
Fuel Processing Technology 253 (2024) 108008

Available online 21 December 2023
0378-3820/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Glycerol to value-added chemicals: State of the art and advances in reaction 
engineering and kinetic modelling 

Aya Sandid , Vincenzo Spallina , Jesús Esteban * 

Department of Chemical Engineering, School of Engineering, The University of Manchester, Manchester M13 9PL, United Kingdom   

A R T I C L E  I N F O   

Keywords: 
Glycerol 
Kinetic models 
Thermodynamics 
Process intensification 
Value-added chemicals 
Biofuels 

A B S T R A C T   

The boom of the biodiesel industry has led to an oversupply of by-product glycerol as a direct consequence, 
which has been detrimental to its market value. The chemical reactivity that this compound possesses makes it an 
exceptional building block from which many synthetic routes can originate. In the past two decades, as a way to 
upgrade glycerol, there have been great developments in experimental approaches to obtain different products 
with applications as fuel additives, green solvents or precursors to other materials. These works have focused 
mainly on the development of catalytic and biotechnological processes and optimization of operation conditions 
to obtain chemicals like glycerol carbonate, acetals, esters, ethers, 1,2- and 1,3-propanediol, acrolein, haloge
nated products and different organic acids. Throughout these years an increasing amount of articles have re
ported thermodynamic information and kinetic models for different reactions using glycerol of substrate, whose 
knowledge is essential for subsequent reactor and process design. For the first time, these aspects for trans
formation reactions from glycerol are compiled and presented in a systematic way in this comprehensive review 
that also touches on process intensification strategies to enhance glycerol conversion.   

1. Introduction 

Over the past decades, there has been a growing consciousness about 
the declining availability of fossil resources as well as the pernicious 
effects that their use inflict on climate change and the environment in 
general. The energy total final consumption reached values of about 475 
EJ in 2020, with estimations to increase to over 500 EJ by 2050 [1]. At 
the same time, CO2 emissions from energy combustion and industrial 
processes reached a maximum of 36.3 Gt in 2021 after a brief circum
stantial decrease in 2020, thus following the ever-growing trend 
observed in the last decades [2]. For these reasons, with the ambition to 
achieve carbon neutrality, throughout the years different policies have 
been implemented all over the world to make a transition to the use of 
renewable sources of energy. This has been met with notable increases in 
clean energy investments in the period 2015–2023, with projection to 
reach as much as USD 1.7 trillion by the end of 2023 [3]. In particular, 
regarding the context of fuels, biofuels have been an important target of 
legislative efforts [4–10]. 

Among biofuels, biogas [11,12] and bioethanol [13,14] have 
attracted a great deal of attention as alternatives to replace their fossil 
counterparts natural gas and gasoline, respectively. The other big player 

in the biofuel business is biodiesel, which in addition to being a trans
portation fuel, in some regions is used for electricity generation in tur
bines and engines [15]. The history of the use of biodiesel runs as far 
back as the beginning of the 20th century, when Otto used it to operate a 
small diesel engine on peanut oil in the Paris Exposition. Despite the 
interest of several countries in the use of vegetable oils as source of fuel 
for Diesel engines, their properties (high viscosity and low cetane 
numbers) and, more importantly, their higher price compared to petro- 
diesel led to the use of the latter being predominant [15]. In the past two 
decades, the global biodiesel supply has undergone continuous growth 
from 3.9 billion litres in 2005 to 18.1 billion litres in 2010, 30.8 in 2016, 
41.0 in 2018, 47.0 in 2019 [15,16]. Further to these data, the OECD and 
UN’s FAO foresee a gradual increase over the next decade [17]. Over the 
years, Indonesia has taken over as the world leader in the biodiesel 
production (17% of the totals share), followed by the USA (14%), Brazil 
(12%), Germany (8%), France (6.3%) and Argentina (5.3%) [16]. This 
geographical distribution is a clear indication that the production as well 
as the challenges associated to it have a global impact. 

Despite in some contexts hydrotreated vegetable oils being consid
ered biodiesel [16], the vast majority of the production corresponds to 
the transesterification of oils and fats from different sources. Throughout 
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the years, different generations of biodiesel have appeared depending on 
the source of the oils and fats. The first generation used edible oils as 
source of triglycerides, but competition with food products led to a 
second generation of biodiesel, originating from non-food crops like 
Jatropha curcas. A third generation would have waste oils and fats or, 
alternatively, oil from microalgae cultures as feedstock. Last, a fourth 
generation stems from taking advantage of the use of synthetic biology 
in algae and cyanobacteria to obtain photobiological solar biodiesel 
[18]. Regardless of the origin of the triglycerides source, the trans
esterification chemical reaction is conducted with short chain alcohols, 
mostly methanol to yield fatty acid methyl esters (FAMEs) or ethanol in 
some regions. In addition, the chemical reaction generates glycerol (Gly) 
as a byproduct of the reaction in approximately 10% w/w. The purifi
cation of Gly from the process to obtain different qualities has proven 
challenging as it features different steps to neutralize the product, 
remove the excess methanol by stripping, filtration or centrifugation to 
remove precipitates and vacuum distillation [19,20]. Fig. 1 presents a 
scheme of the biodiesel cycle. 

