
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


 

 

Doctor of Philosophy 

 

 

 

Glycerol carbonation with urea over Zn-containing 

mixed oxide catalysts 

 

 

 

 

The Graduate School of the University of Ulsan 

Department of Chemical Engineering and 

Bioengineering 

Huy Nguyen-Phu 

 

 

  

[UCI]I804:48009-200000284686[UCI]I804:48009-200000284686



 
 

Glycerol carbonation with urea over Zn-containing mixed oxide catalysts 

 

 

 

Advisor: Professor Eun Woo Shin 

 

A Dissertation  

Summitted to 

The Graduate School of the University of Ulsan  

In partial Fulfillment of the Requirements  

for the Degree of  

Doctor of philosophy 

 

By  

Huy Nguyen-Phu 

 

Department of Chemical Engineering and Bioengineering 

Ulsan, South Korea 

 

 

 

November 2019  





i 

ABSTRACT 

In this millennium, climate change is one of the biggest challenges of the human’s future. 

The major aspect of the current climate change is global warming which is the result of human 

activities. The most influence activity of humans is the emission of greenhouse gas including 

the carbon dioxide (CO2) by the burning of fossil fuel. If humans do not have effective actions 

to control the problem, the impact of climate change can be extended not just in this century 

but also in the next 10 millennia more. Replacing conventional fossil fuel by other 

renewable energy (including biofuel, biodiesel) is recognized as a solution to mitigate the 

impact of climate change. However, one problem of biodiesel is its byproduct- glycerol which 

is abundant and needs to be converted to a value-added product. In this thesis, I focus on 

preparing the catalysts for the reaction of glycerol and urea to glycerol carbonate; and 

investigating the catalysis mechanism of the reaction. 

Catalytic conversion to glycerol carbonate (GC) from glycerol and urea was investigated 

with Zn/Al catalysts supported by activated red mud (ARM), a waste material. Compared to 

an unsupported catalyst, ARM-supported Zn/Al catalysts exhibited higher GC yields. ARM-

supported Zn/Al catalysts showed a volcano curve for the GC yield as a function of the Zn/Al 

loading. FTIR analysis revealed the ARM-supported Zn/Al catalysts to be more selective, 

resulting in higher GC yield. The balance of active sites from ARM and Zn/Al was related to 

rates of each reaction step in GC synthesis, which eventually influenced the selectivity and 

yield of GC. 

In the second research, we prepared ZnO, ZnAl2O4, and ZnAl mixed oxides with different 

metal molar ratios and applied them for synthesizing glycerol carbonate (GC) from glycerol 

and urea. The reaction routes related to the Zn species over the ZnAl mixed oxides were 

investigated. The ZnAl mixed oxides were found to consist of two Zn crystalline phases: ZnO 
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and ZnAl2O4. From the reaction results, the ZnAl mixed oxides showed much higher glycerol 

conversion and GC yield than the ZnO and ZnAl2O4. During the reaction, the dissolution of the 

Zn species from the ZnO phase over the ZnAl mixed oxides was observed while the ZnAl2O4 

phase remained insoluble. The ZnO phase provided a homogeneous reaction route via the 

dissolved Zn species, resulting in the formation of a Zn complex containing the isocyanate 

(NCO) and zinc glycerolate. In contrast, the insoluble ZnAl2O4 phase was responsible for not 

only a heterogeneous reaction route, but also adsorption of the Zn NCO complex on the catalyst. 

We proposed that the adsorbed Zn NCO complex could play a role as an active site for an 

additional heterogeneous reaction route. Therefore, the ZnAl mixed oxides exhibited high GC 

yields through the dual catalysis routes: the homogeneous reaction route over the ZnO phase 

and the heterogeneous reaction route over the ZnAl2O4 phase.  

To understand the reaction mechanism, two different Zn-based catalysts - ZnO, and ZnAl 

mixed oxide (ZnAlO or Zn7Al3) - were employed to investigate Zn-phase-dependent catalysis 

in the reaction of glycerol with urea as a function of reaction times. Zn7Al3 catalyst exhibited 

higher selectivity and yield of glycerol carbonate (GC) over a wide range of glycerol 

conversion than the ZnO catalyst. The time-dependent Zn species and reaction intermediates 

were observed in the solid and liquid phases at various reaction times through FTIR and XRD 

measurements in order to understand Zn-containing intermediates and corresponding reaction 

routes over each catalyst. The low GC selectivity in the reaction over the ZnO catalyst was 

closely connected to the formation of zinc glycerolate (ZnGly) in the solid phase. For the ZnO 

catalyst, ZnGly was formed in the solid phase even at an initial reaction time by the reaction 

between Zn NCO complex and glycerol, resulting in the loss of GC selectivity. Alternatively, 

over a Zn7Al3 catalyst, the formation of the Zn isocyanate (NCO) complex was dominant up to 

2 hr of reaction time in both the liquid and solid phases. After 2 hr of reaction time, ZnGly was 

observed in the spent Zn7Al3 catalyst along with decreasing GC selectivity. The relative 
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formation rates of Zn-containing reaction intermediates (ZnGly and Zn NCO complex) over 

the Zn7Al3 catalyst were affected by the Zn phases over the solid catalysts and the ratio of urea 

to glycerol in the liquid phase during the reaction time. 

The effect of a disordered ZnAl2O4 spinel structure on the reaction of glycerol with urea 

was investigated with pure ZnAl2O4 (c-ZnAl2O4) and ZnAl mixed oxide (c-ZnAlO) prepared 

by a citrate complex method, and ZnAl physically mixed oxide (p-ZnAlO). During catalysts 

preparation, a disordered bulk ZnAl2O4 phase generated disordered sites on the surface: the 

Al3+ cations substituting for Zn2+ cations at the tetrahedral sites, and the surface oxygen 

vacancy corresponding to the Zn2+ cations substituting for Al3+ cations at the octahedral sites. 

The disordered surface sites increased in order of p-ZnAlO < c-ZnAlO < c- ZnAl2O4, which 

was proportional to the surface acidity. c-ZnAlO exhibited the best reaction performance due 

to the existence of a solid zinc isocyanate (Zn NCO) complex on the disordered sites. Here, we 

proposed that the solid Zn NCO complex preferentially generated glycerol carbonate (GC), 

while the liquid Zn NCO complex produced both GC and zinc glycerolate. 

Finally, we investigated the glycerolysis of urea over various ZnMeO (Me = Co, Cr, and 

Fe) mixed oxide catalysts. ZnMeO mixed oxide catalysts were prepared by a co-precipitation 

method for two Zn/Me ratios, resulting in Zn-rich mixed oxide (Zn2MeO) and Zn-poor mixed 

oxide (ZnMe2O). In the glycerolysis of urea, the Zn2MeO catalysts exhibited higher glycerol 

conversion and glycerol carbonate yields than the ZnMe2O catalysts due to the predominance 

of homogeneous catalysis through Zn isocyanate (NCO) complexes from the Zn2MeO 

catalysts. Specifically, Zn2CrO was the best catalyst, with the highest yield of glycerol 

carbonate. Fourier transform infrared (FT-IR) and thermogravimetric analysis (TGA) results 

of the spent catalysts clearly demonstrated the dominant formation of a solid Zn NCO complex 

over the spent Zn2CrO catalyst, a unique feature indicating that the better catalytic performance 
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of Zn2CrO was due to the additional heterogeneous reaction route through the solid Zn NCO 

complex.   
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CHAPTER 1. INTRODUCTION  

1.1.Background and motivation 

Nowadays, climate change is considered as one of the greatest threats facing our world [1]. 

Since the beginning of the Industry Revolution, the major aspect of the current climate change 

is global warming which is the result of human activities. That finding has been agreed upon 

by the publishing of almost all the climate researchers [2]. The most influence activity of 

humans is the emission of greenhouse gas including the carbon dioxide (CO2) by the burning 

of the traditional fossil fuel [3–5]. If humans do not have effective actions to control the 

problem, the impact of climate change can be extended not just in this century but also in the 

next 10 millennia more [6]. In the future, the reserves of fossil fuel will also be depleted which 

raises another question for the security of energy [7]. Replacing the conventional fossil fuel by 

other renewable energy (including biofuel, biodiesel) is recognized as a solution to mitigate the 

impact of climate change [8] and to ensure the supply of energy.  

A renewable and high-compatible energy source like bio-diesel has been received much 

attention in both research and production [9–11]. In one past decade from 2007 to 2018, the 

production capacity of biodiesel in the U.S. market increased rapidly by almost 6 times (Fig. 

1- 1). The consumed amount of vegetable oil for biofuel production has been grown 

dramatically especially in the market of Europe (Fig. 1- 2). The world production capacity of 

biodiesel has also increased rapidly in the last decade [12] with further production potential in 

the future [13]. The main source for biodiesel production is vegetable oil and one matter of bio-

diesel production in that way is the by-product – crude glycerol [14,15]. This crude glycerol 

has low commercial value, and there is an emerging concern about the environmental impact 

of this abundant crude glycerol and the sustainability of biodiesel [16,17]. That has made the 

crude glycerol abundant and inexpensive by-product [18] which needs to be applied for further 
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product. Although there are some traditional ways to treat or purify crude glycerol, the market 

for pure glycerol is saturated and the price of crude glycerol has dropped. Fig. 1- 3 shows the 

opposite trend of the production capacity and the price of both crude and refined glycerol. 

While the production of glycerol has increased, the corresponding price of glycerol has 

decreased. Instead of disposal, many alternative methods to utilize glycerol have been 

researched, including the chemical process to convert glycerol to value-added components.  It’s 

necessary to find an efficient approach to upgrade the existing crude glycerol. 

 

Fig. 1- 1. U.S. Biodiesel & Renewable diesel market [19] 
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Fig. 1- 2. Worldwide use of vegetable oil for biofuel production [9] 

To produce value-added products and optimize the benefit biodiesel manufacturing, the 

crude glycerol can be converted via several chemical pathway [20]: the selective oxidation [21–

23], reduction to 1,3-propanediol [24], glycerol transformation into fuel additives [25] and 

carboxylation or glycerolysis into glycerol carbonate (or 4-hydroxymethyl-1,3-dioxolan-2-

one). Glycerol carbonate (GC) is one attractive added-value chemical from glycerol. Glycerol 

carbonate has the excellent properties of high boiling point (110−115oC at 0.1 mmHg) [26]), 

low volatility (vapor pressure 0.008 bar at 177oC [27]), low flammability (flash point 190oC 

[28]), low toxicity and good biodegradability, and it has potential ability to widely employ in 

marketable industries such as cosmetics, batteries, polymers and pharmaceutical synthesis 

[29,30]. 

More attention for the glycerol carbonate (GC) can be proved by an increasing number of 

published paper year by year from 2001 to 2017 (Fig. 1- 4), especially since 2009. The period 

around the 2009 year also is the starting point for the expanding of the biodiesel industry in the 

U.S and Europe (Fig. 1- 1 and Fig. 1- 2). We can imply that the demand to process by-product 

glycerol of the biodiesel industry has triggered the glycerol carbonate research trend. 
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Fig. 1- 3. Projection of global glycerol production and prices. [9] 

 

Fig. 1- 4. Number of publications on glycerol carbonate in the period 2001–2017 (from Web 

of Science). [30] 
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Scheme 1- 1 shows the main routes to GC through glycerol, oxirane and polycarbonate 

decomposition. It’s clear to realize that the reaction route from glycerol contributes to the 

greatest number of possible reactions. There are several methods to synthesize GC from 

glycerol using the transcarbonation reaction with different carbonate sources: alkylene 

carbonate [31], dialkyl carbonate [32–38], CO/CO2 [39–45], and urea [46,47,56–58,48–55]. In 

particular, GC synthesis using glycerol and urea has attracted attention for several reasons: i) 

urea is an inexpensive and readily available source, ii) the use of a solvent is unnecessary, and 

iii) the by-product NH3 can be easily removed from a reactor by vacuuming or flowing nitrogen, 

which accelerates the forward reaction to GC. The idea of reaction between glycerol and urea 

can be summarized in Scheme 1- 2: one molecule of glycerol can react with one molecule of 

urea to produce one molecule glycerol carbonate and two molecules of by-product ammonia. 

If considering the economic benefit, the sided ammonia can be recovered and react again with 

carbon dioxide to produce urea which can carry by a normal urea production process. 

The glycerolysis of urea can be accelerated by various kinds of catalysts: zinc salts [46],  

zinc glycerolate [48], calcined Zn hydrotalcite [49], γ-zirconium phosphate [52], La2O3 [53], 

and Co3O4/ZnO [54] and ZnO [37]. In this thesis, we focus on applying the mixed oxide 

catalysts (mostly the mixed oxide of Zn and Al) for the glycerolysis of urea. 
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Scheme 1- 1. Main routes to glycerol carbonate synthesis [28] 

 

Scheme 1- 2. The reaction of glycerol and urea to glycerol carbonate 

However, the reaction of glycerol and urea to glycerol carbonate meets two main problems: 

demand to remove ammonia byproduct to push the reversible reaction forward and the 

Glycerol 

Glycerol 
carbonate 



7 
 

thermodynamic limit of a reversible reaction. According to Li et al. [59], the change of standard 

molar Gibbs free energy of this reaction was quite small at the standard conditions (ΔGo = 32.43 

kJ.mol-1, T = 25 oC and P = 101,325 Pa). The chemical equilibrium constants K of the reaction 

are displayed in Table 1- 1 and Table 1- 2. It can conclude that the reaction will be more 

favorable at a higher temperature and low pressure. However, the temperature cannot be 

increased too much, because the selectivity of glycerol carbonate decreases due to the catalytic 

conversion of glycerol carbonate to further by-products. Aresta et al. [52] confirmed that the 

best reaction performance can be achieved at a temperature T = 140 oC. 

Table 1- 1. Effect of reaction pressure on chemical equilibrium constants K [59] 

Pressure P/Po (T = 140 oC) Equilibrium constants K 

0.000197 3.705 × 107 

0.001 1.434 × 106 

0.01 1.428 × 105 

0.1 1.423 × 102 

1 1.417 

10 1.411 × 10-2 

20 3.525 × 10-3 

30 1.566 × 10-3 

40 0.88 × 10-3 

50 0.563 × 10-3 

P/Po is the ratio of reaction pressure to the standard pressure (Po = 101,325 Pa). 
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Table 1- 2. Chemical equilibrium constants K at different temperatures [59]. 

Temperature (oC) Equilibrium constants K (20 Pa) 

25 0.516 × 102 

40 0.575× 103 

60 9.611× 103 

80 1.11× 105 

100 9.547× 105 

120 6.491× 106 

140 3.658× 107 

160 1.78× 108 

180 7.67× 108  

To perform the reaction test at low pressure, a reactor system was installed and connected 

with a vacuum pump to reduce pressure to 3 kPa (Fig. 1- 5). An acid trap (nitric acid solution) 

was used to capture ammonia gas (NH3) so this corrosive gas could not enter the vacuum pump 

and not damage the pump. The reaction temperature was controlled at 140 oC by a temperature 

controller. The vapor pressure of glycerol at certain temperatures is listed in Table 1- 3 [60], 

and we can estimate that at the reaction pressure (3 kPa), the boiling point of glycerol is above 

the reaction temperature (140 oC). Therefore, it can be assumed that the reaction occurs in the 

liquid phase. However, to ensure that the vacuum pump only removes ammonia gas, a 

condenser was installed on the outlet of the reactor so the vapor of every reactant and product 

is returned to the reactor. 
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Fig. 1- 5. The sketch of the reactor system 

Table 1- 3. Vapor pressure of glycerol [60] 

Vapor pressure Temperature (oC) 

1 Pa 96 

10 Pa 113 

100 Pa 136 

1 kPa 168 

10 kPa 213.4 

100 kPa 287 

 

1.2.Research objectives 

The target of this thesis is to discover how and which active site of the mixed oxide catalysts 

(especially Zn/Al mixed oxide catalysts) catalyzes the reaction of glycerol and urea. This 

reaction can follow the homogeneous reaction route or heterogeneous reaction route. It was 

proposed a heterogeneous reaction route through the interaction of reactants (glycerol and urea) 
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with a pair of Lewis acid-base sites. In addition, the reaction of glycerol and urea can also be 

catalyzed by homogeneous reaction route: zinc isocyanate (NCO) complex formed in the liquid 

phase as a main active site for the homogeneous reaction route. Also, the Zn species in the solid 

phases can leach into the liquid phase, providing evidence for the homogeneous reaction route 

in the heterogeneous Zn-based catalysts. This zinc isocyanate complex in the liquid phase also 

can be adsorbed on the surface acidic site of the spinel ZnAl2O4 phase and acts as an additional 

heterogeneous reaction route. The acidity of spinel phase can be monitored by the disorder of 

distribution of Zn and Al cations in the tetrahedral sites and octahedral sites of a spinel lattice 

structure. Moreover, the dual reaction route (homogeneous reaction route and heterogeneous 

reaction route) can be applied for other Zn-containing mixed oxide catalysts (with other metals 

like Cr, Co, Fe). 

Specified objectives are: 

• Objective 1: Set up reaction & simply investigate reaction steps. This is the first time 

this reaction was applied in the laboratory; therefore, a new reactor system needs to be 

successfully installed and simple reaction steps need to be observed. 

• Objective 2: Reaction mechanism - Dual homogeneous & heterogeneous routes over 

Zn/Me mixed oxide (ZnO & spinel phase). A detailed explanation was given to clarify 

the reaction routes of reaction over the Zn-containing mixed oxide catalysts (the 

catalysts with the best reaction performance).  

• Objective 3: Effect of disordered spinel phase to surface properties (acidity…) & to 

reaction mechanism. The relationship between the structure of the spinel phase and the 

surface properties (especially the acidity) and the relationship between those surface 

properties and the reaction mechanism were investigated. 
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The final objective can open more research approaches and can be more completed by other 

future studies. 

1.3.Outline of the dissertation 

This dissertation is composed of five chapters that study the application of Zn-containing 

catalysts for the reaction of glycerol with urea; the reaction routes and the reaction mechanisms 

are also discussed. In the first Introduction chapter, the current climate change by CO2 emission 

with its consequences and the solution to use bio-fuel are presented. Glycerol carbonate is an 

approach to utilize the abundant amount of crude glycerol which is the by-product of bio-diesel 

production. In the second chapter, Zn/Al mixed oxide was impregnated on the red mud to 

observe the effect of the composition of activated red mud-supported Zn/Al catalysts to the 

reaction steps of the glycerolysis of urea. In the third chapter, a series of Zn/Al mixed oxides 

were prepared in different ratio of Zn:Al. The two phases ZnO and ZnAl2O4 were detected in 

every catalyst and these two phases take part in a dual reaction route (homogeneous and 

heterogeneous) of the glycerolysis of urea. Further, the Zn/Al mixed oxides continue to be 

investigated in the different reaction times to determine the role of Zn species (zinc isocyanate 

complexes and zinc glycerolate) in the reaction mechanism. The fourth chapter investigates the 

effect of disordered spinel ZnAl2O4 phase to the acidity and the glycerolysis of urea. And in 

the fifth chapter, the zinc-containing catalysts were prepared with not only Al but also other 

metals (Co, Cr, Fe); and the reaction routes of these catalysts follows the 

homogeneous/heterogeneous reaction route or both reaction routes. 

A simple structure of the thesis was depicted in Fig. 1- 6. The first objective is discussed in 

Chapter 1. The second objective is discussed in Chapter 3 and Chapter 5. The third objective 

is discussed in Chapter 4, Chapter 5 and can be more completed by the current studies and 

future studies. 
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Fig. 1- 6. The structure of the thesis corresponding to the objectives 
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CHAPTER 2. OBSERVE THE ACTIVATION OF RED MUD-SUPPORTED ZN/AL 

CATALYSTS ON THE REACTION STEPS OF THE GLYCEROLYSIS OF UREA. 

2.1.Introduction 

For the heterogeneous catalysts, Climent et al. [49] indicated that the balance between acid-

base sites of calcined Zn/Al hydrotalcite catalysts acted an important role in the reaction 

mechanism. Based on that idea, Ryu et al. [55] investigated the optimal Zn:Al ratio and 

obtained a better conversion. However, there has been no report to improve the catalytic 

performance by dispersing the active sites into supports. Red mud (RM) is a by-product from 

the manufacture of alumina by the Bayer process, specifically the solid residue of the caustic 

leaching of bauxite. RM has been studied as a catalyst or support for several catalytic reactions 

[61–64]. Although RM has less activity than the noble metals and metal oxides, its lower price 

makes it more desirable economically. In this work, we introduced calcined Zn/Al active sites 

onto activated RM (ARM) to improve its catalytic performance in the synthesis of GC with 

urea. The ARM-supported Zn/Al mixed oxide catalysts showed higher GC yield than the 

unsupported Zn/Al catalyst. 

2.2.Experimental 

2.2.1. Catalyst preparation 

The Zn/Al catalyst with molar ratio Zn:Al=7:3 (Zn7Al3Ox) was prepared by the 

coprecipitation method [49,55]. An aqueous solution of Zn(NO3)2.6H2O and Al(NO3)3.9H2O 

was precipitated by a basic solution of NaOH and NaNO3 under constant pH=6 and vigorous 

stirring. The mixed solution was then filtered and washed by deionized water. The resulting 

solid was dried at 100oC and finally calcined at 450oC in 6h. The sample was used as a control 

catalyst for comparison to the new catalysts. 
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The ARM-supported Zn/Al catalysts were prepared by the impregnation method. Typically, 

Zn(NO3)2.6H2O and Al(NO3)3.9H2O were dissolved in 100ml of deionized water, and 5g of 

ARM was added. The resulted solution was mixed by stirring and the solution temperature was 

kept at 80oC until all water was evaporated completely. The remaining solid was dried 

overnight at 110oC and calcined at 450oC in 6h. The prepared catalysts were designated as m%-

Zn7Al3Ox/ARM. The loading weight of Zn/Al (m%) changed from 5% to 60%.  

2.2.2. Reaction tests 

Glycerol (0.2 mol) was added to a round-bottom 100 ml flask at 80 oC under stirring by a 

magnetic bar to reduce the high viscosity of glycerol. The flask was connected to a vacuum 

pump through an acid solution trap (to remove ammonia) and a cold trap (to remove other 

volatiles). After glycerol became less viscous, 0.2 mol of urea was poured into the flask and 

mixed to dissolve in the glycerol. When the solution was transparent, catalyst (5 weight% of 

the glycerol mass) was added to the flask. The reaction was carried out under vacuum (3 kPa) 

at 140 oC with constant stirring. 

Ethanol was poured into the final product, and the liquid product was filtered away from a 

spent catalyst. The liquid product was quantitatively analyzed using a gas chromatography 

machine (Acme 6100 GC, YL Instrument Co., Ltd., Dongan-gu, South Korea) with a flame 

ionization detector and a capillary column, DB-Wax (30 m × 0.25 mm × 0.25 µm). The molar 

amount of each component was calculated using the internal standard method (the internal 

standard is tetraethylene glycol). The glycerol conversion, glycerol carbonate selectivity, 

glycerol carbonate yield, and byproduct selectivity were calculated using the equations below. 

The amount of each chemical is on the mole unit. 
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Glycerol conversion (%)

=
Initial amount of glycerol − Residual amount of glycerol   

Initial amount of glycerol
 × 100  

Glycerol carbonate yield (%) =
Amount of glycerol carbonate

Initial amount of glycerol
× 100 

Glycerol carbonate selectivity (%) =
Glycerol carbonate yield (%)

Glycerol conversion (%)
× 100 

Byproduct (except for ZnGly) selectivity (%)

=
Amount of byproduct

Initial amount of glycerol − Residual amount of glycerol  
× 100 

The FTIR vibration spectra of liquid products were obtained using a Thermo Scientific™ 

Nicolet™ iS™5 FT-IR Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The 

amount of Zn in the liquid phase was measured using an Agilent Technologies 5110 ICP-OES 

(Agilent, Santa Clara, CA, USA) instrument. 

2.2.3. Catalyst characterization 

The surface characterizations were measured by N2 adsorption isotherm analysis on a 

Micromeritics ASAP 2020 (USA) apparatus. The surface area was calculated by the Brunauer–

Emmett–Teller method. X-ray diffraction (XRD) patterns were obtained using a Rigaku RAD-

3C diffractometer (Japan) with Cu Ka radiation (λ = 1.5418Å) at a scattering angle (2θ) scan 

rate of 2o/min, operated at 35 kV and 20 mA. Surface morphology images were obtained by 

field- emission scanning electron microscopy (FE-SEM, JEOL JSM-7600F, Japan). 

2.3.Results and discussion 

2.3.1. Catalyst characterization 
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The textural properties of the catalysts are summarized in Table 2- 1. The surface area of 

ARM and Zn7Al3Ox are 136 and 43 m2/g, respectively. When Zn/Al was impregnated into 

ARM, the surface areas of the catalysts were significantly decreased to 56 ~ 95 m2/g, implying 

that the impregnation of Zn/Al changed the pore structure of ARM. Fig. 2- 1 shows N2 

adsorption-desorption isotherm plots of the catalysts. All the samples belong to type IV 

isotherm by IUPAC classification with a hysteresis loop [65]. The catalysts can be separated 

into two classes according to the hysteresis loop shapes. ARM and 5%-Zn7Al3Ox/ARM 

samples can be grouped to type H4 hysteresis loop, implying a lack of additional phase of Zn 

and Al or incorporation of metal ions into ARM structure. The samples with 25% to 60% 

weight loading exhibit H2 hysteresis loop, representing the 'ink bottle' pores with narrow necks 

and wide bodies [66]. The additional patterns may be due to the existence of the new phase of 

ZnO and ZnAl2O4.  

