significantly (17-37 m2.g-1) due to the coverage of metals over MgO 

support as well as the formation of metal clusters [Yuan et al., (2010), Pudi et al., (2015)]. The 

pore volume of the catalysts was in the range of 0.01-0.18 cm3.g-1. 

4.3.1.2 XRD  

The XRD pattern of the calcined catalysts is shown in Figure 4.12 (A). Diffraction 

peaks [4.12 (A) (h)] corresponding to MgO were obtained at the 2θ values of 36.9°, 42.8°, 

62.2°, 74.6°, respectively, corresponding to the (111), (200), (220), (311) crystal planes of the 

cubic MgO phase, respectively (JCPDS: 78-0430). However, after the inclusion of CuO [4.12 

(A) (a)], additional peaks corresponding to CuO were detected at the 2θ values of 35.5°, 38.8°, 

48.6°, 58.3°, 66.1°, and 68.0° corresponding to (002), (111), (202), (202), (311), and (220) 

crystal planes of monoclinic CuO phase, respectively (JCPDS: 80-1987) [Pudi et al., (2015a)]. 

For Zn/MgO catalyst [4.12 (A) (b)], the diffraction peaks at 31.7°, 34.5o, 47.7° and 56.5° were 

ascribed the presence of hexagonal ZnO phase corresponding to (100), (002), (110) and (101) 

crystal planes, respectively (JCPDS: 80-0075). Crystalline Co3O4 phase corresponding to (311) 

crystal plane was detected at the 2θ values of 36.8° (JCPDS: 781970) for Co:Fe(1:1)/MgO 

catalyst [4.12 (A) (g)]. The diffraction peaks corresponding to iron oxides were not detected for 
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iron doped catalysts. The XRD patterns of reduced catalysts were quite similar to calcined 

catalysts [Figure 4.12 (B)]. For copper-based catalyst, additional diffraction peaks 

corresponding to metallic copper were detected at the 2θ angle of 43.3°, 50.4° and 74.1o 

corresponding to (111), (200) and (220) crystal planes, respectively (JCPDS: 85-1326). In the 

reduced cobalt catalyst, the diffraction peaks corresponding to metallic cobalt was absent 

indicated dispersion of cobalt phase [Guo et al., (2009)]. For iron-based reduced catalyst, very 

low-intensity diffraction peaks corresponding to iron crystallite was detected at the 2θ angle of 

44.6° (JCPDS: 85-1410). 

The average crystallite size of metals and their oxides of both calcined and reduced 

catalysts are reported in Table 4.9. For calcined catalyst, the average crystallite size of CuO 

was calculated from the peaks corresponding to (002), (111), (202), (311) and (220) crystal 

planes, respectively. The calculated size of CuO crystallite was in the range of 20.1-36.6 nm. 

The average crystallite size of ZnO calculated from the line width of (100), (002), (110) and 

(101) crystal planes was in the range of 30-40.8 nm. For Co3O4, the average crystallite size was 

in the range of 22.4-28.9 nm calculated from the line width of (311) crystal plane of the XRD 

pattern of the respective catalysts. For reduced catalysts, the average copper crystallite size was 

in the range of 37.1-43.9 nm. The average crystallite size of Feo was higher (55.3-59.6 nm).  

4.3.1.3 H2-TPR 

The reduction behaviour of the catalysts is shown in Figure 4.13. As shown in Figure 

4.13 (h), MgO was not reduced in the temperature range of 40-800 oC [Mirzaei et al., (2015)]. 

However, Cu/MgO catalyst showed a single major reduction peak at 294 oC which attributed to 

the direct reduction of CuO to Cuo [Pudi et al., (2015a), Kim et al., (2003)]. For Zn/MgO 

catalyst [Figure 4.13(b)], a broad peak with small intensity was detected at ~550 oC which 

indicated that ZnO was slightly reducible in the range of temperature (40-800 oC) studied [Yu 

et al., (2007)]. TPR profile of Cu:Zn(4:1)/MgO catalyst showed a single broad reduction peak 

at a mean temperature of 260 oC. This result indicated that after the addition of ZnO in the 

Cu/MgO catalyst, the reduction temperature of catalyst shifted towards the lower temperature 

due to the strong interaction between ZnO and CuO. ZnO primarily increased the reducibility 

of CuO due to the hydrogen spillover effect as reported earlier [Xia et al., (2012b)]. 
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Figure 4.12. XRD pattern of catalysts (A) Fresh calcined (B) Fresh and reduced [(a) Cu/MgO, 

(b) Zn/MgO, (c) Cu:Zn(4:1)/MgO, (d) Cu:Zn(1:1)/MgO, (e) Cu:Fe(1:1)/MgO, (f) 

Co:Zn(1:1)/MgO, (g) Co:Fe(1:1)/MgO, (h) MgO] 
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Table 4.9. BET surface area, pore volume and average crystallite sizes of calcined and reduced catalysts 

 

Catalyst 

Theoretical 

metal 

composition 

Metal 1: Metal 2 

(wt.%) 

Actual metal 

composition a 

(wt.%) 

SBET 
b 

(m2.g-1)† 

   VP 
b 

(cm3.g-1) 

Average crystallite size (nm) c 

Fresh-calcined Fresh-reduced 

CuO ZnO Co3O4 Cu CuO Fe ZnO 

MgO   92.0 0.180 - - - - - - - 

Cu/MgO 50:0 49.7 : 0 17.0 0.030 20.1 - - 41 28.6 - - 

Zn/MgO 0:50 0 : 48.7 21.4 0.010 - 30 - - - - 28.9 

Cu:Zn(4:1)/MgO 40:10 38.8 : 7.8 23.6 0.012 28.1 30.0 - 37.1 29.4 - 33.2 

Cu:Zn(1:1)/MgO 25:25 25.6 : 20.7 29.0 0.014 36.6 31.2 - 43.7 33.7 - 30.2 

Cu:Fe(1:1)/MgO 25:25 25.9 : 26.5 37.0 0.018 25.4 - - 43.9 36.5 55.3 - 

Co:Fe(1:1)/MgO 25:25 21.3 : 20.2 21.4 0.010 - - 28.9 - - 59.6 - 

Co:Zn(1:1)/MgO 25:25 24.0 : 24.5 19.4 0.010 - 40.8 22.4 - - - 27.6 

a Composition obtained from SEM-EDX 
b Calculated based on the desorption branch of isotherm. 

c Average crystallite size calculated from XRD pattern by using Scherrer’s formula. 

†Analytical instruments error for BET surface area: x ± 2% 
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Similar reduction temperature (~300 oC) for Cu0.4Zn0.3Mg5.3Al2O9 catalyst was reported earlier 

[Xia et al., (2012b)]. The broad reduction temperature peak (152-350 oC) obtained for 

Cu:Zn(4:1)/MgO catalyst demonstrated the direct reduction of highly dispersed CuO to Cuo 

[Pudi et al., (2015a), Kim et al., (2003)]. For Cu:Zn(1:1)/MgO catalyst (4.13 (d)), one major 

reduction peak was detected at 227 oC due to the direct reduction of CuO species to Cuo [Xia et 

al., (2015), Kim et al., (2003)]. Synergistic interaction between CuO with ZnO and hydrogen 

spillover effect of ZnO were solely responsible for shifting the reduction temperature towards 

lower side for the ZnO loaded Cu/MgO catalysts. For Cu:Fe(1:1)/MgO catalysts, two major 

reduction peaks were detected [Figure 4.13 (e)]. The low temperature (~237 °C) peak was for 

the reduction of CuO to Cuo and the high-temperature reduction peak at 460 °C was for the 

reduction of Fe2O3 to Fe3O4 [Mokhonoana et al. (2009)]. Another broad reduction peak with 

very low intensity was observed at ~600 °C which might be due to the reduction of Fe3O4 to Fe 

[Mokhonoana et al. (2009)]. It was reported earlier that cobalt oxide was reduced in two steps. 

Initially, Co3O4 was reduced to CoO at ~385 °C and CoO was further reduced to Co metal at 

550°C and higher [Rekha et al., (2015), Vantblik and Prins (1986)]. The reduction profile 

[Figure 4.13 (f)] of Co:Zn(1:1)/MgO catalyst showed one reduction peak at 386 °C 

corresponding to the reduction of Co3O4 to CoO and a broad peak with very low intensity was 

observed at higher temperature (~598 °C) can be related to the reduction of CoO to Co. For 

Co:Fe(1:1)/MgO catalyst [Figure 4.13 (g)], reduction peak obtained at ~400 °C was due to the 

combined reduction of Co3O4 to CoO and Fe2O3 to Fe3O4, respectively. The high temperature 

(686 °C) broad peak was may be due to the combined reduction of CoO to Co and Fe3O4 to Fe, 

respectively [Rekha et al., (2015), Mokhonoana et al., (2009), Vantblik and Prins (1986)]. 

The hydrogen consumption and degree of reduction of all the catalysts were calculated 

based on the TPR result and the values obtained are shown in Table 4.10. The hydrogen 

consumption was in the range of 0.53-6.9 mmol. gcat-1. The degree of reduction of the catalyst 

was calculated based on the following equation: degree of reduction (%) = (H2 consumption 

from TPR peak/ H2 consumption theoretical) × 100. The peak area obtained in the TPR profile 

for different catalysts was corresponding to the hydrogen consumption (ml.g-1 catalyst) from 

TPR peak of the respective catalysts. For complete reduction of metal oxides, theoretical 

hydrogen consumption was calculated based on the following stoichiometric equations [Kim et 

al., (2003), Yu et al., (2007), Mokhonoana et al., (2009), Vantblik and Prins (1986)]: 

CuO + H2 = Cu +H2O                                                                                             (4.1) 

ZnO + H2 = Zn + H2O                                                                                            (4.2) 
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Fe2O3 + 3H2 = 2Fe + 3H2O                                                                                     (4.3) 

Co3O4 + 4H2 = 3Co + 4 H2O                                                                                  (4.4) 

Since MgO was not reduced in the temperature range of 40-800 oC (Figure 4.13 (h)), therefore, 

it was assumed that the total hydrogen consumption was used to reduce the total other metal 

oxides (CuO, ZnO, Co3O4, Fe2O3) presents in the catalyst apart from MgO. The actual 

composition of the catalyst obtained from FESEM-EDX (Table 4.9) was used to determine the 

theoretical hydrogen consumption. 

The obtained degree of reduction was in the range of 7.1%-91.7% (Table 4.10). The 

degree of reduction followed the order Cu:Zn(4:1)/MgO > Cu:Zn(1:1)/MgO > Cu/MgO > 

Cu:Fe(1:1)/MgO > Co:Zn(1:1)/MgO > Co:Fe(1:1)/MgO >  Zn/MgO. Cu/MgO showed the 

reduction of 83.5% whereas the degree of reduction of Zn/MgO catalyst was only ~7%. After 

the addition of Zn on Cu/MgO catalyst, the degree of reduction increased significantly (87.5-

91.7%). The obtained TPR profile of catalysts suggested a partial reduction of ZnO. ZnO 

mainly enhanced the reducibility of CuO species due to the hydrogen spillover effect, as a 

result, the reduction peak of Cu:Zn/MgO catalysts was shifted towards lower temperature. This 

results also depicted strong interaction between ZnO and CuO in the catalyst. The degree of 

reduction of Cu:Fe(1:1)/MgO catalyst was lower (61.6%) as compared to Cu:Zn/MgO catalyst 

(87.5-91.7%) which indicated that iron oxide was not as effective as ZnO to enhance the 

reducibility of the catalyst. Co-containing catalyst showed a lower degree of reduction (26.7-

30%) than Cu containing catalysts (61.6-91.7%) because of the formation of Mg-Co-O mixed 

oxide solid solution which was consistent with the previous literature [Guo et al., (2009), 

Mirzaei et al., (2015)]. 
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Table 4.10. NH3-TPD, CO2-TPD and H2-TPR data of catalysts 

 

Calcination 

temperature 

 

TPD results 

 

TPR results 

Acidity a 

(mmol NH3. gcat-1)#                      

Basicity b 

(mmol CO2. gcat-1)# 

Reduction peak 

(maximum) (°C) 

H2 consumption c 

(mmol. gcat-1)# 

Degree of reduction d (%) 

MgO - 1.92 - - - 

Cu/MgO 1.67 1.34 294 6.54 83.5 

Zn/MgO 0.80 2.54 550 0.53 7.1 

Cu:Zn(4:1)/MgO 2.13 1.81 260 6.70 91.7 

Cu:Zn(1:1)/MgO 1.15 2.10 227 6.30 87.5 

Cu:Fe(1:1)/MgO 0.70 0.79 237, 460,600 6.90 61.6 

Co:Fe(1:1)/MgO 0.27 0.39 400, 686 2.80 26.7 

Co:Zn(1:1)/MgO 0.44 0.75 386, 598 2.75 29.9 

a Calculated from NH3-TPD data 
b Calculated from CO2-TPD data 
c H2 consumption calculated from TPR peaks 
d Degree of reduction (%) = (H2 consumption from TPR peak/ H2 consumption Theoretical) × 10 

 #Analytical instruments error for the active volume obtained in TPR, TPD: x ± 2%
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Figure 4.13. H2–TPR of calcined catalysts (a) Cu/MgO, (b) Zn/MgO, (c) Cu:Zn(4:1)/MgO, (d) 

Cu:Zn(1:1)/MgO, (e) Cu:Fe(1:1)/MgO, (f) Co:Zn(1:1)/MgO, (g) Co:Fe(1:1)/MgO, (h) MgO 

 

4.3.1.4 NH3-TPD  

 NH3-TPD analysis was performed to determine the strength of the acidic site of catalysts 

and the obtained TPD pattern is shown in Figure 4.14 (A). Total acidic strength of the catalyst 

followed the order Cu:Zn(4:1)/MgO > Cu/MgO > Cu:Zn(1:1)/MgO > Cu:Fe(1:1)/MgO > 

Zn/MgO > Co:Zn(1:1)/MgO > Co:Fe(1:1)/MgO. Among all these catalysts, Cu:Zn(4:1)/MgO 

catalyst exhibited the highest acidity (2.13 mmol NH3. gcat-1). For Cu:Zn(4:1)/MgO catalyst, 

the obtained acidity was slightly higher (2.13 mmol NH3. gcat-1) as compared to the acidity 

value (1.67 mmol NH3. gcat-1) obtained for Cu/MgO catalyst. The slight increase in acidity 

value was may be due to the presence of higher amount of reducible copper oxide in 

Cu:Zn(4:1)/MgO catalyst [Jimenez-Morales et al., (2012)] (Table 4.10). The presence of less 

amounts of reducible copper oxide in Cu/MgO catalyst was due to the agglomeration of copper 

metal. The higher amount of reducible CuO species in Cu:Zn(4:1)/MgO catalyst was maybe 

because of hydrogen spillover effect of ZnO which is absent in Cu/MgO catalyst. After 

addition of 25 wt.% zinc to the Cu/MgO catalyst, the acidity was reduced to 1.15 mmol NH3. 

gcat-1 and 0.7 mmol NH3. gcat-1 for Cu:Zn(1:1)/MgO and Cu:Fe(1:1)/MgO, respectively. The 
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acidity of Co:Zn(1:1)/MgO and Co:Fe(1:1)/MgO catalyst was very low i,e. 0.44 mmol NH3. 

gcat-1 and 0.27 mmol NH3. gcat-1, respectively. 

4.3.1.5 CO2- TPD 

 The basic sites of the catalyst were analysed by CO2-TPD and the TPD pattern obtained 

is shown in Figure 4.14 (B). The estimated total basic sites are summarized in Table 4.10. TPD 

results demonstrated that the basic sites were classified into weak (80-300 oC), moderate (300-

500 oC) and strong (> 500 oC) strength CO2 desorption sites, respectively. Total basicity of the 

catalysts followed the order: Zn/MgO > Cu:Zn(1:1)/MgO > MgO > Cu:Zn(4:1)/MgO > 

Cu/MgO > Cu:Fe(1:1)/MgO > Co:Zn(1:1)/MgO > Co:Fe(1:1)/MgO. As shown in Table 4.10, 

the maximum basicity of 2.54 mmol CO2. gcat-1 was observed for Zn/MgO catalyst and after 

the addition of zinc to the copper catalyst, the basicity was increased significantly (1.81-2.10 

mmol CO2. gcat-1). Cobalt-containing catalyst exhibited less basicity (0.39-0.75 mmol CO2. 

gcat-1) as compared to copper containing catalyst (0.79-2.10 mmol CO2. gcat-1).  

4.3.1.6 FE-SEM 

FE-SEM images of the catalysts demonstrated different types of surface morphologies 

for different catalysts (Figure 4.15). The morphology evolved due to dehydration, 

dehydroxylation, denitration, and decarbonation of the metal precursor throughout the thermal 

treatment. Different morphology suggested different kinds of metal interactions in the catalysts. 

The FE-SEM image of fresh Cu:Zn(4:1)/MgO and Cu:Zn(1:1)/MgO catalyst showed long rod-

like crystal along with aggregated small particles. However, the size of the rod-like crystal 

increased with increasing the amount of zinc (Cu:Zn(1:1)/MgO) (Figure 4.15 (b)) 

[Phoohinkong et al., (2017)]. The width of the rod-shaped crystal was increased from ~400 nm 

to ~600 nm in presence of higher amount of zinc. The FE-SEM image of Cu:Fe(1:1)/MgO and 

Co:Zn(1:1)/MgO catalyst showed spherical shaped morphology. The flake-like morphology 

was observed for Co:Fe(1:1)/MgO catalyst [Figure 4.15 (e)]. The actual metal weight percent 

in the catalyst was investigated by FESEM-EDX analysis and the results showed a good 

agreement with the theoretical metal loading used for catalyst synthesis (Table 4.9). 
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Figure 4.14. (A) NH3-TPD and (B) CO2-TPD pattern of the reduced catalyst (a) Cu/MgO, (b) 

Zn/MgO, (c) Cu:Zn(4:1)/MgO, (d) Cu:Zn(1:1)/MgO, (e) Cu:Fe(1:1)/MgO, (f) 

Co:Zn(1:1)/MgO, (g) Co:Fe(1:1)/MgO, (h) MgO 
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Figure 4.15. FE-SEM images of the catalyst: (a) Cu:Zn(4:1)/MgO, (b) Cu:Zn(1:1)/MgO, (c) 

Cu:Fe(1:1)/MgO, (d) Co:Zn(1:1)/MgO, (e) Co:Fe(1:1)/MgO, (f) Cu:Zn(4:1)/MgO catalyst after 

cycle-3

(d) 

(f) 

(a) 

 

(b) 

 

(c) 
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4.3.2 Catalytic activity  

Catalytic activity of all the catalysts are shown in Table 4.11. Carbon balances of all the 

experiments reported in Table 4.11 were closely 100 ± 8%. Initial screening for bimetallic 

catalysts showed maximum glycerol conversion of ~89% over Cu:Fe(1:1)/MgO and 

Cu:Zn(1:1)/MgO catalyst, respectively (Table 4.11). The higher activity of copper-based 

catalyst can be correlated with the presence of higher acidity (0.7-1.15 mmol NH3. gcat-1), 

basicity (0.8-2.10 mmol CO2. gcat-1), higher hydrogen consumption (6.3-6.9 mmol. gcat-1) and 

the higher degree of reduction (61.6-87.5%) of catalysts. Acidity and/or basicity of the catalyst 

helped for dehydration of glycerol and the presence of reduced metal facilitated the 

hydrogenation of dehydrated intermediates. The activity of cobalt-based catalyst was low (≤ 

67.1%) and Co:Fe(1:1)/MgO was the least active catalyst. Previously, Co/MgO, Co/ZnO, Co-

Zn-Al hydrotalcite catalysts are shown as moderately selective towards the formation of 1,2-

PDO and less active as compared to Cu based catalysts [Rekha et al., (2015), Guo et al., (2009), 

Guo et al., (2011)].  

 For bimetallic catalysts, 1,2-propanediol (1,2-PDO) and ethylene glycol (EG) was 

obtained as primary reaction products. However, small amounts of other products including 

hydroxyacetone, 1-propanol (1-PO), 2-propanol (2-PO), ethanol and methanol were also 

detected. 1,2-PDO was regarded as the primary hydrogenolysis product, EG and other small 

linear alcohols such as 1-PO, 2-PO, ethanol, and methanol were regarded as over 

hydrogenolysis products [Lahr and Shanks (2003), Zhou et al., (2010)]. Over copper-based 

catalysts, the selectivity towards 1,2-PDO was very high (> 92%) and the selectivity to EG and 

other degradation products were < 5% and < 3%, respectively. This result suggested that 

copper-based catalyst was highly selective to 1,2-PDO and overhydrogenolysis of glycerol was 

not significant [Dasari et al., (2005)]. Although the glycerol conversion over Co:Fe(1:1)/MgO 

catalyst was very low (38.3%), the selectivity towards 1,2-PDO was significantly high (91.3%) 

and the total selectivity to EG and other products were only < 10%. The poor glycerol 

conversion was may be due to the availability of low acidic and/or basic sites on the catalyst 

surface as well as poor reducibility of catalysts (26.7%). Presence of lower concentration of 

acidic and/or basic sites as well as the reduced metal sites significantly reduced the available 

dehydration and hydrogenation centers on the catalyst surface [Du et al., (2016), Wang et al., 

(2015a)]. For Co:Zn(1:1)/MgO catalyst, glycerol conversion was quite high (67.1%) as 

compared to Co:Fe(1:1)/MgO catalyst (38.3%). However, the selectivity towards 1,2-PDO was 

lower (74.7%) and the selectivity to EG (16.7%) and other products (8.6%) were quite higher. 
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This result demonstrated that overhydrogenolysis of 1,2-PDO and EG to other products were 

favoured over cobalt-zinc catalyst [Wang et al., (2015a)]. 

Table 4.11. Glycerol hydrogenolysis reaction over monometallic and bimetallic catalyst  

Catalyst Conversion 

(%) 

Selectivity (%) 1,2-PDO yield  

(%) 
1,2-PDO EG Others* 

Cu:Zn(1:1)/MgO 88.5 94.2 2.9 2.9 83.4 

Cu:Fe(1:1)/MgO 89.0 92.3 4.5 3.2 82.2 

Co:Zn(1:1)/MgO 67.1 74.7 16.7 8.6 50.2 

Co:Fe(1:1)/MgO 38.3 91.3 4.4 4.4 35.0 

Effect of copper to zinc weight ratio 

Cu/MgO 95.4       92.6 4.8 2.6 88.3 

Cu:Zn(4:1)/MgO 98.7    93.4 3.2 3.4 92.2 

Cu:Zn(1:1)/MgO 88.5    94.2 2.9 2.9 83.4 

Zn/MgO 4.8       100 0.0 0.0 4.8 

Experimental errors for all the values (conversion, selectivity and yield) : x ± 1 % 

Reaction condition: 20 wt.% glycerol (20 g), catalyst: 1.6 g, temperature: 210 oC, H2 pressure: 

4.5 MPa, speed of agitation: 700 rpm, time: 12 h.  
*Others: hydroxyacetone, 1-PO, 2-PO, ethanol and methanol. 

 

For the initial catalyst screen, the maximum 1,2-PDO yield of 83.4% was obtained in 

presence of Cu:Zn(1:1)/MgO catalyst. This result suggested that the addition of zinc into the 

copper-magnesia catalyst was beneficial to enhance the selectivity and yield of the desired 1,2-

PDO. For hydrogenolysis of glycerol, the presence of acid and/or base functionality on the 

catalyst surface facilitates the removal of -OH group from glycerol molecule and active metal 

sites were required for hydrogenation of the dehydrated intermediate to 1,2-PDO [Wang et al., 

(2015a)]. Copper metal has a higher potential for selective cleavage of C-O bond and also its 
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hydrogenation ability is superior. It is also reported that particle size of copper metal and the 

presence of acid/basic sites on the catalyst surface played a crucial role on hydrogenolysis 

activity as well as 1,2-PDO selectivity [Balaraju et al., (2012), Wang et al., (2015), Du et al., 

(2016)]. Several authors reported that the addition of zinc increases the reducibility of active 

metals by its H2 spillover ability and Zn also can alter the electronic configuration of active 

metal sites [Sharma et al., (2014), Xia et al., (2012b), Li et al., (2014)]. Cu:Zn(1:1)/MgO 

catalyst was found to be the most active and selective catalyst among all other catalysts 

examined. Further, the effect of the copper to zinc weight ratio in the catalyst on the catalytic 

performance was examined and the results obtained are summarized in Table 4.11. 