The ongoing context of increase of biodiesel production has caused 
an oversupply of Gly, which has inevitably led to the decline of its retail 

prices as a general rule with occasional remarkable volatility of prices 
[21]. The traditional uses of Gly in established markets include its 
application in the formulation of different fast moving consumer goods, 
food products and pharmaceuticals among others [21]. However, the 
demand for these applications has been clearly exceeded in light of the 
price collapse. Landfilling and burning of Gly can cause environmental 
issues and is not regarded as the best alternative [22,23]; therefore, 
considering the wide availability of this material and its rich chemical 
reactivity, the door to its chemical valorisation has been opened leading 
to many interesting by-products. 

Throughout almost the last two decades, countless works have been 
published on the synthesis of a plethora of value-added products using 
Gly as building block by different chemical reactions. The publication of 
many reviews bear witness of all these efforts focusing on different as
pects of the reactions and the processes. The supplementary information 
of this work (section S1) contains a summary of the aspects covered in 
the most significant review works published to date [20,21,23–44]. 
Nevertheless, little attention has been paid to systematically analyse the 
kinetics and thermodynamics of reactions involving Gly as feedstock, a 
feature that is of paramount importance to the ulterior reactor and 

Fig. 1. Scheme of the biodiesel cycle and the concomitant production of value-added products from glycerol.  
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process design. This work will provide first an overview of the properties 
and market of Gly. Then, there is a wide systematic account and a critical 
review of kinetic studies to yield the most common value-added prod
ucts derived therefrom (glycerol carbonate, acetals, esters, ethers, gly
cols, acrolein, halogenated products, hydrogen and organic acids) and 
aspects of process intensification [45] to improve the performance of 
these reactions. 

2. Properties of glycerol 

Glycerol (propane-1,2,3-triol, Gly) is the simplest trihydric alcohol in 
nature and was discovered in the late 18th century by C.W. Scheele, 
though given a name in the 19th century by M.E. Chevreul [24]. Whilst 
Gly is the term used for the molecule, the word “glycerin” is most 
commonly employed when referring to purified commercial products 
with >95% content [28]. When pure and at room temperature, it is a 
highly viscous liquid of clear colourless appearance with no odor. It is 
non-toxic and highly hygroscopic owing to its chemical structure 
[24,38]. These properties make this compound useful for its application 
in the formulation of many consumer goods. A comprehensive compi
lation of physicochemical properties from different sources can be found 
in Table 1. 

All of the properties above have been measured for pure Gly; how
ever, its composition will vary significantly depending on different 

factors, namely the production process, the feedstock used and the 
subsequent purification processes. 

Crude glycerol composition may contain fractions of Gly of about 
75%, although on occasions it can reach values as low as 40%, if ob
tained by transesterification, 83–84% if it originates from saponification 
or 88–90% if derived from hydrolysis. In addition, it contains mostly 
ash, water, soap, methanol, organic matter and compounds like tri
methylene glycol, showing a dark brownish appearance in most cases 
[29,32,38]. Many works have also measured its elemental composition, 
being carbon, hydrogen and oxygen represent the major components, 
although sometimes small fractions of nitrogen and metals like potas
sium, magnesium or sodium may be found [21]. 

Crude glycerol purification is indeed one of the most challenging 
issues to tackle to render it useful for further applications in the markets 
[20]. Concerning its quality, purified Gly can be classified commercially 
into different categories, as summarized in Table 2. 

3. State of the market 

At this point, a few reviews have shed some light on the uses, ap
plications, and the market of Gly. Owing to the properties discussed 
above, the traditional uses of Gly in established markets include its 
application in the formulation of cosmetics (37–40%) and food products 
(23–25%) mainly, followed by tobacco products (9–10%), poly
urethanes (7–10%), pharma products (6–8%), alkyd resins (3–9%) and 
other products [21]. Among its functions, Gly has served the purpose of 
being a humectant, flavorant, sweetener, emulsifier, lubricator or plas
ticizer in these formulations [38]. 