Table 2- 1. Textural properties of Zn7Al3Ox and ARM-supported Zn/Al catalysts 

Catalyst Surface area (m2/g) Pore volume (cm3/g) Pore size (nm) 

Zn7Al3Ox 46 0.164 11.6 

ARM 136 0.246 6.4 

5%-Zn7Al3Ox/ARM 84 0.148 7.6 

25%-Zn7Al3Ox/ARM 91 0.130 4.8 

40%-Zn7Al3Ox/ARM 95 0.147 5.3 

50%-Zn7Al3Ox/ARM 72 0.145 6.4 

60%-Zn7Al3Ox/ARM 56 0.110 6.6 

 

The main constituents of RM and ARM had been reported in our previous research [64] 

(Table 2- 2). The main elements of ARM are Fe (22.8%), Al (12.2%) and a small amount of Si 

(4.1%) and Ti (3.8%). Fig. 2- 2 shows the XRD patterns of the catalysts. The XRD pattern of 
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Zn7Al3Ox has two main phases: white zinc zincite ZnO (JCPDS No. 36-1451) and spinel 

ZnAl2O4 (JCPDS No. 05-0669) [67]. In the XRD pattern of ARM, the most important phase is 

hematite Fe2O3 (JCPDS 33-0664) [61], bayerite Al(OH)3 (JCPDS 02-0197), gibbsite Al(OH)3 

(JCPDS 02-0249) and brooktite TiO2 (JCPDS 76-1937). The high crystallinity of the ZnO 

phase is proven by the sharp peaks at 31.8o, 34.4o, 36.3o, 47.5o, 56.7o, and 62.9o. In contrast, 

the ZnAl2O4 phase has less crystalline property, proven by the broad and short peaks. At lower 

Zn/Al loading (5%), there is no evidence of the existence of ZnO and ZnAl2O4 phases. From 

25% to 60% Zn/Al loading, the XRD peak intensities of ZnO and ZnAl2O4 phases increase 

with the Zn/Al loading.  

 

Fig. 2- 1. N2 adsorption-desorption isotherms of a) ARM, b)5%-Zn7Al3Ox/ARM, c)25%-

Zn7Al3Ox/ARM, d)40%-Zn7Al3Ox/ARM, e)50%-Zn7Al3OxARM, f)60%-Zn7Al3Ox/ARM and 

g) Zn7Al3Ox. 
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Table 2- 2. Composition of the RM and ARM samples measured by EDX (wt. %). 

Element RM ARM 

Fe 23.32 22.84 

O 42.78 50.38 

Al 10.39 12.2 

Si 4.73 4.1 

Na 6.18 0.29 

Ca 4.03 1.47 

Ti 4.25 3.82 

P – – 

 

 

Fig. 2- 2. XRD patterns of a) ARM, b)5%-Zn7Al3Ox/ARM, c)25%-Zn7Al3Ox/ARM, d)40%-

Zn7Al3Ox/ARM, e)50%-Zn7Al3OxARM, f)60%-Zn7Al3Ox/ARM and g) Zn7Al3Ox. 
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To investigate the morphology of the catalysts, FE-SEM images were obtained (Fig. 2- 3). 

The ARM is composed of fine and rounded shapes of aggregates. At 5% Zn/Al weight loading, 

the surface morphology is almost similar to that of the ARM sample. At 40% weight loading, 

additional crystals of ZnO and ZnAl2O4 are distributed between the ARM particles. As the 

Zn/Al weight loading is increased to 50% and 60%, the phases of ZnO and ZnAl2O4 

agglomerated to bigger particles and mixed with ARM.  

 

Fig. 2- 3. SEM images of a) ARM, b) 5%-Zn7Al3Ox/ARM, c) 40%-Zn7Al3Ox/ARM, d) 50%-

Zn7Al3Ox/ARM, e) 60%-Zn7Al3Ox/ARM and f) Zn7Al3Ox. 

2.3.2. Catalyst reaction activity 

The reaction results (yield, conversion, and selectivity) are calculated by gas 

chromatography results (a typical gas chromatography graph is displayed in Fig. 2- 4) and 

summarized in Table 2- 3. Following Ryu. et al [55], as for unsupported Zn/Al oxide catalysts, 

the GC yields showed a volcano-like curve along with the Zn/Al molar ratio and Zn7Al3Ox 

catalyst was selected as a control sample since it had the best performance of unsupported 

Zn/Al oxide catalysts. A series of Zn/Al oxide were prepared and tested, the reaction results 

(Table 2- 4) confirmed Zn7Al3Ox having the best performance. 
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Fig. 2- 4. Typical gas chromatography graph, (2): 2,3-dihydroxypropyl carbamate, (4): 4-

(hydroxymethyl) oxazolidin-2-one, (5): (2-oxo-1,3-dioxolan-4-yl) methyl carbamate. 

Table 2- 3. Reaction results of Zn7Al3Ox and ARM-supported Zn/Al catalysts (Reaction 

conditions: Glycerol/urea molar ratio = 1, P = 3kPa, T = 140oC, 5 wt.% catalyst (of glycerol), 

at 5h of reaction time.) 

 
Yield (%) Conversion (%) Selectivity (%) 

Zn7Al3Ox 49.6±0.4 62.8±0.4 78.9±1.3 

ARM 30.9±0.5 51.4±0.6 60.1±1.8 

5%-Zn7Al3Ox/ARM 32.5±0.4 48.9±0.3 66.6±1.7 

25%-Zn7Al3Ox/ARM 50.7±0.7 62.0±0.8 81.8±2 

40%-Zn7Al3Ox/ARM 57.6±0.4 64.0±0.6 90.0±1.3 

50%-Zn7Al3Ox/ARM 58.1±0.3 69.0±0.7 84.2±0.9 

60%-Zn7Al3Ox/ARM 55.0±0.6 68.3±0.4 80.7±1.6 

 

Table 2- 4. Reaction results of Zn/Al mixed oxide catalysts (Reaction conditions: 

Glycerol/urea molar ratio = 1, P = 3kPa, T = 140oC, 5 wt.% catalyst (of glycerol), at 5h of 

reaction time.) 
 

Yield (%) Conversion (%) Selectivity (%) 

Zn9Al1Ox 42.7 59.5 71.7 

Zn8Al2Ox 44.4 61.3 72.5 

Zn7Al3Ox 49.6 62.8 78.9 

Zn6Al4Ox 40.9 58.4 70.0 
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Adding Zn/Al to the ARM structure gradually improved the conversion and the selectivity. 

When increasing the Zn/Al loading from 0 to 50%, the conversion increases from 51.4% to 

69.0%, and the selectivity increases of 60.1% to 90.0%, thus the yield increases from 30.9% to 

a maximum of 58.1% at a 50% Zn/Al loading. The relation between the GC yield and the Zn/Al 

loading is clearly shown in Fig. 2- 5. When the Zn/Al loading increases to 60%, the GC yield 

drops to 55.0% and continues to decrease to 49.6% with the Zn7Al3Ox catalyst (corresponding 

to 100% loading of Zn/Al). In Table 2- 3, compared to GC yield of Zn7Al3Ox (49.6%), the 

highest GC yield was obtained at 58.1% with 50%-Zn7Al3Ox/ARM where the weight percent 

of active components (Zn/Al) is only 50%. Therefore, the impregnation of Zn/Al onto ARM 

remarkably increased the catalytic performance. This improvement can be explained by the 

reaction mechanism through the FTIR analysis. 

The FTIR spectra of the products obtained with Zn7Al3Ox and 50%-Zn7Al3Ox/ARM are 

compared to the FTIR spectra of two reactants, glycerol, and urea (Fig. 2- 6). Important 

absorption bands can be assigned to functional groups as follows: 1788 cm-1 for C=O stretching 

of the 5-membered cyclic carbonate of GC, 1736 cm-1 for C=O stretching of (2-oxo-1,3,-

dioxolan-4-yl)methyl carbamate [52,68], and 1712 cm-1 for C=O stretching of 2,3-

dihydroxypropyl carbamate.  

A reaction mechanism was proposed through glycerolysis with urea, as shown in Scheme 

2- 1 [52,55]. Firstly, in Step 1: one amine group (-NH2) of urea combines with one hydroxyl 

group (-OH) of glycerol (1) to form the carbamate intermediate compound NH2-(C=O)-(2,3-

dihydroxypropyl carbamate) (2) and one ammonia molecule is released. In Step 2, carbamate 

intermediate (2) takes part in the ring-closing reaction to form GC (3) and eliminate the second 

ammonia molecule. The ring-closing reaction can occur by the interaction between the 

hydroxyl group (-CH(OH)-) and the amine (-NH2) to create byproduct 4-
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(hydroxymethyl)oxazolidin-2-one (4) and a water molecule. In Step 3, GC can react with one 

more urea to achieve byproduct (2-oxo-1,3-dioxolan-4-yl)methyl carbamate (5). 

 

Fig. 2- 5. GC yield as a function of Zn/Al loading amounts. (Reaction conditions: 

Glycerol/urea molar ratio = 1, P = 3kPa, T = 140oC, 5 wt.% catalyst (of glycerol), at 5h of 

reaction time.) 

The FTIR spectrum of the products with the Zn7Al3Ox catalyst presents a shoulder peak of 

byproduct (5) at 1736 cm-1 and a sharp peak of the main product (3) at 1788 cm-1. However, 

the FTIR spectrum of products with 50%-Zn7Al3Ox/ARM shows a main peak of GC at 1788 

cm-1 a small peak of intermediate carbamate at 1712 cm-1, which is the product of Step 1. Here, 

the ratio between the byproduct peaks is interesting: the main byproduct peak of 50%-

Zn7Al3Ox/ARM is smaller than that of Zn7Al3Ox, and thus the selectivity and the GC yield of 

the reaction with ARM-supported catalyst are higher than those of the Zn/Al catalysts.  
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Fig. 2- 6. FTIR spectra of a) glycerol, b) urea, c) product with catalyst Zn7Al3, d) product 

with catalyst ARM, e) product with catalyst 5%-Zn7Al3Ox/ARM, f) product with catalyst 

25%-Zn7Al3Ox/ARM, g) product with catalyst 40%-Zn7Al3Ox/ARM, h) product with catalyst 

50%-Zn7Al3Ox/ARM, and i) product with catalyst 60%-Zn7Al3Ox/ARM.  

 

Scheme 2- 1. The reaction mechanism for catalytic conversion to glycerol carbonate. 

 A reaction mechanism is connected with the role of acid and base active sites over the 

catalysts [52,55]. Fig. 2- 6 shows the FTIR spectra of products with m%-Zn7Al3Ox/ARM. ARM 

was proven to contain high Fe species [64] and Fe affected the reaction from urea to carbamate 

[69]. The dual acidity and basicity of ARM [64,70] enabled it to accelerate Step 1 (from 



24 
 

glycerol and urea to carbamate) with pairs of adjacent Lewis acid-base sites. Iron oxide has 

less basicity than zinc oxide [71], implying that ARM has less activity in Step 2. With ARM, 

small FTIR peaks of the main product (3) and intermediate (2) appear equally. Catalyst 5%-

Zn7Al3Ox/ARM has no phase of ZnO and ZnAl2O4, and therefore shows a similar FTIR 

spectrum to ARM, causing no improvement in catalytic performance. From the 25% Zn/Al 

loading, there are ZnO/ZnAl2O4 phases which can accelerate all steps: 1, 2 and 3. An increase 

of Step 1 makes more glycerol take part in the reaction and increases the conversion from 48.9% 

(with catalyst 5%-Zn7Al3Ox/ARM) to 69.0% (with catalyst 50%-Zn7Al3Ox/ARM). In the case, 

the reaction of Step 1 occurs over both ARM and ZnO/ZnAl2O4 phases. The presence of 

ZnO/ZnAl2O4 phases promotes the reaction of Step 2 to form more GC and to consume more 

of (2). Decreasing (2) is confirmed by FTIR spectra (Fig. 2- 6): when the Zn/Al loading 

increases from 5% to 50%, the intensity ratio of peak (2) decreases, improving the selectivity 

of GC (Table 2- 3).  

At 50% Zn/Al loading, there is a shoulder FTIR band of (5) and at 60% Zn/Al loading the 

peak of (2) is replaced with (5) (Fig. 2- 6). Since the effect of ZnO/ZnAl2O4 phase on the 

reaction rates is higher than that of ARM, intermediate (2) is completely consumed and Step 3 

is relatively accelerated, which creates more byproduct (5) and hence decreases the selectivity 

from 90.0% (40%-Zn7Al3Ox/ARM) to 84.2% (50%-Zn7Al3Ox/ARM) and 80.7% (60%-

Zn7Al3Ox/ARM). As the Zn/Al loading increases from 40% to 50%, the selectivity decreases 

from 90.0% to 84.2% but the conversion increases from 64.0% to 69.0%, hence slightly 

increasing the GC yield from 57.6% to 58.1%. Fig. 2- 7 shows the selectivities of byproducts 

which are calculated by the ratio of gas chromatography peak area. The trend of these 

selectivities is consistence with the conclusion from FT-IR results. With ARM, the amount of 

(2) is much larger than the amount of (5), so (2) has a significantly higher peak in the FT-IR 

result. In the case of the catalysts 50%-Zn7Al3Ox/ARM and 60%-Zn7Al3Ox/ARM, the 
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selectivity of (5) increases which is reflected in the increasing of FTIR peaks of (5), the 

increasing of (5) is considered as the reason of decreasing of glycerol carbonate selectivity and 

the glycerol carbonate yield. 

It can be concluded that the balance between the two components ARM and ZnO/ZnAl2O4 

is closely connected with a good balance between the three reaction steps: 1, 2 and 3 in Scheme 

2- 1, which determines the reaction performance: conversion, selectivity, and GC yield.  

 

Fig. 2- 7. Byproducts selectivity calculated from gas chromatography peak area, (2): 2,3-

dihydroxypropyl carbamate, (4): 4-(hydroxymethyl) oxazolidin-2-one, (5): (2-oxo-1,3-

dioxolan-4-yl)methyl carbamate. 

2.4.Conclusion 

The Zn/Al mixed oxide was successfully impregnated into ARM by the hot wet 

impregnation method and the catalysts were applied to the synthesis of GC. The catalyst with 
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50% of Zn/Al loaded on ARM attained a GC yield of 59.8%, which is higher than that (49.6%) 

of the unsupported catalyst, Zn7Al3Ox. FTIR analysis of the reaction products indicated that 

ARM had the activity for the reaction of Step 1 while Zn/Al showed activity for all the reaction 

steps: 1, 2, and 3. With the ARM-supported Zn/Al catalyst, the balance of active sites between 

the ARM and ZnO/ZnAl2O4 phases strongly influenced the catalytic performance. 
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CHAPTER 3. INVESTIGATE THE ROLE OF ZNO PHASE AND ZNAL2O4 PHASE IN 

ZN/AL MIXED OXIDE CATALYSTS TO THE DUAL REACTION ROUTE 

(HOMOGENEOUS AND HETEROGENEOUS) OF THE GLYCEROLYSIS OF UREA. 

INVESTIGATE TIME-DEPENDENT ZN SPECIES - THEIR ROLES IN THE 

REACTION MECHANISM. 

3.1.Introduction 

The glycerolysis of urea can be accelerated by heterogeneous catalysts, which are mostly 

metallic oxides: γ-zirconium phosphate [52], calcined Zn hydrotalcite [49], La2O3 [53], and 

Co3O4/ZnO nanodispersions [54]. By investigating the catalytic performance of several 

metallic oxides and calcinated hydrotalcite, Climent et al. [49] proposed a heterogeneous 

reaction route through the interaction of reactants (glycerol and urea) with a pair of Lewis acid-

base sites. In addition, the reaction of glycerol and urea can also be catalyzed by homogeneous 

catalysts like zinc salts [46]. The zinc isocyanate (NCO) complex formed in the liquid phase 

was suggested as a main active site for the homogeneous reaction route. The existence of the 

Zn NCO complex was also confirmed in the cases of Zn-containing solid catalysts [51], ZnO 

[37], and zinc glycerolate [48]. This is because the Zn species in the solid phases can leach into 

the liquid phase, providing evidence for the homogeneous reaction route in the heterogeneous 

Zn-based catalysts. However, there has not been a report describing dual catalysis that includes 

homogeneous and heterogeneous reaction routes at the same time over ZnAl mixed oxide 

catalysts. 

In this work, we prepare ZnAl mixed oxide catalysts (in the different molar ration of Zn:Al) 

via a co-precipitation method using a polystyrene (PS) template, and we apply the catalysts for 

the glycerolysis of urea in order to investigate the catalytic behavior of the homogeneous and 

heterogeneous reaction routes. The XRD patterns of the prepared ZnAl mixed oxide catalysts 
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show the existence of two Zn phases: ZnO and ZnAl2O4. The ZnO phase follows the 

homogeneous reaction route through the dissolution of Zn species into the reaction liquid and 

the subsequent formation of the Zn NCO complex. In addition, the Zn NCO complex is 

adsorbed on the ZnAl2O4 phase and we propose that it can create an additional heterogeneous 

reaction route. The reaction route taking place over the Zn NCO complex in the liquid and solid 

phases enhances the catalytic performance of the ZnAl mixed oxide catalysts along with the 

conventional heterogeneous reaction route over the ZnAl2O4 phase. 

For a more detailed study, the observation of the reaction intermediates possessing the Zn 

species can provide essential information to understand the reaction mechanism for the reaction 

of glycerol with urea over the Zn-based heterogeneous catalysts. To identify the role of the Zn 

NCO complex over the ZnAl mixed oxide catalysts, it is necessary to investigate the reaction 

intermediates possessing the Zn species as a function of the reaction time. We used two typical 

Zn phase catalysts — ZnO and ZnAl mixed oxide (ZnAlO or Zn7Al3)— to investigate the 

reaction routes in the reaction of glycerol with urea as a function of reaction times. Time-

dependent Zn species and reaction intermediates were observed in solid and liquid phases at 

various reaction times through FTIR, TGA, and XRD measurements in order to understand the 

evolution of Zn species and reaction intermediates over each catalyst. Eventually, the reaction 

routes were proposed based on the observation that the Zn-containing reaction intermediates 

in the liquid and solid phases in this study. 

3.2.Experimental  

3.2.1. Catalyst preparation 

In this study, the ZnAl mixed oxide catalysts were prepared by a co-precipitation method 

using PS templates in a PS-water suspension environment [72]. Emulsion polymerization was 

used to synthesize nano-sized PS particles, and the detailed procedure is described elsewhere 
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[61]. PS powder was used as a hard template to prepare the ZnAl mixed oxide catalysts in 

various ratios of Zn and Al precursors. Typically, certain amounts of Zn(NO3)2·6H2O and 

Al(NO3)3·9H2O were dissolved in a 1:1 water:ethanol solution. Another solution of (NH4)2CO3 

in a 1:1 water:ethanol solution was prepared as the precipitation agent. These solutions were 

dropped into a suspension of PS powder in a 1:1 water:ethanol solution under vigorous stirring 

at 60oC while the pH was maintained at 6. The mixture was aged for 18 h at constant pH and 

with continuous stirring. Then, the precipitate was filtered and washed by deionized water. The 

resultant solid was dried overnight at 70oC and calcined at 600oC for 6 h with a ramping rate 

of 1oC/min. The prepared catalysts were designated as ZnaAlb, where a:b is the molar ratio of 

the Zn:Al precursors. 

Conventional ZnAl mixed oxide with a molar ratio of Zn:Al=7:3 (designated as co-Zn7Al3), 

ZnO and the ZnAl2O4 catalysts were prepared by the co-precipitation method [3]. In the case 

of ZnO, an aqueous solution of Zn(NO3)2·6H2O was precipitated by a basic solution of NaOH 

and NaNO3 under a constant pH of 6 and vigorous stirring. The mixed solution was then filtered 

and washed by deionized water. The resultant solid was dried at 100oC and finally calcined at 

450oC for 6 h. The ZnAl2O4 catalyst was prepared by the same method except using 

Al(NO3)3·9H2O as an Al precursor and ammonia solution as a basic solution. The solution pH 

was adjusted to 7.5. The co-Zn7Al3 catalyst was also prepared using the aqueous solution of 

Zn(NO3)2·6H2O and Al(NO3)3·9H2O (the molar ratio of Zn:Al=7:3) for comparison.  

3.2.2. Reaction test  

The detailed procedure for the glycerolysis of urea to produce glycerol carbonate over the 

catalysts can be found in the part 2.2.2 of Chapter 2. 

3.2.3. Catalyst characterization 
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The surface characterizations were measured by N2 adsorption isotherm analysis on a 

Micromeritics ASAP 2020 (USA) apparatus. The surface area was calculated by the Brunauer–

Emmett–Teller method. X-ray diffraction (XRD) patterns were obtained using a Rigaku RAD-

3C diffractometer (Japan) with Cu Ka radiation (λ = 1.5418Å) at a scattering angle (2θ) scan 

rate of 2o/min and operated at 35 kV and 20 mA. Surface morphology images were obtained 

via field-emission scanning electron microscopy (FE-SEM, JEOL JSM-7600F, Japan). The 

spent catalyst for the characterizations was additionally prepared via filtration from the liquid 

phase and drying overnight at 70 oC in an oven. The spent catalysts were analyzed by a Thermo 

Scientific™ Nicolet™ iS™ 5 FTIR Spectrometer (USA) using the KBr pellet method. The 

amount of the Zn species in the liquid phase was measured by an Atomic Absorption 

Spectrophotometer (AAS, Shimadzu AA-7000, Japan). The amounts of acidic and basic sites 

were collected using the temperature-programmed method of NH3 and CO2 (TPD-NH3/CO2) 

(MicrotracBEL BELCAT-M, Japan). The thermogravimetric analysis (TGA) of the spent 

catalysts was measured by a TGA Q50 machine (TA Instruments, USA). 

3.3.Results and discussion 

3.3.1. Catalyst characterization 

Table 3- 1 shows the physicochemical properties of the prepared catalysts. Three ZnAl 

mixed oxide catalysts prepared by the PS-template method have higher surface areas (52 - 86 

m2/g) than the catalysts prepared by the co-precipitation method (7 m2/g for ZnO, 17 m2/g for 

ZnAl2O4 and 46 m2/g for co-Zn7Al3). This can be explained by the higher density of mesopores 

inside the thin walls formed by calcining the precipitate around the combusted polystyrene 

beads [72]. The thin-walled structure of the PS-templated ZnAl mixed oxide catalysts can be 

confirmed by the FE-SEM images (Fig. 3- 1); the morphology is not an ordered honeycomb 

shape, which can be built by arrays of the polystyrene beads, but instead, a nanoleaves shape 

is observed, which is a result of the destruction of the macroporous framework. The porosity 
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of the materials is measured by considering the N2 adsorption-desorption isotherm curves (Fig. 

3- 2). The ZnO catalyst has an unremarkable hysteresis loop that can be classified as a Type II 

isotherm [65], implying a non-porous material. Its characteristics of very low surface area (7 

m2/g) and low average pore volume (0.017 cm3/g) are also confirmed in the literature [73]. In 

contrast, ZnAl2O4 and the ZnAl mixed oxide catalysts are mesoporous materials with the N2 

adsorption-desorption isotherm curves that are Type IV and type H3 hysteresis loops, which 

indicate slit-shaped pores. The addition of more Zn into the catalysts creates a larger hysteresis 

loop, higher BET surface area, and higher average pore volume in the order of Zn6Al4 < Zn7Al3 

< Zn8Al2. 

Fig. 3- 3 shows the XRD patterns of the prepared catalysts. Two main phases for Zn species 

can be identified: white zinc zincite ZnO and spinel ZnAl2O4, which is consistent with 

previously reported result [47]. The ZnO phase with a P63mc space group (JCPDS No. 36-1451) 

is confirmed by the peaks at 31.8o, 34.4o, 36.3o, 47.5o, 56.7o, and 62.9o, while the ZnAl2O4 

phase has an Fd3m space group (JCPDS No. 05-0669), whose main peaks appear at 31.2o, 

36.8o, 44.8o, 49.1o, 55.7o, 59.3o, 65.2o, 74.1o, and 77.3o. The intensity ratio of the crystalline 

phases of ZnO and ZnAl2O4 is simply estimated on the basis of the peak deconvolution in the 

XRD patterns [74,75] and summarized in Table 3- 1. When increasing the Zn:Al ratio of the 

precursors for the ZnAl mixed oxide catalysts from 6:4 to 8:2, the phase fractions of ZnO and 

ZnAl2O4 (ZnO:ZnAl2O4) also increase from 0.86 to 2.34, respectively. Hence, the PS-template 

method can provide tunability to synthesize the ZnAl mixed oxide catalysts with a higher ratio 

of the ZnAl2O4 phase. The ZnAl mixed oxides with different phase fractions are employed in 

order to identify the role of each Zn phase in the catalytic reaction routes for the glycerolysis 

of urea. 
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Table 3- 1. Physicochemical properties of the prepared catalysts 

Samples 

BET Surface 

Area 

(m2/g) 

Pore 

Volume 

(cm3/g) 

Pore 

Size 

(nm) 

Intensity 

Ratio of 

ZnO/ZnAl2O4 

in XRD * 

Acidic 

Sites 

(mmol/g) 

Basic 

Sites 

(mmol/g) 

Acidic 

Sites/ 

Basic 

Sites 

ZnAl2O4 17 0.137 32.6 0 0.112 0.089 1.258 

Zn6Al4 52 0.189 13.3 0.86 0.342 0.274 1.248 

Zn7Al3 77 0.301 17.0 1.29 0.375 0.383 0.979 

Zn8Al2 86 0.353 13.6 2.34 0.364 0.293 1.242 

co-Zn7Al3 46 0.164 11.6 8.78 0.305 0.365 0.844 

ZnO 7 0.017 10.3 ∞ 0.015 0.025 0.600 

*Intensity ratios of the ZnO/ZnAl2O4 phases were obtained from the deconvolution in XRD 

patterns using the XPowder software. 