 Over Cu/MgO catalyst, 95.4% conversion of glycerol was obtained with 94.2% 

selectivity towards 1,2-PDO. The selectivity to EG and other products were 4.8% and 2.6%, 

respectively. Moreover, this is very interesting to observe that Zn/MgO catalyst was poor active 

(Xglycerol ≈ 4.8%) and 100% selective to 1,2-PDO. The poor activity of Zn/MgO catalyst was 

may be due to the poor reducibility (7.1%) of ZnO. Since 1,2-PDO selectivity was 100% and 

no other intermediate products were detected over Zn/MgO catalyst, hence, it may be resolved 

that 1,2-PDO was may be formed directly by selective hydrogenolysis of glycerol. After the 

addition of small amount of zinc in the copper-magnesium system (Cu:Zn(4:1)/MgO), 

conversion of glycerol (Xglycerol ~98.7%) and the selectivity towards 1,2-PDO (S1,2-PDO ~ 93.4%) 

was enhanced significantly. The overall yield of 1,2-PDO was very high (92.2%) in presence of 

Cu:Zn(4:1)/MgO catalyst. Moreover, in presence of higher amounts of zinc (Cu:Zn(1:1)/MgO), 

the glycerol conversion dropped ~10% by keeping the 1,2-PDO selectivity almost constant 

(~94%). The overall yield of 1,2-PDO was decreased to 83.4% in presence of Cu:Zn(1:1)/MgO 

catalyst. Very high catalytic activity and 1,2-PDO yield was obtained over Cu:Zn(4:1)/MgO 

catalyst because of the presence of an appropriate combination of acidic (2.13 mmol NH3. gcat-

1) and/or basic (1.81 mmol CO2. gcat-1) sites concentration on the catalyst, high hydrogen 

consumption (6.7 mmol. gcat-1) [Zelazny et al., (2017)], very high degree of reduction (91.7%) 

[Zelazny et al., (2017)] and presence of small average copper particle size (37.1 nm) in the 

reduced catalyst [Yuan et al. (2010)]. The addition of zinc into the Cu/MgO catalyst increased 

the degree of reduction of Cu:Zn(4:1)/MgO catalyst (91.7%) and also lowered the reduction 

temperature (Figure 4.13). Zinc helped to increase the basicity and also the reducibility of the 

catalyst by hydrogen spillover effect [Xia et al., (2012b), Sun et al., (2011), Zou and Shen 

(2000)]. NH3 –TPD and CO2 –TPD results revealed that copper introduced the acidic sites 

whereas Zn introduced the additional basicity in the catalyst. As compared to other catalysts, 
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the concentrations of acidic as well as basic sites were higher for Cu:Zn(4:1)/MgO catalyst 

which was responsible for bi-functional characteristics of the catalyst. Hydrogenolysis of 

glycerol require both acidic as well as basic sites on the catalyst surface, acid and/or basic site 

enhance dehydration of glycerol to intermediate such as hydroxyacetone and further 

hydroxyacetone hydrogenate to 1,2-PDO in presence of the metal sites [Wang et al., (2010), 

Pudi et al., (2015a), Wang et al. (2015b)]. Iglesia et al., (1997) reported that acid-base sites are 

required for hydrogenation and dehydration reaction because these sites can stabilize and also 

discard adsorbed intermediate species. The appropriate combination of acidic and/or basic sites 

are essential for higher selectivity and yield of 1,2-PDO. It is also reported that the particle size 

of copper played an important role to control the selectivity towards 1,2-PDO. The presence of 

more reduced small size (< 50 nm) copper particle is preferable for higher selectivity towards 

1,2-PDO [Yuan et al., (2010), Wang et al. (2015b). Cu:Zn(4:1)/MgO catalyst exhibited the 

highest selectivity (93.4%) to 1,2-PDO due to the synergistic effect of copper and zinc on MgO 

support, the hydrogen spillover effect of ZnO, the smaller crystallite size of copper particle and 

the bi-functional characteristics of the catalyst. 

4.3.3 Parameter studies 

The influences of various reaction parameters such as temperature, pressure, catalyst 

amount and glycerol concentration were studied in the presence of Cu:Zn(4:1)/MgO catalyst. 

Influences of different reaction parameters on glycerol conversion, 1,2-PDO selectivity and 

yield are discussed in the following section. Experimental errors for all the values in Figure 

4.16 are x ± 1%. 

4.3.3.1 Effect of temperature 

Effect of reaction temperature (190-220 °C) on glycerol conversion and product 

selectivity obtained over Cu:Zn(4:1)/MgO catalyst is shown in Figure 4.16 (A). Results showed 

that the glycerol conversion increased sharply and achieved ~100% at 210 °C and higher. 

However, the selectivity towards 1,2-PDO decreased from 95% to 91% with the simultaneous 

increase in selectivity to other degradation products from 5% to ~9% with temperature. This is 

in accordance with the previous report over copper-based catalyst that at a higher temperature, 

the cleavage of C-C bond prevailed along with the C-O bond cleavage causing the formation of 

overhydrogenolysis products i,e. 1-PO, 2-PO and EG etc [Guo et al., (2009), Pudi et al., 

(2015a)]. The overall yield of 1,2-PDO was increased from 75% at 190 oC to 93.4% at 210 oC 
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and beyond 210 oC, 1,2-PDO yield was decreased to ~91% due to the formation of other 

products.  

4.3.3.2 Effect of pressure 

Influence of initial hydrogen pressure (4.0-6.0 MPa) demonstrated a significant effect 

on the catalytic activity, 1,2-PDO selectivity, and yield (Figure 4.16 (B)). Almost complete 

conversion of glycerol was achieved at 4.5 MPa and higher. However, the selectivity towards 

1,2-PDO decreased from 94% at 4 MPa to 92% at higher pressure (6 MPa) due to the formation 

of other degradation products. Initially, with increasing pressure, glycerol conversion was 

increased due to the availability of more H2 species at the catalyst surface which increased 

hydrogenation [Sharma et al., (2014)]. The selectivity towards 1,2-PDO was decreased slightly 

at the elevated H2 pressure due to the formation of degradation products, i.e.: EG, ethanol, and 

methanol [Balaraju et al., (2009)]. The maximum 1,2-PDO yield of 92.1% was achieved at 4.5 

MPa and at 210 oC.  

4.3.3.3 Effect of catalyst loading 

The conversion of glycerol increased with catalyst loading and achieved ~100% in 

presence of 8 wt.% catalyst and higher [Figure 4.16 (C)]. The selectivity towards 1,2-PDO was 

almost constant ~93% throughout the catalyst loading varied. The increase in glycerol 

conversion with an increase in metal loading was attributed to the increasing active metal sites 

on the catalyst surface [Yuan et al., (2010), Niu et al., (2013)]. The maximum 1,2-PDO yield of 

92.2% was obtained in presence of 8 wt.% catalyst of glycerol solution. 

4.3.3.4 Effect of glycerol concentration 

The effect of glycerol concentration (10-40 wt.%) on glycerol conversion and product 

selectivity is shown in Figure 4.16 (D). Glycerol conversion passed through maxima and 

almost complete glycerol conversion was obtained in presence of 20 wt.% glycerol as feed. 

Low glycerol conversion at lower glycerol concentration (10 wt.%) was due to the presence of 

excess water in the feed. Excess water content decreased the catalytic activity which was in 

good agreement with previous literature [Sharma et al., (2014), Montassier et al., (1995)]. 

However, further increase in glycerol concentration beyond 20 wt.%, glycerol conversion 

showed a decreasing trend. 
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Figure 4.16. (A) Effect of reaction temperature, reaction condition: 4.5 MPa H2 pressure, 20 

wt.% glycerol (20 g), 1.6 g catalyst, reaction time 12 h 

 

Figure 4.16. (B) Effect of initial hydrogen pressure, reaction condition: 210 °C temperature, 20 

wt.% glycerol (20 g), 1.6 g catalyst, reaction time 12 h 

190 195 200 205 210 215 220

0

20

40

60

80

100

(A)

 

 

C
on

ve
rs

io
n,

 S
el

ec
ti

vi
ty

, Y
ie

ld
 

(%
)

Temperature (C)

 Glycerol conversion

  1,2-PDO selectivity 

  1,2-PDO yield 

 Others selectivity

 

4.0 4.5 5.0 5.5 6.0
0

20

40

60

80

100

(B)

 

 

C
o

n
v

e
r
si

o
n

, 
S

e
le

c
ti

v
it

y
, 

Y
ie

ld
 (

%
)

Pressure (MPa)

 Glycerol conversion

 1,2-PDO selectivity

 1,2-PDO yield 

 Others selectivity

 

 



99 
 
 

 

 

Figure 4.16. (C) Effect of catalyst loading, reaction condition: 210 °C temperature, 4.5 MPa H2 

pressure, 20 wt.% glycerol (20 g), reaction time 12 h 

 

Figure 4.16. (D) Effect of glycerol concentration, reaction condition: 210 °C temperature, 4.5 

MPa H2 pressure, (0.8-3.2) g catalyst, reaction time 12 h 
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Figure 4.16. (E) Effect of reaction time, reaction condition: 210 °C temperature, 4.5 MPa H2 

pressure, 20 wt.% glycerol (20 g), 1.6 g catalyst 

 

This is because at higher feed concentration, the viscosity of the solution increased and 

availability of H2 molecule on the catalyst surface was decreased due to higher diffusion 

resistance [Sharma et al., (2014)]. The selectivity towards 1,2-PDO slightly decreased with 

increasing the glycerol concentration with a simultaneous increase in the selectivity to other 

degradation products [Balaraju et al., (2012)]. The maximum overall 1,2-PDO yield of 92.1% 

was achieved in presence of 20 wt.% glycerol.  

4.3.3.5 Effect of reaction time  

As shown in Figure 4.16 (E), glycerol conversion increased with reaction time and 

achieved ~100% after 12 h [Sharma et al., (2014), Yuan et al., (2010)]. The selectivity towards 

1,2-PDO (~94%) and other products (~6%) were almost constant in the entire period of 

reaction time. The overall yield of 1,2-PDO increased from 59.7% to 92.1% after 12 h of 

reaction. This result suggested that Cu:Zn(4:1)/MgO catalyst was highly selective to 1,2-PDO 

and significantly suppressed the cleavage of C-C bond even after a longer period of reaction 

time [Yuan et al., (2010), Pandhare et al., (2016)]. 
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4.3.4 Reaction mechanism 

Reaction mechanism study was performed in presence of Cu:Zn(4:1)/MgO catalyst at 

the optimum reaction condition. In this study, 1,2-PDO, EG was obtained as the main reaction 

products over Cu:Zn(4:1)/MgO catalyst and a trace amount of hydroxyacetone, ethanol, 

methanol, 1-PO, 2-PO were also obtained. To understand the actual reaction path, important 

products such as 1,2-PDO, hydroxyacetone and EG were taken as a separate reactant and the 

hydrogenolysis reaction was performed under the same reaction condition. The conversion and 

product selectivity obtained in each experiment are summarized in Table 4.12.  

Table 4.12. Hydrogenolysis of glycerol, hydroxyacetone, 1,2-PDO and EG over 

Cu:Zn(4:1)/MgO catalyst  

Experimental errors for all the values (conversion, selectivity and yield) : x ± 1 % 

Reaction condition: 210 °C temperature, 4.5 MPa H2, 20 wt.% glycerol (20 g), catalyst loading 

= 1.6 g, 12 h 

Previous literature information suggested that if protonation of glycerol occurs at the 

terminal hydroxyl group, metastable hydroxyacetone was formed as an intermediate and water 

was eliminated from the reaction [Gandarias et al., (2010)]. Nimlos et al., (2006) investigated 

dehydration and protonation of glycerol using quantum mechanics calculation. Sato et al., 

(2008) suggested that hydroxyacetone was produced by protonation of glycerol followed by 

deprotonation and tautomerism of unstable enol. Yue et al., (2014) found that dehydration of 

glycerol depended on H2 spillover of Cu metal and acid/basic sites of support material. In this 

study, hydrogenolysis of hydroxyacetone showed almost complete conversion with ~88% 

selectivity towards 1,2-PDO, 4.1% combined selectivity to 1-PO and 2-PO and 7.9% combined 

Reactant Conversi

on (%) 

 Selectivity (%) 

1,2-PDO Hydroxy- 

acetone 

EG 1-PO + 

2-PO 

Ethanol+ 

Methanol 

Glycerol 98.7 93.4 0.23 3.6 1.7 1.0 

Hydroxyacetone 99.4 87.9 - - 4.1 7.9 

1,2-PDO 6.9 - - - 90.3 10.0 

EG 14.9 - - - - 99.9 
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selectivity to ethanol and methanol. This result suggested that hydroxyacetone was formed as 

an intermediate and immediately converted primarily to 1,2-PDO and others. Approximately 

12% of hydroxyacetone was converted to degradation products (1-PO, 2-PO, ethanol, and 

methanol). Any other intermediate such as glyceraldehydes and 2-hydroxyacrolein was not 

detected over Cu:Zn(4:1)/MgO catalyst. 

Hydrogenolysis of 1,2-PDO as a starting compound showed very low conversion (~7%) 

and 1,2-PDO was mainly converted to propanols (1-PO+2-PO) with ~90% selectivity and 

(ethanol + methanol) with ~10% selectivity. This result suggested that 1,2-PDO further 

hydrogenated to primarily propanols (1-PO + 2-PO) and small alcohols (ethanol + methanol) 

under the reaction condition used.  

Ethylene glycol was detected only from hydrogenolysis of glycerol but not from the 

hydrogenolysis of hydroxyacetone or 1,2-PDO. This result suggested that EG was formed 

directly from glycerol by the cleavage of C-C bond although the selectivity was very low (< 

4%). The conversion of EG was ~15% and it was converted to only linear alcohol (ethanol + 

methanol) with ~100% selectivity. Propanols (1-PO + 2-PO) were obtained due to the over 

hydrogenolysis of 1,2-PDO. Linear alcohols (ethanol + methanol) were obtained due to the 

degradation of glycerol, 1,2-PDO, hydroxyacetone and EG, respectively. Gandarias et al., 

(2010) reported a similar kind of reaction mechanism for hydrogenolysis of glycerol over 

Pt/silico-alumina catalyst. The product distribution obtained over Cu:Zn(4:1)/MgO catalyst 

suggested two-step hydrogenolysis reaction process for the production of 1,2-PDO from 

glycerol i,e. dehydration of glycerol to hydroxyacetone followed by the hydrogenation of 

hydroxyacetone to 1,2-PDO. The reaction pathway proposed is shown in Scheme 4.2. 

4.3.5 Reusability of the catalyst 

The stability of the Cu:Zn(4:1)/MgO catalyst was investigated up to 3rd cycle under the similar 

reaction condition. After each cycle, the used catalyst was filtered, washed thoroughly with 

ethanol followed by deionized water to remove organic species and then dried at 110 °C 

overnight. Before each cycle, the dried catalyst was treated with H2 (50 ml.min-1) at 350 °C for 

3 h. During the catalyst recovery and reactivation process, some amounts of catalyst were lost 

in every cycle. However, in every batch, glycerol to catalyst weight ratio was kept constant 

[Sharma et al., (2014)]. The glycerol conversion and product selectivity obtained in successive 

recycle are summarized in Table 4.13.  
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Scheme 4.2. Reaction mechanism scheme for glycerol hydrogenolysis reaction over 

Cu:Zn(4:1)/MgO catalyst 

 

Glycerol conversion was found to reduce by ~ 14% after cycle-3. However, the selectivity 

towards 1,2-PDO was almost unaffected (~94%) and the selectivity to EG and other 

degradation products were varied in the range of 2-3.6% and 1.7-3.6%, respectively. The 

overall yield of 1,2-PDO was decreased from 92.1% to 79.2% after cycle-3 due to the moderate 

loss of catalytic activity.   

To determine the reason of deactivation of the catalyst, the used catalyst (after cycle-3) 

was characterized by various techniques such as BET, XRD, TEM, atomic absorption 

spectroscopy (AAS) etc. The physico-chemical properties of the used (after cycle-3) catalyst 

were compared with fresh reduced catalysts. As shown in Table 4.13, the BET surface area of 

the used catalyst was reduced significantly (10 m2.g-1) because of agglomeration of the catalyst 

particles [Sharma et al., (2014), Du et al., (2016)]. XRD pattern of the used catalyst showed 

highly intense diffraction peaks corresponding to Cu0 (Figure 4.17). In the used catalyst, the 

calculated copper crystallite size by using the Scherrer’s equation was increased (~58 nm) 

significantly as compared to the fresh catalyst (37 nm) (Table 4.13). This result confirmed the 

agglomeration of the copper particle after cycle-3. Detailed surface morphology of the used 

(after cycle-3) catalyst was also characterized by FE-SEM and TEM. It can be seen from Figure 

4.15 (f), that the rod-shaped morphology of the fresh reduced catalyst was destroyed after 
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cycle-3 and particles were mostly agglomerated. TEM images of fresh reduced catalyst were 

compared with the used (after cycle-3) catalyst. The TEM micrographs and corresponding 

average particle size histograms are shown in Figure 4.18. It was observed that the average 

particle size in the catalyst was increased from 32 nm to 51 nm after reuse due to the 

agglomeration of the metal particles which was in good agreement with the XRD result 

obtained. Finally, the probability of metal leaching in the reaction mixture during the reaction 

was verified by performing the AAS analysis of fresh and used catalyst. AAS result reported in 

Table 4.13 suggested that the metal leaching in the solution was insignificant.  

Based on catalyst screening and reaction parameter study, it has been observed that 

Cu:Zn(4:1)/MgO catalyst was the most active, stable and selective to 1,2-PDO. The maximum 

glycerol conversion of 98.7% with 93.4% selectivity towards 1,2-PDO was obtained at 210 °C, 

4.5 MPa pressure in presence of 8 wt.% catalyst loading when 20 wt.% glycerol was used as 

feed. This catalyst is superior as compared to the results reported in the previous literature 

[Yuan et al., (2010), Xia et al. (2012a), Xia et al., (2012b), Guo et al., (2009), Guo et al., 

(2011), Balaraju et al., (2012), Niu et al., (2013)] for MgO based catalyst in terms of activity 

and 1,2-PDO yield. Xia et al. (2012a) reported maximum 91% conversion with 89.8% yield of 

1,2-PDO over Rh0.02Cu0.4/Mg5.6 Al1.98O8.57 catalyst. However, the stability of Rh0.02Cu0.4/Mg5.6 

Al1.98O8.57 catalysts was very poor and activity was decreased ~38% after 3rd cycle. Yuan et al., 

(2011) reported 80% conversion with 98.2% selectivity towards 1,2-PDO over Cu0.4 Mg5.6 

Al2(OH)16CO3 catalyst at 180 °C, at 3.0 MPa H2 pressure after 20 h of reaction, 75 wt.% 

glycerol was used as feed. However, catalyst stability and reusability study were not reported. 
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Figure 4.17. XRD- Pattern of fresh and 3rd used Cu:Zn(4:1)/MgO catalyst 

 

 

4.3.6 Summary 

Hydrogenolysis of glycerol is a promising route for value addition of excess glycerol 

obtained from biodiesel industry. For successful commercialization of selective hydrogenolysis 

to 1,2-PDO, development of a selective and stable catalyst is highly desirable. In this study, a 

series of MgO supported Cu, Zn, Fe, Co-based monometallic and bimetallic catalysts were 

synthesized by precipitation-deposition method. The catalytic performance was evaluated in a 

high-pressure autoclave reactor in liquid phase. Various catalyst characterization results 

confirmed the variation of metal support interaction in different catalysts. XRD results 

demonstrated that the copper crystallite size in the reduced copper catalyst was very low (< 45 

nm). The reduction behaviour of the catalysts was significantly different for different catalyst 

having different composition. TPR result indicated that after the addition of ZnO in the 

Cu/MgO catalyst, the reduction temperature of the catalysts shifted towards lower temperature 

side due to the strong interaction between ZnO with CuO. Cu/MgO showed a very high degree 

of reduction (~83%) whereas the degree of reduction of Zn/MgO catalyst was only ~7%.  
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Table 4.13. Reusability results of glycerol hydrogenolysis reaction over Cu:Zn(4:1)/MgO catalyst 

 Conversiona 

(%) 

Selectivity (%) 1,2-PDO 

yield 

(%) 

Catalyst characterization data after reuse 

Cub 

(wt.%) 

Znb 

(wt.%) 

SBET
c 

(m2.g-1)#   

DCu XRD (nm)d 

1,2-PDO EG Others Cu CuO ZnO 

Fresh catalyst 98.7 93.4 3.2 3.4 92.1 38.7 8.5 23 37.1 29.4 33.2 

2nd cycle 89.1 94.4 3.6 2.0 84.1 - - - -  - 

3rd cycle 84.2 94.1 2.0 3.6 79.2 40.1 10.1 10 57.6 22.4 43.7 

  
a Reaction condition: 210 °C temperature, 4.5 MPa H2, 20 wt.% glycerol (20 g), catalyst loading = 1.6 g, 12 h 
b Metal loading calculated from AAS analysis. 
c Obtained from N2 adsorption-desorption isotherm data. 
d Calculated by using Scherrer’s formula 
# Analytical instruments error for BET surface area obtained in TPR, TPD: x ± 2% 

  Experimental errors for all the values (conversion, selectivity and yield) : x ± 1 %
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Figure 4.18. TEM micrograph and corresponding average particle size histogram: [(A) and (a)] 

fresh and reduced Cu:Zn(4:1)/MgO catalyst; [(B) and (b)] Cu:Zn(4:1)/MgO catalyst after 

cycle-3 

After the addition of Zn on Cu/MgO catalyst, the degree of reduction increased significantly 

(81-86%). The complete reduction of ZnO was quite difficult and ZnO mainly enhanced the 

reducibility of CuO species due to the hydrogen spillover effect. NH3 –TPD and CO2 –TPD 

results revealed that copper introduced the acidic sites whereas Zn introduced the additional 

basicity in the catalyst. 

Cu/MgO catalyst showed a 95.4% conversion with the 1,2-PDO selectivity to 94.2% at 

210 oC and 4.5 MPa pressure. The selectivity to EG and other products were 4.8% and 2.6%, 

respectively. Zn/MgO catalyst was poor active which showed only 4.8% conversion of glycerol 
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and 100% selective to 1,2-PDO. Glycerol was directly converted to 1,2-PDO through selective 

hydrogenolysis without forming any intermediates. After the addition of small amount of zinc 

in the copper-magnesium system (Cu:Zn(4:1)/MgO), conversion (98.7%) of glycerol and the 

selectivity (93.4%) to 1,2-PDO enhanced significantly. Moreover, in presence of higher 

amounts of zinc (Cu:Zn(1:1)/MgO), the glycerol conversion dropped ~10% by keeping the 1,2-

PDO selectivity almost constant (~94%). Very high catalytic activity and 1,2-PDO selectivity 

over Cu:Zn(4:1)/MgO catalyst was due to the presence of an appropriate combination of acidic 

(2.13 mmol NH3. gcat-1) and/or basic (1.81 mmol CO2. gcat-1) sites concentration on the 

catalyst, high hydrogen consumption (6.7 mmol. gcat-1), very high degree of reduction (91.7%), 

and presence of small average copper particle size (37.1 nm) in the reduced catalyst. As 

compared to other catalysts, the concentration of acidic as well as basic site was higher for 

Cu:Zn(4:1)/MgO catalyst which was responsible for bi-functional characteristics of the 

catalyst. Influences of different reaction parameter suggested that the hydrogenolysis of 

glycerol was beneficial for higher selectivity and yield of 1,2-PDO at ≤ 210 oC, at ≤ 4.5 MPa 

pressure, in presence of 8 wt.% catalyst loading and use of 20 wt.% glycerol as feed was 

beneficial. 