Considering that a very large share of the origin of Gly is from the 
transesterification of oils, the state of the Gly market is undoubtedly 
related to that of biodiesel. The first reviews of Gly give initial estimates 
of the global Gly production. For example, Zhou et al. [26] commented 
in their review of 2008 on the global Gly production increasing from 
approximately 0.75 Mtons in 2001 to a projected 1.2 Mtons by 2010 as 
estimated by Procter & Gamble. Probably the most comprehensive re
views on the market of Gly production and consumption are Ayoub and 
Abdullah published in 2012 [28], Quispe et al. in 2013 [21] and Anitha 
et al. in 2016 [39]. In addition, Attarbachi et al. have recently provided 
some new data previously unavailable in the open literature regarding 
Gly prices [20]. 

In their work, Ayoub and Abdullah talk about the Gly production 
remaining stable up to 2003 with marked increases afterwards. The 
crude Gly production showed a dramatic increase escalating from about 
20 million lbs. in 2004 to 62 million lbs. in 2005 and further to 213 
million lbs. in 2006. Most of these amounts were solely produced in the 
EU prior to 2005, but as other regions started implementing policies for 
biodiesel production, countries like the USA, Canada, Brazil, Argentina, 
Indonesia, China, India or Malaysia would show their prominence in 
future years. In addition, this work gives an overview of the Gly supply 
drivers and their change in trends before and after the boom of the 

Table 1 
Compilation of physicochemical properties of glycerol. Note: Properties at 25 ◦C 
unless otherwise noted.  

Property Value Units Ref. 

Name Glycerol (propane- 
1,2,3-triol) 

– – 

Chemical structure – – 

CAS number 56–81-5 – – 
Canonical SMILES code C(C(CO)O)O – – 
Molecular formula C3H8O3 – – 
Molecular mass, MW 92.09 g mol− 1 – 
Melting point, Tm 291.22 K [33] 
Boiling point, Tb 563.15 K [33] 
Flash point, Tf 433.15(closed cup) K [33] 
Autoignition temperature, Tig 673.15 K [33] 
Triple point, Ttriple 291.8 K [46] 
Critical temperature, Tc 850 K [47] 
Critical pressure, Pc 75 bar [47] 
Enthalpy of fusion, ΔHfus 8.475 (at 291.22 K) kJ mol− 1 [48] 
Enthalpy of vaporization, ΔHvap 91.7 kJ mol− 1 [49] 
Constant pressure heat capacity of 

liquid, Cp 
223.8 J mol− 1 K− 1 [50] 

Density, ρ 1.258 g cm− 3 [51] 
Viscosity, η 906 mPa s [51] 
Surface tension, σ 62.9 mN m− 1 [52] 
Refraction index, nD 1.4730 – [53] 
Thermal conductivity, λ 0.30 W m− 1 K− 1 [50] 
Thermal expansion coefficient, α 5×10− 4 K− 1 [50] 
Dielectric constant, ε 42.5 – [31] 
Dielectric permittivity, ε 41.01 F m− 1 [31] 
Specific electric conductivity ε0 0.1 μS cm− 1 [38] 
Dipole moment, μ 2.67 D [54] 
Hildebrand solubility parameter, δ 36.1 MPa1/2 [55] 
Hansen solubility parameter 

(global), δt 
36.2 MPa1/2 [56] 

Hansen solubility parameter 
(London dispersion), δd 

17.4 MPa1/2 [56] 

Hansen solubility parameter 
(polar interactions), δp 

12.1 MPa1/2 [56] 

Hansen solubility parameter 
(hydrogen bonding), δH 

29.3 MPa1/2 [56] 

Normalized solvent polarity, ET
N 0.40 – [57] 

LD50 (rat, oral) 12,600 mg kg− 1 [54] 
LD50 (rabbit, dermal) >10,000 mg kg− 1 [33] 
LC50 (rat, 1 h) 570 mg m− 3 [33]  

Table 2 
Specifications of glycerol content for different qualities. Based on [19,28].  

Type of glycerol Glycerol content (% 
w/w) 

Source and usage 

Crude glycerol 70–90 
As obtained from biodiesel 

production 

Technical grade 
99.5% technical 

grade (not certified 
mostly >96.0%) 

Adequate for industrial 
application as building block for 

chemicals, but not for food or 
drug formulation 

United States 
Pharmacopeia 

(USP) 
96–99.5% 

Prepared from animal fat or plant 
oils. Suitable for food products, 
cosmetics and pharmaceuticals 

Food Chemical Codex 
(FCC) / Kosher 

grade 
99.5–99.7% 

Prepared from plant oils and 
suitable for use in kosher foods 

and drinks  
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biodiesel industry comparing 1999 and 2009. Figures for 2011 and es
timations for 2012, 2013 and 2014 are further given in another refer
ence, confirming a more or less stable share of about 60% of biodiesel 
production as the main driver [39]. Other drivers include the production 
of fatty acids, soap or fatty alcohols. Also included in this work is an 
analysis of the market of crude Gly featuring the supply and demand as 
well as imports and exports, covered as well by Anitha et al. [39]. 
Finally, the prices of Gly and how they affect and relate to that of bio
diesel with price trends between 2005 and 2009. Their main conclusion 
is that crude Gly prices will continue to decline in that context [28]. 