The number of acidic and basic sites and their ratios for each catalyst are shown in Table 

3- 1. ZnO has very low acidity and basicity. Both CO2 and NH3 desorption curves for ZnO are 

almost flat and it is hard to find a specific peak (Fig. 3- 4 and Fig. 3- 5), which is similar to 

previous results reported in the literature [31]. The amount of acidic and basic sites for ZnAl2O4 

is moderate. However, when both ZnO and ZnAl2O4 phases co-exist as seen in the ZnAl mixed 

oxide catalysts, the acidity and basicity are significantly increased, resulting from the 

synergistic effect of the two phases [76,77]. The acidity and basicity are altered when Al3+ 

cations are substituted for Zn2+ cations on the surface. In the series of ZnAl mixed oxide 

catalysts, the minimum ratio of acidic and basic sites is found for Zn7Al3 (acidic sites/basic 
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sites = 0.979), representing an almost equal balance between acidic and basic sites. This result 

is consistent with the acid/base ratio previously reported [55].  

 

Fig. 3- 1. FE-SEM images of fresh ZnAl mixed oxide catalysts. a) Zn6Al4 b) Zn7Al3, c) 

Zn8Al2. 
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Fig. 3- 2. N2 adsorption-desorption isotherms for the prepared catalysts. a) ZnAl2O4, b) 

Zn6Al4, c) Zn7Al3, d) Zn8Al2, e) co- Zn7Al3 and f) ZnO. 

 

Fig. 3- 3. XRD patterns of fresh catalysts: a) ZnAl2O4, b) Zn6Al4, c) Zn7Al3, d) Zn8Al2, e) co-

Zn7Al3 and f) ZnO. 
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Fig. 3- 4. CO2-TPD profiles for the prepared catalysts. 

 

Fig. 3- 5. NH3-TPD profiles for the prepared catalysts. 
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The main physicochemical properties of fresh ZnO and Zn7Al3 catalysts are summarized 

in Fig. 3- 6. The main phases of each catalyst were identified via X-ray diffraction (Fig. 3- 6A). 

While the ZnO catalyst exhibited a pure ZnO phase, the Zn7Al3 catalyst was composed of both 

ZnO and ZnAl2O4 phases. The ZnO phase with a P63mc space group was confirmed by the 

peaks at 31.8o, 34.4o, 36.3o, 47.5o, 56.7o, and 62.9o (JCPDS No. 36-1451), while the ZnAl2O4 

phase had an Fd3m space group where its main XRD peaks appeared at 31.2o, 36.8o, 44.8o, 

49.1o, 55.7o, 59.3o, 65.2o, 74.1o, and 77.3o (JCPDS No. 05-0669). The porosity of the catalysts 

was measured using the N2 adsorption-desorption isotherm curves (Fig. 3- 6B). The ZnO 

catalyst had an unremarkable hysteresis loop that can be classified as a Type II isotherm [65], 

implying a non-porous material characteristic of a very low surface area (SBET = 7 m2/g). In 

contrast, the Zn7Al3 catalyst was a mesoporous material that exhibited a Type IV N2 adsorption-

desorption isotherm curve with a hysteresis loop of type H3. The Zn7Al3 catalyst had a much 

higher surface area (SBET = 77 m2/g). Interestingly, compared to the ZnO catalyst, the Zn7Al3 

catalyst had much higher amounts of acidic and basic sites based on the TPD-NH3 and TPD-

CO2 experiments (Fig. 3- 6C and D). The substitution of Zn2+ cations with Al3+ cations can 

enhance the acidic and basic properties on the surface of the Zn7Al3 catalyst [49,76]. 
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Fig. 3- 6. A) XRD patterns, B) N2 adsorption-desorption isotherms curves, C) NH3-TPD 

profiles and D) CO2-TPD profiles of fresh ZnO and Zn7Al3 catalysts. 

3.3.2. Catalytic tests 

a. The catalytic reaction test results for the Zn/Al mixed oxide catalysts in different 

ratio of Zn:Al 

The reaction results (glycerol conversion, product selectivity, GC yield, and turnover 

frequency (TOF)) are summarized in Table 3- 2. Identified products including by-products (via 

gas chromatography analysis) in this reaction are symbolized as follows: (II), 2,3-

dihydroxypropyl carbamate; (III), glycerol carbonate; (IV), 4-(hydroxymethyl)oxazolidin-2-

one; and (V), (2-oxo-1,3-dioxolan-4-yl)methyl carbamate [47,48]. Related to the chemicals, 

the simplified reaction routes of the glycerolysis of urea are illustrated in Scheme 3- 1 [47,49]. 

Initially, glycerol reacts with urea to form the intermediate (II) and one molecule of NH3 is 

released. The intermediate (II) can take part in the ring-closing reaction and release one more 
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NH3 to form glycerol carbonate (III). Alternatively, one molecule of H2O can be detached from  

(II) to form the by-product (IV) [47,78]. Glycerol carbonate can react with one more urea and 

release NH3 to achieve another by-product (V). 

 

Scheme 3- 1. A simplified reaction mechanism for the reaction of glycerol with urea. One 

reactant (Glycerol) and four reaction products can be detected by the gas chromatography in 

this study. 

According to the literature [55], in the case of the ZnAl mixed oxide catalysts prepared by 

the conventional co-precipitation method, the catalyst with Zn:Al = 7:3 not only has the lowest 

ratio of acidic and basic sites, but also the highest GC yield; the role of the acidic and basic 

sites in the catalysts is explained through the heterogeneous reaction mechanism. Interestingly, 

in this work, the ZnAl mixed oxide catalysts prepared by the PS-template method show the 

same trend in the ratio of acidic and basic sites, having the lowest value at Zn:Al = 7:3. 

However, the reaction results of the PS-templated ZnAl mixed oxide catalysts are different 

from those of the conventional ZnAl mixed oxide catalysts; the GC yield of Zn7Al3 is lower 

than those of Zn8Al2 and Zn6Al4, implying that the reaction routes over the PS-templated ZnAl 

mixed oxide catalysts follow a different mechanism. 
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To examine the role of each Zn phase (ZnO and ZnAl2O4) in the glycerolysis of urea, ZnO 

and ZnAl2O4 solid materials are also employed for the reaction tests. In Table 3- 2, the AAS 

analysis results of the Zn species in the liquid phase are also presented since the Zn species 

dissolved from ZnO interacts with urea and forms the complex Zn(NH3)2(NCO)2 in the liquid 

phase, which is involved in a homogeneous reaction route to produce GC [37,48,51,79]. In the 

case of ZnO and the ZnAl mixed oxide catalysts, the Zn species is detected in the liquid phase. 

However, there is no Zn species dissolved from the ZnAl2O4 catalyst in the liquid phase, 

implying that the ZnAl2O4 catalyst follows the heterogeneous reaction route [52]. The ZnAl2O4 

catalyst shows relatively low glycerol conversion (48%), low GC selectivity (48%), and low 

GC yield (23%) through the heterogeneous reaction route. The ZnO catalyst following the 

homogeneous reaction route shows a higher glycerol conversion (67%), but still has relatively 

low GC selectivity (73%) and low GC yield (49%). In contrast, the PS template ZnAl mixed 

oxide catalysts composed of both ZnO and ZnAl2O4 phases exhibit high glycerol conversion 

(83-90%) and high GC yield (68-73%), implying that the combination of homogeneous and 

heterogeneous catalysis over two different Zn phases has an effect to improve the catalytic 

reaction performance. This result is clearer in terms of TOF. ZnO and ZnAl2O4 have similar 

and relatively low TOF values (2.9 and 3.1, respectively), while the ZnAl mixed oxide catalysts 

have significantly higher TOF values ranging from 4.7-6.1. 
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Table 3- 2. Analysis of liquid products obtained from the reaction of glycerol with urea for 

various catalysts. (Reaction time = 3 h, Urea/glycerol = 1, Reaction temp.= 140℃) 

Sample 

Glycerol 

Conv. 

(%) 

GC 

Yield 

(%) 

Selectivity (%) Amounts 

of Zn * 

(mmol) 

TOF ** 

(h-1) GC (II) (IV) (V) 

ZnAl2O4 48±0.8 23±0.7 48±0.7 30±2.4 18±2.1 4±0.3 n.d. 3.1±0.09 

Zn6Al4 83±0.3 73±0.7 88±0.5 3±1.3 8±0.2 0±0.1 1.2 6.1±0.06 

Zn7Al3 87±0.8 68±0.4 78±1.1 5±0.9 16±1.6 1±0.1 0.9 5.1±0.03 

Zn8Al2 90±0.7 69±0.8 77±1.5 10±0.5 13±0.5 1±0.1 0.6 4.7±0.05 

co-Zn7Al3 89±0.8 52±0.7 59±1.3 14±0.3 26±1.8 1±0.1 1.5 3.9±0.05 

ZnO 67±0.2 49±0.8 73±1.0 5±1.6 14±1.5 2±0.2 1.1 2.9±0.04 

*Amounts of Zn dissolved into the liquid phase as measured by the AAS method.  

**Apparent turnover frequency = moles of glycerol carbonate formed / (moles of Zn used × 

reaction time). 

One more interesting point related to the homogeneous and heterogeneous reaction routes 

is the surface area. Even though the ZnO catalyst has the lowest surface area (7 m2/g), ZnO 

still shows a higher reaction performance than the ZnAl2O4 catalyst (17 m2/g). While the 

heterogeneous reaction route requires a high surface area to increase the number of active sites 

for the reaction, the homogeneous reaction route does not. Therefore, it seems that the catalytic 

behavior of the three PS template ZnAl mixed oxide catalysts does not match their surface 

areas in this study. 

b. The catalytic reaction test results for the Zn/Al mixed oxide catalysts in different 

reaction time 

The reaction test results of the ZnO and Zn7Al3 catalysts are summarized in Table 3- 3. The 

glycerol conversion of ZnO catalyst at the initial time (t = 0.25 hr) was twice (26%) as much 
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as that of the Zn7Al3 catalyst (11%) but increased slower. After t = 2 hr, the trend was reversed; 

the glycerol selectivity of the Zn7Al3 catalyst (73%) started to overcome that of the ZnO 

catalyst (60%). Finally, after t = 4 hr, the glycerol conversion of the Zn7Al3 catalyst (91%) was 

much greater than that of the ZnO catalyst (78%). The GC yields of both catalysts were in the 

same range. The Zn7Al3 catalyst achieved a maximum of GC yield at 68% (t = 3 hr), then the 

yield decreased to 64% at t = 4 hr. The ZnO catalyst reached a maximum GC yield at 60% after 

t = 4 hr since the GC yields of the ZnO catalyst continuously increased along with the glycerol 

conversion. The trends in GC selectivity of both catalysts were also different; the GC selectivity 

of the ZnO catalyst continuously increased from 52% (t = 0.25 hr) to 76% (t = 4 hr) and the 

GC selectivity of the Zn7Al3 catalyst had a volcano-curved trend with a maximum at 92% (t = 

2 h).  

Table 3- 3. Analysis of liquid products obtained from the reaction of glycerol with urea over 

ZnO and Zn7Al3 catalysts at the various reaction temperatures. (Reaction Temperature = 

140 ℃, Reaction Pressure = 3 kPa, Glycerol/Urea Ratio =1:1). 

* Selectivities of products are the results of gas chromatography analysis of the liquid products. 

Catalyst 
Reaction 

time (hr) 

Glycerol 

Conversion 

(%) 

GC 

Yield (%) 

Selectivity (%) * 

GC (II) (IV) (V) 

ZnO 0.25 hr 26 13 52 31 17 0 

 0.5 hr 49 27 54 27 19 0 

 1 hr 53 30 56 23 17 3 

 2 hr 60 43 72 11 13 5 

 3 hr 67 49 73 6 18 3 

 4 hr 78 60 76 2 13 9 

Zn7Al3 0.25 hr 11 8 79 16 5 0 

 0.5 hr 17 14 83 8 9 0 

 1 hr 48 39 81 7 11 1 

 2 hr 73 67 92 2 5 1 

 3 hr 87 68 78 1 16 5 

 4 hr 91 64 70 1 17 12 
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The relation of the GC selectivity and glycerol conversion for both catalysts are plotted in 

Fig. 3- 7. The relation for the Zn7Al3 catalyst exhibited a volcano curve with a maximum at 

92%, then decreased with increasing glycerol conversions. The GC selectivity of the ZnO 

catalyst was proportional to the glycerol conversion. However, the most important behavior 

observed in Fig. 3- 7 is that the GC selectivities of the Zn7Al3 catalysts were greater than those 

of the ZnO catalyst overall conversion ranges, indicating a better catalytic performance of 

Zn7Al3 catalyst in the reaction of glycerol with urea. The high GC selectivity at the same 

glycerol conversion was directly related to the catalytic reaction routes, with more GC 

generation than the other reaction products. 

 

Fig. 3- 7. Glycerol carbonate (GC) selectivity as a function of the glycerol conversion for 

ZnO and Zn7Al3 catalysts 
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3.3.3. Analysis of the Zn species by XRD and FTIR measurements 

The XRD patterns of spent catalysts are displayed in Fig. 3- 8, where three main Zn phases 

- ZnO, ZnAl2O4, and zinc glycerolate (ZnGly) are detected. Typical peaks of ZnGly with the 

space group P21/c (JCPDS No. 23-1975) can be observed at the positions of 10.9o, 17.1o, 20.5o, 

23.8o, 24.7o, 27.6o, 27.7o, 36.4o, and 38.2o in the XRD patterns. ZnGly is not observed in the 

case of the spent Zn6Al4 and ZnAl2O4 catalysts. In contrast, the XRD pattern of the spent ZnO 

catalyst remarkably shows the characteristic peaks for ZnGly, representing the dissolution of 

ZnO in the fresh catalysts and its transformation into ZnGly during the reaction since ZnO can 

be readily transformed into ZnGly in a glycerol medium [40,80,81]. Fig. 3- 9 represents the 

correlation between the ratios of the Zn crystalline phases (ZnO/ZnAl2O4) over the fresh 

catalysts and the formation of ZnGly over the spent catalysts. When increasing the Zn:Al ratios, 

the Zn phases ratio (ZnO/ZnAl2O4) in the fresh catalysts increases in the order of ZnAl2O4 < 

Zn6Al4 < Zn7Al3 < Zn8Al2 < co-Zn7Al3 < ZnO. No XRD characteristic peak of ZnGly appears 

in the case of ZnAl2O4 and Zn6Al4, which contain a much low portion of the ZnO phase in the 

fresh catalysts. When increasing the ratio of the ZnO phase in the fresh catalysts, the peak 

intensity of ZnGly in the spent catalysts correspondingly increases and reaches the maximum 

with the ZnO catalyst, which consists of 100% of the ZnO phase. The TGA measurements 

confirm the trend in ZnGly formation over the spent catalysts. A peak created at 340oC in the 

DTGA graphs belongs to the decomposition of ZnGly to ZnO [82] (Fig. 3- 10). The peak 

intensity of ZnGly decomposition in the DTGA profiles increases in the order of ZnAl2O4 < 

Zn6Al4 < Zn7Al3 < Zn8Al2 < co-Zn7Al3 < ZnO. Accordingly, it is apparent that the greater the 

amount of the ZnO phase over the fresh catalysts, the greater the ZnGly formation in the spent 

catalyst.  
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Fig. 3- 8. XRD patterns of spent catalysts: a) ZnAl2O4, b) Zn6Al4, c) Zn7Al3, d) Zn8Al2, e) co-

Zn7Al3 and f) ZnO. 

 

Fig. 3- 9. Trend of the XRD peak ratio ZnO/ZnAl2O4 in the fresh catalyst and the relative 

intensity of the zinc glycerolate XRD peak (011) in the spent catalyst (normalized with 

Zn7Al3) 
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Fig. 3- 10. DTGA profiles of the spent catalysts after 3h reaction. a) ZnAl2O4, b) Zn6Al4, c) 

Zn7Al3, d) Zn8Al2, e) co- Zn7Al3 and f) ZnO. 

To clarify the change of the Zn crystalline structure from ZnO to ZnGly during the reaction, 

the enlarged XRD patterns (in the range of 2θ from 25o to 40o) for the fresh and spent catalysts 

are shown in Fig. 3- 11. The overlapped peaks of the two ZnO and ZnAl2O4 phases in the 2θ 

range are separated by deconvolution. Two pairs of overlapping peaks, which belong to ZnO 

and ZnAl2O4, can be deconvoluted: 31.2o (ZnAl2O4) and 31.8o (ZnO), and 36.3o (ZnO) and 

36.8o (ZnAl2O4). For all of the catalysts, the intensity ratios of the ZnO to ZnAl2O4 phases over 

the spent catalysts become smaller compared to the fresh catalysts, which clearly indicates that 

the ZnO phase is dissolved into the liquid medium during the reaction while the ZnAl2O4 phase 

remains an insoluble solid. The different behavior of the two Zn phases during the reaction is 

strongly connected with the dual catalysis over the ZnAl mixed oxide catalysts: the 
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homogeneous reaction route over the ZnO phase and the heterogeneous reaction route over the 

ZnAl2O4 phase. 

 

Fig. 3- 11. Enlarged XRD patterns of each catalyst: (a) Zn6Al4-fresh, (b) Zn6Al4-spent, (c) 

Zn7Al3-fresh, (d) Zn7Al3-spent (e) Zn8Al2-fresh, and (f) Zn8Al2-spent. 

Fig. 3- 12 shows the FTIR spectra of the liquid products obtained from the 3 h reaction 

with the catalysts. The peak at 2213 cm-1 can be assigned as the N=C stretching vibration of 

the isocyanate functional group (-NCO), which belongs to the Zn(NCO)2(NH3)2 complex 

formed in the liquid phase [37,51]. This complex is a product of the dissolved Zn with urea, 

which then acts as an intermediate for the reaction to GC. The NCO peak intensity in Fig. 3- 

12 decreases in the order of Zn6Al4 > Zn7Al3 > Zn8Al2, which is consistent with the trend of 

the Zn amounts dissolved in the liquid phase. The peaks at 1788 cm-1 and 1712 cm-1 correspond 

to the C=O vibration of GC and the by-product  (II), respectively [47]. As a whole, the relative 
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intensity ratio of the two peaks in the FTIR measurements is related to the selectivity of GC 

and the main by-product (II). The ZnAl2O4 catalyst gives the lowest selectivity of glycerol 

carbonate (48%) and the highest selectivity of (II) (30%). Correspondingly, the peak intensity 

ratio of GC to (II) for ZnAl2O4 is the lowest (Fig. 3- 12a). Conversely, the Zn6Al4 catalyst 

shows the highest GC selectivity (88%) and the lowest (II) selectivity, resulting in the highest 

peak intensity ratio of GC to (II) (Fig. 3- 12b). 

 

Fig. 3- 12. FTIR spectra of the liquid products obtained from the carbonlyation of glycerol 

with urea over different catalysts: a) ZnAl2O4, b) Zn6Al4, c) Zn7Al3, d) Zn8Al2, e) co-Zn7Al3 

and f) ZnO. 

FTIR results of the spent catalysts are plotted in Fig. 3- 13. The strong peak at 1950 cm-1 

can be assigned to the C-O stretching vibration, in which the O atom contributes to the 

hydrogen bonding (H-O…H) to form the ZnGly crystalline phase [83]. Other peaks for ZnGly 
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can be found at 2844 cm-1, 2879 cm-1, and 2932 cm-1 (C-H stretching vibrations) [84] and 

especially the broad peak at 2508 cm-1, which corresponds to the hydrogen bonding vibration 

mode of the ZnGly phase [85]. Another important peak appears at 2222 cm-1 and belongs to 

the vibration mode of the NCO functional groups of the Zn complex in the solid phase, which 

is blue-shifted compared to that in the liquid phase [86]. The FTIR spectrum of the spent 

ZnAl2O4 catalyst is completely identical to that of the fresh catalyst, implying that no substance 

remains on the catalyst surface and there is no change in the solid structure. In Fig. 3- 13, the 

NCO peak of the solid Zn complex appears at 2222 cm-1 along with the existence of the ZnO 

phase in the ZnAl mixed oxide catalysts. When increasing the amount of the ZnO phase in the 

ZnAl mixed oxide catalysts (from Zn6Al4 to Zn8Al2), the NCO peak intensity decreases and 

instead, the peak for ZnGly appears in the spent Zn7Al3 and Zn8Al2 catalysts. The spent co-

Zn7Al3 shows a smaller intensity of NCO peak than that of ZnGly peak. For the spent ZnO 

catalyst, only the peaks for ZnGly can be clearly detected with no appearance of the NCO peak.  

 

Fig. 3- 13. FTIR spectra of the spent catalysts: (a) ZnAl2O4, b) Zn6Al4, c) Zn7Al3, d) Zn8Al2, 

e) co-Zn7Al3 and f) ZnO. 
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To clarify the relationship of the Zn phases (ZnO and ZnAl2O4 phases) in the fresh catalysts 

to the formation of solid substances on the spent catalysts and the Zn complex containing the 

NCO group in the liquid phase, we make a plot of the FTIR peak intensity ratio of NCO and 

ZnGly in the spent catalysts vs. the FTIR peak intensity of NCO in the liquid phase in Fig. 3- 

14A. We make another plot of the relative ratio of ZnO/ZnAl2O4 in the fresh catalysts vs. the 

FTIR peak intensity ratio of NCO and ZnGly in the spent catalysts in Fig. 3- 14B. First, the 

relative amounts of NCO in the solid spent catalysts and the liquid phase are strongly correlated 

since both values decrease in the same order of Zn6Al4 > Zn7Al3 > Zn8Al2 > co-Zn7Al3 > ZnO, 

as shown in Fig. 3- 14A. In the literature [23], the Zn NCO complex can be synthesized and 

precipitated in the form of an isolated solid. There was an equilibrium of the Zn complex with 

the NCO group between the solid and liquid phases. Second, in Fig. 3- 14B, the relative ratios 

of ZnO/ZnAl2O4 in the fresh catalysts are well-matched with the FTIR peak intensity ratios of 

NCO and ZnGly in the spent catalysts, resulting in the same decreasing trends: Zn6Al4 > Zn7Al3 

> Zn8Al2 > co-Zn7Al3 > ZnO. In the case of ZnO, the spent catalyst shows the existence of only 

the ZnGly phase without the Zn NCO complex. When increasing the ZnAl2O4 phase in the 

fresh ZnAl mixed oxide catalysts, the formation of the Zn NCO complex relatively increases 

in the solid spent catalysts and the liquid phase at the same time. Therefore, it can be concluded 

that the formation of ZnGly prefers the ZnO phase, whereas the formation of the solid Zn NCO 

complex prefers the ZnAl2O4 phase. The formation of the NCO group in the spent catalysts is 

strongly related to the ZnAl2O4 phase, but there is no formation of the NCO complex in the 

case of the ZnAl2O4 catalyst, implying that the solid NCO complex is formed by selective 

adsorption onto the solid ZnAl2O4 phase in the ZnAl mixed oxide catalysts under the effect of 

ZnO.  
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Fig. 3- 14. A) The trend of the intensity ratio of the NCO/ZnGly FTIR peak in the spent 

catalyst and the NCO FTIR peak intensity in the liquid product, and B) trend of the XRD 

peak ratio ZnO/ZnAl2O4 in the fresh catalyst and the intensity ratio of the NCO/ZnGly FTIR 

peak in the spent catalyst. 
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3.3.4. Effect of the ZnO and ZnAl2O4 phases in dual catalysis 

Scheme 3- 2 summarizes the reaction routes of the dual catalysis over the ZnAl mixed oxide 

catalysts containing two Zn phases: ZnO and ZnAl2O4. First, under the reaction condition, ZnO 

reacts with urea to release the complex Zn(NCO)2(NH3)2 into the liquid medium. This complex 

acts as a reactive intermediate for the homogeneous reaction route, where glycerol is converted 

to GC and the complex is recycled by the reaction with urea [51]. As seen in the NH3-TPD, the 

ZnAl mixed oxide catalysts generate more acidic sites and can adsorb more NH3 molecules, 

indicating that the combination of both ZnO and ZnAl2O4 phases in the ZnAl mixed oxide 

catalysts can create the higher capacity of NH3 adsorption. This phenomenon was 

quantitatively researched by Shen [77]. In the case of the ZnO catalyst, there is no formation 

of the complex on the catalyst surface due to almost zero ability for NH3 adsorption. Even in 

the case of ZnAl2O4, the complex cannot be formed due to no dissolution of the Zn species into 

the liquid phase from ZnAl2O4.  