The product distribution obtained over Cu:Zn(4:1)/MgO catalyst suggested two-step 

hydrogenolysis reaction process for the production of 1,2-PDO from glycerol i,e. dehydration 

of glycerol to hydroxyacetone followed by the hydrogenation of hydroxyacetone to 1,2-PDO. 

EG was obtained directly by the hydrogenolysis of glycerol due to the cleavage of C-C bond. 

EG was converted to only linear alcohol (ethanol + methanol) with ~100% selectivity. 

Propanols (1-PO + 2-PO) were obtained due to the overhydrogenolysis of 1,2-PDO and linear 

alcohols (ethanol + methanol) were obtained due to the degradation of glycerol, 1,2-PDO, 

hydroxyacetone and EG, respectively.  

Catalyst reusability study showed that glycerol conversion was decreased by ~ 14% 

after cycle-3. However, the selectivity towards 1,2-PDO was almost unaffected (~94%) and the 

selectivity to EG and other degradation products were varied in the range of 2-3.6% and 1.7-

3.6%, respectively. The overall yield of 1,2-PDO was decreased from 92.1% to 79.2% after 

cycle-3 due to the loss of catalytic activity. The physico-chemical properties of the used (after 

cycle-3) catalyst were compared with the fresh reduced catalysts. The BET surface area of the 

used catalyst was reduced significantly because of agglomeration of the catalyst particles. The 

catalyst particles were agglomerated due to the repetitive heat treatment of the catalyst before 

each cycle and agglomeration of particles was the probable reason of catalyst deactivation. 
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4.4 Selective hydrogenolysis of glycerol to 1,2-PDO over various basic oxide supported 

copper-zinc bimetallic catalysts 

Cu:Zn(4:1)/MgO catalyst exhibited very high catalytic activity and selectivity for liquid 

phase glycerol hydrogenolysis to 1,2-PDO reaction. Reusability study suggested that the 

catalyst was moderately active and selective even after 3rd cycle. To increase the stability of the 

catalyst further, the effect of various supports ((La2O3, BaO2, CaO, MgO-La2O3) on the 

performance of Cu:Zn bimetallic was investigated. In this section, the catalytic activity of 

various supported (La2O3, BaO2, CaO, MgO-La2O3) Cu:Zn bimetallic catalysts synthesized by 

co-precipitation method are discussed. Among all of the catalysts, Cu:Zn(4:1)/MgO-La2O3 

exhibited complete conversion of glycerol at mild reaction condition. The stability and 

reusability of Cu:Zn(4:1)/MgO-La2O3 catalyst was also evaluated. 

4.4.1 Catalyst characterization 

4.4.1.1 Textural properties 

Specific surface area (BET) and pore volume of all the fresh reduced catalyst estimated 

by N2-adsorption-desorption technique are summarized in Table 4.14. The maximum surface 

area of 23.6 m2.g-1 was obtained for 50% Cu:Zn(4:1)/MgO catalyst. Whereas, for 50% Cu:Zn 

(4:1)/BaO2 catalyst, it was lowest 1.6 m2.g-1. Pore volume of the catalyst was in the range of 

0.006-0.008 cm3.g-1. 

4.4.1.2 XRD 

To identify the various crystal phase present in the catalyst, X-ray diffraction patterns 

were collected for all the calcined and reduced catalysts. The obtained diffraction patterns are 

shown in Figure [4.19 (A) and (B)], respectively. For calcined catalyst, reflection exhibited at 

2θ = 35.7°, 38.9°, 56.5°, 68.2°, 72.5° were corresponding to the (002), (111), (021), (220), 

(311) crystal planes of monoclinic CuO phase, respectively [JCPDS: 80-1917]. The 

characteristic peaks detected at the 2θ values of 31.6° and 47.3° corresponded to the (100) and 

(110) crystal planes of hexagonal ZnO phase [JCPDS: 80-0075]. For La2O3 supported catalyst, 

the reflection due to the (004), (020), (115), (114), (204) crystal planes of La2CuO4 were 

detected at the 2θ value of 26.9°, 32.9°, 41.8°, and 43.7°, respectively [JCPDS: 38-0709]. The 

peak obtained at 49.5° and 44.3° were due to reflection from (200) and (114) crystal planes of 

La2CuO4 phase, respectively [JCPDS: 812450, 81-2448]. 
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Table 4.14. Textural properties of the catalysts 

Catalyst BET Surface area 

(m2.g-1)# 

Pore volume 

(cm3.g-1)  

50% Cu:Zn(4:1)/La2O3 16.6 0.008 

50% Cu:Zn(4:1)/MgO 23.6 0.012 

50% Cu:Zn(4:1)/MgO-La2O3 15.6 0.008 

50% Cu:Zn(4:1)/BaO2 1.6 0.008 

50% Cu:Zn(4:1)/CaO 12.2 0.006 

# Analytical instruments error for BET surface area: x ± 2% 

 

La2O2CO3 phase was detected at the diffraction angle of 22.2°, 25.2°, 25.8°, 30.2° and 54.6° 

due to the deflection from (004), (100), (101), (103), (203) crystal planes [JCPDS: 841963] 

[Shi et al., (2010)]. For Cu:Zn/CaO catalyst, diffraction peak detected at 2θ = 48.6° was 

corresponding to CaO phase [JCPDS: 280775]. CaCO3 phase was detected at the 2θ value of 

29.3°, 43.1°, respectively, which referred to (104) and (145) crystal planes of CaCO3 [JCPDS: 

86-0174]. For Cu:Zn/BaO2 catalyst, Ba2CuO3.39 phase was observed at 2θ = 23.9° referred to its 

(101) crystal plane [JCPDS: 852486].  

In the XRD pattern of reduced catalyst (Figure. 4.19 (B)), the reflection due to the 

metallic copper was detected at the 2θ value of 43.2°, 50.1° and 74.0°, respectively, 

corresponding to the (111), (200) and (220) crystal planes of monoclinic copper (JCPDS: 85-

1326). Together with these, almost all the reduced catalyst, the peaks corresponding to CuO 

and ZnO were also detected as marked in Figure. 4.19 (B). This result indicated that in the 

reduced catalyst copper was present in oxide form as well as in reduced form [Pandhare et al., 

(2016)]. A sharp diffraction peak corresponding to CaCO3 was detected at 2θ = 29.3o in the 

reduced Cu:Zn/CaO catalyst [JCPDS: 86-0174]. 
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The average crystallite sizes of all the phases present in the fresh calcined and reduced catalysts 

were calculated from the line width of the respective planes by using Scherer’s formula. The 

calculated values are summarized in Table 4.15. The average crystallite size for calcined 

catalyst was 29-45 nm whereas it was in the range of 28-57 nm after reduction. The results 

suggested that the average crystallite size was reduced for 50 wt.% Cu:Zn(4:1)/MgO catalyst 

after the addition of La2O3. For reduced catalyst, the crystallite size of metallic copper was in 

the range of 30.5-39.5 nm. 

4.4.1.3 NH3-TPD 

Acidic sites of the reduced catalysts were identified by NH3-TPD analysis and the NH3-

TPD profiles are shown in Figure. 4.20 (A). It is known from the previous studies that NH3 

desorption peak evolved at the temperature region from 150-300 °C, 300-550 °C and above 550 

°C correspond to weak, medium and strong strength acidic sites, respectively [Pudi et al., 

(2015a), Pudi et al., (2015b)]. However, in this study, NH3 desorption peaks of all the catalysts 

were observed at medium and strong strength acidic region. The total number of acidic sites 

were estimated by the total amount of NH3 desorbed per gram of sample at different 

temperatures which were summarized in Table 4.16. [Rodrigues et al., (2012)]. NH3-pattern of 

Cu:Zn(4:1)/MgO and Cu:Zn(4:1)/MgO-La2O3 catalysts exhibited medium strength acidic 

region. All the catalysts exhibited NH3-desorption peak at higher temperature region which 

suggested the presence of strong acidic sites. Total acidic sites were estimated and were varied 

from 1.82-2.36 mmol.gcat-1. Total number of acidic sites were in the order of Cu:Zn(4:1)/MgO 

> Cu:Zn(4:1)/MgO-La2O3 > Cu:Zn(4:1)/La2O3 > Cu:Zn(4:1)/BaO2.  
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Figure 4.19. XRD pattern of (A) calcined catalysts (B) reduced catalyst
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Table 4.15. Crystallite size calculated by using Scherer’s formula 

 

 

 

Catalyst 

 

Crystallite size (nm)  in calcined sample 

CuO ZnO La2O2CO3 CaO CaCO3 La2CuO4 BaCuO2.5 Average 

50% Cu:Zn(4:1)/La2O3 20.8 22.2 40.3 - - 36.6 - 30.0 

50% Cu:Zn(4:1)/MgO 28.1 30.0 - - - - - 29.1 

50% Cu:Zn(4:1)/MgO-La2O3 22.5 28.2 35.1 - - 31.3 - 29.3 

50% Cu:Zn(4:1)/BaO2 32.7 33.4 - - - - 71.2 45.8 

50% Cu:Zn(4:1)/CaO 34.1 32.7 - 18.5 45.2 - - 32.6 

 Crystallite size (nm) in reduced sample 

 CuO ZnO La2O2CO3 Cu La2CuO4 BaCuO3.39 CaCO3 Average 

50% Cu:Zn(4:1)/La2O3 17.4 23.2 34.15 30.5 35.0 - - 28.1 

50% Cu:Zn(4:1)/MgO 29.4 33.2 - 37.1 - - - 33.2 

50% Cu:Zn(4:1)/MgO-La2O3 18.3 25.3 37.12 32.2 26.3  - 27.8 

50% Cu:Zn(4:1)/BaO2 - 61.8 - 39.5 - 71.2 - 57.4 

50% Cu:Zn(4:1)/CaO 34.3 38.6 - 32.3 - - 38.2 34.1 
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4.4.1.4 CO2-TPD 

CO2-TPD analysis technique was used in order to quantify the basic sites of the reduced 

catalysts. CO2-TPD profile of the reduced catalysts is shown in Figure. 4.20 (B). Total basic 

sites are classified into three regions: weak (150-300 °C), medium (300-550 °C) and strong 

strength basic sites (above 550 °C), respectively [Pudi et al., (2015a, 2015b)]. In this study, 

weak basic sites were not detected in the catalysts. Total basic sites were summarized in Table 

4.16. Total no of basic sites was calculated by the total amount of CO2 desorbed per gram of 

sample and were in the range of 1.21-1.86 mmol. gcat-1. Total basic sites of all the reduced 

catalyst were as follows: Cu:Zn(4:1)/MgO-La2O3 >  Cu:Zn(4:1)/MgO > Cu:Zn(4:1)/La2O3 > 

Cu:Zn(4:1)/BaO2. It can be observed from Figure 4.20 (B) that Cu:Zn(4:1)/La2O3  and 

Cu:Zn(4:1)/MgO-La2O3 catalyst exhibited a significant amount of medium strength basic sites. 

All the catalysts showed CO2 desorption peak at higher temperature region which suggested the 

presence of strong strength basic sites.  

NH3-TPD and CO2-TPD pattern of Cu:Zn(4:1)/CaO catalyst is shown in Figure 4.20 

(C). For both the cases, similar desorption peaks were detected at 850 °C. These peaks were 

detected due to the decomposion of NaHCO3 which was used as a precipitation agent during 

the synthesis of catalysts. 

4.4.1.5 TGA  

As NaHCO3 was used as a precipitation agent during the synthesis of catalysts, peak evolved at 

the higher temperature (> 600 °C) were might be from the decomposition of bicarbonate 

species. To ensure this, TGA study of all the catalysts were carried out at inert atmosphere. 

TGA pattern of all the supported catalysts is shown in Figure 4.21. It was observed that except 

CaO supported catalyst, all the catalysts were stable at higher temperature up to 900 °C. 

Cu:Zn(4:1)/CaO catalyst showed a similar type of NH3/CO2-desorption peak at around 850 °C 

temperature. So, it can be concluded that this peak is not related to the desorption of NH3 or 

CO2 [James et al., (2013)]. 
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Figure. 4.20. (A) NH3-TPD of all the catalysts (B) CO2-TPD pattern of all the catalysts 
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Figure. 4.20. (C) NH3-TPD and CO2-TPD pattern of Cu:Zn(4:1)/CaO catalyst 

Figure. 4.21. TGA pattern of all the supported catalyst 
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Table 4.16. NH3-TPD and CO2-TPD data of the catalysts 

NH3-TPD data of the catalysts  

Catalyst (Acidity) (mmol.gcat-1) † 

Weak  Medium  Strong  Total  

Cu:Zn(4:1)/La2O3 - - 1.82 1.82 

Cu:Zn(4:1)/MgO 1.238 0.438 0.454 2.13 

Cu:Zn(4:1)/MgO-La2O3 0.034 1.419 0.67 2.12 

Cu:Zn(4:1)/BaO2 - - 1.34 1.34 

Cu:Zn(4:1)/CaO - - 7.09 7.09 

CO2-TPD data of the catalysts  

Catalyst (Basicity) (mmol.gcat-1) † 

Weak  Medium  Strong  Total  

Cu:Zn(4:1)/La2O3 - 0.267 1.179 1.446 

Cu:Zn(4:1)/MgO 0.0008 0.165 1.644 1.81 

Cu:Zn(4:1)/MgO-La2O3 0.004 1.721 0.143 1.87 

Cu:Zn(4:1)/BaO2 - - 1.33 1.33 

Cu:Zn(4:1)/CaO - - 3.21 3.21 

 † Analytical instruments error for the active volume obtained in TPD: x ± 2% 

 

4.4.1.6 H2-TPR 

Temperature programmed reduction (TPR) profiles of all the calcined catalysts are 

shown in Figure 4.22. MgO, CaO, BaO2 and La2O3 did not show any reduction peak at the 

temperature range of 50-850 °C [Surendar et al., (2017), Yang et al., (2016)]. In our previous 

study, it was observed that ZnO was slightly reduced at ~550 °C. In this study, all the catalysts 

showed a reduction peak between 240-300°C which might be associated to the direct reduction 

of CuO to Cuo [Pudi et al., (2015a), Kim et al., (2003)]. Cu:Zn(4:1)/La2O3 exhibited a reduction 

peak of CuO at around 241 °C.  For Cu:Zn(4:1)/MgO catalyst, the reduction peak of CuO was 

shifted towards higher temperature at 266 °C. This result suggested that La2O3 facilitated 

lowering the reduction temperature of CuO significantly as compared to MgO. After addition 

of La2O3 to Cu:Zn(4:1)/MgO catalyst, reduction peak was shifted from 266 °C to 261 °C 

[Moura et al., (2014)]. Cu:Zn(4:1)/BaO2 catalyst exhibited reduction peak comparatively higher 
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temperature at 302 °C. TPR profile of Cu:Zn(4:1)/CaO showed a sharp reduction peak at 264.8 

°C. It is suggested from the Figure 4.22, La2O3 based catalyst exhibited reduction peak of CuO 

at lowest temperature compared to all of the supported catalysts. Variation in reduction 

temperature of CuO with different supported catalysts indicated the variation of metal support 

interaction. H2-consumption and calculated degree of reduction of all the catalysts were 

summarized in Table 4.17. Details calculation procedure for estimating the degree of reduction 

was discussed in our earlier section (4.3.1.3). The degree of reduction of all the catalysts were 

in the range of 61.8% to 97.1%. Degree of reduction were varied in the following order 

Cu:Zn(4:1)/MgO-La2O3 > Cu:Zn(4:1)/La2O3 > Cu:Zn(4:1)/CaO > Cu:Zn(4:1)/BaO2. Though 

Cu:Zn(4:1)/La2O3 catalyst showed reduction peak at a lower temperature compared to 

Cu:Zn(4:1)/MgO catalyst, H2 consumption amount of Cu:Zn(4:1)/La2O3 was much lower 

compared to the later. Cu:Zn(4:1)/MgO showed ~91.7% degree of reduction. After addition of 

La2O3 to Cu:Zn(4:1)/MgO catalyst, the degree of reduction increases significantly (97.1%). 

This result indicated that after the addition of lanthanum oxide to Cu:Zn(4:1)/MgO catalyst, 

more reducible CuO species were formed on the surface of the catalyst.  

 

Table 4.17. H2-TPR and XPS results of the catalysts 

Samples H2-TPR XPS 

H2-consumption 

(mmol.gcat-1) † 

degree of reduction 

(%) 

(Cu+ + Cuo)/Cu 

Cu:Zn(4:1)/La2O3 6.15 78.8 0.690 

Cu:Zn(4:1)/MgO 6.70 91.7 0.969 

Cu:Zn(4:1)/MgO-La2O3 7.32 97.1 0.727 

Cu:Zn(4:1)/BaO2 4.82 61.8 0.248 

Cu:Zn(4:1)/CaO 6.01 76.7 0.420 

†Analytical instruments error for the active volume obtained in TPR: x ± 2% 
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Figure. 4.22. H2-TPR pattern of all the catalyst 

 

Figure 4.23. XPS pattern of catalysts (a) Cu:Zn(4:1)/La2O3, (b) Cu:Zn(4:1)/MgO, (c) 
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4.4.1.7 X-ray photoelectron spectra (XPS) 

X-ray photoelectron spectra of Cu2p3/2 region was investigated to identify the oxidation 

state of copper species present on the catalysts surface. The obtained Cu2p3/2 spectra of all the 

catalysts are shown in Figure 4.23. The spectrum obtained between the binding energy of 930-

935 eV was de-convoluted into three different peaks. Binding energy corresponded to 931.2 ± 

0.2, 932.3 ± 0.3 and higher than 933 eV represented the presence of Cu+, Cuo, and Cu+2 species, 

respectively [Zhong et al., (2008), Kwak et al., (2012), Feng et al., (2015)]. Satellite peaks 

obtained at higher binding energy i.e. 942.9 and 944 eV confirmed the presence of Cu+2 species 

[Duran Martin et al., (2013)]. Various previous studies [Vila et al., (2012)] reported that surface 

concentration of both Cu+ and Cuo species were solely responsible for higher catalytic activity 

for selective production of 1,2-PDO from glycerol. The atomic ratio of (Cu+ + Cuo)/Cu species 

of all the catalysts was calculated and the obtained values are summarized in Table 4.17. This 

ratio was attributed to the total active sites present on the catalyst surfaces. The calculated 

atomic ratio of (Cu++Cuo)/Cu species for all the catalyst followed the order as Cu:Zn(4:1)/MgO 

> Cu:Zn(4:1)/MgO-La2O3 > Cu:Zn(4:1)/La2O3 > Cu:Zn(4:1)/CaO > Cu:Zn(4:1)/BaO2. Earlier 

Kwak et al., (2012) determined the ratio of Cuo/Cu2+ of all the synthesized catalysts which 

indirectly related to the catalytic performance of glycerol hydrogenolysis reaction. Liu et al., 

(2016) observed that after addition of WOx in Cu/Al2O3 catalyst, the ratio of Cu+/(Cu+ + Cuo) 

increased from 54.6% to 65.1% which suggested the strong interaction between Cu and WOx 

species. Vila et al., (2012) reported that selectivity towards 1,2-PDO mostly related to the ratio 

of Cuo/Cu+ and also to the total concentration of Cu species. Xiao et al., (2014) observed that 

with increasing of Cuo/Cu+ ratio from 3.1 to 6.6, glycerol conversion increased and reached the 

maxima, however beyond 6.6 to 15.7, glycerol conversion followed a decreasing trend. These 

results suggested that optimum ratio of Cuo/Cu+ are required for higher glycerol hydrogenolysis 

activity.  

4.4.1.8 FE-SEM 

FE-SEM images (Figure 4.24) obtained for different catalysts indicated different types 

of surface morphology of the catalyst with the variation of support. As shown in Figure 4.24, 

the surface morphology of MgO supported Cu:Zn bi-metallic catalyst showed rod-like 

structure, whereas, La2O3 supported catalysts exhibited spherical shaped structure. After the 

addition of La2O3 to Cu:Zn(4:1)/MgO catalyst, the spherical structure was found to be 

enlarged. 
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Figure 4.24. FE-SEM images of catalysts (a) Cu:Zn(4:1)/La2O3, (b) Cu:Zn(4:1)/MgO, (c) 

Cu:Zn(4:1)/MgO-La2O3, (d) Cu:Zn(4:1)/CaO, (e) Cu:Zn(4:1)/BaO2 
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For CaO supported catalyst, cluster-like structure was observed and BaO2 supported catalyst 

showed small spherical shaped morphology. This different morphology indicated different 

types of metal support interactions which provided different types of active centers and hence 

different catalytic activity were observed for different catalysts.  

4.4.2 Catalytic activity 

The catalytic activity of Cu:Zn bimetallic catalyst supported on various metal-oxide was 

investigated for liquid phase glycerol hydrogenolysis reaction at 210 °C temperature and 4.5 

MPa pressure. The catalytic activity of all the supported catalysts is shown in Table 4.18. 

Carbon balances of all the experiments reported in Table 4.18 were closely 100 ± 8%. Except 

Cu:Zn(4:1)/BaO2, all other catalysts exhibited very high glycerol conversion (> 96%). It was 

observed that Cu:Zn(4:1)/BaO2 catalyst was least active and showed 40% glycerol conversion, 

whereas, Cu:Zn(4:1)/MgO-La2O3 catalyst was most active and revealed complete conversion of 

glycerol at the reaction condition used. Higher activity of Cu:Zn(4:1)/MgO-La2O3 catalyst was 

associated with the smallest average crystallite size (27.8 nm), higher acidity (2.12 mmol.gcat-

1), basicity (1.87 mmol.gcat-1) and higher reducibility (97%). Poor activity of Cu:Zn(4:1)/BaO2 

catalyst was because of smaller surface area (1.6 m2.g-1), higher particle size (57.4 nm), lower 

basicity (1.34 mmol.gcat-1), lower degree of reduction (61.8%) and the presence of lower active 

Cu species (Table 4.17). Hydrogen consumption over various catalyst followed the order as 

Cu:Zn(4:1)/MgO-La2O3 > Cu:Zn(4:1)/MgO > Cu:Zn(4:1)/La2O3 > Cu:Zn(4:1)/CaO > 

Cu:Zn(4:1)/BaO2. These results very well correlated with the catalytic activity obtained over all 

the catalysts. More hydrogen consumption indicated more degree of reduction, which enhanced 

the presence of reducible copper on the catalyst and hence activity. 

In presence of all the catalysts, 1,2-PDO was obtained as a primary reaction product and 

the selectivity was very high (82.6-93.4%) (Table 4.18). Small amounts (2.7-4.6 %) of ethylene 

glycol (EG) and other products including propanol, ethanol, methanol were also obtained over 

different supported Cu:Zn bimetallic catalysts. The selectivity to other products was varied in 

the range of 4 - 12.9%. The obtained 1,2-PDO selectivity for La2O3, MgO, and La2O3-MgO 

supported catalysts catalyst was almost identical (~93%). Cu:Zn(4:1)/CaO showed slightly 

lower (~89.9%) selectivity towards 1,2-PDO and it was lowest (82.6%) for BaO2 supported 

catalyst. As shown in Table 4.18, in presence of CaO and BaO2 supported catalyst the 

selectivity to EG and other products (propanol + ethanol + methanol) were higher as compared 

to other catalyst and the selectivity to other products was almost 13% in presence of BaO2 
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supported catalyst. These results indicated that these two catalysts were less selective to 1,2-

PDO and more degradation product were formed due to overhydrogenolysis reaction. 