Quispe et al. give in their work an extensive overview on global Gly 
production in relation with biodiesel manufacture [21]. The authors 
cover extensively the production and framework in areas like the EU and 
the USA forecasting that Asian nations would take over as the leaders in 
the production, as explained by Ayoub and Abdullah [28]. Most rele
vantly, they comment on the price volatility of Gly and provide infor
mation on the projection Gly production and prize evolution crude and 
refined Gly, although these data only reach until 2011 [21]. 

More recently, Vivek et al. gave some figures to the expected size of 
the Gly market, which would exceed 3 billion USD in 2022, representing 
an increase of almost 8% with respect to 2015. The major players in 
these markets would be companies like Procter & Gamble, Dow Chem
icals, Solvay, BASF, Cargill, Archer Daniels Midland or Evonik Industries 
[35]. 

Only very recently, further information on recent prices has become 
available [20]. The historical price development of kosher grade glyc
erol (99.7%) from 1995 to 2020 in the US and EU markets show similar 
trends in both with prices ranging between 400 and 800 €/tonne [58]. In 
addition, high-grade glycerol prices increased significantly as a conse
quence of the enormous demand by the pharma, health and fast-moving 
consumer goods industries owing to the COVID-19 pandemic. Table 3 
compiles Gly prices in different regions in 2020 [20,59,60]. 

4. Description of reaction kinetic models and thermodynamics 
for the conversion of glycerol into value-added products 

Fig. 2 presents many of the products that can be obtained from Gly by 
different chemical transformations. The most interesting products 
considered so far are glycerol carbonate (GC), glycidol, acetals, esters, 
ethers, glycols (1,2- and 1,3-propanediol), acrolein (Acr), halogenated 
products, syngas (as the main product of reforming) and oxidation 
products (mainly organic acids). The vast majority of the existing re
views feature comprehensive information on the reaction pathways to 
these products. Among the aspects covered are reaction conditions and 
catalysts used, but information on reaction kinetics and thermody
namics often lack in the discussions. The supplementary information 
(sections S2-S3) includes a detailed survey of previous review works 
dedicated to the production of each of the chemicals mentioned 
[22–27,29,31–44,61–82] . In addition, considering the focus of this re
view, section S4 includes a general description of thermodynamic and 
kinetic equations often used as a basis for many of the works discussed in 
the following sections, including pseudohomogeneous, Langmuir- 

Hinshelwood-Hougen-Watson (LHHW) and Eley-Rideal (ER) 
mechanisms. 

4.1. Glycerol carbonate 

The synthesis of GC has attracted a lot of interest due to its appli
cation as a multipurpose green solvent, a solvent for Li and Li-ion bat
teries or in the formulation of adhesives, protective coatings and 
building block to many other chemicals [62]. This chemical can be 
produced by different routes starting from Gly, which appeared as al
ternatives to the traditional phosgenation reaction to produce organic 
carbonates. In this way, a greener approach can be followed neglecting 
the use of hazardous phosgene as co-substrate and avoiding the pro
duction of HCl as by-product, as shown in Fig. 3. 

In the following subsections, a comprehensive description of 
different pathways, such as the direct addition of CO or CO2 to Gly, the 
glycerolysis of urea (U) and the transesterification with organic car
bonates (OC) is discussed. 

4.1.1. Carbonylation of glycerol 
The carbonylation of Gly occurs via its reaction with CO in the 

presence of O2 [83] or else by the direct addition of CO2 [84,85]. These 
typically take place at temperatures between 373 and 453 K and varying 
pressures that can reach up to 50 bar. In the two cases, the mechanisms 
have been well presented for molecular catalysts. A PdCl2 (1,10-phe
nantroline) aided by KI organometallic complex has proven to catalyse 
the oxidative carbonylation of Gly [83]. The mechanism starts by the 
complexation of one of the hydroxyl moieties of Gly with the iodized 
form of the organometallic complex, which liberates HI; subsequently, 
CO is introduced and the second –OH coordinates to form the cyclic 
structure liberating yet another HI. Finally, GC is released and the 
catalyst remains in a Pd(0) until HI forms coordinates and the cycle 
starts again [83]. For the direct addition of CO2, a dibutyltin (IV)oxide 
(nBu2SnO) in methanol (MeOH) starts by the coordination of Sn with 
two molecules of MeOH, which will render two bonds for the subsequent 
substitution of two hydroxyl moieties of Gly. Then, CO2 is inserted 
forming a cyclic intermediate from which GC is then liberated leading to 
a regenerated catalyst by a subsequent coordination of two MeOH 
molecules to start the cycle again [84]. 