The complex Zn(NCO)2(NH3)2 can adsorb onto the catalyst surface by the interaction of 

NH3 molecules with the Lewis acidic sites (Zn and Al sites). FTIR of the spent catalysts shows 

evidence for this interaction (Fig. 3- 13). A set of small peaks in the range of 1200-1330 cm-1 

relates to the formation of the complex. The peaks at 1261 cm-1 and 1238 cm-1 relate to the 

structures of the NCO complex (NCO deformation and ZnNH deformation, respectively) [86]. 

The two peaks at 1204 cm-1 and 1287 cm-1 represent the adsorption of NH3 coordinated to 

different Lewis sites (Zn and Al, respectively), corresponding to the ZnAl2O4 phase [77,87]. 

This strongly supports the ability of the NCO complex to adsorb on the ZnAl2O4 phase through 

the Zn species dissolved from the ZnO phase. The set of these four peaks can be clearly 

observed only with Zn6Al4 due to the absence of ZnGly. In the case of Zn7Al3, Zn8Al2, and 

ZnO, three peaks of the Zn(NCO)2(NH3)2 complex at 1238 cm-1, 1261 cm-1, and 1287 cm-1 

overlap with two peaks at 1236 cm-1 and 1275 cm-1 assigned as the C-O stretching vibrations 
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of ZnGly, resulting in shoulders of the peaks for ZnGly [84,85]. One of the most important 

peaks in the FTIR analysis of the spent catalysts is the peak at 1712 cm-1, corresponding to the 

C=O vibration of the by-product (II) [51]. Because of the formation of (II) on the catalyst 

surface, we suggest that the complex on the catalyst surface acts as an active site to accelerate 

the reaction to produce by-product (II) and then GC. Finally, GC can desorb back to the liquid 

phase as the main product. 

 

Scheme 3- 2. Dual catalysis over the ZnAl mixed oxide catalysts: homogeneous reaction 

route over the ZnO phase and heterogeneous reaction routes over the ZnAl2O4 phase. 

As illustrated in Scheme 3- 2, in the case of the ZnAl mixed oxide catalysts, the 

homogeneous and heterogeneous reactions can be described through three pathways: i) the 

NCO complex in the liquid phase acts as an active site for homogeneous reaction, ii) in the 
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ordinary heterogeneous reaction route, glycerol and urea adsorb on the Lewis acidic and basic 

sites, and then promote GC production, and iii) the NCO complex adsorbing on the catalyst 

surface acts as an additional active site for the extra heterogeneous reaction route. Compared 

to the ZnO catalyst (homogeneous reaction route only) and the ZnAl2O4 catalyst 

(heterogeneous reaction route only), the ZnAl mixed oxide catalysts exhibit greater catalytic 

performance, including high selectivity and yield of GC, through dual catalysis, which is a 

combination of the homogeneous and heterogeneous reaction routes. 

For other Zn-containing mixed oxides, the combination of oxide phases might also enhance 

the reaction performance. Rubio-Marcos et al. [54] prepared the mixed oxide of ZnO and Co3O4; 

the combination of two oxides achieved better reaction performance than separated ZnO or 

Co3O4 catalyst. The interaction between ZnO and Co3O4 showed an effect on the reaction 

activity even though there was no clear explanation for the reaction routes. Fujita et al. [51] 

synthesized some solid Zn-containing catalysts and proved a homogeneous reaction route with 

the solid catalysts. However, the amount of Zn in the liquid phase was decreased by the reaction 

time, which was assigned as the redeposition/precipitation on the solid catalysts. Interestingly, 

the behavior of spent ZnO and SM(Zn) (smectite-like material of Zn, Si, Al, O) catalysts was 

different; on the basis of the XRD patterns, the spent ZnO showed the characteristic XRD peaks 

of ZnGly while the spent SM(Zn) did not have any ZnGly structure. The redeposition of Zn 

species in the spent SM(Zn) could relate to the Zn complex on the solid surface of the catalyst, 

which could provide active sites for the heterogeneous reaction route as we suggest.  

3.3.5. Characterizations of spent catalysts and liquid products 

The XRD patterns of the spent catalysts are shown in Fig. 3- 15. With the characteristic 

XRD peaks for the ZnO and ZnAl2O4 phases, the XRD peaks for an additional Zn species, 

ZnGly, were clearly detected. Typical XRD peaks for the ZnGly phase with the space group 
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P21/c were observed at 10.9o, 17.1o, 20.5o, 23.8o, 24.7o, 27.6o, 27.7o, 36.4o, and 38.2o (JCPDS 

No. 23-1975). In the XRD pattern of the spent ZnO catalyst, the XRD peak intensity for ZnGly 

is remarkably high even at the initial reaction time (t = 0.25 hr), implying the fast formation of 

ZnGly. The ZnGly phase was then slowly produced to a saturation state. The XRD peak 

intensities of the ZnO phase continuously decreased to a trace amount after t = 3 hr. In contrast, 

the XRD patterns of the spent Zn7Al3 catalyst show a different behavior, specifically the 

characteristic XRD peaks of ZnGly appeared only after t = 2 hr and then the intensities 

increased continuously (Fig. 3- 15B).  

The FTIR spectra of the spent catalysts (Fig. 3- 16) were consistent with the XRD results. 

In the case of the spent ZnO catalyst, a typical FTIR peak for ZnGly (C-O stretching vibration 

at 1950 cm-1) appeared with a high intensity even at the initial reaction stage (t = 0.25 hr). 

Similar to the XRD results, the peak intensities of the typical FTIR peak for ZnGly reached 

saturation and remained unchanged (Fig. 3- 16A). In contrast to the spent ZnO catalyst, the 

spent Zn7Al3 catalyst did not show any typical FTIR peaks for ZnGly up to t = 1 hr. Beginning 

at t = 2 hr, the typical FTIR peak for ZnGly at 1950 cm-1 appeared and continuously increased.  
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Fig. 3- 15. XRD patterns of fresh and spent catalysts run at the different reaction time: a) t = 0 

hr (fresh), b) t = 0.25 hr, c) 0.5 t = hr, d) t = 1 hr, e) t = 2 hr, f) t = 3 hr, and g) t = 4 hr. ZnO 

catalyst (A) and Zn7Al3 catalyst (B). 

In addition to ZnGly, the FTIR spectra of the spent Zn7Al3 catalyst contained some 

noticeable peaks: a peak at 2222 cm-1 for the NCO vibration, a peak at 1261 cm−1 for the NCO 

deformation, a peak at 1238 cm−1 relating to ZnNH deformation, a peak at 1712 cm-1 for the 

C=O vibration of the by-product (II), peaks at 1677 cm-1, 1664 cm-1, and 1623 cm-1 relating to 
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N-H deformation, and peaks at 3445 cm-1, 3351 cm-1, and 3190 cm-1 for the N-H stretching 

vibrations [50,86]. The FTIR peaks for the NCO vibration, N-H deformation, NCO 

deformation, ZnNH deformation and N-H stretching vibration reflect the existence of an NCO 

complex related to Zn [37,50,51,88,89]. Especially, we found the existence of vibration at 1201 

cm-1 which belongs to the adsorption of NH3 coordinated to Zn Lewis sites [77] and proved the 

adsorption of Zn NCO complex to the solid catalyst, which was discussed in our previous 

research [50]. In Fig. 3- 16B, the Zn NCO complex was detected at a very early stage of t = 

0.25 hr over the spent Zn7Al3 catalyst and was still available even after the appearance of the 

ZnGly phase (t = 2 hr). Interestingly, over the spent ZnO catalyst, there was no FTIR peak for 

the NCO functional group for all tested reaction times. Formation of the Zn NCO complex on 

solid phase only occurred over the spent Zn7Al3 catalyst, implying that the existence of the 

ZnAl2O4 phase in the Zn7Al3 catalyst influenced the formation of the Zn NCO complex on the 

solid phase. This phenomenon was confirmed by the results in a previous study [50]: formation 

of the Zn NCO complex on the solid phase was proportional to the relative ratio of ZnAl2O4 to 

the ZnO phase in the Zn7Al3 catalyst. The ZnO phase tended to produce ZnGly on the spent 

catalyst while the ZnAl2O4 phase preferred the Zn NCO complex on the solid catalyst. Fig. 3- 

17 displays the DTGA profiles of the spent catalysts. The DTGA profiles of the spent ZnO 

catalyst for all reaction times exhibited a very high and sharp peak at 360-370 oC, 

corresponding to the decomposition of ZnGly [41,90], which properly matched the results 

obtained by the XRD and FTIR measurements. The peaks for the ZnGly decomposition 

remained nearly unchanged, reaching saturation (Fig. 3- 17A). However, the DTGA profiles 

of the spent Zn7Al3 catalyst were much more complicated. Before t = 2 hr, the DTGA profiles 

showed several peaks that might relate to the formation of the Zn NCO complex on the catalyst 

surface. After t = 2 hr, the DTGA profiles of the spent Zn7Al3 catalyst clearly showed an 

additional peak at 360 oC, corresponding to the decomposition of ZnGly. This DTGA result 
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was in a good agreement with other measurements of the spent catalysts. Based on the 

observation of the spent catalysts by XRD, FTIR, and TGA measurements, we concluded that 

over the ZnO catalyst, ZnGly was dominantly formed, even at the initial reaction time (t = 0.25 

hr), without formation of the Zn NCO complex, whereas the Zn7Al3 catalyst mainly generated 

the Zn NCO complex on the surface at the initial time (t = 0.25 hr) with the delayed formation 

of ZnGly after t = 2 hr.  

FTIR spectra of the liquid products obtained from the reactions are shown in Fig. 3- 18. 

For the both ZnO and Zn7Al3 catalysts, and even in the liquid products, typical FTIR peaks for 

the Zn NCO complex [37,48,51] were detected: a peak at 2213 cm-1 (NCO vibration), a peak 

at 1712 cm-1 (C=O vibration of by-product (II)), a peak at 1788 cm-1 (C=O vibration of main 

product GC), peaks at 1666 cm-1 and 1623 cm-1 (N-H deformation), and the N-H stretching 

vibration peaks in the range 3190-3480 cm-1. Additionally, the peaks at 1712 cm-1 (C=O 

vibration of by-product (II)) and 1788 cm-1 (C=O vibration of main product GC) corresponded 

to the generation of the main product and intermediate in the reaction. The Zn NCO complex 

existed in both catalysts from the initial time and did not disappear after 4 hr of reaction time. 



58 
 

 

Fig. 3- 16. FTIR spectra of fresh and spent catalysts run at the different reaction time: a) t = 0 

hr (fresh), b) t = 0.25 hr, c) 0.5 t = hr, d) t = 1 hr, e) t = 2 hr, f) t = 3 hr, and g) t = 4 hr. ZnO 

catalyst (A) and Zn7Al3 catalyst (B). 
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Fig. 3- 17. DTGA patterns of spent catalysts run at the different reaction time: a) t = 0.25 hr, 

b) 0.5 t = hr, c) t = 1 hr, d) t = 2 hr, e) t = 3 hr, and f) t = 4 hr. ZnO catalyst (A) and Zn7Al3 

catalyst (B). 
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Fig. 3- 18. FTIR spectra of liquid products obtained the reaction of glycerol with urea 

running at the different reaction time: a) t = 0.25 hr, b) 0.5 t = hr, c) t = 1 hr, d) t = 2 hr, e) t = 

3 hr, and f) t = 4 hr. ZnO catalyst (A) and Zn7Al3 catalyst (B). 
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3.3.6. Evolution of Zn-containing reaction intermediates as a function of the reaction time 

and their roles in the catalytic reaction routes 

In this study, two main Zn-containing reaction intermediates (ZnGly and Zn NCO complex) 

were observed on the solid surface of the spent catalysts. Here, we focused on the evolution of 

two Zn-containing reaction intermediates during the reaction as a function of reaction time. 

The XRD, TGA, and FTIR results of the spent ZnO catalyst indicated that the ZnGly 

production over the ZnO catalyst was dominant, reaching a saturation state soon as suggested 

by the high intensity of ZnGly at t = 0.25 hr and the subsequent and fast saturation of ZnGly 

intensities. To quantitatively measure the Zn species, the intensity of the ZnGly (011) peak and 

the intensity of ZnO (002) peak in the XRD patterns of the spent catalysts was employed to 

represent the ZnGly production and the ZnO consumption, while the relative intensity of the 

NCO peak to the C-H peak in the FTIR spectra represents the amount of Zn NCO complex in 

the liquid phase and on the spent catalysts (Fig. 3- 19). In Fig. 3- 19A, on the spent ZnO catalyst, 

the NCO complex was not observed for any of the reaction times, implying no generation of 

Zn NCO complex on the spent ZnO catalyst. The Zn NCO complex existed in the liquid phase 

through the reaction between ZnO and urea [36,37,51]. However, a large amount of ZnGly was 

formed even at the initial reaction time (t = 0.25 hr) and the ZnGly formation reached a 

saturation state after t = 2 hr. M. Arai et al. suggested the formation of ZnGly from the reaction 

of Zn NCO complex and glycerol [51]. Fig. 3- 19B illustrates a consecutive reaction route of 

Zn species, which starts with the reaction of ZnO and urea to form Zn NCO complex in the 

liquid phase and finalize with a consecutive reaction between the complex and glycerol to form 

ZnGly.  The Zn NCO complex in the liquid phase acts as the main active site to produce GC. 

Meanwhile, there is no route to form Zn NCO complex on the solid phase.  

ZnO (solid) + urea → Zn(NCO)2(NH3)2 (Zn NCO complex in liquid phase) (1) 
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Zn(NCO)2(NH3)2 + glycerol → ZnGly (solid) (2) 

 

Fig. 3- 19. The reaction time-dependent evolution of Zn-containing species (ZnO, ZnGly and 

Zn NCO complex) over catalysts: A) ZnO and C) Zn7Al3. The sketch depicting the evolution 

of Zn-containing species over catalysts: B) ZnO and D) Zn7Al3. 

The trends in the relative amounts of Zn species in Fig. 3- 19A proves that consecutive 

reaction route. The relative amounts of ZnO and ZnGly show two opposite trends, while the 

relative amount of Zn NCO complex (acted as the intermediate compound in the consecutive 

reaction route) follows a volcano curve trend. From the beginning of reaction test to 0.25 hr, 

the relative amounts of ZnGly and Zn NCO complex rapidly increased; at the same time, the 

relative amount of ZnO fell quickly, implying that, in the very initial time, reaction (1) and (2) 

occurred fast and consumed most amount of the reactant (ZnO). From 0.25 hr to 2 hr, because 
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of less amount of the reactant ZnO, reaction (1) was slower than reaction (2), then the Zn NCO 

complex amount decreased. The amount of ZnO slightly decreased and the amount of ZnGly 

slightly increased, correspondingly. From t = 2hr, the amount of all three compounds kept 

almost unchanged. The amount of ZnO was very low and the amount of ZnGly was saturated. 

Interestingly, the Zn NCO complex was not detected at all in all of the spent ZnO catalysts.  

The evolution of Zn species over the Zn7Al3 catalyst basically follows the consecutive 

reaction route (the reaction (1) and reaction (2)) as that over ZnO catalyst. However, unlike the 

ZnO catalyst, ZnGly over the spent Zn7Al3 catalyst was formed from t = 2 hr, and its amount 

increased with reaction time. Besides the Zn NCO complex in the liquid phase and ZnGly in 

the solid phase, there was the additional contribution of Zn NCO complex in the solid phase. 

Both the relative amounts of the NCO complex over the spent Zn7Al3 catalyst and the relative 

amounts of the NCO complex in the liquid phase (Fig. 3- 19C) were the highest at the initial 

reaction time (t = 0.25 hr), and then decreased continuously along with the reaction time. This 

was consistent with our previous conclusion [50] that there was specific adsorption of the NCO 

complex in the liquid phase onto the spent Zn7Al3 catalyst.  

Zn NCO (liquid) ⇄ Zn NCO (solid) (3) 

From the beginning to 0.25h, by the reaction (1) and (3), the relative amounts of both Zn 

NCO complex (liquid) and Zn NCO complex (solid) quickly increased together while the 

relative amount of ZnO decreased and there was no existence of ZnGly. From t = 0.25 hr to 

2hr, because there was still no formation of ZnGly, the Zn NCO complex acted as the active 

site for the reaction to GC and was not consumed to make ZnGly, so that both the amounts of 

the Zn NCO complex in the liquid and solid phases remained unchanged. From t = 2 hr, the 

formation of ZnGly started and its relative amount increased continuously while the relative 

amounts of the Zn NCO complex in the liquid and solid phases and ZnO were continuously 
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decreased. Interestingly, the behavior of the relative amount of the Zn NCO complex (liquid) 

was nearly opposite that of ZnGly, indicating that the ZnGly production over the Zn7Al3 

catalyst was strongly related to the disappearance of the Zn NCO complex in the liquid phase. 

Specifically, ZnO reacted with urea to make the Zn NCO complex (liquid) by reaction (1), 

ZnGly over the spent Zn7Al3 catalyst was formed via transformation of the Zn NCO complex 

(liquid) by reaction (2), resulting in a decrease in the NCO complex in the liquid phase and on 

the solid catalyst (reaction (3)). Fig. 3- 19D summarizes the transformation of ZnO over Zn7Al3 

catalyst. Initially, ZnO dissolved to the liquid phase by reacting with urea to form Zn NCO 

complex. This complex could adsorb on the surface of the ZnAl2O4 phase. The formation of 

ZnGly crystal only occurred after 2 hr reaction time by the reaction of the Zn NCO complex in 

the liquid phase and glycerol. 

The same phenomena were observed in the case of co- Zn7Al3, which was prepared by a 

different method, but the two main phases of ZnO and ZnAl2O4 were kept as described 

elsewhere [50]. The intensities of the NCO peaks in the liquid phase (Fig. 3- 20) decreased 

with reaction time, while the peak representing ZnGly on the solid phase did not exist at the 

initial time but appeared from t = 2 hr (Fig. 3- 21). A similar result was found in the TGA 

analysis of the spent co-  Zn7Al3 catalyst; the decomposition peak of ZnGly at 360-370 oC only 

appeared from t = 2 hr (Fig. 3- 22). This evidence supports the conclusion that in the case of 

the Zn7Al3 catalyst (including two phases of ZnO and ZnAl2O4), ZnGly was generated by the 

transformation of the Zn NCO complex. 



65 
 

 

Fig. 3- 20. FTIR spectra of liquid products obtained the reaction of glycerol with urea over 

co-  Zn7Al3 catalyst run at the different reaction time: a) t = 0.25 hr, b) 0.5 t = hr, c) t = 1 hr, 

d) t = 2 hr, e) t = 3 hr, and f) t = 4 hr. 

 

Fig. 3- 21. FTIR spectra of spent co-  Zn7Al3 catalysts run at the different reaction time: a) t = 

0.25 hr, b) 0.5 t = hr, c) t = 1 hr, d) t = 2 hr, e) t = 3 hr, and f) t = 4 hr.. 
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Fig. 3- 22. DTGA patterns of spent catalysts run over co-  Zn7Al3 at the different reaction 

time: a) t = 0.25 hr, b) 0.5 t = hr, c) t = 1 hr, d) t = 2 hr, e) t = 3 hr, and f) t = 4 hr. 

To further investigate a factor that affects the formation rate of ZnGly from the Zn NCO 

complex in the liquid phase, additional reaction tests for the Zn7Al3 catalyst were conducted 

under the reaction conditions of the different urea/glycerol (u/g) ratios (t = 3 hr, u/g = 0.5, 1, 

and 1.5). The spent catalysts were characterized by the FTIR and XRD measurements, whose 

data are displayed in Fig. 3- 23. The XRD results show that with a high ratio of urea/glycerol 

(u/g = 1.5, urea-rich condition), ZnGly was not formed over the solid catalyst at all. When 

decreasing the ratio of urea/glycerol to 1 and 0.5, the ZnGly phase appeared and its XRD peak 

intensity became higher. The FTIR spectra of the spent Zn7Al3 catalyst followed the same trend: 

under the urea-rich condition (u/g = 1.5), there was no characteristic peak of ZnGly, but the 

characteristic FTIR peak for the NCO complex appeared. Under the urea-poor conditions (u/g 

= 1 and 0.5), the FTIR peaks for both ZnGly and the NCO complex were observed and the 
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relative peak intensity of ZnGly to the Zn NCO complex increased with decreasing u/g ratio 

(Fig. 3- 23B). Therefore, the formation of ZnGly over the Zn7Al3 catalyst depended on not only 

the Zn phase in the solid catalysts but also the ratio of urea/glycerol in the liquid phase. The 

urea-poor condition in the liquid phase induced more ZnGly. In other words, the NCO complex 

in the liquid phase was transformed into the ZnGly phase with the formation of the Zn NCO 

complex over Zn7Al3 catalyst under the urea-poor condition. Under the urea-rich condition, the 

formation of ZnGly over the Zn7Al3 catalyst was inhibited due to less glycerol in the liquid 

phase. An interesting point is that the formation of the Zn NCO complex over the Zn7Al3 

catalyst was preferred to the transformation to ZnGly. In Fig. 3- 19C, over the Zn7Al3 catalyst, 

ZnGly was produced from t = 2 hr with the presence of the Zn NCO complex on the solid. The 

generation of the Zn NCO complex on the solid catalyst consumed Zn and urea in the liquid 

phase, resulting in the urea-poor condition in the liquid phase. Then, the liquid condition 

induced ZnGly production. Consequently, ZnGly produced over Zn7Al3 catalyst was a final 

by-product due to the reaction of glycerol and the Zn NCO complex in the liquid phase, 

indicating that the ZnGly production influenced glycerol conversion and GC selectivity. It is 

suggested that the formation of ZnGly consumes glycerol to produce an extra glycerol-

containing by-product, decreasing the selectivity of main product GC. As a result, in the case 

of the ZnO catalyst, due to the generation of a large amount of ZnGly at the initial time, the 

selectivity of GC was much lower than that of the Zn7Al3 catalyst. In the case of Zn7Al3 catalyst, 

after 2h of reaction, the production of ZnGly began, thus decreasing the selectivity of GC (Fig. 

3- 7). The proposed reaction routes over ZnO and Zn7Al3 catalysts are illustrated in Scheme 3- 

3. The ZnO catalyst follows the homogeneous reaction route (Scheme 3- 3A). The ZnO phase 

was consumed by the dissolution into the liquid phase and formation of the Zn NCO complex 

and then the Zn NCO complex could react further with glycerol to make ZnGly. ZnGly was 

detected from the initial reaction time (t = 0.25 h), which soon reached a saturation state at t = 
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2 hr. The reaction route to produce ZnGly contributed positively to glycerol conversion but 

negatively to GC selectivity. For ZnO catalyst, since t = 2 hr, glycerol was consumed only for 

the reaction that generates GC and by-products in the liquid phase, increasing the GC 

selectivity. The activity role belonged to the NCO complex (containing Zn) in the liquid phase. 

This complex reacted with glycerol to produce the main product, GC, and with other by-

products, (II) and (IV), in the liquid phase. Since ZnGly is a solid by-product that consumes 

glycerol, the formation of ZnGly resulted in low GC selectivity. For ZnO catalyst, the ZnGly 

production occurred at earlier reaction times (t = 0.25 and 1 hr) and saturated at t = 2 hr. As a 

result, GC selectivity increased after t = 2 hr whereas it was lower at the initial time. 

Over the Zn7Al3 catalyst, the reaction routes were more complicated due to dual catalysis: 

the homogeneous reaction route via the Zn NCO complex in the liquid phase and the 

heterogeneous reaction route via ZnAl2O4 and the Zn NCO complex in the solid phase. The 

homogeneous reaction route with Zn7Al3 catalyst was the same as that with the ZnO catalyst, 

except the pathway where the Zn NCO complex in the liquid phase can be adsorbed on the 

ZnAl2O4 phase. The transformation of the Zn NCO complex into ZnGly influenced the glycerol 

conversion and GC selectivity in the reaction performance because of the involvement of 

glycerol in the transformation and the existence of ZnGly as a solid by-product, whereas the 

adsorption of Zn NCO complex on the ZnAl2O4 phase did not affect the product distribution 

(Scheme 3- 3B). The heterogeneous reaction route proceeded via the ZnAl2O4 phase or the Zn 

NCO complex on the solid. The active sites of the latter provided the same reaction route with 

the Zn NCO complex in the liquid, implying a similar product distribution in the liquid phase. 

The active sites of the former worked largely based on the relationship between the acidic and 

basic properties. 
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Fig. 3- 23. XRD patterns (A) and FTIR spectra (B) of fresh and spent Zn7Al3 catalysts for 3 

hr reaction under different initial urea/glycerol ratios: a) fresh, b) urea/glycerol = 1.5, c) 

urea/glycerol = 1, and d) urea/glycerol = 0.5. 
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Scheme 3- 3. Evolution of Zn species during glycerolysis of urea. A) ZnO catalyst and B) 

Zn7Al3 catalyst. 