Table 4.18. Catalytic activity  

Catalyst Conversion 

(%) 

Selectivity (%) Yield (%) 

1,2-PDO EG Others* 

50wt.% Cu:Zn(4:1)/La2O3 96.3 93.3 2.7 4.0 89.8 

50wt.% Cu:Zn(4:1)/MgO 98.7 93.4 3.2 3.4 92.2 

50wt.% Cu:Zn(4:1)/MgO-La2O3 100 93.4 3.9 2.7 93.1 

50wt.% Cu:Zn(4:1)/BaO2 40.1 82.6 4.5 12.9 33.1 

50wt.% Cu:Zn(4:1)/CaO 96.2 89.9 4.6 5.5 86.5 

Experimental errors for all the values (conversion, selectivity and yield) : x ± 1 % 

Reaction condition: Temperature = 210 °C, H2 pressure = 4.5 MPa, 20 wt.% glycerol (20 g), 

catalyst amount = 1.6 g, time = 12 h. 

*Others: hydroxyacetone, 1-propanol, 2-propanol, ethanol and methanol. 

 

The overall yield of 1,2-PDO was highest (93.1%) for La2O3-MgO supported catalyst 

and Cu:Zn(4:1)/BaO2 catalyst showed only 33.1% yield to 1,2-PDO. It was observed that 

Cu:Zn(4:1)/La2O3 and Cu:Zn(4:1)/MgO catalyst provided 89.8% and 92.2% yield to 1,2-PDO, 

respectively. For hydrogenolysis process, the role of acidic and/or basic strength of the catalyst 

played an important role to control the product selectivity which is very well discussed in 

previous literature [Wang et al., (2010), Wang et al., (2015b), Pudi et al., (2015a)]. It is 

reported that catalytic activity, as well as 1,2-PDO selectivity, was enhanced in presence of 

appropriate amount of acidic and/or basic sites on the catalyst surface. Cu:Zn(4:1)/MgO 

catalyst showed very high catalytic activity (~99%) and  1,2-PDO yield (92.2%) with respect to 

others i,e. La2O3, CaO and BaO2 supported catalysts due to the higher acidic (2.12 mmol NH3 

gcat-1) as well as basic strength (1.81 mmol CO2 gcat-1) of the catalyst, higher reducibility 

(91.7%) and the presence of higher amount of active sites [i.e. (Cu+ + Cuo)/Cu atomic ratio]. It 

was very interesting to note that, after the incorporation of La2O3 into Cu:Zn(4:1)/MgO 
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catalyst, 1,2-PDO yield was increased from 92.2% to 93.1%. XRD-results revealed that after 

addition of La2O3 to Cu:Zn(4:1)/MgO catalyst, average crystallite size was decreased from 33.2 

nm to 27.8 nm. CO2-TPD result also suggested that La2O3 enhanced the basic strength of the 

catalyst from 1.81 mmol.gcat-1 to 1.86 mmol.gcat-1. The inclusion of La2O3 to Cu:Zn(4:1)/MgO 

catalyst increased reducibility of CuO to Cuo remarkably from 91.7% to 97%. These were the 

possible reason for higher 1,2-PDO yield in presence of La2O3 doped Cu:Zn(4:1)/MgO catalyst. 

Since Cu:Zn(4:1)/MgO-La2O3 catalyst was found to be the most active and selective to 1,2-

PDO, therefore, this catalyst was selected for further parameter study. The effect of different 

reaction parameter on the catalytic activity and product selectivity is discussed in the following 

section. 

4.4.3 Parameter studies 

Influences of various reaction parameters such as temperature, pressure, catalyst loading 

and feed concentration were investigated over 50 wt.% Cu:Zn(4:1)/MgO-La2O3 catalyst at 

standard reaction condition i.e. at 210 °C and at 4.5 MPa H2-pressure in presence of 20 wt.% 

aqueous glycerol solution as feed with 8 wt.% of catalyst loading. Reaction data were collected 

after a reaction time of 12 h. Experimental errors for all the values (conversion, selectivity and 

yield) in Figure 4.25 are x ± 1 %. 

4.4.3.1 Effect of temperature  

Effect of temperature on glycerol conversion and products selectivity was investigated 

in the temperature range of 170-210 °C and the results are shown in Figure 4.25 (A). It was 

observed that conversion of glycerol increased sharply at elevated temperature as expected. 

Glycerol conversion increased from 81% to 100% as the temperature was increased from 170 

°C to 190 °C. Selectivity towards 1,2-PDO was very high and it was almost constant (94%) 

throughout. The slight decrease in selectivity towards 1,2-PDO at the higher temperature (>200 

oC) was due to the over hydrogenolysis of 1,2-PDO which led to the formation of degradation 

products such as EG, PO, methanol etc. [Sato et al., (2009), Akiyama et al., (2009)]. The 

overall yield of 1,2-PDO increased from 78.8% to 93.5% with increasing the temperature from 

170 °C to 210 °C [(Figure 4.25 (A)]. Results suggested that approximately 210 oC was the 

optimum temperature for higher selectivity towards 1,2-PDO. 
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4.4.3.2 Effect of pressure  

Influence of reaction pressure on glycerol conversion and products selectivity is shown 

in Figure. [4.25 (B)]. It was observed that 100% conversion of glycerol was achieved at 4.5 

MPa and higher. Selectivity towards 1,2-PDO decreased slightly from 97% to 94% when 

pressure was increased from 3.0 MPa to 6 MPa. This was due to the formation of other 

products such as ethylene glycol, methanol at higher pressure. It was observed that the 

selectivity to ethylene glycol increased from ~2.1% at 3.0 MPa to 4.2% at 6 MPa. The overall 

yield of 1,2-PDO increased from 64% to 93.4% as pressure increased from 3.0 MPa to 4.5 

MPa. Further increasing the pressure had no significant effect on the yield of 1,2-PDO. This 

result suggested that hydrogen pressure within the range of 3-4.5 MPa had a significant effect 

on the conversion glycerol to 1,2-PDO as more number of hydrogen species was adsorbed on 

the surface of the catalyst [Huang et al., (2008)]. Pressure beyond 4.5 MPa was not beneficial 

for 1,2-PDO production as higher pressure propagated overhydrogenolysis to lower alcohols. 

4.4.3.3 Effect of catalyst loading  

Effect of catalyst loading was studied by varying the catalyst loading from 2-8 wt.% at 

210 oC temperature, 4.5 MPa pressure in presence of 20 wt.% aqueous glycerol solution as 

feed. Figure 4.25 (C) showed that as the catalyst loading increased from 2-8 wt.%, glycerol 

conversion was enhanced from 39.5% to 100% and the selectivity towards 1,2-PDO was 

decreased from ~98% to ~93%. It was also observed that the selectivity to other products 

increased from ~1.95% to ~6.7%. The overall yield of 1,2-PDO increased from 42.1% to 

93.3% with increasing of catalyst loading from 2-8 wt.%. Increasing of glycerol conversion 

with catalyst loading is due to the availability of a higher number of catalytic active sites at 

higher catalyst loading. Results demonstrated the optimum catalyst loading of 8 wt.% for 

higher selectivity towards 1,2-PDO. 
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Figure 4.25. (A) Effect of reaction temperature, reaction condition: 4.5 MPa H2 pressure, 20 

wt.% glycerol (20 g), 1.6 g catalyst, reaction time 12 h (B) Effect of initial hydrogen pressure, 

reaction condition: 210 °C temperature, 20 wt.% glycerol (20 g), 1.6 g catalyst, reaction time 

12 h 
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Figure 4.25. (C) Effect of catalyst loading, reaction condition: 210 °C temperature, 4.5 MPa H2 

pressure, 20 wt.% glycerol (20 g), reaction time 12 h (D) Effect of glycerol concentration, 

reaction condition: 210 °C temperature, 4.5 MPa H2 pressure, (0.8-3.2) g catalyst, reaction time 

12 h  



128 
 
 

 

4.4.3.4 Effect of glycerol concentration 

Figure 4.25 (D) showing the dependence of glycerol concentration on glycerol 

conversion and the selectivity to the hydrogenolysis products. Glycerol concentration was 

varied from 10-40 wt.%. It was observed that, initially, conversion of glycerol increased from 

96% to 100% as the feed concentration was varied from 10-20 wt.%. Further increasing the 

glycerol concentration up to 40 wt.%, glycerol conversion was decreased from 100% to 92.2%. 

Decreasing of glycerol conversion at higher concentration was because of higher viscosity and 

the availability of less number of hydrogen species [Sharma et al., (2014), Ameen et al., 

(2017)]. The selectivity towards 1,2-PDO decreased slightly from 94.6% to 92.6% with 

increasing the glycerol concentration from 10 wt.% to 40 wt.%. The overall yield of 1,2-PDO 

was passed through a maxima. Initially, it increased from 91.6% to 93.4% with increasing 

glycerol concentration from 10%-20%. Further, it decreased to 85.5% as the concentration of 

glycerol was increased up to 40 wt.%.  

Reaction parameter study suggested that in presence of Cu:Zn(4:1)/MgO-La2O3 

catalyst, 100% conversion with 93.3% selectivity towards 1,2-PDO was achieved at 210 oC 

temperature, 4.5 MPa pressure in presence of 8 wt.% catalyst and 20 wt.% aqueous glycerol 

solution as feed. 

4.4.4 Reusability study 

Stability and reusability of Cu:Zn(4:1)/MgO-La2O3 catalyst was investigated at the 

optimum reaction condition up to 4th cycle. In a typical procedure, the catalyst was separated 

from the products and washed with distilled water several times followed by ethanol. Further, 

the solution was dried in an oven at 100 °C for 24 h followed by calcination at 400 °C for 4 h. 

Calcined catalyst was reduced at 350 °C for 2 h under the flow of H2 before every reuse. The 

reusability results obtained are summarized in Table 4.19. It was found that after 4th cycle, 

glycerol conversion was decreased by ~15 % with respect to fresh catalyst and the selectivity 

towards 1,2-PDO was decreased by ~30% with a simultaneous increase in the selectivity to 1-

propanol (1-PO) from 10.7% to 29%. These results suggested that the selectivity to 1-PO was 

increased at the expense of the selectivity towards 1,2-PDO due to overhydrogenolysis process. 

With repetitive heat treatment and reduction of the catalyst after every cycle, the reducibility of 

the catalyst was increased significantly which was probably the primary reason to enhance the 

overhydrogenolysis activity of the catalyst.  
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To determine the deactivation reason, the structural and physico-chemical properties of 

the catalyst after the 4th cycle was characterized by XRD, BET, TEM and XPS, respectively. 

The characterization results of fresh reduced and used (after 4th cycle) catalyst were compared. 

XRD patterns of the used catalyst showed very sharp diffraction peaks for all the different 

phases present as marked in Figure 4.26. The intensity of the peaks corresponding to metallic 

copper were increased significantly which indicated the enhanced crystallinity of the copper 

metal on the catalyst surface after repetitive heat treatment and reduction before every use. By 

comparing both the XRD patterns, it was observed that, in addition to the original diffraction 

peaks, two more additional peaks at the 2θ value of 17.8°, 24.4° were detected. These 

additional peaks corresponded to a new crystal plane of LaCO3OH species [JCPDS: 49-0981] 

[Zheng et al., (2013)]. These new planes were formed might be due to the prolonged exposure 

of the catalyst with water in successive reuse. The formation of this new phase in the catalyst 

was might be another possible reason for the lower catalytic activity and 1,2-PDO selectivity 

after the 4th cycle.  

Figure 4.26. XRD pattern of fresh and used reduced Cu:Zn(4:1)/MgO-La2O3 catalyst 
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The average crystallite size of the used catalyst was calculated by using Scherrer’s 

formula and the results are summarized in Table 4.20. It was estimated that the average 

crystallite size of used catalyst was increased from 27.8 nm to 41.8 nm and BET surface area 

was reduced slightly from 15.5 m2. g-1 to 12.1 m2. g-1 due to repetitive heat treatment of the 

catalyst. Further, AAS analysis was performed to verify the metal leaching in the reaction 

mixture during the reaction of fresh and used catalyst. AAS result reported in Table 4.20 

suggested that the metal leaching in the solution was insignificant.  

TEM images of fresh reduced and used catalysts were compared in Figure. 4.27 [(A) 

and (B)], respectively. The average particle size histogram obtained suggested that the average 

particle size was increased from 24 nm to 36 nm [Figure. 4.27 [(a) and (b)], due to 

agglomeration after successive reuse. All these characterization results suggested that the 

variation of physico-chemical properties, primarily, catalyst reducibility, and particle size were 

the key reasons for the reduction of catalyst activity and 1,2-PDO selectivity. 

4.4.5 Summary 

Effects of various basic supports (MgO, La2O3, CaO, BaO2 and MgO-La2O3) on the 

performance of Cu:Zn bimetallic catalysts were evaluated for liquid phase glycerol 

hydrogenolysis reaction to enhance the catalytic activity, 1,2-PDO selectivity and durability of 

the catalyst. Cu:Zn(4:1)/MgO catalyst showed higher glycerol conversion (98.4%) with 93% 

selectivity towards 1,2-PDO at 210 °C temperature, 4.5 MPa of H2 pressure compared to 

La2O3, CaO, BaO2 supported catalysts. Higher activity of Cu:Zn(4:1)/MgO catalyst was 

because of the optimum amount of acidic (2.12 mmol.gcat-1), basic sites (2.81 mmol.gcat-1), 

higher reducibility (91.7%), higher Cu active sites [(Cu+ + Cuo)/Cu  ratio = 0.969]. The result 

suggested that, after incorporation of La2O3 to Cu:Zn(4:1)/MgO catalyst, complete glycerol 

conversion with 93% selectivity towards 1,2-PDO was achieved at 210 °C temperature, 4.5 

MPa of H2 pressure when 20 wt.% glycerol was used as a feed. Characterization study revealed 

that after addition of La2O3 to Cu:Zn(4:1)/MgO catalyst, basic sites increased from 2.81-2.86 

mmol.gcat-1, the degree of reduction increased significantly from 91.7-97% and average 

crystallite size decreased from 33.2 - 27.8 nm. These were the primary reason for enhancing the 

catalytic activity over Cu:Zn(4:1)/MgO- La2O3 catalyst. Further, influences of various reaction 

parameters such as temperature (170-210 °C), pressure (3-6 MPa), catalyst loading (2-8 wt.%) 

and feed concentration (10-40 wt.%) were investigated over Cu:Zn(4:1)/MgO-La2O3 catalyst. 

Effect of reaction temperature study suggested that the catalyst showed superior activity 80% 
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glycerol conversion with 94% selectivity towards 1,2-PDO even at 170 °C reaction temperature 

and 4.5 MPa of pressure whereas 66% conversion with 96% selectivity towards 1,2-PDO was 

achieved at 210 °C of temperature and 3.0 MPa of H2 pressure. Stability and reusability of 

Cu:Zn(4:1)/MgO-La2O3 catalyst was investigated up to 4th cycle at the optimum reaction 

condition obtained by parameter study. Reusability study demonstrated that glycerol 

conversion decreased by 14.4% and selectivity towards 1,2-PDO decreased drastically from 

93.4% to 63.2% with simultaneous increasing the selectivity to 1-propanol from 2.2% to 29% 

after 4th successive reuse. These results suggested that selectivity towards 1,2-PDO decreased 

because of overhydrogenolysis of 1,2-PDO to propanol. XRD pattern of reused catalyst 

suggested that Cu metal was highly reduced after repetitive heat treatment and reduction prior 

to each cycle, which might propagate overhydrogenolysis of 1,2-PDO to propanol. Therefore, 

although the addition of La2O3 in 50 wt.% Cu:Zn(4:1)/MgO catalyst enhanced the catalytic 

activity, however, it was not beneficial for the stability of the catalyst. 

 

Table 4.19. Reusability test over Cu:Zn(4:1)/MgO-La2O3 catalyst 

Cycles Conversion  

(%) 

Selectivity (%) 1,2-PDO 

yield (%) 

1,2-PDO EG 1-PO Others 

Fresh catalyst 100 93.4 2.1 2.2 2.3 93.4 

2nd cycle 92.4 87.5 4.7 6.1 1.7 80.8 

3rd cycle 87.7 83.8 3.7 10.7 1.8 73.5 

4th cycle 85.6 63.2 3.9 29.0 3.9 54.1 

Reaction condition: 20 wt.% glycerol (20 g), 4.5 MPa, 210 °C, catalyst/glycerol wt. ratio = 

0.08, time = 12 h 

Experimental errors for all the values (conversion, selectivity and yield) : x ± 1 % 
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Figure 4.27. TEM micrograph and corresponding average particle size histogram: (A) and (a) 

fresh and reduced Cu:Zn(4:1)/MgO-La2O3 catalyst; (B) and (b) Cu:Zn(4:1)/MgO-La2O3 

catalyst after cycle-4 
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Table 4.20. BET-surface area and XRD-results of used Cu:Zn(4:1)/MgO-La2O3 catalyst 

Reusability SBET 
a 

(m2..g-1) 

Cu b 

(wt.%) 

Zn b 

(wt.%) 

DCu XRD (nm) c 

CuO ZnO La2O2CO3 Cu La2CuO4 LaCO3OH Average 

Fresh reduced catalyst 15.5 40.2 10.5 18.3 25.3 37.12 32.2 26.3 - 27.8 

4th cycle reduced  12.1 38.5 9.2 29.5 31.4 37.05 39.16 43.5 70.5 41.8 

a Obtained from N2 adsorption-desorption isotherm data 
b Metal loading calculated from AAS analysis 
c Average crystallite size calculated by using Scherrer’s formula 

 Experimental errors for all the values (conversion, selectivity and yield) : x ± 1 % 
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CHAPTER V 

KINETIC STUDY 

This chapter discusses the kinetic study and the development of the kinetic models for 

liquid phase hydrogenolysis of glycerol in presence of Cu:Ni(1:1)/γ-Al2O3, Cu:Zn(4:1)/MgO, 

Cu:Zn(4:1)/MgO-La2O3 catalysts, respectively. Kinetic experiments were carried out in the 

temperature and H2 pressure range of 170-220 ºC and 3-6 MPa, respectively, in presence of 

various catalysts. Approximately, twenty three different kinetic models were tried to fit the 

experimental data over various catalysts. However, the best-fitted models are discussed in this 

chapter and the rest of the models are shown in Appendix II. In presence of Cu:Ni(1:1)/γ-Al2O3 

catalyst, 1,2-PDO and propanol were detected as the primary reaction products, and a series 

reaction scheme for the conversion of glycerol to 1,2-PDO followed by the conversion of 1,2-

PDO to propanol was considered to develop the kinetic model. A new kinetic model in a 

combination of Langmuir–Hinshelwood-Hougen-Watson (LHHW) and Eley-Rideal (ER) 

approach was developed in presence of Cu:Ni(1:1)/γ-Al2O3 catalyst. Further, in presence of 

Cu:Zn(4:1)/MgO and Cu:Zn(4:1)/MgO-La2O3 catalysts, 1,2-PDO was detected as the main 

reaction product with very high selectivity to ~93%. For these catalysts, kinetic models were 

developed by using Langmuir–Hinshelwood-Hougen-Watson (LHHW) approach and the 

obtained results demonstrated very well fit between the experimental and models predicted 

data.  

5.1 Development of kinetic model in presence of Cu:Ni(1:1)/γ-Al2O3 catalyst 

Details of experimental study for liquid phase hydrogenolysis of glycerol in presence of 

Cu:Ni(1:1)/γ-Al2O3 catalyst at the different reaction temperatures (180-220 ºC) and pressures 

(3-6 MPa) are already discussed in Chapter IV. In this section, the development of various 

kinetic models and their validation are discussed. A series reaction scheme for the conversion 

of glycerol to 1,2-PDO followed by the hydrogenolysis of 1,2-PDO to propanol was considered 

to develop the kinetic model. Initially, power-law model was fitted, followed by a modified 

power-law model was tried by considering 1,2-PDO and propanols (1-propanol + 2-propanol) 

as the main reaction products. Further, to understand the intrinsic kinetic behavior, a more 

realistic heterogeneous kinetic model based on the combined Langmuir–Hinshelwood-Hougen-

Watson (LHHW) and an Eley-Rideal (ER) approach was developed. Numerical solutions of the 

model equation were computed by using ode23 solver in MATLAB combined with genetic 

algorithm (GA). 
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5.1.1 Effect of external mass transfer resistance, intraparticle diffusion resistance, and 

heat transfer resistance 

5.1.1.1 Effect of speed of agitation 

To ensure the absence of external diffusion resistance, experiments were performed at 

different stirring speed (500-900 rpm) at the optimized reaction condition i.e. at 210 °C and at 

4.5 MPa pressure in presence of 20 wt.% aqueous glycerol solution as a feed. 10 wt.% catalyst 

with respect to glycerol was used for the experiment. Each reaction data was collected after a 

run time of 12 h. The obtained glycerol conversion, the primary reaction products selectivity 

and the calculated average reaction rates are summed in Table 5.1. The calculated reaction rates 

were comparable with the previously reported values [Gandarias et al., (2011), Li and Yen 

(2018), Ma and He (2010)]. Results suggested that the variation of glycerol conversion, 

products selectivity, and the average reaction rate was not significant at the stirring speed of 

700 rpm and higher. Lahr and Shanks (2003) showed that the variation of catalytic activity was 

unaffected at the stirring speed of 500 rpm and higher in presence Ru-based catalyst. Hichri et 

al., (1991) reported that the stirring speed of 800 rpm and higher was sufficient to eliminate the 

external mass transfer limitation for the hydrogenation of O-cresol in presence of Ni/SiO2 

catalyst. All the reaction kinetic data reported in this study were collected at the stirring speed 

of 700 rpm and it was supposed that the external mass transfer resistance was insignificant. 

 

Table 5.1. Effect of stirring speed 

 500 rpm 700 rpm 900 rpm 

Glycerol Conversion (%) 69.6 71.6 71.4 

Selectivity towards 1,2-PDO (%) 76.7 85.7 85.8 

Selectivity to PO (%) 16.3 8.9 8.6 

Average reaction rate (mol. gcat-1. h-1) 6.41×10-3 6.60×10-3 6.58×10-3 

Experimental errors for all the values (conversion, selectivity and yield) : x ± 1 % 

Reaction condition: 20 wt.% glycerol, 210 oC temperature, 4.5 MPa H2, 2 g catalyst 
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5.1.1.2 Calculation of Weisz-Prater criterion and Prater number 

It has been shown in various previous reports that the intra-particle diffusion resistance 

was insignificant for the powdered catalyst having the particle size of < 50 µm [Vasiliadou and 

Lemonidou (2013), Hao et al., (2010), Choudhary et al., (1998)]. To ensure the absence of 

intra-particle diffusion resistance in this study, Wiesz-Prater (WP) parameter was calculated 

[Appendix III] [Sharma et al., (2014), Smith et al., (1970), Pandhare et al., (2018)]. According 

to WP criteria, if the WP coefficient [φ = {robs ρp Rp
2 / De CAS}] value is ≤ 1, the internal 

diffusion resistance can be neglected for a heterogeneous reaction. In this study, the estimated 

value of the WP parameter (φ) was obtained as 1.84 × 10-12 at the highest reaction temperature 

(220 oC) used for the reaction. This calculated value of WP coefficient ensured that the reaction 

was operated under a true kinetically controlled regime and the internal diffusion effect could 

be neglected. [Sharma et al., (2014), Pandhare et al., (2018)]. 

To investigate the thermal homogeneity of the reaction mixture, the Prater number was 

also calculated following the procedure mentioned in Appendix IV [Pandhare et al., (2018), 

Pankajakshan., (2018), Ameen et al., (2017)]. According to the Prater number, if β = (Tmax - Ts) 

is very low, then it can be assumed that the isothermal condition exists within the catalyst 

pellet. In this study, the estimated value of β was very low (~ 0.074 °C), which was less than 

1 K [Rajkhowa et al., (2017)]. Therefore, it was supposed that the effect of heat transfer 

resistance was insignificant. 