Whilst these relatively complex mechanisms have been established, 
these carbonylation routes have not retained much interest throughout 
the years in comparison with the rest of the routes, and as a consequence 
kinetic studies have not been reported in the open literature. In part, this 
is due to the hazards associated with working with CO in one case and 
the severe thermodynamic constraints that activating a molecule like 
CO2 represents in the other. Concerning the latter aspect, Table 4 sum
marizes the reaction enthalpies (ΔH0

rxn), entropies (S0
rxn) and Gibbs free 

energies (ΔG0
rxn) as well as the thermodynamic equilibrium constants at 

standard conditions for the oxidative addition of CO to Gly and the 
direct addition of CO2 together with transesterification cases. It is clearly 
seen that for the former two cases, the equilibrium constant is very low 
and the values of the free Gibbs energy are positive, thus indicating the 
non-spontaneity of the reactions [86]. 

4.1.2. Glycerolysis of urea 
The glycerolysis of urea (U), otherwise known as carbamoylation of 

Gly, follows a mechanism where U provides the carbonyl moiety and 
ammonia is hence released. The mechanism requires the presence of 
both acid and basic sites to attract a proton from the hydroxyl functions 
of glycerol, thereby allowing the glyceroxide anion to perform a 
nucleophilic attack on the carbamoyl group of urea [87,88]. 

As in the case of the addition of CO2 to Gly, at standard conditions 
this reaction shows unfavourable spontaneity (Table 4), but further 
thermodynamic analysis of the equilibrium position at relevant reaction 
temperatures (373–453 K) shows that the Gibbs free energy of reaction 

Table 3 
Refined and crude glycerol prices in different regions (June–December 2020) 
[20,59,60].  

Glycerol quality US price (€ 
ton− 1) 

EU price (€ 
ton1) 

China price (€ 
ton− 1) 

Refined (99.7% kosher 
grade) 705 650 565 

Refined (99.5% technical 
grade) 

660 520 505 

Crude (80% vegetable 
based) 

200–280 395 295 

Crude (75% non- 
vegetable based) 

180–240 150–250 145–175  
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acquires negative values, hence making this a spontaneous reaction at 
these conditions [89]. As featured in Table 5, the kinetics of the glyc
erolysis of U has been studied only on two occasions. A kinetic model 
was first reported using Co3O4/ZnO considered a power law model with 
the presence of the reaction equilibrium through the consideration of an 
equilibrium constant expressed as a function of temperature, leading to 
an Ea of the reaction of 31.89 kJ mol− 1 [89]. In a second study, MgO was 
employed as a bifunctional catalyst consisting of vacant basic and acid 
sites, onto which Gly and U would adsorb, respectively. Considering the 
nature of the sites, models based on Langmuir-Hinshelwood-Hougen- 
Watson (LHHW) equations were proposed accounting for a balance of 
the active sites. The first model would assume that the formation of the 
products GC and NH3 through an intermediate occurs after the adsorp
tion and that this is the rate limiting step. The second model considers 
that the rate is limited by the adsorption of the reactants Gly and U onto 
the acid sites with the formation of the products taking place very fast. 
The evolution of the concentration profiles observed confirmed that the 
latter model was the appropriate following a zero-order kinetics [87]. 

4.1.3. Transesterification of glycerol with organic carbonates 
The production of GC has mostly been approached via the base- 

initiated transesterification of Gly with acyclic dialkyl or cyclic 
organic carbonates, which yield two molecules of alcohol or a single 
molecule of glycol as by-product. 

Transesterification with dimethyl carbonate (DMC) has been re
ported, although the extent to which further reactions take place is 
subject of discussion. Whilst most studies treat the reaction only as a 
forward reaction, some studies have considered the presence of a reverse 
reaction in [90], which in principle goes against the thermodynamic 

studies reported. 
In addition to DMC, transesterification with diethyl carbonate (DEC), 

ethylene carbonate (EC), propylene carbonate (PC) and butylene car
bonate (BC) have been reported, which have the advantage of obtaining 
glycols as by-products of interest. These reactions have been observed to 
proceed until completion, thus achieving total conversion of Gly, typi
cally used as limiting reactant. This is supported by the values of Keq 
compiled in Table 4, calculated for the transesterification of Gly with 
DMC and EC. Fig. 4 shows a general scheme for the reaction mechanism, 
in agreement with previous observations and assumptions for the case of 
the reaction between Gly and DMC [91,92]. The mechanism can be 
summarized in four steps, namely: (1) proton removal by a Bronsted 
base to obtain the glyceroxide anion, reportedly the active species; (2) 
nucleophilic attack on the carbonate group; (3) catalyst regeneration 
giving a proton to the anionic species (and liberating a first molecule of 
alcohol in the case of transesterification with a dialkyl carbonate; (4) 
intramolecular cyclization to yield GC and either a second molecule of 
alcohol or a glycol. 