 



71 
 

The different behaviors in GC selectivity of the two catalysts can be explained by the 

reaction routes, including the Zn-containing reaction intermediates. The formation of ZnGly 

automatically caused low GC selectivity in the reaction performance because ZnGly is a solid 

by-product acquired from the consumption of a certain amount of glycerol. As seen in Fig. 3- 

7, ZnO catalysts showed lower GC selectivity than the Zn7Al3 catalyst since the ZnO catalyst 

produced a high amount of ZnGly even at the initial reaction time (t = 0.25 hr), while there was 

no ZnGly over the Zn7Al3 catalyst at the initial stage of the reaction. However, after t = 2 hr, 

there was no further formation of ZnGly over the ZnO catalyst, resulting in a slight increase in 

GC selectivity. In contrast, the GC selectivity of the ZnAlO catalyst decreased after t = 2 hr 

due to the generation of ZnGly from the Zn NCO complex in the liquid phase.  

3.4.Conclusion 

The ZnAl mixed oxide catalysts prepared by the PS template method in this work consist 

of ZnO and ZnAl2O4 phases and show much better catalytic performance in the glycerolysis of 

urea (high glycerol conversion and GC yield) compared to the pure ZnO and ZnAl2O4 catalysts. 

On the basis of the results from catalyst characterizations, we propose a reaction mechanism 

of dual catalysis, which includes both homogeneous and heterogeneous reaction routes. ZnO 

dissolves to the liquid phase to form a Zn NCO complex, which acts as a reactive site for the 

homogeneous reaction mechanism. This NCO complex also adsorbs on the ZnAl2O4 phase and 

acts as a supplementary heterogeneous active site, in addition to the original Lewis acid-base 

active site of ZnAl2O4. The combination of these homogeneous and heterogeneous reaction 

routes enhances the catalytic performance of the ZnAl mixed oxide catalysts, resulting in high 

GC yield. 

The Zn-containing reaction intermediates play an important role in the catalytic reaction 

routes of the reaction of glycerol with urea over ZnO and Zn7Al3 catalysts. However, the time-
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dependent evolution of these Zn species is different and depends on the composition of the 

catalysts and the liquid phase conditions. For ZnO catalyst, the ZnGly phase appears from the 

beginning of the reaction test (t = 0.25 hr), resulting in lower GC selectivity than that of the 

Zn7Al3 catalyst. The Zn7Al3 catalyst composed of the ZnO and ZnAl2O4 phases does not prefer 

the formation of ZnGly at the initial stage (before t = 2 hr), whereas the solid Zn NCO complex 

is strongly detected in the spent Zn7Al3 catalysts. The formation of the solid Zn NCO complex 

is closely connected with the existence of the ZnAl2O4 phase. However, even over the Zn7Al3 

catalyst, the ZnGly phase is produced after t = 2 hr via transformation of the Zn NCO complex 

in the liquid phase, decreasing the GC selectivity of the Zn7Al3 catalyst 
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CHAPTER 4. INVESTIGATE THE EFFECT OF DISORDERED SPINEL ZNAL2O4 

PHASE TO THE ACIDITY AND THE GLYCEROLYSIS OF UREA. 

4.1.Introduction 

In the reaction mechanism over the Zn-based catalysts, zinc diamine diisocyanate 

(Zn(NH3)2(NCO)2, abbreviated as a Zn NCO complex) can be formed by the dissolution of Zn 

from a Zn-containing catalyst into a liquid phase, where it can act as an active site for the 

homogeneous reaction route. In our previous studies [50,91], we found that the ZnAl mixed 

oxide catalysts followed dual catalytic reaction routes resulting in better catalytic reaction 

performance than a ZnO catalyst alone. In the dual catalytic reaction routes, the catalytic 

performance was affected by the existence of two Zn-containing intermediates — zinc 

glycerolate (ZnGly) and Zn NCO complex. The formation of ZnGly in the reaction consumed 

glycerol but decreased the GC selectivity, whereas the Zn NCO complex in solid and liquid 

phases enhanced the GC yield. The formation of a solid Zn NCO complex over a ZnAl2O4 

phase brought additional benefits including: i) serving as an active site for a heterogeneous 

reaction route producing GC, ii) interacting selectively with an insoluble ZnAl2O4 phase [50], 

and iii) suspending the formation of ZnGly which reduced the GC selectivity [91]. It was also 

found that the formation of Zn NCO complex on the insoluble ZnAl2O4 phase related to the 

surface acidity. Therefore, to clearly understand how the catalytic properties of Zn-containing 

catalysts influence the catalytic reaction mechanism in the reaction of glycerol with urea, it is 

necessary to ascertain how the molecular structure of the catalysts can change the catalytic 

properties related to the surface acidity. 

ZnAl2O4 is a well-known spinel structure with a typical formula (A2+)[B3+
2]O4, where A2+ 

(Zn2+) and B3+ (Al3+) are the divalent and trivalent metal cations, respectively [92]. A spinel 

structure is composed of two types of sites: tetrahedral sites expressed by the ( ) symbol and 
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octahedral sites represented by the [ ] symbol when viewed in a formula. In a typical normal 

spinel structure, A2+ cations occupy one-eighth of the tetrahedral sites and B3+ cations occupy 

half of the octahedral sites. In contrast, an inverse spinel structure is a different spinel group 

having the formula (B3+)[A2+B3+]O4, which contains not only half of the B3+ cations occupying 

the tetrahedral sites but also all of A2+ cations and half of the B3+ cations occupying the 

octahedral sites [93]. A normal spinel structure can be partially disordered by changing the 

distribution of A2+ and B3+ cations occupying these two sites. The disordered structure is called 

a partially inversed structure. In partially inversed ZnAl2O4, the main cations of Zn2+ and Al3+ 

occupy the tetrahedral and octahedral sites, respectively. Even so, some Zn2+ cations substitute 

for Al3+ cations in the octahedral sites and some Al3+ cations substitute for Zn2+ in the 

tetrahedral sites. 

In this research, we investigated the relationship between the disordered ZnAl2O4 spinel 

lattice structure in ZnAl mixed oxide catalysts, the acidity of the catalysts and the formation of 

a Zn NCO complex over the catalysts. Moreover, we discussed the differences between Zn 

NCO complexes on the solid catalyst or in the liquid phase, which induced different catalytic 

behavior in the reaction of glycerol with urea. The formation of a Zn NCO complex over the 

ZnAl2O4 phase improved the GC yield by inhibiting the catalytic reaction route to produce 

ZnGly. 

4.2.Experimental  

4.2.1. Catalyst preparation 

The physically mixed ZnAl catalyst (denoted as p-ZnAlO) was prepared by simple mixing 

of each powder of ZnO and ZnAl2O4 precipitated at room temperature. The molar ratio of Zn 

to Al in p-ZnAlO was 7:3. The precipitated ZnO and ZnAl2O4 powders were prepared using a 

conventional precipitation method. To prepare the precipitated ZnAl2O4, an aqueous solution 
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of Zn(NO3)2∙6H2O (Sigma-Aldrich Korea, Gyeonggi, South Korea) and Al(NO3)3∙9H2O 

(Sigma-Aldrich Korea, Gyeonggi, South Korea) with a molar ratio of 1:2 was simultaneously 

mixed with a basic solution of NaOH and NaNO3 under constant pH = 6 and vigorous stirring. 

The solution was filtered and washed with deionized water several times. Finally, the solid 

powder was dried at 100 oC overnight and calcined at 600 oC for 6 h. The precipitated ZnO was 

prepared in the same way using only Zn(NO3)2∙6H2O as a precursor. 

The citrate complex ZnAl mixed oxide catalyst (denoted c-ZnAlO) and citrate complex 

ZnAl2O4 (denoted as c-ZnAl2O4) were prepared using a modified citrate complex technique 

[94]. To synthesize c-ZnAlO, an aqueous solution of Zn(NO3)2∙6H2O and Al(NO3)3∙9H2O at 

the same molar ratio with p-ZnAlO (Zn:Al = 7:3) was prepared at room temperature, then citric 

acid powder (ratio of citric acid to metal = 2:1) was added to the solution followed by stirring 

with a magnetic bar. Stirring was continued at 70 oC to evaporate water until a yellow viscous 

gel solution was formed. The gel was dried at 140 oC and spontaneously solidified by the 

emission of NOx gases. The resulting solid powder was ground and calcined at 600 oC for 4 h. 

c-ZnAl2O4 was prepared in the same way with a molar ratio of Zn and Al in the precursor of 

1:2. 

4.2.2. Reaction test  

The detailed procedure for the glycerolysis of urea to produce glycerol carbonate over the 

catalysts can be found in the part 2.2.2 of Chapter 2. 

The recyclability of catalysts also was inspected. The spent catalysts used for the 

characterizations and recycle tests were additionally prepared via filtration from the liquid 

phase, washing with ethanol and drying at 70 oC. The spent catalysts (without any further 

calcination process) were re-used over 2 catalytic cycles under a similar reaction condition with 

the fresh catalysts. 
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4.2.3. Catalyst characterization 

X-ray diffraction (XRD) patterns for fresh and spent catalysts were obtained using a Rigaku 

RAD-3C diffractometer (Rigaku Corp., Tokyo, Japan) with Cu Ka radiation (λ = 1.5418 Å) at 

a scattering angle (2θ) scan rate of 2o/min operated at 35 kV and 20 mA. The spent catalysts 

were analyzed using a Thermo Scientific Nicolet iS5 FT-IR spectrometer (Thermo Fisher 

Scientific, Waltham, MA, USA). Raman signals of the fresh catalysts were examined using a 

Thermo Scientific DXR Raman microscope (Thermo Fisher Scientific, Waltham, MA, USA). 

XPS data and the surface atomic ratios were surveyed using a Thermo Scientific K-Alpha XPS 

spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The nitrogen 

adsorption/desorption isotherms were measured by a QUADRASORB evo Gas Sorption 

Surface Area and Pore Size Analyzer (Quantachrome Instruments, Boynton Beach, FL, USA) 

and the surface areas of the fresh catalysts were calculated by the Brunauer-Emmett-Teller 

(BET) equation. 

The number of acidic and basic sites was measured using the temperature-programmed 

desorption method of NH3 and CO2 (TPD- NH3/CO2) on a MicrotracBEL BELCAT-M 

(MicrotracBEL Corp., Osaka, Japan). Ordinarily, an amount of 100 ~ 200 mg of fresh catalyst 

was put into the quartz sample tube of the BELCAT-M instrument. Initially, the sample was 

pretreated under the helium flow (100 mL/min) at 600 oC in 1 h. After that, a flow of NH3 or 

CO2 (50 mL/min) was applied to the sample at 50 oC for the adsorption step. Finally, the 

temperature was slowly increased from 50 oC to 600 oC at the rate of 1.5 oC/min; the desorbed 

species were removed by helium flow (30 mL/min) and analyzed by the TCD detector. 

4.3.Results and discussion 

4.3.1. Interactions between the ZnO and ZnAl2O4 phases - the disordered ZnAl2O4 spinel 

lattice 
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The XRD patterns of the fresh catalysts are shown in Fig. 4- 1. Characteristic diffraction 

peaks of the ZnO phase and ZnAl2O4 phase are clearly detected in the XRD patterns of the 

ZnAl mixed oxide catalysts (p-ZnAlO and c-ZnAlO). Typical peaks are observed at 31.8°, 

34.4°, 36.3°, 47.5°, 56.7°, and 62.9° positions for the ZnO phase with the P63mc space group 

(JCPDS No. 36-1451) [95]. Characteristic peaks are observed at 31.2°, 36.8°, 44.8°, 49.1°, 

55.7°, 59.3°, 65.2°, 74.1°, and 77.3° positions for the ZnAl2O4 phase with the Fd3m space 

group (JCPDS No. 05-0669) [96]. Meanwhile, the XRD pattern of c-ZnAl2O4 catalyst 

apparently shows only the characteristic peaks of a single ZnAl2O4 phase, confirming that c-

ZnAl2O4 contains a pure ZnAl2O4 phase. 

 

Fig. 4- 1. XRD patterns of fresh catalysts: a) c-ZnAl2O4, b) c-ZnAlO, and c) p-ZnAlO. 

In Fig. 4- 1, the characteristic ZnAl2O4 XRD peaks for c-ZnAlO and p-ZnAlO are not as 

sharp as those for c-ZnAl2O4 catalyst. The peaks at 31.2° (ZA1) and 36.8° (ZA2) for c-ZnAlO 
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are broad enough to look like a shoulder of the dominant ZnO phase peaks at 31.8° (ZO1) and 

36.3° (ZO2). This behavior is different from that of p-ZnAlO, whose XRD peaks at 31.2° (ZA1) 

and 36.8°(ZA2) are observed as separate peaks because the difference in the peak positions 

between ZO1 and ZA1 (or ZO2 and ZA2) for p-ZnAlO is larger than that for c-ZnAlO. Moreover, 

the peaks of ZA1 and ZA2 for the ZnAl2O4 phase in p-ZnAlO are relatively easier to detect than 

those in c-ZnAlO, although the relative peak intensities in p-ZnAlO are much smaller than 

those in c-ZnAlO. This implies that there are strong interactions between the ZnO and ZnAl2O4 

phases during the preparation of c-ZnAlO (citrate complex method). The high-temperature heat 

treatment (600 oC) of the mixed precursors induces solid phase diffusion and strong interactions 

between the two phases [97]. In contrast, there are no strong interactions between two phases 

in p-ZnAlO due to the simple mixing of the pre-synthesized precipitated powders of ZnO and 

ZnAl2O4 without any further thermal treatment. As a result, the ZnO/ZnAl2O4 XRD intensity 

ratio of p-ZnAlO (9.8) is much higher than that of c-ZnAlO (4.8), which is listed in Table 4- 1. 

Although p-ZnAlO and c-ZnAlO have the same molar ratio of Zn:Al, the ZnO amount detected 

in c-ZnAlO is smaller than that in the physically mixed p-ZnAlO sample. Del Piero et al. [98] 

and Errani et al. [99] explained that the undetected ZnO could go inside the spinel structure of 

ZnCr2O4 to make a Zn-rich non-stoichiometric Zn−Cr spinel structure. This may also explain 

the spinel structure of ZnAl2O4 observed in this study. 

Raman and FTIR spectra of fresh catalysts and conventional precipitated ZnO (co-ZnO) 

(for comparison) are presented in Fig. 4- 2. In the Raman scattering signals, only the ZnO phase 

shows significant bands [100,101]. A band at 382 cm-1 is assigned to the transverse optical A1 

mode (A1 (TO)). Bands at 410 cm-1, 583 cm-1, and 437 cm-1 correspond to a transverse optical 

E1 mode (E1 (TO)), a longitudinal optical E1 mode (E1 (LO)), and an E2 (high) mode, 

respectively, while the band at 330 cm-1 can be assigned to multi-phonon processes. The E2 

(high) mode in the Raman spectra is a characteristic mode for the lattice oxygen displacement 
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of the ZnO lattice [102]. The intensities of the E2 (high) bands of both co-ZnO and p-ZnAlO 

samples are very similar, indicating that the ZnO phase in p-ZnAlO is unchanged when the 

ZnO phase is simply mixed with the ZnAl2O4 phase. The E2 (high) vibration is also IR active, 

corresponding to a band at 434 cm-1 in the FTIR spectra (Fig. 4- 2B) [103]. The E2 mode IR 

intensities for co-ZnO and p-ZnAlO are so strong that this band overwhelms any IR band of 

the ZnAl2O4 phase in p-ZnAlO. Meanwhile, the E2 (high) bands of c-ZnAlO in the Raman and 

FTIR spectra have relatively lower intensity than those of p-ZnAlO and co-ZnO. In the FTIR 

spectra, the fraction of the ZnO phase in c-ZnAlO (Fig. 4- 2B(c)) is lower than that in p-ZnAlO 

(Fig. 4- 2B(d)) even though they have the same molar ratios of Zn to Al in the precursors. The 

undetected ZnO in c-ZnAlO may go inside the ZnAl2O4 spinel lattice structure due to the strong 

interactions between ZnO and ZnAl2O4 phases. This is consistent with the XRD results in this 

study. 

Table 4- 1. Properties of the fresh catalysts. 

Catalyst 

Intensity ratio 

of 

ZnO/ZnAl2O4 

in XRD * 

Inversion parameter 

(Intensity Ratio of 

AlO4/(AlO6+AlO4) by 

XPS) ** 

Acidic 

Sites 

(mmol/g) 

Basic 

Sites 

(mmol/g) 

Surface 

area 

(m2/g) 

c-ZnAl2O4 0 0.466 0.687 0.287 156 

c-ZnAlO 4.8 0.278 0.464 0.200 29 

p-ZnAlO 9.8 0.059 0.204 0.052 13 

* Intensity ratios of the ZnO/ZnAl2O4 phases were obtained from the deconvolution in XRD 

patterns using the XPowder software. 
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** Intensity ratios of the AlO4 (tetrahedral site) and AlO6 (octahedral site) were obtained 

from the deconvolution of XPS results using the Origin software. 

 

Fig. 4- 2. A) Raman and B) FTIR spectra of fresh catalyst: a) ZnO, b) c-ZnAl2O4, c) c-

ZnAlO, and d) p-ZnAlO. C) Enlarged Raman and D) Enlarged FTIR spectra. 

Fig. 4- 2C is enlarged Raman spectra in the range of 350-500 cm-1, which is used to 

compare the relative intensity between A1 (TO) and E1 (TO) modes. The A1 (TO) mode is due 

to the displacement of ions parallel to the z-axis, and the E1 (TO) is ascribed to the displacement 

of ions parallel to the xy-plane. The wurtzite hexagonal lattice of ZnO can be described as 



81 
 

alternating close-packed layers of Zn and O stacked along the z-axis. Therefore, the lattice 

disorder along with the z-axis would have more of an effect on the displacement of ions in the 

A1 (TO) than E1 (TO), resulting in a decreased relative intensity of A1 (TO) to E1 (TO) [100]. 

The intensity ratios of A1 (TO)/E1 (TO) can be calculated, and they follow the order of c-ZnAlO 

(0.7) < p-ZnAlO (0.9) < co-ZnO (1.0), implying a higher disordered structure of the ZnO phase 

in c-ZnAlO compared to those in p-ZnAlO and co-ZnO. This disordered structure in c-ZnAlO 

may be caused by the strong interactions between the ZnO and ZnAl2O4 phases in the citrate 

complex method. Pan et al. [104] investigated the formation of ZnO and concluded that 

removing the inter-layer organic by high-temperature calcination produced more defects or 

distortions along the z-axis. 

As shown in Fig. 4- 2B, various vibration modes for the ZnAl2O4 phase can be detected at 

661 cm-1, 554 cm-1 (assigned for the stretching mode of AlO6– octahedrally coordinated Al-O), 

495 cm-1 (assigned for the bending mode of AlO6), and a broad shoulder was observed from 

704 cm-1 to 900 cm-1 (assigned to AlO4– tetrahedral coordinated Al-O) [105–107]. FTIR 

spectra focusing on the vibration modes of AlO4 and AlO6 are shown in Fig. 4- 2D. The relative 

intensities of AlO4 to AlO6 increased in the order of co-ZnO < p-ZnAlO < c-ZnAlO < c-

ZnAl2O4. While the AlO4 vibration for p-ZnAlO is weak, the shoulder of the AlO4 vibration 

for c-ZnAlO and c-ZnAl2O4 is visible and strong. The tetrahedrally coordinated AlO4 reflects 

a partial inversion of the ZnAl2O4 spinel structure, and the FTIR results are consistent with the 

inversion parameter from the XPS data, which is described later. 

The normal spinel structure of ZnAl2O4 contains Zn2+ cations at the tetrahedral sites and 

Al3+ cations at the octahedral sites of a cubic close-packed crystal. The partially inversed spinel 

structure is a disordered ZnAl2O4 structure where some Al3+ cations occupy the tetrahedral 

sites and some Zn2+ cations occupy the octahedral sites. The disordered structure of bulk spinel 

ZnAl2O4 can be extended to the catalyst surface. Duan et al. [92] defined the inversion 
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parameter of a spinel structure as a portion of tetrahedrally coordinated trivalent cations (Al3+), 

or a portion of octahedrally coordinated divalent cations (Zn2+), which can be estimated by the 

surface XPS measurement. Table 4- 1 displays the inversion parameter of each catalyst by 

calculating the ratio of AlO4/(AlO6 + AlO4) acquired from the XPS data. AlO4 and AlO6 

represent the tetrahedrally coordinated Al3+ and the octahedrally coordinated Al3+, respectively. 

In this study, the portion of octahedrally coordinated Zn2+ is not used since the octahedrally 

coordinated Zn2+ cations mainly appear on the ZnO phase in the ZnAl mixed oxide catalysts, 

and it is difficult to distinguish them from Zn2+ cations on the ZnAl2O4 phase. The inversion 

parameters of c-ZnAl2O4 and c-ZnAlO are higher than those of p-ZnAlO, reflecting the strong 

interactions between Zn and the spinel structure in the samples prepared using the citrate 

complex method. In Table 4- 1, the inversion parameters follow the order of p-ZnAlO < c-

ZnAlO < c-ZnAl2O4, which is the same as the order of surface acidity of the catalysts. Table 

4- 1 shows acidic and basic sites for each catalyst, which are calculated from the NH3 and CO2 

TPD measurements (Fig. 4- 3). The values of acidic and basic sites increase in the order of p-

ZnAlO < c-ZnAlO < c-ZnAl2O4. 
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Fig. 4- 3. A) TPD-NH3 and B) TPD-CO2 analysis results of fresh catalysts: a) c-ZnAl2O4, b) 

c-ZnAlO, and c) p-ZnAlO. 
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Additional evidence for a lower intensity ZnO phase in c-ZnAlO than that in p-ZnAlO is 

obtained from surface atomic ratios from the XPS analysis, which are listed in Table 4- 2. For 

p-ZnAlO and c-ZnAlO, the atomic ratios of Zn on the outer surface (31.51% for p-ZnAlO and 

22.79% for c-ZnAlO) are much higher than c-ZnAl2O4 (4.02%). These results imply both that 

a ZnO phase exists in the ZnAlO mixed oxide samples and that a Zn cation outer layer on the 

ZnO phase mainly contributes to the higher Zn surface atomic ratio for p-ZnAlO and c-ZnAlO. 

In addition, the Zn atomic ratio for c-ZnAlO is lower than that for p-ZnAlO, while the Al 

atomic ratios on the outer surface of the mixed oxide catalysts also decrease from 23.50% for 

c-ZnAlO to 12.70% for p-ZnAlO. The Zn/Al ratio on the outer surface of p-ZnAlO is 2.48, 

which is just slightly higher than the nominal bulk ratio of Zn/Al (7/3 or 2.33). In contrast, the 

outer Zn/Al ratio for c-ZnAlO is 0.97, which is much smaller than that of p-ZnAlO and the 

bulk ratio. The strong interaction between the ZnO and ZnAl2O4 phases in c-ZnAlO induces a 

lower portion of the ZnO phase on the outer surface, resulting in the corresponding lower Zn/Al 

ratio for c-ZnAlO. Song et al. [108] suggested that interactions could create a special structure 

of ZnO layer on the surface of the spinel lattice. Moreover, the coverage of the ZnO phase over 

the ZnAl2O4 phase due to the strong interactions can decrease the surface acidity and basicity. 

Table 4- 2. The surface atomic ratio by XPS analysis of fresh catalyst. 

Atomic% c-ZnAl2O4 c-ZnAlO p-ZnAlO  

O1s 59.26 53.70 55.79  

Zn2p3/2 4.02 22.79 31.51  

Al2p 36.72 23.50 12.70  
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Surface areas of the fresh catalysts are displayed in Table 4- 1. The surface areas follow the 

order of c-ZnAl2O4 > c-ZnAlO > p-ZnAlO. The high surface area of c-ZnAl2O4 at 156 m2/g is 

consistent with the value reported previously [94]. The lowest surface area of p-ZnAlO (13 

m2/g) reflects the simple mixing of precipitated ZnO and ZnAl2O4 whose surface areas are 7 

m2/g and 17 m2/g, respectively [50,91]. Interestingly, the surface area of c- ZnAl2O4 rapidly 

decreases to 29 m2/g, indicating the strong interaction between ZnO and ZnAl2O4 phases in c-

ZnAlO, which is in good agreement with the XPS results.  

As shown in Table 4- 2, the Zn surface atomic ratio for c-ZnAl2O4 is surprisingly small 

(only 4.02%), and the Al surface atomic ratio for c-ZnAl2O4 is 36.72%, resulting in a surface 

atomic molar ratio Zn/Al of only 0.11, which is much smaller than the stoichiometric Zn/Al 

ratio in the bulk spinel structure (0.5). Wachs and Routray [109] showed that the realistic 

surface model of a normal spinel crystal was almost covered up with octahedral sites or the 

Al3+ cations in the ZnAl2O4 phase. The possibility of having Zn2+ on the outer surface was very 

low due to its weak stability on the spinel surface. In this study, the presence of Zn on the 

surface of c-ZnAl2O4 indicates the formation of the partially inversed spinel structure [106], 

which is clearly confirmed by the deconvoluted XPS peak for Zn cations occupying the 

octahedral sites (ZnO6).  