5.1.2 Development of kinetic model 

A power-law, modified power-law and various heterogeneous kinetic models based on 

Langmuir-Hinshelwood-Hougen-Watson (LHHW) and Eley-Rideal (ER) approach were 

developed. These models were implemented to validate the experimental data obtained in 

presence of Cu:Ni(1:1)/γ-Al2O3 catalyst in the slurry batch reactor. Initially, the power-law 

model was used to estimate the global reaction rate and the preliminary reaction kinetic 

parameters were estimated by considering one-step rate expression model. Further, the 

modified power-law model was developed by considering all the major reaction products 

obtained in hydrogenolysis of glycerol in presence of Cu:Ni(1:1)/γ-Al2O3 catalyst [Torres et al., 

(2010)]. However, the primary drawback associated with the power-law model is that this 

model does not consider the different reaction steps, i.e. adsorption, surface reaction, and 

desorption, associated with a heterogeneously catalysed reaction. Therefore, the development 

of more realistic kinetic models based on LHHW and ER approaches is highly desirable. In this 
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study, various reaction kinetic models developed based on the LHHW, ER and combination of 

the LHHW-ER approaches were utilized to fit the experimental results. The best-fitted kinetic 

models developed based on certain assumptions are discussed in the following section. 

The genetic algorithm (GA) optimization tool was used to optimize the fitness function 

and to determine the reaction kinetic variables of the models developed. The population size of 

1000 and the optimum values of genetic parameters of 0.9 and 0.1 were used for crossover and 

mutation probability, respectively. In comparison to the traditional direct search method, GA is 

a well-accepted optimization approach to govern the parameters of complex fitting problems 

where seeking the global optima is complicated [McCall (2005), Maedar et al., (2004)]. GA 

approaches a multi-directional search within the surrounding and generates a population of 

candidate solutions randomly without depending on the initial estimated parameters. Further, it 

generates next generation population of solutions using the better-fitted value. The successive 

iteration process was repeated until it satisfied the minimum stopping criterion or until it 

acquired the best possible solution. 

5.1.2.1 Power law model 

According to the power-law model, the rate equation of the following one-step glycerol 

hydrogenolysis process was written as equation (5.1). 

𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙 (𝐺)
𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡
→       𝑃𝑟𝑜𝑑𝑢𝑐𝑡 (𝑃) 

r = 
𝑑𝐶𝐺

𝑑𝑡
 = 𝑘𝐶𝐺

𝑛 =𝑘0 exp (−
𝐸

𝑅𝑇
)𝐶𝐺

𝑛                                                                                           (5.1) 

where, CG = concentration of glycerol, n = overall order of the equation, k = specific reaction 

rate constant, ko = frequency factor, E = activation energy, R = gas constant, T = reaction 

temperature. 

             To determine the reaction kinetic parameter, rate equation (5.1) was solved by ode23 

by using genetic algorithm in MATLAB. The kinetic variables were estimated by minimizing 

the residuals sum of squares of the experimental and simulated glycerol concentration. The 

objective function was defined as: 𝑓 =  ∑ [(𝐶𝐺,𝑒𝑥𝑝
𝑖 − 𝐶𝐺,𝑠𝑖𝑚

𝑖 )2𝑁
𝑖=1                                           (5.2) 

where, 𝐶𝐺,𝑒𝑥𝑝
𝑖 = experimental concentration of glycerol, 𝐶𝐺,𝑠𝑖𝑚

𝑖 = simulated concentration of 

glycerol. 

 



139 
 
 

 

 

Figure 5.1 (A) Arrhenius plot to calculate the activation energy for glycerol hydrogenolysis to 

1,2-PDO by power-law model. 

 

Figure 5.1 (B) Variation of simulated and experimental glycerol concentration at different 

temperature obtained by power-law model. 
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The apparent reaction order, ‘n’, for this reaction was obtained as 1.02 with respect to 

glycerol, which was approximately similar to the pseudo first order dependency. Activation 

energy and frequency factor calculated by Arrhenius equation were 67.7 kJ.mol-1 and 2.39 × 

106  mol.gcat-1.h-1, respectively. Earlier Xia et al., (2012b) reported an activation energy of 65.5 

kJ.mol-1 and the frequency factor of 5.60×106 mol.gcat-1.h-1 for glycerol to 1,2-propanediol 

(1,2-PDO) formation in presence of Cu0.4/Zn0.6Mg5.6Al2O8.6 catalyst. The plot of ln (k) vs 1/T is 

shown in Figure 5.1(A). The variation of experimental and simulated concentration of glycerol 

as a function of time at various reaction temperatures is presented in Figure 5.1 (B). The result 

showed that the power-law model simulated and the experimental values exhibited very good 

agreement with the R2 value of ~1.  

5.1.2.2 Modified power-law model  

In simple power-law model, the global reaction rate equation was written based on the 

assumption that reactant glycerol was converted to only one product. However, the 

experimental results showed that in presence of Cu:Ni(1:1)/γ-Al2O3 catalyst, the primary 

reaction products were 1,2-PDO, propanol (PO) (1-propanol + 2-propanol), and trace amounts 

(~2-2.5%) of EG. To develop the modified power-law model, 1,2-PDO and propanol were only 

considered as primary reaction products. In this model, it was assumed that initially, glycerol 

reacted with H2 to produce 1,2-PDO and EG simultaneously. Further, 1,2-PDO reacted with H2 

and produced PO [Equations (5.3) – (5.5)]. Mole balance and the rate equation for each and 

every step considered in the modified power-law model were described as follows [Torres et 

al., (2010)]. 

                   (5.3) 

                          (5.4) 

      (5.5) 
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Mole balance equations 

𝑑𝐶𝐺

𝑑𝑡
= 𝑟𝐺 = −𝑟1 − 𝑟2                                                                                                              (5.6) 

𝑑𝐶𝑃

𝑑𝑡
= 𝑟𝑃 = 𝑟1 − 𝑟3                                                                                                                 (5.7) 

𝑑𝐶𝑃𝑂

𝑑𝑡
= 𝑟𝑃𝑂 =  𝑟3                                                                                                                     (5.8) 

Rate terms for reaction steps 

𝑟1 = 𝑘1𝐶𝐺
𝑃𝐻2

𝐻𝐻2
                                                                                                                          (5.9) 

𝑟2 = 𝑘2𝐶𝐺
𝑃𝐻2

𝐻𝐻2
                                                                                                                        (5.10) 

𝑟3 = 𝑘3𝐶𝑃
𝑃𝐻2

 𝐻𝐻2
                                                                                                                        (5.11) 

𝐻𝐻2= Henry’s constant at 190 °C, 200 °C, 210 °C and 220 °C were 26.774, 24.75, 22.652, 

20.488, respectively. The unit of Henry’s constant was (m3(liq)/m3(gas)) [Torres et al., (2010)]. 

The objective function was defined as follows 

𝑓 =  ∑ [(𝐶𝐺,𝑒𝑥𝑝
𝑖 − 𝐶𝐺,𝑠𝑖𝑚

𝑖 )2𝑁
𝑖=1 + (𝐶𝑃𝐺,𝑒𝑥𝑝

𝑖 − 𝐶𝑃𝐺,𝑠𝑖𝑚
𝑖 )2 + (𝐶𝑃𝑂,𝑒𝑥𝑝

𝑖 − 𝐶𝑃𝑂,𝑠𝑖𝑚
𝑖 )2]                 (5.12) 

𝐶𝐺,𝑒𝑥𝑝
𝑖 = experimental concentration of glycerol, 𝐶𝐺,𝑠𝑖𝑚

𝑖 = simulated concentration of glycerol, 

𝐶𝑃𝐺,𝑒𝑥𝑝
𝑖 = experimental concentration of 1,2-PDO, 𝐶𝑃𝐺,𝑠𝑖𝑚

𝑖 = simulated concentration of 1,2-

PDO, 

𝐶𝑃𝑂,𝑒𝑥𝑝
𝑖 = experimental concentration of propanol, 𝐶𝑃𝑂,𝑠𝑖𝑚

𝑖 = simulated concentration of 

propanol. 

Model equations [(5.6) - (5.8)] were solved by ode23 function using GA in MATLAB. 

The experimental and modified power-law model predicted concentrations of the reactant and 

products were plotted with the variation of time at various reaction temperature (190-220 oC) 

and at a constant pressure (4.5 MPa) (Figure 5.2 (A)-(D)). Model-predicted and experimentally 

obtained concentrations of reactant and products were also compared at different pressure (3-6 
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MPa) at constant temperature (210 oC) [Figure 5.2 (E) and (F)]. Results demonstrated that the 

experimental concentrations were very well fitted with the model predicted concentrations. 

Further, activation energy values for the formation of products (1,2-PDO and PO) were 

calculated from Arrhenius plot [ln (k) vs 1/T] [Figure 5.3 (A) and (B)]. Calculated values of 

activation energy for the formation of 1,2-PDO from glycerol, the formation of PO from 1,2-

PDO were 45.7 kJ.mol-1 and 141.3 kJ.mol-1, respectively. Frequency factors for the conversion 

of glycerol to 1,2-PDO and 1,2-PDO to PO were 8.3 × 103 and 1.21 × 1015, respectively. Torres 

et al., (2010) reported the activation energy for the formation of 1,2-PDO from glycerol and PO 

from 1,2-PDO were 54.2 kJ.mol-1 and 25.1 kJ.mol-1, respectively. The frequency factors for 

these reactions were reported as 10.3 × 102 and 4.86 × 102, respectively. The activation energy 

(141.3 kJ.mol-1) obtained for the formation of propanol was comparable with the activation 

energy (124.1 kJ.mol-1) obtained by C. T. Q. Mai (2016) in presence of 10Ni/30HSiW/Al2O3 

catalyst. In contrast to that, the activation energy and the frequency factor for the formation of 

propanol reported by Torres et al., (2010) was little lower. The parity plots of the simulated and 

experimental concentration of glycerol, 1,2-PDO and PO at various temperature and pressure 

showed very good agreement with the R2 value of 0.96-0.99 [Figure 5.4 (A)-(C)]. 

Although the modified power-law model was fitted very well with the experimental 

data, this model did not describe the realistic heterogeneous kinetic phenomena. This model did 

not involve all the steps related to a solid catalyzed reaction. Therefore, various heterogeneous 

kinetic models (~20) based on LHHW, ER and combined LHHW-ER approaches were 

developed and tried to validate with the help of the experimental data obtained over 

Cu:Ni(1:1)/γ-Al2O3 catalyst. The best-fitted model developed based on combined LHHW-ER 

approach is discussed in the following section. 
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Figure 5.2 (A) Variation of experimental and simulated concentration of glycerol, 1,2-PDO 

and PO by modified power-law at 190 °C temperature (B) Variation of experimental and 

simulated concentration of glycerol, 1,2-PDO, and PO by modified power-law at 200 °C 

temperature 
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Figure 5.2 (C) Variation of experimental and simulated concentration of glycerol, 1,2-PDO, 

and PO by modified power-law at 210 °C temperature. (D) Variation of experimental and 

simulated concentration of glycerol, 1,2-PDO, and PO by modified power-law at different 

temperature 220 °C 
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Figure 5.2 Variation of experimental and simulated concentration of glycerol, 1,2-PDO, and 

PO by modified power-law (E) at 3.0 MPa pressure, 210 °C temperature, 20 wt.% glycerol 

concentration of 20 g glycerol, 2 g catalyst. (F) at 6.0 MPa pressure, 210 °C temperature, 20 

wt.% glycerol concentration of 20 g glycerol, 2 g catalyst 
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Figure 5.3. (A) Arrhenius plots used to calculate the activation energy using modified power-

law model for the conversion of glycerol to 1,2-PDO (B) Arrhenius plots used to calculate the 

activation energy using modified power-law model for the conversion of 1,2-PDO to PO  
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Figure 5.4 Parity plot of experimental and simulated concentration of (A) glycerol (B) 1-2-

PDO by modified power-law model. Reaction condition: Temperature (190 °C, 200 °C, 210 

°C, 220 °C) (other condition: 4.5 MPa pressure, 20 wt.% glycerol (20 g), 2 g catalyst) and 

pressure 3.0 MPa, 6.0 MPa (other condition: 210 °C, 20 wt.% glycerol (20 g), 2 g catalyst) 
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Figure 5.4 Parity plot of experimental and simulated concentration of (C) PO by modified 

power-law model. Reaction condition: Temperature (190 °C, 200 °C, 210 °C, 220 °C) (other 

condition: 4.5 MPa pressure, 20 wt.% glycerol (20 g), 2 g catalyst) and pressure 3.0 MPa, 6.0 

MPa (other condition: 210 °C, 20 wt.% glycerol (20 g), 2 g catalyst) 

 

5.1.2.3 Heterogeneous kinetic model  

To develop the heterogeneous kinetic model, the reaction mechanism was proposed 

based on the combined assumptions of the LHHW and ER approaches. The schematic diagram 

of the heterogeneous kinetic model is shown in Scheme 5.1. In this model, it was assumed that 

glycerol molecules were adsorbed on the catalyst surface and molecular hydrogen was partially 

absorbed on the catalyst surface with the rest in the bulk phase since hydrogen was present in 

excess in the reactor. Initially, the adsorbed glycerol interacted with the molecular H2 present in 

the bulk phase and produced adsorbed 1,2-PDO and adsorbed water [Xi et al., (2010), Anand et 

al., (2010)]. In the second step, the adsorbed 1,2-PDO interacted with the adjacent adsorbed 

hydrogen atoms and generated adsorbed PO. Finally, the adsorbed 1,2-PDO and PO were 
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desorbed from the surface of the catalyst and catalyst active sites were regenerated. The 

reaction steps considered to develop the rate equations were as follows: 

Step 1: Adsorption of glycerol (G) and hydrogen (H2) on the active site ($) of the catalyst 

occurred as follows: 

G + $ G. $
1

-1

k

k
                                                                                     (5.13) 

2H 2$ 2H. $ 
2

-2

k

k

                                                                                (5.14) 

Step 2: Interaction of adsorbed glycerol with hydrogen molecule (H2) present in the bulk phase 

and produced adsorbed 1,2-PDO followed by the surface reaction between adsorbed 1,2-PDO 

(P.$) and adsorbed atomic hydrogen (H.$) occurred as follows: 

2G. $ H P.$ W 
3

-3

k

k

                                                                        (5.15) 

P. $ + 2H.$ PO. $ + 2$
4

-4

k

k

                                                            (5.16)  

where, P, PO, and W represented 1,2-PDO, propanol, and water, respectively. 

Step 3: Desorption of products (1,2-PDO and PO) from the catalyst surface and the active sites 

were regenerated as follows: 

P. $ P $ 
5

-5

k

k

                                                                                    (5.17) 

PO. $ PO + $
6

-6

k

k

                                                                                    (5.18) 

From equations (13) - (18), the rate equations for the individual step were written as follows:

 
G.$ 1

1 1 G $ 1

1 -1

C k
(- r )= k (C C - ); K =

K k
                                                                (5.19)
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Scheme 5.1. LHHW-ER type reaction mechanism for glycerol hydrogenolysis reaction over Cu:Ni(1:1)/γ-Al2O3 catalyst 
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2 $

2

2 H.$ 2
2 2 H 2

2 -2

C k
(- r )= k (P C - ); K =

K k
                                                               (5.20) 

2

P.$ W 3
3 3 G.$ H 3

3 -3

C C k
(- r )= k (C P - ); K =

K k
                                                        (5.21) 

2

2 PO.$ $ 4
4 4 P. $ H.$ 4

4 -4

C C k
(- r )= k (C C - ); K =

K k
                                                      (5.22) 

P $ 5
5 5 P.$ 5

5 -5

C C k
(- r )= k (C - ); K =

K k
                                                                 (5.23) 

PO $ 6
6 6 PO.$ 6

6 -6

C C k
(- r )= k (C - ); K =

K k
                                                           (5.24) 

where K1, K2, K3, K4, K5, and K6 were the equilibrium constants for the above-mentioned steps. 

To develop the final rate equation, three different rate equations were derived by 

considering the adsorption, surface reaction and desorption steps as the rate-limiting steps, 

separately. However, results suggested that the experimental data were fitted well for the rate 

expression developed based on the surface reaction step as rate controlling. Further, 

thermodynamic equilibrium constant for overall glycerol hydrogenolysis process was also 

calculated  [Appendix V] [Ameen et al., (2017)]. Negative value of Gibbs free energy 

(ΔG298
o = −93.479

kJ

mol
)   and high value of equilibrium constant Ka  at 210 °C = 6.99 ×1015 

imply that the reaction is irreversible in nature and thermodynamically 100% conversion is 

feasible. Therefore, the final rate expression was formulated assuming the surface reaction as a 

rate controlling step and irreversible in nature [Lahr and Shanks (2003), Pandhare et al., 

(2018)] which is discussed as follows:  

From Eq. (5.21),  

23 3 G.$ H(- r )= k C P                                                                                                 (5.25) 

Now from Eq. (22),  

2

4 4 .$ .$( )  P Hr k C C                                                                                             (5.26) 
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Adsorption and desorption steps were very fast when surface reaction step was rate limiting, 

then we had 

From Eq. (5.19),  
1

1

r
=0

k
  then 

G. $ 1 G $C = K  C  C                                                                                                 (5.27) 

Similarly, from Eq. (5.20), 
2

2

r
=0

k
  then 

2

1/ 2

H. $ $ 2 HC = C (K  P )                                                                                            
(5.28)

 

Similarly, from Eq. (5.23),  
5

5

r
=0

k
  then 

P $

P. $

5

C  C
C =

K
                                                                                                     (5.29)  

Similarly, from Eq. (5.24), 
6

6

r
=0

k
   then 

PO $

PO. $

6

C  C
C =

K
                                                                                                 (5.30)  

On substituting these values in the surface reaction rate Eqs. (5.25) and (5.26) reduced to 

23 3 1 H G $(- r ) = k K P C C                                                                                     (5.31) 

        
2

3

4 2 H P $

4

5

k K P C C
(- r ) =

K
                                                                                   (5.32) 

From the total site balance, we had 

CT$ = C$ + CG. $ + CH.$ + CP.$ + CPO. $                                                                                 (5.33) 

Substituting concentrations of adsorbed species in Eq. (5.33) gave, 
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CT$ = C$ + 1 G $K C C  + 
2

1/ 2

2 H $(K P ) C +
P $

5

C  C

K
+ 

PO $

6

C C

K
                                                    (5.34) 

 
 
 

2

T$

$

1/ 2 POP
1 G 2 H

5 6

C
C =

CC
1+ K C +(K P ) + +

K K

                                                (5.35) 

Substituting Eq. (5.35) into Eq. (5.31) and (5.32) yielded, 

   
   
   

2 2

2 2

3 1 G H T$ 1 H G

3

1/ 2 1/ 2PO POP P
1 G 2 H 1 G 2 H

5 6 5 6

'
3

k K C P C k K P C
(- r ) = =

C CC C
1+ K C +(K P ) + + 1+ K C +(K P ) + +

K K K K

   (5.36) 

where 3 3 T$

'
=k k C , apparent reaction rate constant for the conversion of glycerol to 1,2-PDO. 

   
   
   

2 T$ 2

2 2

3 '

4 2 P H 4 2 P H

4 3 3

1/ 2 1/ 2PO POP P
5 1 G 2 H 5 1 G 2 H

5 6 5 6

k K C P C k K C P
(- r ) = =

C CC C
K 1+ K C +(K P ) + + K 1+ K C +(K P ) + +

K K K K

 (5.37) 

Where 
' 3

4 4 T.$k = k C  was the apparent reaction rate constant for the conversion of 1,2-PDO to 

PO.  

Equations (5.36) and (5.37) represent the final rate expressions for the two series reactions, i.e.: 

hydrogenolysis of glycerol to 1,2-PDO followed by the hydrogenolysis of 1,2-PDO to PO. 

To develop the model, the mole balance of individual species was written as follows: 

                                 
d

d
 G

3

C
r

t
                                                                        (5.38) 

d

d
P

3 4

C
r - r

t
                                                                                                       (5.39) 

d

d
PO

4

C
r

t
                                                                                                             (5.40) 

where CG, CP, and CPO were the steady-state concentration of glycerol, 1,2-PDO and PO, 

respectively, ‘t’ was the reaction time. 
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In order to evaluate the unknown variables in the rate expressions, the sets of 

differential equations (Eqs. (5.38) - (5.40)) obtained were computed with the help of ode23s 

function for stiff systems in MATLAB together with genetic algorithm optimization tool. The 

residual sum of squares i.e. f (fitness function), between experimental and simulated 

concentrations of glycerol, 1,2-PDO, and PO were minimized with the help of GA. GA was 

used to minimize the objective function obtained from the model equations. 

The objective function was elucidated as follows: 

  
N

i i 2 i i 2 i i 2

G,exp G,sim P,exp P,sim PO,exp PO,sim

i=1

f = (C -C ) +(C - C ) +(C -C )                       (5.41) 

where, N represented the number of experimental runs and 
i

G, expC , 
i

P, expC  and 
i

PO, expC  were the 

experimental and 
i

G, simC , 
i

P, simC  and 
i

PO, simC  were the simulated concentration of  glycerol, 1,2-

PDO, and PO obtained by solving the model equations, respectively. 

     The estimated values of the rate constant, adsorption constant, frequency factors and 

activation energies along with their respective confidence intervals for various reaction steps 

are summarized in Table 5.2. Confidence intervals (95%) for the parameters (K1, K2, k3’, k4’, 

K5, K6) were determined by t-statistic method [Rajkhowa et al., (2017)]. The activation energy 

for the conversion of glycerol to 1,2-PDO was lower as compared to the generation of PO from 

1,2-PDO, and this result very well correlated with the experimental data. Activation energy 

values obtained for the adsorption of glycerol and desorption of 1,2-PDO was much lower in 

regard to the surface reaction steps, which also confirmed the assumption i.e. surface reaction 

steps were the rate limiting. Activation energy and frequency factor values obtained by solving 

the model developed comparable with the previously reported values [Zhou et al., (2010), 

Vasiliadou and Lemonidou (2013), Yfanti et al., (2018), Xia et al., (2012b), Nimlos et al., 

(2006)].  
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Table 5.2 Reaction kinetic parameters estimated by combining the LHHW and ER approaches 

 Kinetic parameters 

Rate constant at 

210 °C 

(mol.gcat-1.h-1) 

Activation energy 

(kJ.mol-1) 

Frequency factor 

(mol.gcat-1.h-1) 

Conversion of glycerol to 

1,2-PDO (kʹ3) 

12.6 
70.5 ± 8.9 17.62 ± 0.03 × 108 

Conversion of 1,2-PDO to 

PO (kʹ4) 

2.0 
79.5 ± 2.1 6.51 ± 0.76 × 108 

 Equilibrium 

constant at 210 

°C (L. mol-1) 

 (L. mol-1) 

Adsorption of Glycerol (K1) 1.17 12.1 ± 0.42 2.12 ± 0.21 × 10-4 

Adsorption of Hydrogen (K2) 1.7 16.7 ± 3.6 1.85 ± 0.08 × 10-7 

Adsorption of 1,2-PDO 

(1/K5) 

2.41×10-2 

12.9 ± 2.8 2.07 ± 0.79 × 10-6 

Adsorption of propanol 

(1/K6) 

2.22×10-1 

14.8 ± 3.9 7.14 ± 1.07 × 10-6 

 

Experimental and simulated concentration of glycerol, 1,2-PDO and PO with time at 

various reaction temperature were plotted (Figure 5.5 (A)-(C)). The parity plots (Figure 5.6 

(A)-(C)) depicted that the proposed heterogeneous model for the formation of 1,2-PDO and PO 

by hydrogenolysis of glycerol was fitted the experimental data satisfactorily. Since the 

proposed LHHW-ER model was validated very well with the experimental result, all the kinetic 

parameters estimated by solving this model were more appropriate. 
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Figure 5.5. Comparison of experimental and model predicted concentration at (A) 200 °C, (B) 

210 °C obtained by combined LHHW-ER approach 
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Figure 5.5. Comparison of experimental and model predicted concentration at (C) 220 °C, 

obtained by combined LHHW-ER approach 
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Figure 5.6. Parity plot of experimental and model predicted concentration of (A) glycerol 

obtained by combined LHHW-ER approach 
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Figure 5.6. Parity plot of experimental and model predicted concentration of (B) 1-2-PDO (C) 

PO obtained by combined LHHW-ER approach 
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5.1.3 Summary 

Kinetic study of hydrogenolysis of glycerol was carried out in a slurry batch reactor in 

presence of highly active bi-functional Cu:Ni(1:1)/γ-Al2O3 catalyst synthesized by wetness 

impregnation method. Experiments were performed at the various reaction temperature (180-

220 °C) and pressure (4.5-6.0 MPa). 1,2-PDO and propanol (1-PO + 2-PO) were identified as 

the primary reaction products and trace amounts of other products, including EG, 

hydroxyacetone, ethanol, and methanol, were also identified.  