Table 5 features a compilation of kinetic models developed for the 
production of GC via transesterification with OCs with a range of 
different catalysts and considerations. Reactions of Gly with DMC are by 
far the most frequently reported, both with heterogeneous and homo
geneous catalysis. For the development of kinetic models, most have in 
common a previous analysis of external and internal mass transfer 
limitations through studies of the influence of stirring rates and particle 
sizes (e.g. Weisz-Prater criterion) on the performance of the reaction, so 
as to ensure that the intrinsic kinetics of the reaction was being analysed. 
Yadav et al. [93] used a calcined hydrotalcite supported on hexagonal 
mesoporous silica for the reaction of Gly and DMC, where both are 

Fig. 2. Glycerol as a building block for a large number of value-added products.  
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adsorbed onto the surface of the catalyst with the intermediate rear
ranging to form GC and MeOH. A complex LHHW model was used to 
describe the progress of the reaction accounting for the presence of in
termediate reactions to yield the adsorbed intermediate species, each of 
which with the associated adsorption constants [93]. In a reaction with 
ZnO/La2O3 as catalyst [94], there was the unusual consideration of a 
reverse reaction from the products GC and MeOH in addition to the in- 
series reaction to generate glycidol and CO2 from GC. The latter was 
explained by the decomposition of GC at the operating temperature in 
this case, somewhat higher than usual (393–413 K). The model reported 
here was based on power-law, with Ea of 98.3 kJ mol− 1 for the forward 
reaction, 77.5 kJ mol− 1 for the reverse reaction and 127.7 kJ mol− 1 for 
the decomposition of GC to glycidol [94]. Similarly, Qing et al. [90] 
investigated the reaction with DMC in the presence of 1,8-diazabicy
cloundec-7-ene (DBU) as catalyst at 303–333 K with crude glycerol as 
feedstock. To develop the kinetic model, the system is assumed to be 
pseudo-homogeneous, which was considered valid as it was observed 
that the system has a quick reaction rate and therefore is in the heter
ogenous state for a short time before turning into a homogenous system. 
A power law model was developed in which the forward and backward 
reactions for the formation of DMC has Ea values of 30.95 kJ mol− 1 and 
55.16 kJ mol− 1, respectively. Additionally, the Ea for the decomposition 

of DMC to glycidol is 26.58 kJ mol− 1 [90]. A Ti-SBA-15 catalyst was also 
employed for the reaction [95] and in this case a mechanism based on 
LHHW was proposed under the assumptions that surface reaction con
trols the rate of reaction, and the adsorption of reactants and desorption 
of products occur very fast. Further simplification of the model included 
the consideration that the reaction was away from equilibrium, thus 
simplifying the rate equation significantly. The apparent reaction con
stant gave an Ea of 39.2 kJ mol− 1 [95]. Remarkably, a study in 2021 [96] 
published for the first time the kinetics of the production of GC using 
crude Gly as feedstock catalysed by CaO under microwave irradiation, 
which allowed operation as low as 318–338 K. Here, they optimised the 
reaction conditions in the first place through a Box-Behnken design of 
experiments, which led to a power-law second order kinetic model with 
an Ea value of only 4.53 kJ mol− 1 [96]. This low value hints towards 
process intensification via microwave-assisted operations as a promising 
alternative to reduce operational costs. Interestingly, there is no account 
of deactivation in the kinetic model, which could be expected to some 
extent owing to the presence of impurities (up to 30%) in the starting 
material potentially leading to pore blockage or other type of deacti
vation mechanism [96]. The use of deep eutectic solvents (DES) as 
catalyst has also been reported [97], with the reaction moving forward 
to glycidol production. The DES that provided the best activity was 

Fig. 3. Overall reactions reported for the production of GC using Gly as starting material.  

Table 4 
Summary of the thermodynamic analysis for reactions to obtain GC at standard conditions [86].  

Reaction ΔH0
rxn

(
kJ mol− 1

)
ΔS0

rxn

(
J K− 1 mol− 1

)
ΔG0

rxn

(
kJ mol− 1

)
Keq 

Oxidative carbonylation of Gly − 9.13 − 110.85 23.92 6.41 × 10− 5 

Addition of CO2 to Gly 126.2 314.52 32.43 2.07 × 10− 6 

Transesterification of Gly with DMC 13.57 51.66 − 1.83 2.100 
Transesterification of Gly with EC − 6.1 − 14.76 − 1.70 1.985  
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Table 5 
Summary of the most relevant aspects of kinetic studies for the production of GC through different routes.  