Fig. 4- 4 displays XPS data for Al2p, O1s, and Zn2p3/2 for all the fresh catalysts with their 

deconvoluted peaks. The Al2p XPS can be fitted into a smaller peak around 73.1 eV, assigned 

to the Al3+ occupying the tetrahedral sites (AlO4), and a peak around 74.3 eV, assigned to the 

Al3+ occupying the octahedral sites (AlO6) [92,110]. The XPS results of Zn2p3/2 can also be 

fitted into two peaks: a larger peak at a lower binding energy (around 1021.1-1022.0 eV) 

corresponding to the Zn2+ occupying the tetrahedral sites (ZnO4), and a smaller peak at a higher 

binding energy (around 1023.4-1023.7 eV) assigned to the Zn2+ occupying the octahedral sites 

(ZnO6) [92,111]. It is difficult to distinguish each ZnO4 site from the ZnO and ZnAl2O4 phases 
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[112], so that there is only one peak assignment for both ZnO4 sites in this study. Since the 

ZnO phase includes Zn2+ cations only at the tetrahedral sites (i.e., they are not in the octahedral 

sites), the peak for ZnO6 indicates that the Zn2+ cations occupy the octahedral sites on the 

ZnAl2O4 phase. The distribution on the tetrahedral and octahedral sites of Al3+ and Zn2+ cations 

follows the opposite trend. Namely, the main Al3+ cations occupy the octahedral sites of the 

ZnAl2O4 spinel structure, while the main Zn2+ cations occupy the tetrahedral sites in both ZnO 

and ZnAl2O4, which corresponds to the model of a normal spinel structure. The deconvoluted 

patterns of O1s XPS are more complicated and can be fitted by four peaks: Oa at 534.1 eV, Ob 

in the range of 532.8 – 533.1 eV, Oc in the range of 531.2 – 531.5 eV and Od in the range of 

530.7 – 530.9 eV. Two peaks, Oc and Od at lower binding energies, belong to the lattice O and 

can be assigned to the lattice O in the ZnAl2O4 and ZnO phase, respectively, since the binding 

energy of the lattice O in the ZnAl2O4 phase is slightly higher than that in the ZnO phase 

[112,113]. The peak Oa at the highest binding energy can be assigned to the oxygen loosely 

bonded to the catalyst surface from the atmosphere (such as adsorbed H2O, O2, etc.) [114,115]. 

Finally, the O1s peak at the intermediate binding energy, Ob, corresponds to the oxygen-

deficient regions or the oxygen vacancy (Ov) on the lattice surface of the catalysts [114,115]. 

One of the main reasons for the oxygen vacancy on the catalyst surface is the substitution of 

Zn2+ (a divalent cation) for Al3+ (a trivalent cation) at octahedral sites. As a result, an oxygen 

vacancy is required to balance the positive charge of cations at the center of octahedral sites 

[116], which can explain the same trends in the intensities of Ov (oxygen vacancy) and ZnO6 

(p-ZnAlO < c-ZnAlO < c-ZnAl2O4). The oxygen vacancy of an octahedral site is shared with 

a neighboring tetrahedral site. In addition, this oxygen vacancy can indirectly lead to a shift in 

the ZnO4 peak positions from 1022.0 eV for p-ZnAlO to 1021.1 eV for c-ZnAl2O4 and 1021.5 

eV for c-ZnAlO. Since the oxygen vacancy breaks one or more of four O2- anions tetrahedrally 



87 
 

coordinated with Zn2+ cations, the charge transfer from Zn2+ cations to O2- anions decreases, 

resulting in the decrease in the binding energy of ZnO4 [117]. 

 

Fig. 4- 4. Deconvoluted XPS results of fresh catalysts: a) c-ZnAl2O4, b) c-ZnAlO, and c) p-

ZnAlO. A) Al2p XPS results, B) Zn2p3/2 XPS results and C) O1s XPS results. 
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4.3.2. Relationship between the disordered spinel structure and the surface acidity 

The existence of ZnO6 and AlO4 is an indicator of the partially inversed spinel structure of 

ZnAl2O4 and, in this study, the intensity ratios between two XPS peaks (AlO4/AlO6) are used 

as the inversion parameter (Table 4- 1). The inversion parameters in Table 4- 1 and the 

intensities of the AlO4 FTIR shoulder follow the same trend (p-ZnAlO < c-ZnAlO < c-

ZnAl2O4), clearly proving the partially inversed ZnAl2O4 spinel structure of the catalysts. The 

inversed ZnAl2O4 spinel structure can produce surface acidity on the catalysts, which is related 

to the XPS intensity of Oa (H2O or O2 adsorbed from the atmosphere onto the catalyst surface). 

The Oa peak intensity is highest for c-ZnAl2O4 and almost negligible for p-ZnAlO. 

Fig. 4- 5 clearly shows the relationship between the surface acidity of the catalysts and the 

inversion parameter (Fig. 4- 5A), the XPS intensity of ZnO6 and the XPS intensity of oxygen 

vacancies (Fig. 4- 5B). As explained, the proportional relationship between the XPS intensities 

of ZnO6 and oxygen vacancies (Ov) proves that the charge compensated for the substitution of 

Zn2+ cations for Al3+ cations at the octahedral sites. The plot also obviously indicates a positive 

relationship between the inversion parameter and the surface oxygen vacancy with the surface 

acidity of the catalysts. The inversion parameter relates to the ratio of AlO6 and AlO4 sites of 

the spinel ZnAl2O4. A normal spinel ZnAl2O4 having Al3+ cations at the octahedral sites (AlO6) 

has low acidity, whereas the AlO4 sites of the partially inversed spinel ZnAl2O4 structure can 

create high surface acidity [106,118–121]. Sohlberg et al. [122] explained the higher Lewis 

acidity of AlO4. When a tetrahedrally coordinated Al cation was exposed to the surface, one of 

four oxygen atoms bonded with Al could be removed, leaving a three-coordinated Al (termed 

as “quasi-trihedral” Al) that had lower energy acceptor orbital (or higher Lewis acidity strength) 

than the AlO6 exposed to the surface. Another factor that increases the surface acidity is the 

Lewis acidity of surface oxygen vacancy, which results in surface hydroxyl groups [123]. The 

evidence for the surface hydroxylation is provided by peaks for OH vibration in the range 3000-
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3600 cm-1 of the FTIR spectra of fresh c-ZnAlO or c-ZnAl2O4 and the XPS Oa peaks of H2O 

or O2 adsorbed from the atmosphere. We conclude that the disordered bulk structure of spinel 

ZnAl2O4 produces disordered sites on the catalyst surface and, as a result, the disordered 

surface AlO4 and oxygen vacancies enhance the surface acidity of the catalysts. 

Another noticeable point is that the surface basicity of the fresh catalyst follows the same 

trend with the surface acidity (Table 4- 1). The enhancement of basicity can be attributed to the 

increase of density of negative charge on the oxygen anion in the lattice [49]. The disordered 

spinel ZnAl2O4 structure produces oxygen vacancies which may induce an increased electronic 

density on Mδ+–O2− sites [124]. Therefore, c-ZnAl2O4 has the highest acidity and basicity due 

to the disordered spinel structure. 

The conceptual structures of three catalysts can be illustrated in Scheme 4- 1 based on the 

previously mentioned explanation. Scheme 4- 1A displays the differences in ordered and 

disordered bulk spinel lattice structures of ZnAl2O4 by exchanging the locations of Al3+ and 

Zn2+ cations in the structure. In an ordered structure, a normal spinel ZnAl2O4 consists of Zn2+ 

cations at the tetrahedral sites and Al3+ cations at the octahedral sites. A partially inversed spinel 

structure or a disordered structure can be generated by some disarrangements: i) exchange of a 

Zn2+ cation with an Al3+ cation to create an octahedrally coordinated Zn2+ (ZnO6, symbolized 

as Zn* in Scheme 4- 1A) and a tetrahedrally coordinated Al3+ (AlO4 or symbolized as Al* in 

Scheme 4- 1A), ii) replacement of an Al3+ cation with a Zn2+ cation at the tetrahedral site to 

generate an AlO4 and leave a cation vacancy (symbolized as Alv in Scheme 4- 1A), and vice 

versa for Zn2+ substitution at octahedral sites, and iii) an oxygen vacancy (symbolized as Ov in 

Scheme IA) was generated to compensate for the charge imbalance by Zn2+ substitution for 

Al3+ at an octahedral site. 
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Fig. 4- 5. The relationship between the disordered structure of the partially inversed ZnAl2O4 

phase and the acidity of the catalyst. A) The acidic sites – the inversion parameter. B) The 

O1s XPS intensity (oxygen vacancy) – the Zn2p XPS intensity (ZnO6). 
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Scheme 4- 1. The lattice structure of A) ordered and disordered spinel ZnAl2O4 phase, B) c-

ZnAl2O4, C) c-ZnAlO and D) p-ZnAlO. 
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Scheme 4- 1B illustrates the disorder on the surface of c-ZnAl2O4 using AlO4 (Al*), ZnO6 

(Zn*) and oxygen vacancies (Ov). As previously mentioned, the disordered structure may be 

the result of thermally removing the organic attached onto metal cations in the preparation 

process of c-ZnAl2O4 and c-ZnAlO and the strong interaction between the ZnO and ZnAl2O4 

phases [97,104], whereas p-ZnAlO was prepared by a precipitation method, and it can produce 

a perfect structure (Scheme 4- 1C). For p-ZnAlO, there are almost no disordered sites on the 

surface of both separate ZnO and ZnAl2O4 phases. Based on the simple mixing used in the 

preparation, p-ZnAlO contains two separate ordered structures of ZnO and ZnAl2O4 phases 

without any strong interactions between ZnO and ZnAl2O4 phases. However, even though the 

structure of c-ZnAlO (Scheme 4- 1D) is also composed of ZnO and ZnAl2O4 phases, the 

ZnAl2O4 phase in c-ZnAlO is not a pure phase like c-ZnAl2O4 or p-ZnAlO. There are strong 

interactions between the Zn2+ cations and the partially inversed spinel lattice of the ZnAl2O4 

phase, resulting in thin ZnO-stoichiometry layers supported on the ZnAl2O4 spinel structure in 

c-ZnAlO [108]. The surface of the c-ZnAlO can be described by two parts: (1) the surface of 

the normal ZnO phase with or without a small number of disordered sites, and (2) the surface 

of the ZnAl2O4 phase with exposed disordered sites similar to that of c-ZnAl2O4 (AlO4, ZnO6, 

and oxygen vacancy), where the number of disordered sites and the corresponding surface 

acidity are partially eliminated by the covering of the ZnO layer. 

4.3.3. Reaction performance over the catalysts 

The reaction results of three catalysts at reaction times of 1 h and 3 h are summarized in 

Table 4- 3. Besides the production of GC, 2,3-dihydroxypropyl carbamate (I), 4-

(hydroxymethyl)oxazolidin-2-one (II), and (2-oxo-1,3-dioxolan-4-yl)methyl carbamate (III), 

Zn-containing chemicals such as ZnGly and a Zn NCO complex were observed as an 

intermediate or a product during the reaction. Under the urea environment, ZnO reacts with 

urea to dissolve and form a Zn NCO complex. The amount of Zn in the liquid phase is the 
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amount of the Zn NCO complex dissolved in the liquid phase [51]. The existence of the Zn 

NCO complex in the liquid phase is confirmed by the NCO vibration at 2213 cm-1 in the FTIR 

spectra of liquid products (Fig. 4- 6) [37,48,51]. The Zn amounts in the liquid phase are listed 

in Table 4- 3. The trend in the values fits the NCO vibration behavior in the FTIR spectra of 

liquid products; a signal at 2213 cm-1 is observed only in the FTIR spectra for p-ZnAlO and c-

ZnAlO but does not exist for c-ZnAl2O4. 

Table 4- 3. Analysis of liquid products obtained from the reaction of glycerol with urea over 

ZnO and ZnAlO catalysts at various reaction times. (Reaction temperature = 140 oC, reaction 

pressure = 3 kPa, Glycerol/Urea Ratio =1:1). (I): 2,3-dihydroxypropyl carbamate, (II): 4-

(hydroxymethyl)oxazolidin-2-one,  and (III): (2-oxo-1,3-dioxolan-4-yl)methyl carbamate. 

Sample 

Reaction 

time (h) 

Glycerol 

Conversion 

(%) 

GC 

Yield 

(%) 

Selectivity (%) 
Zn 

amount 

in liquid 

(mmol) * 

ZnGly 

amount on 

solid 

(mmol) ** 

Zn NCO 

complex on 

solid 

(mmol) ** 

GC (I) (II) (III) 

c-

ZnAl2O4 

1 19 10 50 41 8 1 0.0 0.0 0.00 

3 34 20 59 25 14 2 0.0 0.0 0.00 

c- 

ZnAlO 

1 46 33 73 16 9 2 2.2 0.0 0.24 

3 83 59 70 9 19 1 1.4 2.3 0.94 

p-

ZnAlO 

1 49 27 56 32 9 3 1.3 5.6 0.09 

3 72 46 63 8 17 12 0.9 5.8 0.08 

* Amounts of Zn dissolved in the liquid phase as measured by the ICP-OES method. 

** The amounts of ZnGly and Zn NCO complex on the solid phase were calculated by the 

TGA result. 
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Fig. 4- 6. FTIR spectra of liquid products obtained at the reaction time of a) 1 h and b) 3 h. A) 

c-ZnAl2O4, B) c-ZnAlO and C) p-ZnAlO. 
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FTIR spectra of spent catalysts are presented in Fig. 4- 7. Besides the bands for AlO6 (661 

cm-1, 554 cm-1), AlO4 (shoulder around 704 cm-1) and ZnO (434 cm-1) are detected in the FTIR 

spectra of the fresh catalysts, additional vibrations for ZnGly and Zn NCO complex are 

assigned as a C-O stretching modes with oxygen in hydrogen bonding (around 1950 cm-1), a 

C-H stretching mode (2846 cm-1), a Zn-O stretching mode (514 cm-1 and 655 cm-1), and the 

NCO vibration in the Zn NCO complex on the solid phase and in the liquid phase (2220 cm-1 

for solid phase) [125,126]. Table 4- 3 displays the amounts of Zn calculated from the ICP-OES 

measurements and the molar amounts of Zn NCO complex and ZnGly on the solid phase 

calculated from the TGA data (Fig. 4- 8). 
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Fig. 4- 7. FTIR results of fresh catalysts and spent catalysts: a) fresh, b) 1 h and c) 3 h. A) c-

ZnAl2O4, B) c-ZnAlO, and C) p-ZnAlO. 
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Fig. 4- 8. (A) TGA and (B, C, D) DTGA of spent catalysts: a) 1h and b) 3h. B) DTGA results 

of c-ZnAl2O4, C) DTGA results of c-ZnAlO and D) DTGA results of p-ZnAlO. 

c-ZnAl2O4 (no ZnO phase in its composition) shows the lowest glycerol conversion and 

GC yield since GC is produced through only a heterogeneous reaction route by direct 

adsorption of glycerol and urea onto the catalyst surface, which is in good agreement with the 

results reported previously [50]. There is no formation of the Zn NCO complex and ZnGly over 

c-ZnAl2O4 (Table 4- 3) because the outer surface of the c-ZnAl2O4 phase consists of mostly 

the Al3+ cations and few Zn2+ cations. However, the main component of fresh p-ZnAlO is the 

ZnO phase, so that its reaction result is similar to that of ZnO catalyst in literature, i.e., fast 

dissolution of the ZnO phase and quick formation of ZnGly at the initial reaction time [50]. c-

ZnAlO has similar reaction behavior to that of ZnAl mixed oxide in our previous research, i.e., 

the strong formation of the Zn NCO complex on the solid phase [91]. The amounts of the Zn 

NCO complex on the solid phase of spent c-ZnAlO (around 0.2-0.9 mmol) are much higher 
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than those of spent p-ZnAlO (only around 0.08-0.09 mmol) based on the TGA measurement 

(Fig. 4- 8 and Table 4- 3). A comparable result is also observed from the FTIR spectra of spent 

catalyst (Fig. 4- 7), where the NCO peak intensities of spent c-ZnAlO are clearly high, and the 

NCO peak for spent p-ZnAlO is detected in trace amounts. The formation of the Zn NCO 

complex on the solid phase is closely related to the catalyst surface acidity and the existence of 

the ZnO phase, which provides an additional heterogeneous active site in the dual reaction 

routes. Due to the disordered ZnAl2O4 structure, c-ZnAlO has a higher surface acidity than p-

ZnAlO, resulting in stronger interactions of the Zn NCO complex on its surface to enhance the 

dual catalytic reaction routes and achieve better reaction performance at 3 h than p-ZnAlO. In 

Table 4- 3, c-ZnAlO shows higher glycerol conversion (83% for c-ZnAlO and 72% for p-

ZnAlO) and higher GC yield (59% for c-ZnAlO and 46% for p-ZnAlO). 

c-ZnAlO shows a higher GC selectivity (70-73%) than p-ZnAlO (56-63%) in Table 4- 3. 

According to previous research [91], one reason for the lower GC selectivity for p-ZnAlO is 

the formation of ZnGly from the Zn NCO complex in the liquid phase. Therefore, there is a 

negative relationship between the formation of ZnGly and the amount of the liquid Zn NCO 

complex. The formation of ZnGly over p-ZnAlO starts at the initial reaction time and increases 

to 5.6 mmol after 1 h reaction time and almost reaches a saturated value of ZnGly. The final 

amount of ZnGly at 3 h is 5.8 mmol. In contrast, the amount of the Zn NCO complex in the 

liquid phase (or the amount of Zn atom in the liquid phase) continuously decreases along with 

the reaction time and reaches 1.3 mmol at 1 h and 0.9 mol at 3 h, which supports the formation 

of ZnGly from the liquid Zn NCO complex. The behavior of the Zn-containing chemicals for 

c-ZnAlO also corresponds to this behavior. That is, ZnGly appears only at 3 h reaction time 

(2.3 mmol), where the amount of Zn in the liquid phase for c-ZnAlO decreases from 2.2 mmol 

(1 h) to 1.4 mmol (3 h), implying the formation of ZnGly from the liquid Zn NCO complex. 

The formation of ZnGly over the spent catalysts can be supported by the XRD patterns of the 
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spent catalysts (Fig. 4- 9). The XRD characteristic peaks for the ZnGly phase with space group 

P21/c are observed at 10.9o, 17.1o, 20.5o, 23.8o, 24.7o, 27.6o, 27.7o, 36.4o, and 38.2o (JCPDS No. 

23-1975). For p-ZnAlO, the intensity of peaks for ZnGly reaches a saturated value at 1 h and 

3 h, whereas those for c-ZnAlO are detected only at 3 h reaction time. 

The FTIR bands in the region 400-800 cm-1 of the spent catalysts were exploited to further 

understand the change in the catalyst surface properties during the reaction. The band intensity 

of ZnO (E2 mode at 434 cm-1) decreases with increasing reaction time for both c-ZnAlO and 

p-ZnAlO, which is strong evidence for the collapse of the ZnO phase caused by Zn dissolution 

into the liquid phase (Fig. 4- 7B and C). The highly disordered c-ZnAlO (with high surface 

acidity) can lead to more adsorption of the Zn NCO complex on the catalyst surface (0.94 mmol 

at 3 h while 0.24 mmol at 1 h) during the reaction test. The DTGA plot of spent c-ZnAlO (Fig. 

4- 8C) shows the decomposition of the Zn NCO complex formed over spent c-ZnAlO, whose 

peak appears in the range of 200-350 oC with two decomposition peaks of ZnGly at 355 oC and 

375 oC. As shown in Fig. 4- 8C, the decomposition peak of ZnGly over spent c-ZnAlO at a 

lower temperature (355 oC) may relate to an unfinished reaction or a partial polymerization of 

ZnGly to a complete crystalline structure [127]. The ZnGly decomposition peak at a higher 

temperature (375 oC) can be assigned to a stronger crystalline ZnGly with higher thermal 

stability. Only one strong and sharp peak for the ZnGly decomposition is observed in the case 

of spent p-ZnAlO (Fig. 4- 8D). There is a slight shift in the ZnGly decomposition peaks to 

higher temperatures when comparing the DTGA profiles of spent p-ZnAlO at 1 h and 3 h. This 

indicates the formation of a stronger ZnGly crystalline structure after 1 h and 3 h reaction times. 

In contrast, spent c-ZnAlO shows peaks associated with ZnGly decomposition only at a 

reaction time of 3 h, implying incomplete ZnGly formation. 
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Fig. 4- 9. XRD patterns of fresh catalysts and spent catalysts: a) fresh, b) 1 h and c) 3 h. A) c-

ZnAlO, B) p-ZnAlO. 

The difference in catalytic reaction performance between c-ZnAl2O4, p-ZnAlO, and c-

ZnAlO can be clarified by the apparent turnover frequency (TOF) quantity calculated with 3 h 

reaction time data (Table 4- 4), which was introduced elsewhere [51]. The apparent TOF of 



101 
 

GC was calculated as ‘moles of GC produced’ divided by ‘moles of Zn used × reaction time’ 

in this study. The apparent TOF of GC values follow the trend of c-ZnAl2O4 (2.7 h-1) < p-

ZnAlO (3.4 h-1) < c-ZnAlO (4.4 h-1). c-ZnAl2O4 shows the lowest reaction rate for producing 

GC because it has only a single heterogeneous reaction route, even though it has the highest 

surface acidity due to the highly disordered ZnAl2O4 spinel structure, based on the inversion 

parameters in Table 4- 1. p-ZnAlO consists of less disordered lattice structures with lower 

surface acidity, resulting in few Zn NCO complexes adsorbed on the catalyst surface. However, 

p-ZnAlO exhibits a median value of apparent TOF of GC because the high amount of ZnO 

dissolves in the liquid environment required to form the liquid Zn NCO complex for the 

homogeneous reaction route. c-ZnAlO has a disordered ZnAl2O4 lattice structure with a high 

surface acidity, allowing it to adsorb more Zn NCO complex on the surface and catalyze 

glycerol through both homogeneous and heterogeneous reaction routes, achieving the highest 

apparent TOF of GC. Meanwhile, the apparent TOF of ZnGly was calculated as ‘moles of 

ZnGly produced’ divided by ‘moles of the liquid Zn NCO complex × reaction time’. The 

apparent TOF of ZnGly for c-ZnAl2O4 is zero since there is no formation of the liquid Zn NCO 

complex (which is an intermediate to generate ZnGly). For p-ZnAlO, the formation of ZnGly 

occurs at early reaction times due to the fast reaction rate associated with generating the liquid 

Zn NCO complex; this results in a low ratio of urea to glycerol. Therefore, the apparent TOF 

of ZnGly value for p-ZnAlO catalyst is very high (2.2 h-1), whereas that for c-ZnAlO is much 

lower (0.5 h-1). The formation of ZnGly over c-ZnAlO is much slower and starts after 1 h of 

reaction time. 
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Table 4- 4. Apparent turnover frequency (apparent TOF) of GC and ZnGly for the reaction 

test at 3 h. 

Sample Apparent TOF of GC (h-1) * Apparent TOF of ZnGly (h-1) ** 

c-ZnAl2O4 2.7 0.0 

c-ZnAlO 4.4 0.5 

p-ZnAlO 3.4 2.2 

 

* Apparent turnover frequency of GC = moles of glycerol carbonate formed/(moles of Zn 

used×reaction time). 

** Apparent turnover frequency of ZnGly = moles of zinc glycerolate formed/(moles of Zn 

NCO complex in the liquid phase×reaction time). 

4.3.4. Catalytic reaction routes through Zn NCO complexes 

Catalytic reaction routes over a disordered ZnAl2O4 spinel structure are illustrated in 

Scheme 4- 2. As described in Scheme 4- 1, there are some disordered sites over the disordered 

ZnAl2O4 spinel structure: AlO4 (symbolized as Al*, Al3+ cations substituted for Zn2+ cations at 

the tetrahedral site), ZnO6 (symbolized as Zn*, Zn2+ cations substituting for Al3+ cations at the 

tetrahedral site) and oxygen vacancies (symbolized as Ov). The AlO4 site acts as a Lewis acidic 

site where the ammonia (NH3) group of Zn NCO complex can adsorb. The Zn NCO complex 

adsorbed on the solid phase is detected on N1s XPS of spent c-ZnAlO after 3 h reaction time 

(Fig. 4- 10). Three deconvoluted peaks of the N1s XPS are observed at 398.7 eV (61%), 399.7 

eV (9%) and 400.6 eV (30%). The peaks at 398.7 eV and 400.6 eV are assigned for the 

ammonia group (Zn-NH3) and the isocyanate (Zn-NCO) that connect to the center Zn atom of 

the complex, respectively [128]. The intermediate peak at 399.7 eV can be assigned for the 
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ammonia group that adsorbs on the defected AlO4 site (Zn-NH3···Al) [129]. This higher 

binding energy of N1s for the ammonia group adsorbed on the Al site can be explained by a 

decrease in the electron density of nitrogen atom because the electron pair of this nitrogen atom 

is shared with the Al atom served as a Lewis acidic site [130]. Two main active complexes to 

produce GC as shown in Scheme 4- 2: (1) the liquid Zn NCO complex for the homogeneous 

reaction route and (2) the Zn NCO complex adsorbed on the solid phase for the heterogeneous 

reaction route.  