Probable reaction pathway followed in the presence of bi-functional copper-nickel 

catalyst was tried to elucidate based on the product distribution obtained, and a reaction 

mechanism was proposed. The reaction mechanism study suggested two steps hydrogenolysis 

process i.e. dehydration of glycerol to hydroxyacetone on the acidic centres of the catalyst 

followed by hydrogenation of hydroxyacetone to 1,2-PDO on the metallic sides of the catalyst. 

Since 1,2-PDO and propanol were found as primary products, the series reaction of glycerol to 

1,2-PDO and 1,2-PDO to propanol were taken into account for kinetic model development. WP 

criteria and Prater number were validated to make sure all the experimental data were collected 

in the true kinetic regime.  

Various kinetic models including power-law, modified power-law and a heterogeneous 

kinetic model based on the assumptions of combined Langmuir-Hinshelwood-Hougen-Watson 

(LHHW) and Eley-Rideal (ER) approaches were developed. The kinetic models were validated 

with the help of experimental data generated in presence of Cu:Ni(1:1)/γ-Al2O3 catalyst in a 

slurry batch reactor. The model equations were solved by ode23s function for stiff systems in 

MATLAB together with GA optimization tool. Power law model suggested pseudo 1st order 

kinetics with respect to glycerol concentration with an activation energy of 67.7 kJ.mol-1 for 

one step hydrogenolysis process. Further, modified power-law model was developed by 

considering 1,2-PDO and propanol (1-PO + 2-PO) as primary reaction products. Results 

demonstrated that the experimental concentrations of 1,2-PDO and propanol were very well 

aligned with the model predicted concentrations. Finally, a more realistic heterogeneous kinetic 

model based on the assumptions of combined LHHW and ER approaches was developed. The 

obtained activation energy (Table 5.2) were in synergy to the assumptions made to develop the 

model. The parity plot of the experimental and simulated concentration of reactant and products 

revealed that heterogeneous kinetic model was aptly fitted with the experimental data.  
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5.2 Development of kinetic model in presence of Cu:Zn(4:1)/MgO catalyst  

This section describes the kinetic study of glycerol hydrogenolysis reaction in presence 

of Cu:Zn(4:1)/MgO catalyst. Experiments were carried out at different temperatures (170 °C-

210 °C) and at 4.5 MPa H2 pressure. For each experiment, 20 wt.% aqueous glycerol (20 g) as a 

feed with 1.6 g of catalyst was used. Langmuir-Hinshelwood type kinetic model was developed 

Rate equation developed based on this model was solved by MATLAB in combination with 

Genetic Algorithm. Results suggested that the predicted concentration data were satisfactorily 

fitted with the experimental data generated. Kinetic parameters i.e. activation energy and pre-

exponential factors were estimated by solving the model equations.  

5.2.1 Kinetic study 

5.2.1.1 Effect of temperature 

Effects of temperature and time on glycerol conversion and products selectivity are 

shown in Figure 5.7 [(A) and (B)]. Experimental errors for all the values (conversion, 

selectivity and yield) in Figure 5.7 are x ± 1 %. Conversion of glycerol was found to increases 

with reaction temperature and after 10 h of reaction, it was increased from 61% at 170 °C to 

97.4% at 210 oC. As shown in Fig. 5.7 (B), the selectivity towards 1,2-PDO was very high (> 

92.6%) even at 210 oC. Therefore, 1,2-PDO was considered as a primary reaction product. At 

higher temperature (210 °C), selectivity towards 1,2-PDO decreased slightly from 93.4% at 2 h 

to 92.6% at 10 h. Selectivity to EG increased from 3.9% to 4.5% with increasing of temperature 

from 170 °C to 210 °C after 10 h of reaction. 

5.2.2 Development of kinetic model 

5.2.2.1 Langmuir-Hinshelwood-Hougen-Watson Model 

The schematic diagram of the Langmuir-Hinshelwood-Hougen-Watson Model model is 

shown in Scheme 5.2. In this model, it was assumed that glycerol and molecular hydrogen was 

adsorbed on the surface of the catalyst. The adsorbed glycerol interacted with the adsorbed H2 

and produced adsorbed 1,2-PDO and adsorbed water [Xi et al., (2010), Anand et al., (2010)]. 

Finally, adsorbed 1,2-PDO and water were desorbed from the surface of the catalyst and 

catalyst active sites were regenerated. The reaction steps considered to develop the rate 

equations were as follows: 
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Figure 5.7. Variation of glycerol conversion and product selectivity with time at different 

temperature and pressure. Reaction condition for (A) and (B): Temperature = 170 °C-210 °C, 

Pressure = 4.5 MPa, Feed = 20 wt.% glycerol (20 g), catalyst = 1.6 g 
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       Scheme 5.2. LHHW type reaction mechanism for glycerol hydrogenolysis reaction over Cu:Zn(4:1)/MgO catalyst 
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Step 1: Adsorption of glycerol (G) and hydrogen (H2) on the active site ($) of the catalyst 

G $ G. $
1

-1

k

k

                                                                                      (5.42) 

2 2H $ H . $
2

-2

k

k

                                                                                       (5.43) 

Step 2: Interaction of adsorbed glycerol with adsorbed hydrogen molecule (H2) produced 

adsorbed 1,2-PDO and adsorbed water.  

2G. $ H .$ P.$ W.$
3

-3

k

k

                                                              (5.44) 

where, P and W represented 1,2-PDO and water, respectively. 

Step 3: Desorption of products (1,2-PDO and water) from the catalyst surface and the active 

sites were regenerated as: 

P. $ P $
4

-4

k

k

                                                                                      (5.45)  

W. $ W $
5

-5

k

k

                                                                                      (5.46) 

From the equations (5.42) - (5.46), the rate equations for the individual step were written as 

follows: 

G.$ 1
1 1 G $ 1

1 -1

C k
(- r )= k (C C - ); K =

K k
                                                                   (5.47) 

2

2

H .$ 2
2 2 H $ 2

2 -2

C k
(- r )= k (P C - ); K =

K k
                                                             (5.48) 

2

P.$ W.$ 3
3 3 G.$ H .$ 3

3 -3

C C k
(- r )= k (C .C - ); K =

K k
                                                  (5.49) 

P $ 4
4 4 P. $ 4

4 -4

C C k
(- r )= k (C - ); K =

K k
                                                                (5.50) 

W $ 5
5 5 W.$ 5

5 -5

C C k
(- r )= k (C - ); K =

K k
                                                               (5.51) 
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where K1, K2, K3, K4, K5 were the equilibrium constants for the above-mentioned steps. 

Initially, three different rate equations were derived by considering adsorption, surface 

reaction and desorption steps as the rate-limiting steps separately. It was observed that the 

experimental data were fitted well with the rate equation developed based on the surface 

reaction step as the rate controlling step. Therefore, the final rate expression was formulated by 

assuming the surface reaction step as a rate controlling step and irreversible in nature as follows 

[Lahr and Shanks (2003), Pandhare et al., (2018), Ameen et al., (2017)].  

From Eq. (5.49),  

23 3 G.$ H $(- r )= k C C .                                                                                             (5.52) 

The adsorption and desorption steps were very fast when the surface reaction step was rate 

limiting, then we had 

From Eq. (5.47),  
1

1

r
- =0

k
  then 

G. $ 1 G $C = K  C  C                                                                                                 (5.53) 

Similarly, from Eq. (5.48), 
2

2

r
- =0

k
  then 

2 2H . $ 2 $ HC = K  C  P                                                                                              
 (5.54)

 

Similarly, from Eq. (5.50),  
4

4

r
- =0

k
  then 

P $

P. $

4

C  C
C =

K
                                                                                                    (5.55) 

Similarly, from Eq. (5.51),
5

5

r
- =0

k
   then 

              
W $

W. $

5

C C
C =

K
                                                                                                          (5.56)  
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On substituting these values in the surface reaction rate Eqs. (5.52) which reduced to 

              
23 3 1 G $ 2 $ H(- r ) = k K C C K C P                                                                                  (5.57) 

From the total site balance, we had 

             CT$ = C$ + CG.$ + CH2.$ + CP.$ + C W.$                                                                     (5.58) 

Substituting concentrations of adsorbed species in the Eq. (5.58) gave, 

CT$ = C$ + 1 G $K C C  + 
22 $ HK C P +

P $

4

C  C

K
+ 

W $

5

C C

K
                                                  (5.59) 

           

2

T$

$

WP
1 G 2 H

4 5

C
C =

CC
1+ K C + K P + +

K K

 
 
 

                                                            (5.60) 

Substituting Eq. (5.60) into Eq. (5.57) yielded, 

  2

2

2

3 T$ 1 2 G H

3 2

WP
1 G 2 H

4 5

k C K K C P
(- r )=

CC
1+ K C + K P + +

K K

 
 
 

                                                                       (5.61) 

At t = 0, 
3(- r )= 3 0(-r ) ; PC  and WC = 0, 

Then,  equation (5.61) will be 2

2

2

3 T$ 1 2 G H

3 2

1 G 2 H

k C K K C P
(- r )=

1+ K C + K P 
 

                                                 (5.62) 

Assuming that adsorption of glycerol (G) and hydrogen (H2) on the active sites of the catalysts 

did not inhibit the reaction, thereby neglecting the inhibition term  
2

2

1 G 2 H1+ K C + K P 
   

Now, Eq. (5.62) was modified as  3(- r )=
23 G H

'k C P                                                              (5.63) 

where 
2

3 3 T$ 1 2

'
=k k C K K  apparent reaction rate constant for the conversion of glycerol to 1,2-

PDO. 

Equations (5.63) represented the final rate expression for hydrogenolysis of glycerol to 1,2-

PDO reaction. 
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To develop the model, the mole balance equation was written as follows: 

                   d

dt

G
3

C
- r                                                                                                 (5.64)  

where CG was the steady-state concentration of glycerol, ‘t’ was the reaction time.                                                                     

In order to evaluate the unknown variables in the rate expressions, the differential 

equation (Eqs. (5.63)) obtained were computed with the help of ode23s function for stiff 

systems in MATLAB together with genetic algorithm tool. The residual sum of squares i.e. f 

(fitness function), between experimental and simulated concentrations of glycerol, 1,2-PDO, 

and PO were minimized with the help of GA. 

GA was used to minimize the objective function. 

The objective function was elucidated as follows: 

N
i i 2

G,exp G,sim

i=1

f = (C - C )                                                                                    (5.65) 

where, N represented the number of experimental runs and 
i

G,expC  were the experimental and 

i

G,simC  were the simulated concentrations of  glycerol, 1,2-PDO and PO obtained by solving the 

model equations, respectively. 

The kinetic parameters such as activation energy and frequency factor for glycerol conversion 

to 1,2-PDO were estimated by using the Arrhenius equation. The obtained activation energy 

and frequency factor were 42.62 kJ.mol-1 and 2.9×104 mol.gcat-1.h-1, respectively. Experimental 

and simulated glycerol concentration at different reaction temperature with time is shown in 

Figure 5.8 (A). Parity plot of simulated glycerol concentration vs experimental concentration of 

glycerol shown in Figure 5.8 (B) suggested that experimental data were very well fitted with 

the model predicted concentrations. 
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Figure 5.8. (A) Variation of experimental and simulated glycerol concentration at different 

temperature obtained by L-H model (B) Parity plots of the experimental and model-predicted 

concentrations of glycerol from the L-H model 
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5.2.3 Summary 

The kinetic study of glycerol hydrogenolysis reaction using bi-functional, highly active 

Cu:Zn(4:1)/MgO catalyst was carried out in the temperature range of (170-210 °C) and at 4.5 

MPa H2 pressure. Results showed that Cu:Zn(4:1)/MgO catalyst very high selectivity (> 93%) 

to 1,2-PDO, and trace amounts of other products such as hydroxyacetone (1.2%), EG (2.7%), 

methanol (1.23%) and ethanol (0.35%) were also detected at different reaction condition used. 

A simple one-step glycerol conversion to 1,2-PDO reaction was considered to develop the 

kinetic model. LHHW approach was used to find out the final rate expression which was solved 

by ode23 with the help of GA. An activation energy of 42.6 kJ.mol-1 was obtained for glycerol 

conversion to 1,2-PDO formation step. The kinetic model developed was satisfactorily 

correlated with the experimental data obtained. 

 

5.3 Development of kinetic model in presence of Cu:Zn(4:1)/MgO-La2O3 catalyst 

This section discusses the kinetic study of glycerol hydrogenolysis reaction over 

Cu:Zn(4:1)/MgO-La2O3 catalyst, as this catalyst showed highest catalytic activity among all 

other catalysts developed in this thesis. Kinetic experiments were performed by varying 

reaction temperature (170-210 °C) and pressure (3-6 MPa). In presence of this catalyst, 1,2-

PDO was the primary product and the obtained 1,2-PDO selectivity (> 93%) was very high. As 

a results, a simple one step glycerol conversion of to 1,2-PDO was considered to develop 

LHHW type kinetic model. Kinetic parameters were obtained by solving the model equation by 

using MATLAB. GA was used to minimize the objective function.  

5.3.1 Kinetic study  

5.3.1.1 Effect of temperature  

Effect of temperature on glycerol conversion and products selectivity with time was 

investigated in the range of 170 °C to 210 °C, and the results are shown in Figure 5.9 [(A) and 

(B)]. Experimental errors for all the values (conversion, selectivity and yield) : x ± 1 %. It was 

observed that conversion of glycerol was increased sharply with increasing temperature as well 

as time. At 170 °C, glycerol conversion was increased from 10% after 2 h to 81% after 12 h. At 

210 oC, glycerol conversion was varied from 78% to 100% with the variation of time from 2 to 

12 h of reaction time. 
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Figure 5.9. (A) Variation of glycerol conversion and (B) product selectivity with time at 

different temperature. Reaction condition: temperature = 170 °C-210 °C, pressure = 4.5 MPa, 

Feed = 20 wt.% glycerol (20 g), catalyst = 1.6 g 



170 
 
 

 

2 4 6 8 10 12
0

10

20

30

40

50

60

70

80

90

100

 

 

G
ly

c
e
r
o

l 
C

o
n

v
e
r
si

o
n

 (
%

)

Time (h)

 3 MPa

 4.5 MPa

 6 MPa

(C)

 

2 4 6 8 10 12
0

10

20

90

100

Selectivity to EG 

 

 S
e
le

c
ti

v
it

y
 (

%
)

Time (h)

 3 MPa

 4.5 MPa

 6 MPa

Selectivity to 1,2-PDO 

(D)

 

Figure 5.9. (C) Variation of glycerol conversion and (D) product selectivity with time at 

different pressure. Reaction condition: pressure = 3 MPa– 6 MPa, temperature = 210 °C, feed = 

20 wt.% glycerol (20 g), catalyst = 1.6 g 
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In presence of Cu:Zn(4:1)/MgO-La2O3 catalyst, 1,2-PDO was obtained as a main reaction 

product (> 93%) and small amounts of degradation products such as EG, PO and methanol 

were also obtained. At 170 °C, the selectivity towards 1,2-PDO decreased slightly from 98% to 

94.6% with the variation of reaction time from 2 to 12 h. However, at 210 °C, the selectivity 

towards 1,2-PDO remained almost constant (94.5- 93.5%) with the variation of time from 2-12 

h. The slight decrease in selectivity towards 1,2-PDO with increasing temperature and time was 

obtained due to the formation of degradation products such as EG, PO, methanol etc. Figure 5.9 

shows that the selectivity of ethylene glycol decreased with increasing temperature from ~4.2% 

at 170 oC to ~2.1% at 210 °C.. 

5.3.1.2 Effect of pressure 

Influence of H2 pressure on glycerol conversion and products selectivity with time is 

shown in Figure 5.9 [(C) and (D)]. Experimental errors for all the values (conversion, 

selectivity and yield) : x ± 1 %. It shows that, glycerol conversion increased from 46% at 2 h to 

66% after 12 h at 3.0 MPa pressure and at 210 oC. However, at 4.5 MPa pressure, glycerol 

conversion increased sharply from ~80% to 100% within 8 h of reaction time. No significant 

variation in the glycerol conversion was found beyond the reaction pressure of 4.5 MPa. At 3 

MPa, the selectivity to 1,2-PDO increased from 94.5% to 97% with increasing the reaction time 

from 2h to 12 h. Selectivity to EG was almost constant (~2.1%) within the reaction time period 

(2-12 h). Further increasing the pressure (> 3 MPa) the selectivity to 1,2-PDO and EG was also 

almost ~94% and ~4.2%, respectively. 

5.3.2 Development of kinetic model 

5.3.2.1 Langmuir-Hinshelwood-Hougen-Watson type Model 

In this section, kinetic model was developed based on the same reaction mechanism 

which was already shown in Schematic 5.2. 

Step 1: Adsorption of glycerol (G) and hydrogen (H2) on the active site ($) of the catalyst as: 

G $ G. $
1

-1

k

k

                                                                                      (5.66) 

2 2H $ H . $
2

-2

k

k

                                                                                       (5.67) 
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Step 2: Interaction of adsorbed glycerol with hydrogen molecule (H2) present in the bulk phase 

and produced adsorbed 1,2-PDO (P) and adsorbed water (W): 

2G. $ H .$ P.$ W.$
3

-3

k

k

                                                              (5.68) 

Step 3: Desorption of products (1,2-PDO and water) from the catalyst surface and the active 

sites were regenerated as: 

                   P. $ P $
4

-4

k

k

                                                                                      (5.69) 

W. $ W $
5

-5

k

k

                                                                                      (5.70) 

From the equations (5.66) - (5.70), the rate equations for individual step were written as 

follows: 

G.$ 1
1 1 G $ 1

1 -1

C k
(- r )= k (C C - ); K =

K k
                                                                    (5.71) 

2

2

H .$ 2
2 2 H $ 2

2 -2

C k
(- r )= k (P C - ); K =

K k
                                                               (5.72) 

2

P.$ W.$ 3
3 3 G.$ H .$ 3

3 -3

C C k
(- r )= k (C .C - ); K =

K k
                                                   (5.73) 

P $ 4
4 4 P. $ 4

4 -4

C C k
(- r )= k (C - ); K =

K k
                                                                 (5.74) 

W $ 5
5 5 W.$ 5

5 -5

C C k
(- r )= k (C - ); K =

K k
                                                                 (5.75) 

where K1, K2, K3, K4, K5 were the equilibrium constants for the above mentioned steps. 

To develop the final rate equation, three different rate equations were derived by 

considering adsorption, surface reaction and desorption steps as the rate limiting steps, 

separately. However, the final results suggested that, the experimental data were fitted well for 

the final rate expression developed based on the surface reaction step as the rate controlling 

step. As a result, the final rate expression was formulated by assuming the surface reaction step 
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as a rate controlling step and irreversible in nature [Lahr and Shanks (2003), Pandhare et al., 

(2018), Ameen et al., (2017)] as follows. 

From Eq. (5.73),  

23 3 G.$ H $(- r )= k C C .                                                                                              (5.76) 

The adsorption and desorption steps were very fast when surface reaction step was rate 

limiting, then we had  

From Eq. (5.71),  
1

1

r
- =0

k
  then 

G. $ 1 G $C = K  C  C                                                                                                 (5.77) 

Similarly, from Eq. (5.72), 
2

2

r
- =0

k
  then 

2 2H . $ 2 $ HC = K  C  P                                                                                                
(5.78)

 

Similarly, from Eq. (5.74),  
4

4

r
- =0

k
  then  

P $

P. $

4

C  C
C =

K
                                                                                                    (5.79)  

Similarly, from Eq. (5.75),
5

5

r
- =0

k
   then 

W $

W. $

5

C C
C =

K
                                                                                                    (5.80) 

 On substituting these values in the surface reaction rate Eq. (5.76) which reduced to 

23 3 1 G $ 2 $ H(- r ) = k K C C K C P                                                                             (5.81) 

From the total site balance, we had 

CT$ = C$ + CG.$ + CH2.$ + CP.$ + C W.$                                                              (5.82) 
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Substituting concentrations of adsorbed species in the Eq. (5.82) gave, 

CT$ = C$ + 1 G $K C C  + 
22 $ HK C P +

P $

4

C  C

K
+ 

W $

5

C C

K
                                            (5.83) 

2

T$

$

WP
1 G 2 H

4 5

C
C =

CC
1+ K C + K P + +

K K

 
 
 

                                                            (5.84) 

Substituting Eq. (5.83) into Eq. (5.81) yielded, 

            2

2

2

3 T$ 1 2 G H

3 2

WP
1 G 2 H

4 5

k C K K C P
(- r )=

CC
1+ K C + K P + +

K K

 
 
 

                                                            (5.85)  

At t = 0, 
3(- r )= 3 0(-r ) ; PC  and WC = 0, 

Then, equation (5.85) will be 2

2

2

3 T$ 1 2 G H

3 2

1 G 2 H

k C K K C P
(- r )=

1+ K C + K P 
 

                                                (5.86) 

Assuming that adsorption of Glycerol (G) and Hydrogen (H2) on the catalysts active sites did 

not inhibit the reaction, thereby neglecting the inhibition term 
2

2

1 G 2 H1+ K C + K P 
   

Now, Eq. (5.86) was reduced to 

  3(- r ) 
23 G H

'k C P                                                                                              (5.87) 

where 
2

3 3 T$ 1 2

'
=k k C K K , apparent reaction rate constant for the conversion of glycerol to 1,2-

PDO. 

To develop the model, the mole balance equation was written as follows: 

d

d

G
3

C
- r

t
                                                                                              (5.88) 

where CG was the steady state concentration of glycerol, ‘t’ was the reaction time. 
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Figure 5.10. (A) Variation of experimental and simulated glycerol concentration at different 

temperature obtained by L-H model (B) Parity plots of the experimental and model-predicted 

concentrations of glycerol from the L-H model. 
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In order to evaluate the unknown variables in the rate expressions, the differential 

equation (Eqs. (5.88)) obtained was computed with the help of ode23s for stiff systems in 

MATLAB together with Genetic Algorithm. The residual sum of squares i.e. f (fitness 

function), between experimental and simulated concentrations of glycerol was minimized with 

the help of GA. 

The objective function was elucidated as follows: 

N
i i 2

G,exp G,sim

i=1

f = (C - C )                                                                                  (5.89) 

where, N represented the number of experimental runs, 
i

G,expC  was the experimental and 
i

G,simC

was the simulated concentration of glycerol, obtained by solving the model equations. 