Reactants and Catalyst Reaction conditionsa (Best) XGly/Sel/ 
Yieldb 

Kinetic rate type and equationc Kinetic parametersd Notes Ref. 

Gly + U 
Catalyst: 

MgO 

T = 408–423 K 
MR = 1.5:1 
Catload = 0.03 g cm− 3 

ω = 1000 rpm 
trxn = 180 min 

SGC = 100%  

Power law (zero order derived from LHHW): 
− rGly = kCTS1CTS2 = kw 

CGly0

dXGly

dt
= kw 

Where 
w = CTS1CTS2 

Ea = 117.4 kJ mol− 1 

ln k0 = 26.42* 

Two LHHW based models were tested 
assuming different r.d.s. 

Model assumed the adsorption of Gly and 
urea on different sites S1 (basic) and S2 

(acidic), respectively. 
Model selected assumed that the r.d.s is the 
adsorption of reactants onto catalytic sites. 

[87] 

Gly + U 
Catalyst: 

Co3O4 /ZnO 

T = 373–453 K 
MR = 1:1 
Catload = 1.5 wt% of Gly 
ω = 1163 rpm 
trxn ≈ 360 min 

XGly = 45% 

Power law: 

− rGly = − rurea = rGC =
rNH3

2
= k

(
xGlyxurea −

xNH
2
3xGC

Keq

)

Where 

lnKeq = − 8041+ 291370
( 1
T

)

+ 1316.80ln 

(T) + − 1.4475(T)

Ea = 31.89 kJ mol− 1 

k0 = not available 

Study in batch experiment. The study 
features the simulation of a reactive 

distillation. 
[89] 

Gly (crude glycerol) + DMC 
Catalyst: 

1,8-diazabicycloundec-7-ene 
(DBU) 

T = 303–333 K 
MR = 3:1 
Catload = 4.0 wt% of Gly 
ω = not available 
trxn = 90–150 min 

SGC = 84% 

Power law (second order main reaction with 
first order decomposition of GC to glycidol): 
rGC = k1CGlyCDMC − k− 1CGCC2

methanol 
rglycidol = k2CGC 

Ea1 = 30.95 kJ mol− 1 

Ea− 1 = 55.16 kJ mol− 1 

Ea2 = 26.58 kJ mol− 1 

lnk01 = 6.529* 
lnk0− 1 = 11.483* 
lnk02 = 4.4708* 

Uses crude Gly as reactant. [90] 

Gly + DMC 
Catalyst: 

calcined hydrotalcite 
supported on hexagonal 

mesoporous silica (CHT-HMS) 

T = 423–453 K 
MR = 1:1–4:1 
Catload = 0.001–0.004 g cm− 3 

ω = 1000 rpm 
trxn = 150 min 

SGC = 84.3% 

Power law (second order derived from 
LHHW): 
dXGly

dt
= krC2

Gly0
w
(
1 − XGly

)(
MR0 − XGly

)

Upon integration 

ln
(

MR0 − XGly

MR0
(
1 − XGly

)

)

= k1CGly0 (MR0 − 1)t 

Ea1 = 52.55 kJ mol− 1 

ln k01 = 9.4566* 
Weak adsorption of all species is 

considered. 
[93] 

Gly + DMC 
Catalyst: 

ZnO/La2O3 

(mole ratio Zn:La of 
4:1) 

T = 393–413 K 
MR =2:1–6:1 
Catload = 0.25–1.0 wt% 
ω = 1000 rpm 
trxn = 240 min 

SGC = 97.2%  

Power-law (second order, decomposition of 
GC is first order): 

rGly = rDMC =
− rmethanol

2
= k2xGCx2

methanol −

k1xGlyxDMC  

rGC = k1xGlyxDMC − k2xGCx2
methanol − k3xGC  

rGlycidol = k3xGC 

Ea1 = 98.3 kJ mol− 1 

Ea2 = 77.5 kJ mol− 1 

Ea3 = 127.7 kJ mol− 1 

k01 = 1.18× 1010 kmol (kg s)− 1 

k02 = 1.04× 107 kmol (kg s)− 1 

k03 = 2.78× 109 kmol (kg s)− 1 

Model features a reverse reaction and 
further conversion of GC to glycidol 

(observed if T is high due to 
decomposition) 

[94] 

Gly + DMC 
Catalyst: 

Ti-SBA-15 

T = 338–383 K 
MR = 3:1 
Catload = 5.5 wt% 
ω = not available 
trxn = 420 min 

SGC = 87.17% 

Power law (derived from LHHW):  

−
dXGly

dt
= k

(
1 − XGly

)

Upon integration 
− ln

(
1 − XGly

)
= kt 

Ea = 39.2 kJ mol− 1 

k0 = not available 

Model developed assuming surface 
reaction is the r.d.s. Reaction is far from 

equilibrium and adsorption and desorption 
constants are very small. 