Zn(NCO)2(NH3)2 (liquid) + Glycerol → Glycerol carbonate  (Reaction route 1) 

Zn(NCO)2(NH3)2 (solid) + Glycerol → Glycerol carbonate  (Reaction route 1′) 

ZnGly is another solid product of the reaction between the Zn NCO complex in the liquid 

phase and glycerol (Reaction route 2). It consumes glycerol without generating GC, resulting 

in lower GC selectivity, whereas the formation of the Zn NCO complex consumes urea and 

ZnO. The formation of ZnGly should be a deposition process from species in the liquid phase 

to the solid phase. Table 4- 5 displays the surface atomic ratios of spent p-ZnAlO and c-ZnAlO 

measured by XPS. For only spent c-ZnAlO, N atoms are detected on the surface at 2.77% of 

atomic percentage, proving the existence of Zn NCO complex on the surface of spent c-ZnAlO, 

which is in good agreement with the FTIR and TGA results of spent catalysts. The additional 

existence of C atoms over the spent catalysts proves the deposition of ZnGly, resulting in a 

significant reduction in the Al surface ratios. The Al surface atomic ratios for spent c-ZnAlO 

and p-ZnAlO are 14.53% and almost 0%, respectively, while those for fresh c-ZnAlO and p-

ZnAlO are 23.50% and 12.70%, respectively. Therefore, ZnGly is produced by the reaction of 

the Zn NCO complex and glycerol in the liquid phase, and then its successive deposition results 

in a layer covering the catalyst surface. After a 3 h reaction, the large amount of ZnGly covers 
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most of the p-ZnAlO surface. In contrast, spent c-ZnAlO contains a lower amount of ZnGly 

and is partially covered with the adsorbed Zn NCO complex and ZnGly. 

Zn(NCO)2(NH3)2 (liquid) + Glycerol → Zinc glycerolate  (Reaction route 2) 

 

Scheme 4- 2. An illustration of reaction routes in the reaction of glycerol with urea on the 

surface of the disordered ZnAl2O4 spinel structure. 
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Fig. 4- 10. Deconvoluted N1s XPS data of spent c-ZnAlO after 3 h reaction time. 

Table 4- 5. Surface atomic ratios of spent p-ZnAlO and c-ZnAlO (3 h reaction time) 

measured by XPS 

Atomic % c-ZnAlO-spent p-ZnAlO-spent 

O1s 54.38 54.79 

Zn2p3/2 20.47 33.66 

Al2p 14.53 0.00 

C1s 7.85 11.56 

N1s 2.77 0.00 
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According to Fujita et al. [51], the reaction between the Zn NCO complex and glycerol 

starts by replacing one weakly-bonded NH3 in the Zn NCO complex with the hydroxyl group 

of glycerol to make an active Zn complex. Then, glycerol is attracted to the Zn center by its 

oxygen, and the hydroxyl group captures an NCO group to produce an active carbamate 

complex. The carbamate complex continues to participate in the intra-cyclization reaction, 

reacts with another urea to generate glycerol carbonate, and then returns to the original form of 

the Zn NCO complex by releasing the second NH3 group. The hydroxyl group of glycerol 

interacts with one NH3 group and one NCO group of the Zn NCO complex, resulting in the 

conversion of glycerol to GC. If the hydroxyl group of glycerol interacts with two NH3 groups 

of the Zn NCO complex, the reaction turns to the cyclization reaction of a Zn center with the 

formation of ZnGly from glycerol. The Zn NCO complex in the liquid phase with 4 ligands (2 

NH3 and 2 NCO) can easily follow the reaction routes (1) and (2) to generate GC and ZnGly. 

Otherwise, the adsorbed Zn NCO complex on the solid phase makes a bond between an NH3 

group and an acidic site (AlO4) on the catalyst surface, which can block the interaction between 

glycerol with both NH3 groups of Zn NCO to generate ZnGly. Since the NH3 ligands bonding 

with the Zn site is not strong, the adsorbed Zn NCO on the solid phase can lose one or both 

NH3 groups and convert to a Zn(NCO)2 complex [89]. Based on the N1s XPS of spent c-ZnAlO 

catalyst (Fig. 4- 10), the ratio of NH3 and NCO group is 3:7, implying that the portion of the 

NH3-rich Zn NCO complex is higher than the NH3-poor complex Zn(NCO)2. In conclusion, 

the Zn NCO complex on the solid phase tends to react with glycerol to form only GC by 

reaction route (1′) and limits the formation of ZnGly. In contrast, the Zn NCO complex in the 

liquid phase can react with glycerol to produce both GC and ZnGly through reaction routes (1) 

and (2).  

In Table 4- 6, the catalytic reaction results in this work are simply compared to those 

reported previously. Following the dual homogeneous and heterogeneous reaction routes, c-
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ZnAlO catalyst shows comparable glycerol conversion and GC selectivity. Fujita et al. [51] 

prepared the hydrotalcite Zn-Al and ZnO catalysts for the same reaction. Glycerol conversion 

of the hydrotalcite Zn-Al catalyst is similar to that of c-ZnAlO (82-83%). The authors described 

the leaching of Zn into the liquid phase, the existence of the active NCO complex, and the 

formation of ZnGly. In this study, we not only explain a negative role of ZnGly as a by-product 

which consumes glycerol and limits the GC selectivity, but also propose a positive role of the 

Zn NCO complex on the solid phase. Both ZnO and p-ZnAlO mainly follow the homogeneous 

reaction route with lower values of glycerol conversion and GC selectivity due to the significant 

formation of ZnGly over these catalysts. Turney et al. [48] used zinc mono-glycerolate as a 

catalyst that ultimately dissolved to the liquid phase to form the active NCO complex and 

resulted in a similar glycerol conversion with p-ZnAlO (71-72%). In this case, the catalyst 

showed a higher GC selectivity due to a lack of the formation of ZnGly as a by-product than 

p-ZnAlO. In addition, since the catalysts followed the homogeneous reaction route, they could 

not be fully recovered and recycled. 

We also carried out the recovery and re-using tests for our catalysts following the procedure 

described elsewhere [48] and the results are summarized in Table 4- 7. The recovery percentage 

of the spent catalysts matches the reaction route. c-ZnAl2O4 follows only the heterogeneous 

reaction route, resulting in an almost complete recovery (98-100% recovery). In contrast, c-

ZnAlO and p-ZnAlO including the homogeneous reaction route cannot be fully recovered and 

re-used (81-89% recovery for c-ZnAlO and 91-92% for p-ZnAlO, respectively). In Table 4- 3, 

the amount of Zn in the liquid phase of c-ZnAlO (1.4 mmol) is higher than that of p-ZnAlO 

(0.9 mmol), which implies that the catalyst recovery of c-ZnAlO (81-89%) is lower than that 

of p-ZnAlO (91-92%). Therefore, while the catalytic activity of c-ZnAl2O4 is maintained even 

after the recycling, the activities of p-ZnAlO and c-ZnAlO slowly decreases along with the 
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recycles. However, c-ZnAlO still shows a better catalytic reaction performance than p-ZnAlO 

in Table 4- 7 (54% GC yield for c-ZnAlO and 44% GC yield for p-ZnAlO, respectively). 

Table 4- 6. The reaction performance of reaction of glycerol with urea over several published 

catalysts in the literature 

Entry  Catalyst 

Mol 

glycerol/ 

mol urea 

Weight % 

catalyst/ 

glycerol  

Recovered 

(catalyst 

reusability) 

Glycerol 

conversion 

(%) 

GC 

selectivity  

(%) 

Reference  

1 
γ-ZrP 

calcined 
1:1 1 Yes 76 ~100 

Aresta et 

al. [52] 

2 

calcined 

hydrotalcite 

HTc-Zn 

1:1 5 Yes 82 88 
Climent et 

al. [49] 

3 Au/MgO  1:1.5 ~1.8 Yes 81 68 
Hammond 

et al. [56] 

4 
Zinc mono-

glycerolates 
1:1 5 n/a a,b 71 92 

Turney et 

al. [48] 

5 
Co3O4/ZnO 

nanoparticles 
1:1 6 n/a a 69 97 

Rubio-

Marcos et 

al. [54] 

6 ZnO 1:1 ~5.4 n/a a,b 61 69 
Fujita et 

al. [51] 

7 
Hydrotalcite 

HT(Zn/Al) 
1:1 ~5.4 n/a a,b 82 80 

Fujita et 

al. [51] 

8 p-ZnAlO 1:1 5 n/a a,b 72 63 
This 

research 

9 c-ZnAlO 1:1 5 n/a a,b 83 70 
This 

research 

 
a There was no data for the reusability of catalyst in the published research. 
b A homogeneous reaction route was described in the published research. 
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Table 4- 7. Catalytic performance of the reaction and the recovery of the re-used catalyst over 

two reaction cycles. (Reaction temperature = 140 oC, reaction pressure = 3 kPa, 

Glycerol/Urea Ratio =1:1). 

Sample 

Fresh catalyst  1st Recycle  2nd Recycle 

Glycerol 

Conv. 

(%) 

GC 

yield 

(%) 

Catalyst 

recovery 

(%) * 

 Glycerol 

Conv. 

(%) 

GC 

yield 

(%) 

Catalyst 

recovery 

(%) * 

 Glycerol 

Conv. 

(%) 

GC 

yield 

(%) 

Catalyst 

recovery 

(%) * 

c-

ZnAl2O4 
34 20 98 

 
34 22 99 

 
35 19 100 

c-

ZnAlO 
83 59 89 

 
82 61 83 

 
71 54 81 

p-

ZnAlO 
72 46 92 

 
66 47 91 

 
68 44 91 

* The recovered weight amount of spent catalysts was determined by the TGA analysis. 

4.4.Conclusion 

In this study, p-ZnAlO with the separate phases of ZnO and ZnAl2O4 has the same reaction 

performance as the ZnO catalyst, whereas the c-ZnAlO shows better catalytic reaction 

performance due to the dual reaction routes. The citrate complex method can make a more 

disordered ZnAl2O4 structure in the ZnAl mixed oxide catalysts than the precipitation method. 

The disordered sites of AlO4 and the oxygen vacancies of the partially inversed ZnAl2O4 spinel 

structure can produce surfaces with high surface acidity for c-ZnAlO and c-ZnAl2O4. The high 

acidity and the strong interactions between ZnO and ZnAl2O4 phases in c-ZnAlO showed a 

higher ability to adsorb the liquid Zn NCO complex on the catalyst surface. In contrast, a lack 

of a ZnO phase in c-ZnAl2O4 means that it only follows the heterogeneous reaction route 

because there is no Zn NCO complex. The reaction of this solid Zn NCO complex with glycerol 

prefers GC to ZnGly because of the bonding between the adsorbed Zn NCO complex and the 

acidic site (AlO4), while the Zn NCO complex in the liquid can react with glycerol to produce 

both GC and ZnGly.  
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CHAPTER 5. INVESTIGATION OF GLYCEROLYSIS OF UREA OVER VARIOUS 

ZNMEO (ME = CO, CR, AND FE) MIXED OXIDE CATALYSTS 

5.1.Introduction 

Various Zn-based mixed oxide catalysts have been used for the glycerolysis of urea 

[46,47,49–51,91,131]. Zn-based mixed oxide catalysts follow a dual catalytic mechanism: a 

homogeneous reaction route through dissolved Zn species and a heterogeneous reaction route 

over solid active sites. In previous studies, it was found that ZnAl mixed oxide catalysts exhibit 

better catalytic performance through the dual mechanism than the ZnO catalyst. The catalytic 

performance is related to not only the formation of Zn-containing intermediates during the 

reaction but also the disordered structure of the ZnAl2O4 spinel lattice in ZnAl mixed oxide 

catalysts [50,91,131]. Zn-containing intermediates are produced through Zn species dissolved 

from ZnAl mixed oxide catalysts, following the homogeneous reaction route in the liquid phase. 

The homogeneous reactivity is directly related to the amount of Zn species dissolved in the 

liquid phase from ZnAl mixed oxide catalysts. Moreover, the disordered ZnAl2O4 spinel 

structure influences the catalytic performance via the surface acidity of the catalysts and the 

formation of a Zn-containing complex in the solid phase.       

However, the investigation of dual catalysis over Zn-based mixed oxide catalysts has not 

been extended to Zn-based mixed oxide catalysts containing other metal components that are 

also favorable to the preparation of Zn-based mixed oxide catalysts [54,108,132–134]. In this 

study, we investigated the glycerolysis of urea over various ZnMeO (Me = Co, Cr, and Fe) 

mixed oxide catalysts with two Zn/Me ratios: a high Zn ratio (Zn2MeO) and a low Zn ratio 

(ZnMe2O). The Zn-rich mixed oxide catalysts (Zn2MeO) are expected to generate more Zn-

containing intermediates in the liquid phase and follow both homogeneous and heterogeneous 

reaction routes; in contrast, the Zn-poor mixed oxide catalysts (ZnMe2O) are expected to form 



111 
 

a spinel lattice structure with a lower level of dissolved Zn species in the liquid phase and 

follow a heterogeneous reaction route.  

5.2.Experimental 

5.2.1. Catalyst preparation 

The catalysts used in this study were prepared by a co-precipitation method from metal 

nitrate salts [Zn(NO3)2∙6H2O, Cr(NO3)3∙9H2O, Co(NO3)2∙6H2O, and Fe(NO3)3∙9H2O] 

[108,135,136]. All chemicals were obtained from Sigma–Aldrich Korea (Gyeonggi, South 

Korea). Typically, an aqueous solution of Zn(NO3)2∙6H2O and nitrate salt of Me (Cr, Co, or Fe) 

with a molar ratio of 1:2 for the ZnMe2O catalysts or 2:1 for the Zn2MeO catalysts was 

gradually mixed with a basic solution of ammonia under constant pH and vigorous stirring. For 

the preparation of Zn2CoO and ZnCo2O, a hydrogen peroxide solution (H2O2) was continually 

added to the mixture to oxidize Co2+ to Co3+. After complete mixing, the suspension was 

filtered, and the remaining precipitate was washed with deionized water several times. Finally, 

the solid powder was dried at 100 oC overnight and calcined at 600 oC for 6 h. 

5.2.2. Reaction tests  

The detailed procedure for the glycerolysis of urea to produce glycerol carbonate over the 

catalysts can be found in the part 2.2.2 of Chapter 2. 

5.2.3. Catalyst characterization 

X-ray diffraction (XRD) patterns for fresh and spent catalysts were obtained using a Rigaku 

RAD-3C diffractometer (Rigaku Corp., Tokyo, Japan) with Cu Ka radiation (λ = 1.5418 Å) at 

a scattering angle (2θ) scan rate of 2o/min, operating at 35 kV and 20 mA. The spent catalysts 

were analyzed by using a Thermo Scientific Nicolet iS5 FTIR spectrometer (Thermo Fisher 

Scientific, Waltham, MA, USA). The numbers of acidic and basic sites were measured based 
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on the temperature-programmed desorption of NH3 and CO2 (TPD- NH3/CO2) on a 

MicrotracBEL BELCAT-M instrument (MicrotracBEL Corp., Osaka, Japan). TPD- NH3/CO2 

results were recorded for the temperature range of 50–600 oC by a TCD detector. The detailed 

procedure for the TPD analysis has been described elsewhere [131]. Thermogravimetric 

analysis (TGA) of the spent catalysts was measured by a TGA Q50 apparatus (TA Instruments, 

New Castle, DE, USA). 

5.3.Results and discussion 

5.3.1. Catalyst characterization: ZnO phase and ZnMe2O4 spinel phase 

Fig. 5- 1 shows XRD patterns of the fresh catalysts. The Zn-rich catalysts (Zn2MeO) are 

composed of two primary phases (ZnO and the corresponding spinel ZnMe2O4 phase) while 

only the spinel ZnMe2O4 phase was detected in the Zn-poor catalysts (ZnMe2O). These 

crystalline phases can be readily identified in the XRD patterns of the fresh catalysts (Fig. 5- 

1A). Typical XRD peaks for the ZnO phase with the P63mc space group (JCPDS No. 36-1451) 

are observed at 31.8°, 34.4°, 36.3°, 47.5°, 56.7°, and 62.9° in the XRD patterns of the Zn2CoO, 

Zn2FeO, and Zn2CrO catalysts [91]. The spinel ZnCo2O4 phase is detected in the XRD patterns 

of the Zn2CoO and ZnCo2O catalysts, with characteristic XRD peaks at 19.0°, 31.2°, 36.8°, 

44.7°, 55.6°, 59.3°, and 65.1° (JCPDS No. 23-1390, Fd3m space group) [137]. Similarly, the 

XRD patterns of the Zn2FeO and ZnFe2O catalysts exhibit the spinel ZnFe2O4 phase, with 

typical peaks at 18.2°, 29.9°, 35.2°, 42.8°, 53.1°, 56.6°, and 62.2° (JCPDS No. 82-1049, Fd3m 

space group) [138]. Characteristic XRD peaks for the spinel ZnCr2O4 phase (JCPDS No. 22-

1107, Fd3m space group) appear at 18.8°, 30.3°, 35.7°, 43.4°, 53.9°, 57.6°, and 63.1° in the 

XRD patterns of the Zn2CrO and ZnCr2O catalysts [139]. The lattice structure of all the 

ZnMe2O4 phases belongs to the spinel group. Typically, in a normal spinel ZnMe2O4 lattice, the 

Zn2+ cations occupy the tetrahedral sites and Me3+ cations occupy the octahedral sites. A 

disordered property in the spinel structure can generate a partially inversed spinel structure 
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where some Zn2+ cations occupy the octahedral sites and some Me3+ cations occupy the 

tetrahedral sites [140,141]. 

 

Fig. 5- 1. A) XRD patterns of fresh catalysts. a) Zn2CoO, b) Zn2FeO, c) ZnCo2O, d) 

Zn2CrO, e) ZnFe2O and f) ZnCr2O. B, C, D) Compare the position of (311) peaks (spinel 

phase ZnMe2O4) between the rich-Zn Zn2MeO catalyst and the corresponding poor-Zn 

ZnMe2O catalyst. 

The XRD peaks corresponding to the (311) plane of the spinel ZnMe2O4 phases are 

enlarged in Fig. 5- 1.B–D to compare the lattice spacing between the Zn-rich Zn2MeO and Zn-

poor ZnMe2O catalysts. For the Zn2MeO catalysts, the position of the characteristic XRD peak 

for the (311) plane is shifted to a lower 2θ value with respect to the positions for the ZnMe2O 

catalysts, indicating that the lattice spacing of Zn2MeO is greater than that of ZnMe2O. This 

peak position shift for the Zn-rich Zn2MeO catalysts is caused by the interaction between the 

ZnO and spinel ZnMe2O4 phases in the Zn-rich mixed oxide of Zn/Me (Zn2MeO catalysts in 

this study), where the excess Zn (of ZnO phase) can generate a layer of amorphous ZnO on the 

surface of the spinel ZnMe2O4 phase. The excess Zn cations in the ZnO phase can migrate into 

the lattice of the spinel phase to produce a non-stoichiometric spinel phase (Zn/Me ratio >0.5), 
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indicating more Zn amount in the spinel structure [108,131,142]. In detail, the excessive Zn2+ 

cations can replace the Me3+ cations in the octahedral sites of the spinel lattice structure. The 

Zn migration and substitution cause a distortion in the spinel lattice structure, with consequent 

changes in the interplanar lattice spacing of the spinel phase due to the different cation radii. 

For the octahedral sites, the cation radii of the metal cations can be estimated at 88 pm for Zn2+, 

68.5 pm for Co3+, 78.5 pm for Fe3+, and 75.5 pm for Cr3+ [143]. The radius of the Zn2+ cation 

is much larger than the radii of the other Me3+ cations. Therefore, the migration of Zn2+ to the 

octahedral sites of the spinel ZnMe2O4 lattice structure can expand the lattice spacing of the 

spinel structure, with a shift in the corresponding XRD peak position to a lower value 

[98,108,142]. In summary, the XRD peak shift of the (311) plane indicates an interaction 

between the ZnO and ZnMe2O4 phases in the Zn-rich Zn2MeO catalysts.  

FTIR spectra of the fresh catalysts are displayed in Fig. 5- 2. Two vibration bands (ν1, and 

ν2) of M-O bonds, related to the metal cations at the octahedral sites of the spinel ZnMe2O4 

lattice, are observed in the FTIR spectra of both Zn2MeO and ZnMe2O in the range of 552–

690 cm-1 (ν1) and 425–582 cm-1 (ν2) [132,144]. Because the majority of the octahedral sites in 

a normal spinel lattice structure are occupied by trivalent Me3+ cations [140], the positions of 

ν1 and ν2 may change depending on the nature of Me3+ cations. For the Zn2CoO and ZnCoO2 

catalysts (Fig. 5- 2a and 5- 2b), the ν1 and ν2 modes of the spinel ZnCo2O4 lattice are found at 

676 and 590 cm-1, respectively. For the Zn2CrO and ZnCr2O catalysts, two bands of the spinel 

ZnCr2O4 lattice appear at 623 and 505 cm-1 (Fig. 5- 2e and 5- 2f). However, due to the limitation 

of our FTIR instrument for measurements below 400 cm-1, the FTIR spectra of the Zn2FeO 

and ZnFe2O catalysts only show the full band of ν1 vibration of the spinel ZnFe2O4 lattice at 

544 cm-1 (Fig. 5- 2c and 5- 2d). Beside the vibration modes ν1 and ν2 of the spinel phase, 

vibration of the ZnO lattice is detected at 434 cm-1 in the FTIR spectra of all of the Zn-rich 

catalysts (Zn2MeO) [145], providing further evidence for the occurrence of the ZnO phase in 
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these fresh catalysts. Therefore, the FTIR results are consistent with the XRD data. The Zn-

poor ZnMe2O catalysts are composed of the pure spinel ZnMe2O4 phase, whereas both the 

ZnMe2O4 and ZnO phases are dominant in the Zn-rich Zn2MeO catalysts. 

 

Fig. 5- 2. FTIR spectra of fresh catalyst: a) Zn2CoO, b) ZnCo2O, c) Zn2FeO, d) ZnFe2O, e) 

Zn2CrO and f) ZnCr2O. 

To investigate the chemisorption properties (acidity and basicity) of these fresh catalysts, 

we determined the number of surface acidic sites and surface basic sites using the TPD- NH3 

and TPD-CO2 methods, respectively. TPD-CO2 and TPD- NH3 profiles of the catalysts are 

plotted in Fig. 5- 3 and Fig. 5- 4, and the total numbers of acidic and basic sites are summarized 

in Table 5- 1. Among the Zn-rich Zn2MeO catalysts, Zn2CrO has the greatest number of both 

acidic sites (0.186 mmol/g) and basic sites (0.157 mmol/g), and the numbers of acidic and basic 

sites follow the same trend: Zn2CrO > Zn2CoO > Zn2FeO. For the Zn-poor ZnMe2O catalysts, 
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the numbers of both acidic and basic sites follow the order of ZnCr2O > ZnFe2O > ZnCo2O, 

and the highest values (acidic site amount = 0.259 mmol/g, and basic site amount = 0.140 

mmol/g) are observed for ZnCr2O. In the literature, high amounts of acidic and basic sites in 

ZnO/ZnAl2O4 mixed oxides are attributed to the disordered structure of a partially inversed 

spinel lattice prepared by the polystyrene-template method [50,91] or citrate complex method 

[131].  

 

Fig. 5- 3. TPD-CO2 profiles of fresh catalysts: a) Zn2CoO, b) Zn2FeO, c) Zn2CrO, d) 

ZnCo2O, e) ZnFe2O and f) ZnCr2O. 
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Fig. 5- 4. TPD-NH3 profiles of fresh catalysts: a) Zn2CoO, b) Zn2FeO, c) Zn2CrO, d) 

ZnCo2O, e) ZnFe2O and f) ZnCr2O. 
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Table 5- 1. Acidity and basicity of fresh catalysts 

Sample Acidic Sites (mmol/g) Basic Sites (mmol/g) 

Zn2CoO 0.144 0.113 

Zn2FeO 0.081 0.066 

Zn2CrO 0.186 0.157 

ZnCo2O 0.202 0.082 

ZnFe2O 0.225 0.084 

ZnCr2O 0.259 0.140 

 

 The TPD profiles were deconvoluted to check the relative distributions of acidic sites and 

basic sites for each catalyst (Fig. 5- 4 and Fig. 5- 3). The strength of deconvoluted acidic and 

basic sites can be classified as follows: weak strength sites (< 300 oC), medium strength sites 

(300 – 550 oC) and strong strength sites (> 550 oC) [146–148]. The distributions of individual 

acidic and basic sites on each fresh catalyst are summarized in Table 5- 2. For the acidity, 

except the case of Zn2CrO and ZnCr2O, other fresh catalysts have a very small amount of 

strong acidic sites (0.000 – 0.006 mmol/g). The amount of strong acidic sites on Zn2CrO and 

ZnCr2O catalysts are 0.014 and 0.057 mmol/g, respectively. These two Zn2CrO and ZnCr2O 

catalysts also have the highest amount of medium acidic sites (0.046 and 0.059 mmol/g, 

respectively). As for the basicity, all the catalysts are dominated by the weak and medium basic 

sites, the strong basic sites only exist on the Zn2Co catalysts, while the ZnFe2O catalyst only 

has the weak basic sites. Comparing to the ZnMe2O catalysts, the amount of medium acidic 

sites on Zn2MeO catalysts is moderately smaller than that on ZnMe2O catalysts, and the 

amount of weak acidic sites on Zn2MeO catalysts is remarkably smaller than that on the 

ZnMe2O catalysts. In contrast to the acidity, the amount of medium and strong basic sites on 

the Zn2MeO catalysts is slightly larger than that on the ZnMe2O catalysts. Those results are 
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relevant to the composition model of the Zn2MeO catalysts where a layer of amorphous ZnO 

can partially cover the surface of the ZnMe2O4 phase, and relevant to the strength of acidity 

and basicity on each phase. As the analyzed data in this research, the ZnMe2O4 phase is 

composed of mostly the weak acidic sites and minorly the medium/strong acidic site, that 

matches the result in the literature [147]. While the ZnO phase is famous for the medium and 

strong basic sites [148], but not the acidic sites; especially for the ZnO prepared by precipitation 

method, the total amount of acidic and basic site is small [91]. Therefore, the partial covering 

of the ZnO phase on the surface of the ZnMe2O4 phase of the Zn2MeO catalysts can cause a 

decrease in the amount of weak/medium acidic sites and the slight increase of medium/strong 

basic sites on the Zn2MeO catalysts comparing to the ZnMe2O catalysts. 