             The activation energy and frequency factor for the conversion of glycerol to 1,2-PDO 

were estimated by using Arrhenius equation. The obtained activation energy and frequency 

factor were 69.6 kJ.mol-1 and 4.2×107 mol.gcat-1.h-1, respectively. The experimental and 

simulated glycerol concentration at various reaction temperature with time is shown in Figure 

5.10 (A). Parity plot of simulated glycerol concentration vs experimental concentration shown 

in Figure 5.10 (B) dictated that experimental data were very well fitted with the model 

predicted concentrations 

5.3.3 Summary 

            The kinetic study of liquid phase glycerol hydrogenolysis was performed in an 

autoclave reactor at various temperature (170-210 oC) and pressure (3-6 MPa) in presence of 

Cu:Zn(4:1)/MgO-La2O3 catalyst. LHHW type kinetic model was developed by considering a 

single step glycerol to 1,2-propanediol production and the model equation was solved by 

MATLAB coupled with genetic algorithm. Results showed that, the experimental 

concentrations of glycerol were very well fitted with the model predicted values. The activation 

energy and the frequency factor for the conversion of glycerol to 1,2-PDO was found to be 69.6 

kJ.mol-1 and of 4.2×107 mol.gcat-1.h-1, respectively.  
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CHAPTER VI 

ECONOMIC ANALYSIS 

Economic analysis for liquid phase hydrogenolysis of glycerol to 1,2-PDO production 

was carried out to determine the overall economic feasibility of the process by considering 

Cu:Zn(4:1)/MgO as a catalyst. Figure 6.1 illustrates the overall reaction process along with the 

manufacturing process of catalyst. Reactants (glycerol, H2) and reduced catalyst, prepared by 

precipitation-deposition method were charged into the autoclave reactor and the reaction was 

continued for 12 h at the optimum temperature of 210 °C and H2 pressure of 4.5 MPa. After the 

reaction, the reactor was allowed to cool to room temperature and the products were 

centrifuged to separate the catalyst. Per day 60 kg production of 1,2-PDO was assumed to be as 

the basis of the calculation. For this large scale production, the capacity of the reactor was 

considered as 500 L. For that purpose, 400 kg reaction mixture (80 kg glycerol + 320 kg 

distilled water) was considered to be processed per batch. The overall process considered is 

shown in Scheme 6.1. 

6.1 Catalyst preparation cost 

Catalyst amount required to process per batch of reaction was ~6.4 kg by considering 8 

wt.% catalyst loading with respect to 80 kg of glycerol as feed. The manufacturing cost of 

catalyst was the summation of raw material cost and the total cost of energy consumed for 

catalyst preparation. The schematic diagram of the catalyst manufacturing process is shown in 

Figure 6.1. Details cost estimation for the synthesis of 6.4 kg of catalyst are summarized in 

Table 6.1. 

 Raw material cost for the manufacturing of catalyst included the cost of metal precursors 

(copper nitrate, zinc nitrate), support (magnesium oxide), precipitating agent (NaHCO3), 

deionized water and hydrogen which was used during the reduction of the catalyst. 

 Energy cost included the amount of electricity consumption due to drying, calcination and 

reduction process.  
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Figure 6.1. Overall reaction and catalyst synthesis process [products: 1-propanol (PO), 1,2-propanediol (1,2-PDO), ethylene glycol (EG)] 
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Scheme 6.1. Cost analysis of the overall process
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Table 6.1. Catalyst manufacturing cost (6.4 kg catalyst) 

 

Material Cost (Rs.) Cost of energy (rate Rs. 3.85 per KWh) (as per local rate) 

Material Amount 

required (kg) 

Cost per 

kg 

Cost for the 

synthesis of 6.4 

kg catalyst (I) 

Process Rating 

(W) 

Time 

duration (h) 

Total cost of energy 

consumption (Rs.) (II) 

Copper nitrate (>99%, 

Thomas Baker, India) 

8516.41  

 

2770.5/- 17731.2/- Drying 3500 12 134.75/- 

Zinc nitrate (>99%, 

Thomas Baker, India) 

4367.86  

 

726.15/- 4647.4/- Calcination 6190 4 305.04/- 

Magnesium oxide 

(Thomas Baker, India, 

98%) 

3200  

 

1728/- 5529.6/- 

 

Reduction 6190 4 71.49/- 

Sodium bicarbonate  

(>99.8%, Thomas 

Baker, India) 

37,632 

 

410/- 15429.1/- - - - - 

Hydrogen (99.99%, Sigma gas) - 1152/- - - - - 

Total - 44489.3/- - - - 511.2/- 

Raw material cost for the synthesis of 6.4 kg catalyst  (I)  +  Total cost of energy consumption (II) Rs. 45000.6/- 
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Total cost for the synthesis of 6.4 kg catalyst (material cost and energy cost) was estimated to 

be Rs.  45000.6/- 

Therefore, cost per kg of catalyst synthesis was calculated as Rs. 7031/- 

6.2 Production cost of 1,2-propanediol 

Now the total cost for the production of 1,2-PDO was considered as the sum of fixed capital 

investment and the manufacturing cost of 1,2-PDO.  

 

Table 6.2. Fixed capital cost 

Fixed capital Unit Cost per unit (Rs.) Total cost (Rs.) 

Cost of the reactor 1 50,00,000/- 50,00,000/- 

Distillation column 3a 2,00,000/- 6,00,000/- 

Hot air oven of 650 liter 

capacity 

1 -       80,000/- 

Muffle furnace 1 2,00,000/- 2,00,000/- 

Tubular reactor with hot air 

oven for reduction 

1 1,00,000/- 1,00,000/- 

Hydrogen gas, 21000 liter - - 1,36,400/- 

Land cost  285 m2 Rs. 3500 /m2 as per 

local cost  

10,00,000/- 

Distilled water plant 1 50,000/- 50,000/- 

Total fixed cost 71,66,400/- 

aThree units of distillation columns were required for the purification of 1,2-PDO in three 

stages as described by Gandarias et al., 2015. First to separate (glycerol+ ethylene glycol + 1,2-

PDO) from water and lower alcohols. Second to separate (ethylene glycol + 1,2-PDO) from 

glycerol. Finally, 1,2-PDO from ethylene glycol. 

 

6.2.1 Fixed capital investment   

Table 6.2 summarizes fixed capital cost which included the cost of the reactor, cost of 

hot air oven for drying. Cost of 500 L autoclave reactor was provided by Amar Equipments 

Private Limited, Mumbai – 400070, Maharashtra, India. Cost of dry air oven was obtained from 

local supplier i.e. Bio Techno Lab. Mumbai – 400002, Maharashtra, India. Maximum 325 liters  
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(600 mm × 600 mm × 900 mm) capacity of hot air oven was available with the supplier. 

Therefore, it was assumed that 2 units of 325-liter capacity were equivalent to one large hot air 

oven. Cost of distilled water plant (capacity 50 L.h-1) was collected from Total Industrial 

Solutions, Sonipat- 131001, Haryana, India. Cost of muffle furnace (metal loading capacity of 

100 kg) was obtained from Sensoheat Engineering Equipments (I) Private Limited, Pune – 

411019, Maharashtra, India. Cost of the tubular furnace (740 mm x 640 mm x 400 mm) was 

collected from Virtual Instrumentation & Software Applications Private Limited, Chennai – 

600087, Tamil Nadu, India. Cost of H2 cylinder was provided by Sigma gas service, India. Cost 

of distillation column was collected from Luthra Industrial Engineering Corporation, Sector 60, 

Mohali, India. 

6.2.2 Production cost 

  It was considered that the production cost of 1,2-PDO was the summation of total raw 

material cost, total energy cost, product purification cost, cost of land, labor cost and 

maintenance cost.  

 Raw material cost for the production of 1,2-PDO involved the cost of reactants [glycerol 

(99.9%, Thomas Baker, India), hydrogen (99.99%, Sigma gas), distilled water], the 

manufacturing cost of the required amount of catalyst per batch and cooling water. Total 

material cost per batch of reaction was calculated as Rs. 84,830.38/- (Table 6.3). 

 Energy cost included the cost of power consumption for reaction and the separation cost of 

catalyst from the reaction mixture. Electricity cost was assumed to be as Rs. 3.85 per kWh 

(local rate) and the consumption of electricity for 12 h of reaction and for separation of 

catalyst and for distilled water were 96 kW, 5 kW, and 473 kW respectively. Details of raw 

material and energy cost were summarized in Table 6.3. 

 Cost of purification of 1,2-PDO was calculated as Rs. 2438.4/- by considering 0.5 Euro per 

kg of 1,2-propanediol purification cost which includes utility cost, module cost and 

operating cost [Gandarias et al., 2015]. 

 Labour cost was calculated as Rs 500/- per day per person and three labours were 

considered for the operation of the process. In the cost estimation process, total 300 

working days was considered in a year. 

 Land requirement for this study was 285 m2 and the cost of the land was considered as Rs. 

3500 /m2 as per local cost. 
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Table 6.3. Production cost of 1,2-PDO per batch (cost are in Indian rupee) 

Cost of material required for the production of 60 kg 1,2-PDO  Cost of energy consumed per batch (II) Cost of 

product 

separation 

(utility cost 

+ operating 

cost + 

module 

cost) (Rs.) 

(III) 

Cost 

of 

labor 

(Rs.) 

(IV) 

Maintenance 

and other cost 

was assumed 

per batch of 

operation 

(Rs.) (V) 

Cost of 

power 

consumption 

by reactor 

(Rs.) 

Cost of 

power 

consumption 

by centrifuge 

for product 

separation 

(Rs.) 

Cost of 

power 

consumption 

by distillation 

unit (Rs.) 
Material Amount 

required  

Rate of cost 

(Rs.) 

Total cost 

(Rs.) 

Glycerol (99.9%, 

Thomas Baker) 

80 kg 464.12/- per 

kg 
37,130.2/- 

369.6/- 19.25/- 1821.2/- 2438.4/- 1500

/- 

500/- 

Hydrogen 

(99.99%, Sigma 

gas) 

11998 

litre 

0.2/- per litre 

2399.6/- 

Catalyst  6.4 kg 8081/- per kg 45,000.5/- 

Cooling water   30 litre 10/- per litre 300/- 

Total raw material cost (I) 84,830.38/- 

Total production cost 

 (I) + (II) + (III) + (IV) + (V) 

91,478.83/- 
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Table 6.4. Economic benefits of the process 

Year (j) % of Full 

Capacity  

Revenue (sj) Operating Expenses (co,j) Depreciation 

(dj) 

Np,j (sj - co,j - dj)(1-φ) Annual cash flow (sj - 

co,j - dj)(1-φ)+dj 

1 1 3,60,00,000/- 2,70,54,000/- 7,16,640/- 57,37,802/- 64,77,192/- 

2 1 3,60,00,000/- 2,70,54,000/- 6,44,976/- 57,90,241.8/- 64,55,692.8/- 

3 1 3,60,00,000/- 2,70,54,000/- 5,80,478.4/- 58,37,437.62/- 64,36,343.52/- 

4 1 3,60,00,000/- 2,70,54,000/- 5,22,430.56/- 58,79,913.85/- 64,18,929.17/- 

5 1 3,60,00,000/- 2,70,54,000/- 4,70,187.50/- 59,18,142.47/- 64,03,256.25/- 

6 1 3,60,00,000/- 2,70,54,000/- 4,23,168.75/- 59,52,548.22/- 63,89,150.62/- 

7 1 3,60,00,000/- 2,70,54,000/- 3,80,851.87/- 59,83,513.40/- 63,76,455.56/- 

8 1 3,60,00,000/- 2,70,54,000/- 3,42,766.69/- 60,11,382.06/- 63,65,030.00/- 

9 1 3,60,00,000/- 2,70,54,000/- 3,08,490.02/- 60,36,463.85/- 63,54,747.00/- 

10 1 3,60,00,000/- 2,70,54,000/- 2,77,641.02/- 60,59,037.47/- 63,45,492.30/- 

Total (at the end of 10th year) 5,92,06,482.77/- 6,40,22,289.25/- 

Return on investment after taxes (%)  

= (total net profit/total year)/(fixed capital investment) [Peters et al., (2003)] 

82.82% 

Payback period (years) = fixed capital investment/(total annual cash flow/ total 

year) [Peters et al., (2003)] 

1.12 
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6.3 Economic analysis 

It can be seen from Table 6.3 that manufacturing cost of 60 kg 1,2-PDO was found to 

be Rs. 91,478.83/-. Therefore, production cost per kilograms of 1,2-PDO was estimated as Rs. 

1502.4/-. Considering 300 working days in a year, 1,2-PDO production per year was 

considered to be 18,000 kg and its total manufacturing cost per year was calculated as Rs. 

2,70,54,000/-. The market price of 1,2-PDO was found to be Rs. 4437.5/- per kg (Alfa aesar = 

99.5% 1,2 PDO, Item no 030948) [Thermo Fisher Scientific]. In this study, selling cost per 

kilogram of 1,2-PDO was considered as Rs. 2,000/- and as a result revenue per year was 

estimated as Rs. 3,60,00,000/-. Fixed Capital Investment was calculated as Rs. 71,66,400/- 

(Table 6.2). Written down value depreciation method with 10% rate of depreciation for 10 

years was considered for the economic analysis of the process [Depreciation rate chart under 

companies Act, 2013]. Annual income tax rate (φ) was considered as 30% of profit. [Income 

tax slabs in India for AY 2018-2019]. 

For the above process, return on investment after deduction of taxes was calculated as  

Return on investment (ROI) = (total net profit/10)/ (fixed capital investment) [Peters et al., 

(2003)]. 

Payback period was calculated as = fixed capital investment/ (annual cash flow/10) [Peters et 

al., (2003)]. 

It can be seen from Table 6.4 that, ROI after taxes was calculated as 82.82% and the payback 

period was estimated as 1.12 years. The results showed that the 1,2-PDO production from 

glycerol hydrogenolysis reaction by using Cu:Zn(4:1)/MgO catalyst will be extremely cost-

effective and profitable. 
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CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS 

 

7.1 Conclusions 

In this thesis work, liquid phase hydrogenolysis of glycerol was carried out over several highly 

active monometallic and bimetallic catalysts. Following conclusions can be made from this 

work:  

1. Hydrogenolysis of glycerol was carried out in a slurry batch reactor in presence of Cu/γ-

Al2O3, Ni/γ-Al2O3 and Cu:Ni(1:1)/γ-Al2O3 catalysts synthesized by wetness 

impregnation method. The bimetallic catalyst showed higher catalytic activity as 

compared to monometallic catalysts due to the formation of a new Cu-Ni mixed phase, 

the strong interaction between Cu and Ni metal.  

2. Effects of reaction parameters study suggested that maximum 71.6% conversion with 

85.6% selectivity towards 1,2-PDO and 8.9% selectivity to propanol were achieved at 

210 °C temperature, and at 4.5 MPa pressure after 12 h of reaction. 20 wt.% aqueous 

glycerol solution as a feed and 10 wt.% catalyst loading with respect to glycerol was the 

optimum values for the maximum selectivity towards 1,2-PDO.  

3. The reaction mechanism study suggested two steps hydrogenolysis process i.e. 

dehydration of glycerol to hydroxyacetone on the acidic centers of the catalyst followed 

by the hydrogenation of hydroxyacetone to 1,2-PDO on the metallic sides of the 

catalyst. It was also suggested that linear alcohols (1-propanol + 2-propanol) were 

obtained due to overhydrogenolysis of 1,2-PDO. 

4. Layered double hydroxide (LDHs) derived Cu-Mg-Al-O based catalysts were 

synthesized by homogenous urea hydrolysis method and effects of urea concentrations 

on the catalytic performances were evaluated. Results demonstrated that the catalysts 

synthesized in presence of 2M urea showed the best catalytic activity due to the 

presence of optimum acidity, small copper crystallite size, and well developed curved 

lamellae structure.  

5. Addition of Zn to Cu-Mg-Al-O catalyst increased the catalytic activity considerably. 

Whereas, ZnO helped to lower the reduction temperature of the catalyst by its hydrogen 

spillover effect. 

6. The maximum glycerol conversion of 98.4% with 94.3% selectivity towards 1,2-PDO 

was achieved over Cu-Zn-Mg-Al-O-3 catalyst in the presence of 1g of NaOH at 210 oC, 
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at 4.5 MPa pressure and after 12 h of reaction when 20 wt.% glycerol was used as feed. 

Addition of base also reduced the formation of degradation products due to the cleavage 

of C-C bond of glycerol. 

7. Catalyst reusability results revealed that conversion of glycerol was decreased by 30% 

due to structural changes of the catalyst after successive reuse and sintering of copper 

and ZnO species during the reaction. However, the selectivity towards 1,2-PDO 

increased from 94.3% to 96.3% at the expense of ethylene glycol (EG) after cycle -3. 

8. A series of MgO supported Cu, Zn, Fe, Co-based mono-metallic and bi-metallic 

catalysts (Cu-Zn, Cu-Fe, Co-Zn, Co-Fe) were synthesized by precipitation-deposition 

method and the catalytic performances were evaluated in liquid phase. Bimetallic 

catalysts exhibited higher catalytic activity as compared to the monometallic catalysts. 

The effect was more pronounced for Cu based catalysts. 

9. Among all the mono-metallic catalysts, Cu/MgO catalyst showed a 95.4% conversion 

with 94.2% selectivity towards 1,2-PDO at 210 oC and at 4.5 MPa pressure. After the 

addition of a small amount of zinc in the copper-magnesium system (Cu:Zn(4:1)/MgO), 

glycerol conversion (98.7%) and the selectivity (93.4%) to 1,2-PDO enhanced 

significantly. ZnO mainly enhanced the reducibility of CuO species due to the hydrogen 

spillover effect. NH3 –TPD and CO2 –TPD results revealed that copper introduced the 

acidic sites, whereas, Zn introduced the additional basicity in the catalyst. 

10. Very high catalytic activity and 1,2-PDO selectivity over 50 wt.% Cu:Zn(4:1)/MgO 

catalyst was due to the presence of appropriate combinations of acidic (2.13 mmol NH3. 

g-1cat.) and/or basic (1.81 mmol CO2.g
-1cat.) sites concentration on the catalyst, high 

hydrogen consumption (6.7 mmol.g-1cat.), very high degree of reduction (91.7%), and 

presence of small average copper particle size (37.1 nm) in the reduced catalyst. 

11. The product distribution obtained over 50 wt.% Cu:Zn(4:1)/MgO catalyst suggested 

two-step hydrogenolysis reaction process for the production of 1,2-PDO from glycerol 

i,e. dehydration of glycerol to hydroxyacetone followed by the hydrogenation of 

hydroxyacetone to 1,2-PDO. EG was produced due to the cleavage of C-C bond of 

glycerol. 

12. Catalyst reusability study showed that glycerol conversion decreased by ~14% after 

cycle-3. However, the selectivity towards 1,2-PDO was almost constant (~94%). 

Deactivation of the catalyst was because of agglomeration of particles due to repetitive 

heat treatment of the catalyst before each cycle. 
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13. Effects of different supports (La2O3, CaO, BaO2 and MgO-La2O3) on Cu-Zn bimetallic 

catalyst were evaluated. Cu:Zn(4:1)/MgO-La2O3 catalyst showed the highest activity. 

100% conversion with 93.4% selectivity towards 1,2-PDO was achieved at 210 oC and 

at 4.5 MPa pressure. 

14. Reusability study in presence of Cu:Zn(4:1)/MgO-La2O3 catalyst showed that glycerol 

conversion decreased by 14.4% after 4th cycle. The selectivity towards 1,2-PDO 

decreased from 93.4% to 63.2% with simultaneous increasing the selectivity to propanol 

from 2.2% to 29%. Deactivation of catalytic activity was because of decreasing the 

surface area and the agglomeration of Cu particle. XRD pattern of reused catalyst 

suggested that the degree of reduction of Cu was increased significantly after successive 

reuse. The presence of more reduced copper metal on the catalyst surface might 

propagate the over hydrogenolysis of 1,2-PDO to propanol. Therefore, although the 

addition of La2O3 in 50 wt.% Cu:Zn(4:1)/MgO catalyst enhanced the catalytic activity, 

however, it was not beneficial for the stability of the catalyst. 

15. Kinetic study of hydrogenolysis of glycerol was carried out in presence of Cu:Ni(1:1)/γ-

Al2O3 catalyst. Since 1,2-PDO and propanol were found to be as the primary reaction 

products, a series reaction for the conversion of glycerol to 1,2-PDO followed by the 

conversion of 1,2-PDO to propanol was taken into account to develop the kinetic model.  

16. Various kinetic models including power-law, modified power-law and a heterogeneous 

kinetic model based on the assumptions of combined Langmuir-Hinshelwood-Hougen-

Watson (LHHW) and Eley-Rideal (ER) approach were developed. Power law model 

suggested pseudo 1st order kinetics with respect to glycerol concentration with an 

activation energy of 67.7 kJ.mol-1 for one step hydrogenolysis process. Further, 

modified power-law model was developed by considering 1,2-PDO and propanol (1-PO 

+ 2-PO) as primary reaction products. Results demonstrated that the experimental 

concentrations of 1,2-PDO and propanol were very well correlated with the model 

predicted concentrations. Finally, a more realistic heterogeneous kinetic model based on 

the assumptions of combined LHHW and ER approach was developed. The obtained 

activation energies explained very well the assumptions made to develop the 

heterogeneous model. The parity plot of the experimental and simulated concentration 

values of reactant and products revealed that heterogeneous kinetic model was aptly 

fitted with the experimental data. 

17. Langmuir-Hinshelwood type kinetic model were developed for glycerol hydrogenolysis 

reaction over 50 wt.% Cu:Zn(4:1)/MgO and 50 wt.%  Cu:Zn(4:1)/MgO-La2O3 catalysts. 
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The obtained activation energy and frequency factors over 50 wt.% Cu:Zn(4:1)/MgO 

catalyst were 42.62 kJ.mol-1 and 2.9×104 mol.gcat-1.h-1, respectively. In presence of 50 

wt.% Cu:Zn(4:1)/MgO-La2O3 catalyst, an activation energy of 69.6 kJ.mol-1 and a 

frequency factor of 4.2×107 mol.gcat-1.h-1 were obtained for the conversion of glycerol 

to 1,2-PDO. 

18. The overall economic feasibility of liquid phase hydrogenolysis of glycerol to 1,2-PDO 

was carried out in presence of 50 wt.% Cu:Zn(4:1)/MgO catalyst, which showed best 

activity among all of the catalysts developed in this thesis. Results suggested that the 

production of 1,2-PDO from renewable glycerol is extremely profitable and it is highly 

promising for commercial application. 

 

7.2 Recommendations  

Based on the work presented in this thesis, the following recommendations are made for 

better understanding the insights of the catalyst structure, role of the catalyst, on catalytic 

activity 1,2-PDO selectivity and stability. 

1. To determine better insites of the catalysts, Characterization of catalysts by using 

more advanced techniques such as X-ray absorption near edge structure (XANES), 

extended X-ray absorption fine structure (EXAFS), diffuse reflectance infrared 

fourier transform spectroscopy (DRIFTS), high resolution transmission electron 

microscopy (HRTEM), and nuclear magnetic resonance spectroscopy (NMR) may 

be useful. These techniques are quite helpful to identify the atomic structure, 

oxidation state, coordination of metal ions and microstructure of the catalyst. 

Pyridine-FTIR can be used to distinguish the lewis and bronsted acidic sites of the 

catalyst and their role on catalytic activity for the conversion of glycerol to 1,2-

PDO. 

2. To increase the stability of the catalyst, the inclusion of some noble metals (Pt, Pd), 

rare earth elements (Ce, Sc, Y) to Cu-Zn/MgO catalyst may be effective. 

3. Use of various solvents such as formic acid, methanol, ethanol, propanol etc. as a 

hydrogen donor rather using gaseous hydrogen may be beneficial. 

4. A more rigorous and robust kinetic model for glycerol hydrogenolysis process can 

be developed by LHHW and/or ER model by considering all the individual products 

detected. 
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5. Density functional theory (DFT) calculation may be employed to elucidate the 

reaction mechanism theoretically for glycerol hydrogenolysis process involving 

C-C, C-H and C-O bond cleavage of glycerol in presence of various catalysts. 