Table 5- 2. Distribution of acidic sites and basic sites on fresh catalysts. 

Catalyst 

Acidic sites distribution 

(mmol NH3 /gcat.)  

Basic sites distribution 

(mmol CO2 /gcat.) 

Weak Medium Strong Total   Weak Medium Strong Total 

Zn2CoO 0.133 0.005 0.006 0.144  0.079 0.022 0.012 0.113 

Zn2FeO 0.067 0.014 0.000 0.081  0.046 0.020 n.d. 0.066 

Zn2CrO 0.126 0.046 0.014 0.186  0.115 0.042 n.d. 0.157 

ZnCo2O 0.189 0.013 0.001 0.202  0.064 0.018 n.d. 0.082 

ZnFe2O 0.189 0.036 n.d. 0.225  0.084 n.d. n.d. 0.084 

ZnCr2O 0.143 0.059 0.057 0.259  0.102 0.038 n.d. 0.140 

 
n.d.: not detected 

5.3.2. Glycerolysis of urea over various ZnMeO catalysts: the formation of Zn isocyanate 

complex in the liquid phase and on the solid catalysts 

The reaction results for the glycerolysis of urea over various ZnMe mixed oxide catalysts 

are summarized in Table 5- 3. The Zn-rich Zn2MeO catalysts were tested at reaction times of 
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1 and 3 h while the Zn-poor ZnMe2O catalysts were investigated at longer reaction times (3 

and 5 h) since the ZnMe2O catalysts exhibit lower catalytic reaction rates than the Zn2MeO 

catalysts. The relationship between the glycerol conversion and GC yield for each catalyst is 

depicted in Fig. 5- 5. Clearly, the data for the Zn2MeO catalysts correspond to higher positions 

with a higher glycerol conversion compared to the results for the ZnMe2O catalysts. In Fig. 5- 

5, data points at a higher position indicate that a higher GC yield or selectivity can be achieved 

at a given glycerol conversion. For all of the Zn2MeO catalysts, the highest glycerol conversion 

and GC yield (glycerol conversion = 76%, GC yield = 57%) was observed for Zn2CrO at a 

reaction time of 3 h; meanwhile, the results for the Zn2CoO and Zn2FeO catalysts are similar, 

with glycerol conversion = 74% and GC yield = 52% at a reaction time of 3 h. Among the 

ZnMe2O catalysts, the glycerol conversion and GC yield follow the order of ZnFe2O < 

ZnCr2O < ZnCo2O; the best reaction performance was observed for the ZnCr2O catalyst at a 

reaction time of 5 h, with glycerol conversion = 63% and GC yield = 40%.  

According to Fujita et al. [51] and Turney et al. [48], in the glycerolysis of urea over Zn-

containing catalysts, Zn atoms can leach from the ZnO phase into the liquid phase through a 

reaction with urea to generate an isocyanate (NCO) complex of Zn, which is an active site for 

the reaction. This phenomenon was also confirmed in our previous studies [50,91,131]. 

Furthermore, we found that NCO complexes adsorbed on the surface acidic sites of the catalyst 

(ZnAl2O4 phase) act as additional active sites to catalyze the reaction. For this reason, we 

measured the metal cation levels using an ICP-OES instrument (Table 5- 3) and collected FTIR 

spectra of both the liquid products (Fig. 5- 6) and the spent catalysts (Fig. 5- 7) to identify the 

existence of an NCO functional vibration. 

 

 



121 
 

Table 5- 3. Analysis of liquid products obtained from the glycerolysis of urea over various 

ZnMe (Me = Co, Cr, and Fe) mixed oxide catalysts and in various reaction time. (Reaction 

temperature = 140 oC, reaction pressure = 3 kPa, Glycerol/Urea Ratio =1:1). (2): 2,3-

dihydroxypropyl carbamate, (4): 4-(hydroxymethyl)oxazolidin-2-one,  and (5): (2-oxo-1,3-

dioxolan-4-yl)methyl carbamate. 

 

Sample 
Reaction 

time (h) 

Glycerol 

Conv. 

(%) 

GC 

Yield 

(%) 

Selectivity (%)  
Metallic amount in 

liquid phase (mmol) * 

GC (2) (4) (5)  Co Fe Cr Zn 

Zn2CoO 
1 50 34 67 24 7 2  -- -- -- 1.50 

3 74 52 71 9 7 14  -- -- -- 0.66 

Zn2FeO 
1 57 41 72 17 10 1  -- -- -- 1.43 

3 74 52 70 7 15 8  -- -- -- 0.75 

Zn2CrO 
1 50 38 75 16 7 1  -- -- 0.02 2.07 

3 76 57 74 5 13 8  -- -- -- 0.99 

ZnCo2O 
3 50 29 57 28 10 4  0.09 -- -- 0.38 

5 63 40 63 17 6 13  0.13 -- -- 0.41 

ZnFe2O 
3 34 18 53 32 11  4  -- -- -- -- 

5 47 27 57 20 8 15  -- -- -- -- 

ZnCr2O 
3 37 21 56 32 7 4  -- -- 0.02 -- 

5 53 33 62 21 4 13  -- -- 0.03 -- 

* Amounts of Zn dissolved in the liquid phase as measured by the ICP-OES method. 
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Fig. 5- 5. The relationship of glycerol conversion (%) and GC yield (%) by the glycerolysis 

of urea over various ZnMe (Me = Co, Cr, and Fe) mixed oxide catalysts and in various 

reaction time 
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Fig. 5- 6. FTIR spectra of the liquid products obtained from the glycerolysis of urea over 

different catalysts and different reaction times. A): a) Zn2CoO-1h, b) Zn2CoO-3h, c) 

Zn2FeO-1h, d) Zn2FeO-3h, e) Zn2CrO-1h and f) Zn2CrO-3h. B): a) ZnCo2O-3h, b) 

ZnCo2O-5h, c) ZnFe2O-3h, d) ZnFe2O-5h, e) ZnCr2O-3h and f) ZnCr2O-5h. 
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Fig. 5- 7. FTIR spectra of spent catalysts. A): a) Zn2CoO-1h-spent, b) Zn2CoO-3h-spent, c) 

Zn2FeO-1h-spent, d) Zn2FeO-3h-spent, e) Zn2CrO-1h-spent and f) Zn2CrO-3h-spent. B): a) 

ZnCo2O-3h-spent, b) ZnCo2O-5h-spent, c) ZnFe2O-3h-spent, d) ZnFe2O-5h-spent, e) 

ZnCr2O-3h-spent and f) ZnCr2O-5h-spent. 
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The ICP results in Table 5- 3 show that Zn atoms are detected in the liquid products for all 

of the Zn-rich Zn2MeO catalysts. After a reaction time of 1 h, high levels of Zn are detected: 

2.07 mmol for Zn2CrO, 1.50 mmol for Zn2CoO, and 1.43 mmol for Zn2FeO. After a reaction 

time of 3 h, the level of Zn in the liquid phase for the Zn-rich Zn2MeO catalysts is lower, 

resulting from the formation of zinc glycerolate. However, no Fe or Co atoms are detected in 

the liquid phases of the Zn2CoO or Zn2FeO catalysts. Moreover, a negligible amount of Cr 

(0.02 mmol) is observed in the liquid product of the Zn2CrO catalyst after a reaction time of 1 

h. The level of Cr in the liquid is 100-fold times smaller than the corresponding level of Zn 

(2.07 mmol) in the liquid and falls to zero after a reaction time of 3 h. The FTIR spectra of the 

liquid products obtained from the Zn2MeO catalysts (Fig. 5- 6A) are in good agreement with 

the ICP results. The peak at 2210 cm-1 can be assigned to the NCO vibration [37,51]. The 

intensities of the NCO peaks in Fig. 5- 6A follow the same trend as the amount of Zn in the 

liquid products for the Zn2MeO catalysts. A peak at 2210 cm-1 is clearly present in the FTIR 

spectra after a reaction time of 1 h and almost disappears after a reaction time of 3 h. Therefore, 

we can conclude that for the Zn2MeO catalysts, the Zn NCO complex exists in the liquid phase 

for at least 1 h of reaction time.  

Fig. 5- 7A displays the FTIR spectra of the spent Zn2MeO catalysts. All of the typical FTIR 

peaks of M-O bonding in the spinel ZnMe2O4 lattice are detected in the range of 400–680 cm-

1. However, the typical peak of Zn-O bonding in the ZnO lattice almost disappears due to the 

Zn dissolution. Additionally, characteristic peaks for zinc glycerolate appear at 1950 cm-1 (C-

O stretching modes with oxygen in hydrogen bonding), 655 cm-1, and 514 cm-1 (Zn-O 

stretching mode) [126], confirming the formation of zinc glycerolate. Interestingly, the 

vibration peak of an NCO functional group is detected only in the FTIR spectrum of the spent 

ZnCr2O catalyst at 2220 cm-1, which is assigned to the NCO complex adsorbed on the solid 

surface. These results are consistent with our previous reports on the reaction over 
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ZnO/ZnAl2O4 mixed oxides [50,91,131]. Zn atoms from the ZnO phase can dissolve and react 

with urea to produce a Zn NCO complex in the liquid phase, providing an active site for a 

homogeneous reaction route in the glycerolysis of urea. Furthermore, the Zn NCO complex 

can be adsorbed on the surface acidic sites of the catalyst to form a Zn NCO complex on the 

surface, which generates another heterogeneous reaction route for the glycerolysis of urea. This 

interpretation explains the reaction behavior of the Zn-rich Zn2MeO catalysts (ZnO/ZnMe2O4 

mixed oxide). The existence of a Zn NCO complex in the liquid phase for all Zn2MeO catalysts 

leads to a homogeneous reaction in the liquid phase. In contrast, an additional heterogeneous 

reaction occurs only over Zn2CrO via the formation of the Zn NCO complex on the solid 

because the acidity of Zn2CrO is higher than that of the other Zn2MeO catalysts (Table 5- 1), 

and a high surface acidity is necessary for adsorption of the Zn NCO complex on the catalyst 

surface. 

The FTIR spectra of the liquid products from the Zn-poor catalysts (ZnMe2O) are displayed 

in Fig. 5- 6B. A vibration band for the NCO functional group at 2210 cm-1 is detected only for 

the ZnCo2O catalyst after reaction times of 3 and 5 h. Meanwhile, there is no evidence of an 

NCO functional group in the FTIR spectra of the liquid products from the ZnFe2O and ZnCr2O 

catalysts. The ICP results in Table 5- 3 reveal an interesting appearance of both Zn and Co 

atoms in the liquid phase of ZnCo2O. While the Zn level in the liquid phase of the Zn2MeO 

catalysts decreases for longer reaction times, the levels of Zn and Co in the liquid phase of the 

ZnCo2O catalyst increase slightly with increasing reaction time. In detail, after a reaction time 

of 3 h, the levels of Zn and Co in the liquid phase of ZnCo2O are 0.09 and 0.38 mmol, 

respectively, and increase to 0.13 and 0.41 mmol for a 5-h reaction time, respectively. In the 

liquid phase of the ZnFe2O catalyst, there is no evidence of Zn or Fe atoms in the ICP 

measurements. For the ZnCr2O catalyst, only a trace level of Cr atoms is measured in the liquid 

phase (0.02 mmol at 3 h and 0.03 mmol at 5 h). 
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Based on the ICP and FTIR results for the liquid products, the ZnFe2O catalyst does not 

induce the generation of an NCO complex in the liquid phase. In contrast, for the ZnCo2O 

catalyst, both NCO functional groups and Zn/Co atoms are present in the liquid phase, implying 

an NCO complex of Co and Zn in the liquid phase. In previous works, NCO complexes of Co2+ 

and Co3+ have been reported as intermediates of the reduction reaction [149,150] or 

glycerolysis reaction [48]. Herein, the Co NCO complex can form in the liquid phase in the 

case of the ZnCo2O catalyst but not in the case of the Zn2CoO catalyst because no Co atoms 

are found in the liquid phase of the Zn2CoO catalyst, due to the difference in the structures of 

ZnCo2O and Zn2CoO. As previously mentioned, the ZnCo2O catalyst is composed of a pure 

normal spinel phase of ZnCo2O4 with a predominance of Co3+ cations on the outset surface 

layer. According to the model by Wachs and Routray [109], other layers of Co3+ and Zn2+ 

cations can be found below the outset surface layer. In the reaction process over ZnCo2O, the 

outer layer of Co3+ cations can react with urea and dissolve to the liquid phase, resulting in the 

further dissolution of Co3+ and Zn2+ cations in the lower layers. This process renders the 

ZnCo2O catalyst unstable and causes a Zn (or Co) NCO complex to appear in the liquid phase. 

In contrast, the structure of the Zn2CoO catalyst includes an amorphous layer of ZnO above 

the spinel phase of ZnCo2O4, which can prevent the Co3+ cations from leaching into the liquid 

phase.  

The FTIR spectra of the spent Zn-poor ZnMe2O catalysts are displayed in Fig. 5- 7B. For 

all three catalysts, the typical vibration peaks of M-O bonding in the spinel ZnMe2O4 are 

unaltered compared to those of the fresh catalysts (even for spent ZnCo2O, where Zn2+ and 

Co3+ cations are dissolved in the liquid phase). However, in the FTIR spectra of spent Zn2CoO, 

a small additional vibration band for the NCO functional group is observed at 2192 cm-1, which 

is redshifted in comparison to the vibration for the spent Zn2MeO catalysts (2220 cm-1). Turney 

et al. [48] found that the FTIR vibration of NCO functional groups related to the Co NCO 
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complex occurred at a lower position compared to that of the NCO functional group related to 

the Zn NCO complex. Because the NCO functional group of the spent ZnCo2O catalyst is 

related to the NCO complexes of both Zn and Co, its vibrational wavenumber is lower than 

that of Zn2MeO (NCO functional group of only the Zn NCO complex). In the FTIR spectrum 

of the spent ZnCr2O catalyst, a small additional vibration band for the NCO functional group 

appears at 2211 cm-1, which may be associated with a Cr NCO complex. A reaction between 

Cr3+ and urea to generate an insoluble Cr NCO complex has been previously reported [151,152].  

The XRD patterns of the spent catalysts after a reaction time of 3 h are displayed in Fig. 5- 

8. For the spent Zn-rich Zn2MeO catalysts, the characteristic peaks for the ZnO phase almost 

disappear while the peaks for the spinel phase ZnMe2O4 remain unchanged. Moreover, typical 

peaks for the zinc glycerolate phase (JCPDS No. 23–1975, P21/c space group) are clearly 

detected in the XRD patterns of the spent Zn2MeO catalysts at 10.9°, 17.1°, 20.5°, 23.8°, 24.7°, 

27.6°, 27.7°, 36.4°, and 38.2° [104]. Conversely, the XRD patterns of the spent Zn-poor 

ZnMe2O catalysts are almost identical to those of the fresh ZnMe2O catalysts; only typical 

peaks for the spinel phase ZnMe2O4 are detected, without any other phases. The XRD results 

of the spent catalysts are in good agreement with the FTIR results. That is, the ZnO phase of 

the Zn2MeO catalysts disappears with the additional formation of the zinc glycerolate phase 

after the reaction, whereas the spinel ZnMe2O4 phase of the ZnMe2O catalysts remains 

unchanged. For the spent ZnCo2O catalyst, metal glycerolate is not found due to the different 

oxidation states of the Co cations: Co3+ cations in the ZnMe2O4 lattice and Co NCO complex 

and Co2+ cations in cobalt glycerolate [85,153]. 
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Fig. 5- 8. XRD patterns of spent catalysts: a) Zn2CoO-3h-spent, b) Zn2FeO-3h-spent, c) 

ZnCo2O-3h-spent, d) Zn2CrO-3h-spent, e) ZnFe2O-3h-spent and f) ZnCr2O-3h-spent. 

Based on the TGA analysis, DTGA profiles of the spent catalysts are plotted in Fig. 5- 9 

(see Supplementary Data). The DTGA results for the spent catalysts match the XRD and FTIR 

results. Decomposition peaks of zinc glycerolate are observed in the range of 350–400 oC for 

the spent Zn2MeO catalysts [83], and decomposition peaks of metal NCO complex in the range 

of 200–350 °C are detected for the spent Zn2CrO, ZnCr2O, and ZnCo2O catalysts [131]. 
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Fig. 5- 9. DTGA profiles of spent catalysts. A): a) Zn2CoO-3h-spent, b) Zn2CoO-5h-spent, 

c) Zn2FeO-3h-spent, d) Zn2FeO-5h-spent, e) Zn2CrO-3h-spent and f) Zn2CrO-5h-spent. B): 

a) ZnCo2O-3h-spent, b) ZnCo2O-5h-spent, c) ZnFe2O-3h-spent, d) ZnFe2O-5h-spent, e) 

ZnCr2O-3h-spent and f) ZnCr2O-5h-spent 
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5.3.3. Catalytic reaction routes through different NCO complexes 

We can summarize the catalytic performance of the various ZnMe mixed oxide catalysts in 

the glycerolysis of urea in terms of the formation of the NCO complex. Different types of NCO 

complexes are detected in the liquid phase and on the solid surface of the catalysts, except for 

the ZnFe2O catalyst, for which no NCO complex is formed because no metal cations dissolve 

from the catalyst. In the reaction over the ZnCr2O catalyst, there is a small amount of Cr NCO 

complex on the solid phase. For the ZnCo2O catalyst, NCO complexes of Zn and Co are found 

in the liquid phase, with a low amount of complexes on the solid surface of the spent catalyst. 

In contrast, for all of the Zn-rich catalysts, a high level of Zn NCO complexes is clearly detected 

in the liquid phase for a reaction time of 1 h, indicating Zn dissolution from the ZnO phase in 

the Zn2FeO, Zn2CoO, and Zn2CrO catalysts. Interestingly, a higher level of Zn NCO 

complexes is observed on the solid surface only for the Zn2CrO catalyst, due to its higher 

surface acidity/basicity and the occurrence of ZnO phases. 

Based on the reaction mechanism of urea glycerolysis, which has been described elsewhere 

[50,91,131], we illustrate three primary catalytic reaction routes (r1, r2, and r3) in Scheme 5- 1.  

i) r1 is a heterogeneous reaction route via the adsorption of glycerol and urea on the 

surface acidic and basic sites of the catalysts [49]. This reaction is the slowest 

reaction route, resulting in the lowest catalytic performance. 

adsorbed glycerol + adsorbed urea → GC (r1) 

ii) r2 is a homogeneous reaction route via NCO complexes of Zn or Co in the liquid 

phase [51,131]. This homogeneous reaction occurs more rapidly than r1; however, 

the formation of zinc glycerolate as a by-product from the reaction between the Zn 

NCO complex and glycerol in the liquid phase reduces the number of Zn NCO 

active sites and the GC selectivity. 
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Me NCO complex (liquid) + glycerol → GC (r2) 

Zn NCO complex (liquid) + glycerol → zinc glycerolate 

iii) r3 is another heterogeneous reaction route via NCO complexes adsorbed on the 

surface acidic sites of the catalysts [91,131]. This reaction route can enhance the 

catalytic reaction performance because there is no formation of zinc glycerolate. 

Me NCO complex (solid) + glycerol → GC (r3) 

 

Scheme 5- 1. The reaction routes of the glycerolysis of urea over various ZnMe (Me = Co, 

Cr, and Fe) mixed oxide catalysts. 

The reaction performance of the catalysts can be evaluated on the basis of GC yields, which 

follow the order of ZnFe2O < ZnCr2O < ZnCo2O < Zn2FeO < Zn2CoO < Zn2CrO in this 

study. Depending on the NCO complex, different catalytic reaction routes occur for each 

catalyst. Scheme 5- 1 presents the performance of the catalysts in terms of the catalytic reaction 

routes (r1, r2, and r3) as follows: 

- ZnFe2O (glycerol conversion = 34%, GC yield = 18%): r1 route only. 
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- ZnCr2O (glycerol conversion = 37%, GC yield = 21%): r1 (main route) + r3 (minor route). 

- ZnCo2O (glycerol conversion = 50%, GC yield = 28%): r1 (main route) + r2 + r3 (minor 

route).  

- Zn2FeO and Zn2CrO (glycerol conversion = 74%, GC yield = 52%): r1 (minor route) + 

r2 (main route).  

- Zn2CrO (glycerol conversion = 76%, GC yield = 57%): r1 (minor route) + r2 (main route) 

+ r3. 

5.4.Conclusion 

Various Zn-containing mixed oxide catalysts with different secondary metals (Me = Cr, Co, 

Fe) were successfully prepared by the co-precipitation method with two Zn/Me ratios, resulting 

in Zn-rich and Zn-poor catalysts. Depending on the Zn content and the nature of the metal ions, 

the structures of the Zn-containing phases differed, resulting in various types of NCO 

complexes in the liquid phase and on the solid surface. The formation of the NCO complex 

strongly influenced the catalytic route in urea glycerolysis. The Zn2CrO catalyst achieved the 

best catalytic reaction performance because of the high level of NCO complex in the liquid 

phase and the unique formation of the adsorbed NCO complex due to the high surface acidity. 
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CHAPTER 6. SUMMARY AND RECOMMENDATIONS FOR FUTURE WORK 

6.1.Summary 

My research has focused on the reaction of glycerol with urea over Zn-containing mixed 

oxide catalysts to produce the heterocycle glycerol carbonate (4-hydroxymethyl-1,3-dioxolan-

2-one). Glycerol is a cheap by-product of the biodiesel industry, and glycerol carbonate is a 

value-added derived product.  

The reaction is catalyzed by the mixed oxide catalysts of Zn/Al and follows both the 

homogeneous and heterogeneous reaction routes. While the heterogeneous reaction route is 

conducted by the adsorption of glycerol and urea on the surface acidic/basic sites of catalyst, 

the homogeneous reaction route is catalyzed by an isocyanate (NCO) metal-organic complex 

of Zn. The homogeneous route achieves a superior reaction performance than the 

heterogeneous reaction route. Interestingly, the NCO complex of Zn also can be adsorbed and 

deposited on the Lewis acidic site of surface catalysts and can contribute an additional 

heterogeneous reaction route which increases the reaction result comparing to the only 

homogeneous catalyst. 

The combined interaction between ligands of complex (the isocyanate (NCO) ligand and 

the ammine (NH3) ligand) and glycerol can produce the glycerol carbonate. Therefore, both the 

complex in the liquid phase and the complex on the surface of the catalyst can catalyze the 

reaction. 

The surface acidity of the ZnAl2O4 comes from the inversion of the disordered lattice 

structure. During catalysts preparation, a disordered bulk ZnAl2O4 phase generated disordered 

sites on the surface: the Al3+ cations substituting for Zn2+ cations at the tetrahedral sites and the 

surface oxygen vacancy corresponding to Zn2+ cations substituting for Al3+ cations at the 
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octahedral sites. The substituted surface Al3+ can more easily adsorb and fix the NCO complex 

of Zn. 

The dual heterogeneous and homogeneous reaction mechanism can be extended to other 

ZnMe catalysts (Me = Co, Cr, Fe). The Zn2Cr mixed oxide catalysts can achieve the highest 

reaction performance due to the contribution of reaction routes over both NCO complexes in 

the liquid phase and on the solid phase, while the ZnFe2 (without NCO complexes) shows the 

slowest reaction rate. 

6.2.Recommendations for future work 

• The homogeneous reaction route can enhance significantly the reaction rate through the 

isocyanate complex of Zn or Co. However, the limitation of this reaction route is the separation 

of liquid products from the dissolve active sites after the reaction. Immobilization of isocyanate 

complex on a support can be a solution where the complexes will not dissolve into the liquid 

phase but still catalyze the reaction. 

• The selectivity of the by-product (2) - 2,3-dihydroxypropyl carbamate of the reaction 

following the heterogeneous reaction route is high, which implies that the reaction from (2) to 

glycerol carbonate is the limited step of the whole reaction. Therefore, it’s necessary to add an 

active site for the intramolecular chemical reaction to remove the ammonia group of (2) and 

form the cyclic glycerol carbonate. An acidic catalyst with a suitable strength can be the 

candidates for this reaction. 

• Spinel structure is a large group with several options for the metallic cations in the 

lattice, such as Zn, Ni, Fe, Co, Cr, Al, Mg… There are potential research approaches to tune 

the surface properties (acidity, basicity…) of catalysts by changing the type of cations and 

monitoring the distribution of cations in the tetrahedral and octahedral sites of the spinel 



136 
 

structure. Other methods to prepare a porous & high surface area spinel catalyst with the desired 

surface properties can be studied more. 
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