6. DFT calculation may help to design a new and promising catalyst. 
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APPENDIX I 

Table A1.1. Physico-chemical properties of Cu:Ni(1:1)/γ-Al2O3 catalyst with the variation of 

calcination temperature 

Calcination 

temperature 

BET 

surface area  

(m2g-1) 

Pore 

volume 

(cm3.g-1) 

Average Cu-Ni 

crystallite size 

(nm) 

Acidity 

(mmol NH3. gcat-1)                     

Degree of 

reduction 

(%) 

350 92.0 0.15 17.2 2.8 68.3 

400 90.0 0.15 16.2 2.9 74.3 

450 86.0 0.14 20.2 1.5 54.8 

500 83.0 0.13 19.1 0.2 68.2 

 

 

CALCULATION OF CALIBRATION FACOTRS 

Calibration factors were used to calculate the mole ratios of different components in the 

product mixture and it was defined as follow. 

Calibration factor of X with respect to Y, 

XY

weight of X in the standard mixture

weight of Y in the standard mixture
K = 

area of X

area of Y

  

1. Calibration factor for glycerol, 1,2-PDO, hydroxyacetone, EG, 1-propanol, 2-propanol, 

ethanol, and methanol 

For the calculation of calibration factors of all reactants and products, n-butanol was used as an 

internal standard. 

Calibration factor of glycerol with respect to n-butanol = 3.02 

Calibration factor of 1,2-PDO with respect to n-butanol = 1.56 

Calibration factor of hydroxyacetone with respect to n-butanol = 2.33 

Calibration factor of EG with respect to n-butanol = 2.33 

Calibration factor of 1-propanol with respect to n-butanol = 1.01 

Calibration factor of 2-propanol with respect to n-butanol = 1.11 

Calibration factor of ethanol with respect to n-butanol = 1.37 

Calibration factor of methanol with respect to n-butanol = 2.30 

Carrier gas: Nitrogen (flow rate: 50 cc min-1) 
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Detector: Flame inonization detector (FID) 

Column: Chromosorb-101 packed column (1.52 m x 3.1 mm o.d. x 2 mm i.d.) 

 

 

2. Chromatogram of identified obtained by GC 

 

Figure A1.1. Chromatogram of identified products obtained by GC 

 

Table A1.2. Components detected by GC and their retention times 

Compound name Retention time 

Methanol 1.64 

Ethanol 2.00 

2-propanol (2-PO) 3.03 

1-propanol (1-PO) 4.03 

n-butanol 7.38 

Hydroxyacetone 8.36 

Ethylene glycol (EG) 8.88 

1,2-propanediol (1,2-PDO) 10.35 

Glycerol 17.08 
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APPENDIX II 

KINETIC MODELS 

Model 1. G P  

Step 1: Adsorption of glycerol (G) and hydrogen (H2) on the active site ($) of the catalyst as: 

2G + 2$ G. $
1

-1

k

k

                                                                                       

2H 2$ 2H. $ 
2

-2

k

k

                                                                               

Step 2: Interaction of adsorbed glycerol with adsorbed hydrogen produced adsorbed 1,2-PDO 

as: 

2G. $ 2H.$ P.$ W 3$
3

-3

k

k

                                                                                                                                     

where, P and W represented 1,2-PDO and water, respectively. 

Step 3: Desorption of 1,2-PDO from the catalyst surface and the active sites were regenerated 

as: 

4
P. $ P $

-4

k

k

                                                                                     

 

Model 2. G P  

Step 1: Adsorption of glycerol (G) on the active site ($) of the catalyst as: 

G + $ G. $
1

-1

k

k

                                                                                                                                                                   

Step 2: Interaction of adsorbed glycerol with hydrogen molecule (H2) produced adsorbed 1,2-

PDO as: 

2

2G. $ H P.$ W
-2

k

k

                                                                                                                                    

where, P and W represented 1,2-PDO and water, respectively. 

Step 3: Desorption of 1,2-PDO from the catalyst surface and the active sites were regenerated 

as: 

                    3
P. $ P $

-3

k

k
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Model 3. G P  

Step 1: Adsorption of glycerol (G) and hydrogen (H2) on the active site ($) of the catalyst as: 

G + $ G. $
1

-1

k

k

           

2 2H $ H . $
2

-2

k

k

                                                                                                                                                               

Step 2: Interaction of adsorbed glycerol with adsorbed hydrogen produced adsorbed 1,2-PDO 

as: 

2G. $ H . $ P.$ W.$
3

-3

k

k

                                                                                                                                    

where, P and W represented 1,2-PDO and water, respectively. 

Step 3: Desorption of 1,2-PDO and water from the catalyst surface and the active sites were 

regenerated as: 

                   4
P. $ P $

-4

k

k

   

                   W. $ W $
5

-5

k

k

   

 

Model 4. G P PO   

Step 1: Adsorption of glycerol (G) and hydrogen (H2) on the active site ($) of the catalyst as: 

G + $ G. $
1

-1

k

k
                                                                                   

2H 2$ 2H. $ 
2

-2

k

k
                                                                                

Step 2: Interaction of adsorbed glycerol with adsorbed atomic hydrogen produced adsorbed 

1,2-PDO followed by the surface reaction between adsorbed 1,2-PDO (P.$) and adsorbed 

atomic hydrogen (H.$) occurred as: 

G. $ 2H.$ P.$ 2$
3

-3

k

k

                                                                           

P. $ + 2H.$ PO. $ + 2$
4

-4

k

k

                                                           

where, P, PO represented 1,2-PDO, propanol, respectively. 

Step 3: Desorption of products (1,2-PDO and PO) from the catalyst surface and the active sites 

were regenerated as: 

P. $ P $ 
5

-5

k

k
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PO. $ PO + $
6

-6

k

k

                               

 

Model 5. G P PO   

Step 1: Adsorption of glycerol (G) on the active site ($) of the catalyst as: 

G + $ G. $
1

-1

k

k
                                                                                      

Step 2: Interaction of adsorbed glycerol with hydrogen molecule (H2) and produced adsorbed 

1,2-PDO followed by the surface reaction between adsorbed 1,2-PDO (P.$) and hydrogen 

molecule (H2) occurred as: 

2G. $ H P.$ W 
3

-3

k

k

                                                                        

2P. $ + H PO. $ + W
4

-4

k

k

                                                       

where, P, PO, and W represented 1,2-PDO, propanol, and water, respectively. 

Step 3: Desorption of products (1,2-PDO and PO) from the catalyst surface and the active sites 

were regenerated as: 

P. $ P $ 
5

-5

k

k

                                                                              

PO. $ PO + $
6

-6

k

k

                                                                                  

 

Model 6. G P PO   

Step 1: Adsorption of glycerol (G) and hydrogen (H2) on the active site ($) of the catalyst as: 

G + $ G. $
1

-1

k

k
                                                                                      

2 2H $ H . $
2

-2

k

k

                                                                                   

Step 2: Interaction of adsorbed glycerol with adsorbed hydrogen molecule and produced 

adsorbed 1,2-PDO followed by the surface reaction between adsorbed 1,2-PDO (P.$) and 

adsorbed molecular hydrogen (H2.$) occurred as: 

2G. $ H .$ P.$ $
3

-3

k

k

                                                                         

2P. $ + H .$ PO. $ +$
4

-4

k

k

                                                             

where, P, PO, and W represented 1,2-PDO, propanol, and water, respectively. 
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Step 3: Desorption of products (1,2-PDO and PO) from the catalyst surface and the active sites 

were regenerated as: 

P. $ P $ 
5

-5

k

k

                                                                              

PO. $ PO + $
6

-6

k

k

                                                                                     

 

Model 7. G P PO   

Step 1: Adsorption of glycerol (G) and hydrogen (H2) on the active site ($) of the catalyst as: 

G + $ G. $
1

-1

k

k
                                                                               

2 2H $ H . $
2

-2

k

k

                                                                                 

Step 2: Interaction of adsorbed glycerol with adsorbed hydrogen molecule and produced 

adsorbed 1,2-PDO followed by the surface reaction between adsorbed 1,2-PDO (P.$) and 

adsorbed molecular hydrogen (H2.$) occurred as: 

2G. $ H .$ P.$ $
3

-3

k

k

                                                                       

2P. $ + H .$ PO. $ +$
4

-4

k

k

                                                   

where, P, PO represented 1,2-PDO, propanol, respectively. 

Step 3: Desorption of products (1,2-PDO and PO) from the catalyst surface and the active sites 

were regenerated as: 

P. $ P $ 
5

-5

k

k

                                                                           

PO. $ PO + $
6

-6

k

k

                                                                            

 

Model 8. G P PO   

Step 1: Adsorption of glycerol (G) and hydrogen (H2) on the active site ($) of the catalyst as: 

G + $ G. $
1

-1

k

k
                                                                                     

2 2H $ H . $
2

-2

k

k

                                                                                   

Step 2: Interaction of adsorbed glycerol produced adsorbed 1,2-PDO followed by the surface 

reaction between adsorbed 1,2-PDO (P.$) and adsorbed molecular hydrogen (H.$) occurred as: 

G. $ P.$ W
3

-3

k

k
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2P. $ + H .$ PO. $ + $
4

-4

k

k

                                                            

where, P, PO, and W represented 1,2-PDO, propanol, and water, respectively. 

Step 3: Desorption of products (1,2-PDO and PO) from the catalyst surface and the active sites 

were regenerated as: 

P. $ P $ 
5

-5

k

k

                                                                                     

PO. $ PO + $
6

-6

k

k

                                                                                     

 

Model 9.  

Step 1: Adsorption of glycerol (G) and hydrogen (H2) on the active site ($) of the catalyst as: 

G + $ G. $
1

-1

k

k
                                                                           

2 2H $ H . $
2

-2

k

k

                                                                                  

Step 2: Interaction of adsorbed glycerol with adsorbed hydrogen molecule and produced 

adsorbed 1,2-PDO followed by the surface reaction between adsorbed 1,2-PDO (P.$) and 

adsorbed molecular hydrogen (H2.$) occurred as: 

2G. $ H . $ P.$ W $
3

-3

k

k

                                                                            

2G. $ + H .$ PO. $ +$
4

-4

k

k

                                                         

where, P, PO, and W represented 1,2-PDO, propanol, and water, respectively. 

Step 3: Desorption of products (1,2-PDO and PO) from the catalyst surface and the active sites 

were regenerated as: 

P. $ P $ 
5

-5

k

k
                                                                                     

PO. $ PO + $
6

-6

k

k

                                                                            

 

Model 10. 

Step 1: Adsorption of glycerol (G) on the active site ($) of the catalyst as: 

2G + 2$ G. $
1

-1

k

k

                                                                                                                                                                      

Step 2: Interaction of adsorbed glycerol with hydrogen molecule (H2) present in the bulk phase 

and produced adsorbed 1,2-PDO and propanol : 
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2 2G.$ H P. $ PO. $ W
2

-2

k

k

     

where, P, PO, and W represented 1,2-PDO, propanol, and water, respectively. 

Step 3: Desorption of products (1,2-PDO and PO) from the catalyst surface and the active sites 

were regenerated as: 

3
P. $ P $

-3

k

k

                                                                                      

4
PO. $ PO + $

-4

k

k

                                                                                      

 

Model 11. 

Step 1: Adsorption of glycerol (G) and hydrogen (H2) on the active site ($) of the catalyst as: 

G + $ G. $
1

-1

k

k
                                                                                      

2 2H $ H . $
2

-2

k

k

                                                                               

Step 2: Interaction of adsorbed glycerol with adsorbed hydrogen molecule produced adsorbed 

1,2-PDO followed by the surface reaction between adsorbed 1,2-PDO (P.$) and propanol 

(PO.$) occurred as: 

2G. $ H . $ P.$ PO.$
3

-3

k

k

                                                                                                                                     

where, P, PO represented 1,2-PDO, propanol, respectively. 

Step 3: Desorption of products (1,2-PDO and PO) from the catalyst surface and the active sites 

were regenerated as: 

4
P. $ P $

-4

k

k

                                                                                       

5
PO. $ PO + $

-5

k

k

                                                                              

 

Model 12. 

Step 1: Adsorption of glycerol (G) on the active site ($) of the catalyst as: 

G + $ G. $
1

-1

k

k
                                                                                                                                                          

Step 2: Interaction of adsorbed glycerol with hydrogen molecule (H2) produced adsorbed 1,2-

PDO. Further, interaction of adsorbed glycerol with hydrogen molecule (H2) produced 

propanol as: 
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2

2G. $ H P.$ W
-2

k

k

    

2G. $ H PO.$ W
3

-3

k

k

                                                                                                                                        

where, P, PO, and W represented 1,2-PDO, propanol, and water, respectively. 

Step 3: Desorption of products (1,2-PDO and PO) from the catalyst surface and the active sites 

were regenerated as: 

                      4
P. $ P $

-4

k

k

                                                                                       

                      5
PO. $ PO + $

-5

k

k

                             

 

Model 13. 

Step 1: Adsorption of glycerol (G) and hydrogen (H2) on the active site ($) of the catalyst as: 

G + $ G. $
1

-1

k

k
      

2 2H $ H . $
2

-2

k

k

                                                                                                                                                            

Step 2: Interaction of adsorbed glycerol with adsorbed hydrogen molecule produced adsorbed 

1,2-PDO followed by the surface reaction between adsorbed 1,2-PDO (P.$) and adsorbed 

hydrogen produced adsorbed propanol (PO.$). Further, interaction of adsorbed glycerol with 

adsorbed hydrogen molecule produced Ethelyene glycol (E.$).  

2G. $ H . $ P.$ $
3

-3

k

k

    

4

2P. $ H . $ PO.$ $
-4

k

k

    

5

2G. $ H . $ E.$ $
-5

k

k

                                                                                                                                                  

where, P, PO, and E represented 1,2-PDO, propanol, and ethylene glycol, respectively. 

Step 3: Desorption of products (1,2-PDO, PO and ethylene glycol) from the catalyst surface 

and the active sites were regenerated as: 

                   6
P. $ P $

-6

k

k

                                                                                       

                   7
PO. $ PO + $

-7

k

k

  

                   8
E. $ E + $

-8

k

k
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Model 14. G A P   

Step 1: Adsorption of glycerol (G) and adsorption of hydrogen on the active site ($) of the 

catalyst in which hydrogen is adsorbed as hydrogen atoms as: 

G + $ G. $
1

-1

k

k
     

2H 2$ 2H. $
2

-2

k

k

                                                                                                                                                              

Step 2: Interaction of adsorbed glycerol produced adsorbed hydroxyacetone (A.$) followed by 

the surface reaction between adsorbed hydroxyacetone (A.$) and adsorbed atomic hydrogen 

(H.$) occurred as: 

G. $ A.$ W
3

-3

k

k

    

A. $ 2H.$ P.$ 2$
4

-4

k

k

                                                                                                                                        

where, A, P, and W represented hydroxyacetone, 1,2-PDO, and water, respectively. 

Step 3: Desorption of products (hydroxyacetone and 1,2-PDO) from the catalyst surface and the 

active sites were regenerated as: 

5
A. $ A + $

-5

k

k

                                                                                      

6
P. $ P $

-6

k

k

   

 

Model 15. G A P   

Step 1: Adsorption of glycerol (G) and hydrogen (H2) on the active site ($) of the catalyst as: 

G + $ G. $
1

-1

k

k
     

2 2H $ H . $
2

-2

k

k

                                                                                                                                                              

Step 2: Interaction of adsorbed glycerol produced adsorbed hydroxyacetone (A.$) followed by 

the surface reaction between adsorbed hydroxyacetone (A.$) and adsorbed molecular hydrogen 

(H2.$) occurred as: 

G. $ A.$ W
3

-3

k

k

    

2A. $ H .$ P.$ $
4

-4

k

k

                                                                                                                                        

where, A, P, and W represented hydroxyacetone, 1,2-PDO, and water, respectively. 
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Step 3: Desorption of products (hydroxyacetone and 1,2-PDO) from the catalyst surface and the 

active sites were regenerated as: 

                    5
A. $ A + $

-5

k

k

                                                                                      

                    6
P. $ P $

-6

k

k

   

 

Model 16. G A P   

Step 1: Adsorption of glycerol on the active site ($) of the catalyst as: 

G + $ G. $
1

-1

k

k

                                                                                                                                                                

Step 2: Interaction of adsorbed glycerol produced adsorbed hydroxyacetone (A.$) followed by 

the surface reaction between adsorbed hydroxyacetone (A.$) and hydrogen molecule (H2) 

occurred as: 

2
G. $ A.$ W

-2

k

k

    

3

2A. $ H P.$
-3

k

k

                                                                                                                                        

where, A, P, and W represented hydroxyacetone, 1,2-PDO, and water, respectively. 

Step 3: Desorption of products (hydroxyacetone and 1,2-PDO) from the catalyst surface and the 

active sites were regenerated as: 

                    4
A. $ A + $

-4

k

k

                                                                                      

                    5
P. $ P $

-5

k

k

   

 

Model 17. G A P   

Step 1: Adsorption of glycerol (G) and hydrogen (H2) on two different active sites of the 

catalyst  $ and S, respectively: 

G + $ G. $
1

-1

k

k
     

2 2H S H .S
2

-2

k

k

                                                                                                                                                              

Step 2: Interaction of adsorbed glycerol produced adsorbed hydroxyacetone (A.$) followed by 

the surface reaction between adsorbed hydroxyacetone (A.$) and adsorbed molecular hydrogen 

(H2.S) occurred as: 
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G. $ A.$ W
3

-3

k

k

    

2A. $ H .S P.$ S
4

-4

k

k

                                                                                                                                        

where, A, P, and W represented hydroxyacetone, 1,2-PDO, and water, respectively. 

Step 3: Desorption of products (hydroxyacetone and 1,2-PDO) from the catalyst surface and the 

active sites were regenerated as: 

         5
A. $ A + $

-5

k

k

                                                                                      

                   6
P. $ P $

-6

k

k

   

 

Model 18. G A P   

Step 1: Adsorption of glycerol (G) and hydrogen (H2) on two different active sites of the 

catalyst  $ and S, respectively, in which hydrogen (H2) is adsorbed as hydrogen atoms: 

        G + $ G. $
1

-1

k

k
     

2H 2S 2H.S
2

-2

k

k

                                                                                    

Step 2: Interaction of adsorbed glycerol produced adsorbed hydroxyacetone (A.$) followed by 

the surface reaction between adsorbed hydroxyacetone (A.$) and adsorbed atomic hydrogen 

(H.S) occurred as: 

G. $ A.$ W
3

-3

k

k

    

A. $ 2H.S P.$ 2S
4

-4

k

k

                                                                        

where, A, P, and W represented hydroxyacetone, 1,2-PDO, and water, respectively. 

Step 3: Desorption of products (hydroxyacetone and 1,2-PDO) from the catalyst surface and the 

active sites were regenerated as: 

                     5
A. $ A + $

-5

k

k

                                                                                      

                     6
P. $ P $

-6

k

k
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Model 19. G A P   

Step 1: Adsorption of glycerol (G) on the active site ($) of the catalyst as: 

2G + 2. $ G. $
1

-1

k

k

                                                   

Step 2: Interaction of adsorbed glycerol produced adsorbed hydroxyacetone (A.$) followed by 

the surface reaction between adsorbed hydroxyacetone (A.$) and hydrogen molecule (H2) 

occurred as: 

2

2G. $ A.$ W.$
-2

k

k

    

3

2A. $ H P.$
-3

k

k

                                                                   

where, A, P, and W represented hydroxyacetone, 1,2-PDO, and water, respectively. 

Step 3: Desorption of products (hydroxyacetone, 1,2-PDO, and water) from the catalyst surface 

and the active sites were regenerated as: 

                   4
A. $ A + $

-4

k

k

       

                   5
W. $ W + $

-5

k

k

                                                                               

                   6
P. $ P $

-6

k

k
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APPENDIX III 

WEISZ-PRATER CRITERION 

Table A2.1. Calculation of Weisz-Prater criterion  

According to Wiesz- Prater criterion: intra particle diffusion can be neglected if Wiesz- Prater 

criterion: 

2

obs p p

e AS

r R
1

D C


    where  ′φ′ is known as Wiesz- Prater parameter 

Symbol Term Value 

robs Observed reaction rate at bulk concentration 7.5 × 10-6 mol glycerol.gcat-1.s-1 

Rp Radius of the catalyst particle 0.62 × 10-6 cm 

CAS Reactant concentration at external particle 

surface  

2.2 × 10 -3 mol.cm-3 

ρp True density of the catalyst  2.2 g.cc-1 

  Catalyst porosity  0.5 

T Reaction temperature 493 K 

M glycerol Molecular weight of glycerol (reactant)  92.5 g.mol-1 

  Pore radius  2.8 ×  10-7 cm 

Dk Knudsen diffusivity of glycerol =  

9.7× 103  × 

1/2

glycerol

T

M

 
  
  

                   

6.27 × 10-3 cm2.s-1 

De Effective diffusivity = 
2

kD   1.567 × 10-3 cm2.s-1 

Φ Weisz-Prater parameter 1.84 × 10-12 

 

In the present work, the calculated value of Weisz-Prater parameter was very low <<1 at the 

maximum reaction temperature (220 °C), so intra particle diffusion resistance was negligible. 
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APPENDIX IV 

PRATER NUMBER 

Table A3.1. Calculation of Prater Number  

According to Prater no, if 
eff

ASeRx
S

CDH
TT





 max  is very low, then the 

isothermal condition exists within the catalyst pellet.  

Symbol Term Value 

−∆𝐻𝑅𝑥  Heat of reaction 103 × 103  J.mol-1 

De Effective diffusivity 1.567 × 10-3  cm2.s-1 

CAS Concentration of reactant at the external 

surface of the catalyst particle 

2.2 × 10-3 mol.cm-3 

TS Surface temperature 493 K 






 












S

f

Seff  

Effective thermal conductivity of catalyst 

pellet 

4.792 W.m-1.K-1 

S  Thermal conductivity of catalyst pellet 38.8 W.m-1.K-1 

f  Thermal conductivity of fluid (glycerol + 

water + solubility of hydrogen) 

0.5908 W.m-1.K-1 

  Porosity of catalyst pellet 0.5 

β Prater no 0.074 K 

 

In this study, the estimated value of β was very low 0.074 K, which was less than 1 K. This 

result suggested that heat transfer resistance was insignificant. 
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APPENDIX V 

THERMODYNAMIC EQUILIBRIUM CALCULATION FOR HYDROGENOLYSIS OF 

GLYCEROL 

Standard Gibbs free energy of the following reaction was calculated by using standard method 

At the standard reaction condition  

C3H8O3 (l) + H2 (g)                         C3H8O2  (l) + H2O (g) 

The Gibbs free energy at 298 oC 

ΔG298
o   =  (-333687.96 - 237129)-(-477337.068)  = -93.479 kJ/mol     

-ln(K298) = (ΔGo)/RT = -93479.892 /8.314×298.15 = -37.7111 

ΔH298
o  for this reaction =  −500.3 − 285.958 − 0 + 669.6 =  −116.658 kJ/mol 

CP
o = a + bT + cT2 + dT3+ eT−2 

CP  of glycerol = 137.654 + 0.3184T – 0.0001125T2  

CP of H2 = 27.012 + 3.509×103 T + cT2 + 0.690×10-5 eT−2 

CP of H2O = 28.850+ 12.055×103 T + 1.006×10-5 eT−2 

CP of C3H8O  at 210°C = 276.64 J/mol/K 

ΔH298
o = ΔHO + ΔaT +  

  Δb

2
T2 + 

Δc

3
T3 + Δd

4
T4  -  

Δe

T
  

From van’t Hoff equation, 

(
∂lnKa

∂T
= 

ΔHO

RT2 
) 

lnKT =1/R [ (ΔHO /T) + Δa lnT +  
  Δb

2
 T +

Δc

6
 T2 + Δd

12
 T3  - 

Δe

2T2
 ] + I 

The equilibrium constant can be calculated by solving these above equations 

The calculated value of equilibrium constant Ka  at 210 °C = 6.99 ×1015  

Negative value of Gibbs free energy (ΔG298
o = −93.479

kJ

mol
)   and high value of equilibrium 

constant Ka  at 210 °C = 6.99 ×1015 imply that the reaction is irreversible in nature and 

thermodynamically 100% conversion is feasible.  
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