[95] 

Gly (crude glycerol) + DMC 
Catalyst: 

CaO 

T = 318–338 K 
MR = 2.5:1 
Catload = 1 wt% 
ω = not available; microwave 
reactor (1200 W, 24550 MHz) 
trxn = 20 min 

YGC = 97.1% 
Power-law (irreversible second order): 

− rGly = −
dCGly

dt
= kCGlyCDMC 

Ea = 4.53 kJ mol− 1 

ln k0 = − 2.0465* 
Model developed for microwave assisted 

transesterification of crude glycerol 
[96] 

(continued on next page) 
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Table 5 (continued ) 

Reactants and Catalyst Reaction conditionsa (Best) XGly/Sel/ 
Yieldb 

Kinetic rate type and equationc Kinetic parametersd Notes Ref. 

Gly + DMC 
Catalyst 

KOH:MEA(1:2) DES 

T = 333- 343 K 
MR = 1:1–5:1 
Catload = 1–5 wt% of Gly 
ω = 600 rpm 
trxn = 170 min 

YGC = 18.4% 
YGlycidol = 80.2% 

Power-law (homogeneous model): 
rGC = k1CGlyCDMC 

rGly = k2CGCC2
methanol 

rglycidol = k3CGC 

Ea1 = 51.22 kJ mol− 1 

Ea2 = 100.65 kJ mol− 1 

Ea3 = 199.92 kJ mol− 1 

ln k1 = 12.88– 

( 6160.42
T

)

L min− 1 mol− 1 

ln k2 = 32.58– 

( 12106.43
T

)

L min− 1 mol− 1 

ln k3 = 69.93–
( 24046.55

T

)

min− 1 

Model considers the reversible reaction 
and the decomposition of GC to glycidol. 

[97] 

Gly + DMC 
Catalyst: 
K2CO3 

T = 339–343 K 
MR = 1.5:1–3:1 
Catload = 0.75–1.25% wt 
ω = 1500 rpm 
trxn = 180 min 

XGly = 99% 

Power law in two stages (Xcrit = 0.30):  

rGC1 = kCcatCGlyCDMCsol for X < Xcrit 

rGC2 = kCcatCGlyCDMC for X ≥ Xcrit 

Ea = 179.2 kJ mol− 1 

ln k0 = 55.43 
CDMCsol = 3.34 mol L− 1 

(concentration of DMC 
dissolved in Gly rich phase)

Model discrimination. 
1st step considers partial first order with 

respect to Gly. 2nd step is partial first 
orders for Gly and DMC. 

[100] 

Gly + EC 
Catalyst: 
K2CO3 

T = 313–323 K 
MR = 2:1–3:1 
Catload = 125–500 ppm 
ω = 800 rpm 
trxn = 240 min 

XGly = 96% 

Power law in two stages with first order 
deactivation (Xcrit = 0.34):  

rGC1 = k1Ccat
(
(1 − a)*e(− kdt) + a

)
CGlyCECsol 

for X ≤ Xcrit  

rGC2 = k1CcataCGlyCEC 

rGly = k3CcataCGCCEG 

for X > Xcrit 

Ea1 = 91.8 kJ mol− 1 

ln k01 = 32.71 
Ea3 = 93.9 kJ mol− 1 

ln k03 = 31.91 
kd = 0.36 min− 1 

a = 0.08 
CECsol = 1.10 mol L− 1 

(concentration of EC 
dissolved in Gly rich phase)

Model discrimination studies. Biphasic 
system. 

[101] 

Gly + DMC 
Catalyst: 
CH3OK 

T = 323–343 K 
MR = 1.5:1–3:1 
Catload = 1000–2500 ppm 
ω = 1500 rpm 
trxn = 240 min 

XGly = 96%  

Power law in two stages with first order 
deactivation (varying Xcrit):  

rGC1 = kCcat
(
(1 − a)*e(− kdt) + a

)
CGlyCDMCsol 

for X ≤ X crit 
rGC2 = kCcataCglyCDMC for X > Xcrit 

Ea = 28.3 kJ mol− 1 

ln k0 = 4.84 
kd = 0.03 min− 1 

a = 0.32 
CDMCsol = 3.56 mol L− 1 

(concentration of DMC 
dissolved in Gly rich phase)

Model discrimination. 
Model described the change from biphasic 

to single phase reaction. 
[102] 

Gly + EC 
Catalyst: 
CH3OK 

T = 313–333 K 
MR = 1.5:1–3:1 
Catload = 50–150 ppm 
ω = 800 rpm 
trxn = 420 min 

XGly = 95% 

Power law in two stages with first order 
deactivation (varying Xcrit):  

rGC1 = k1Ccat
(
(1 − a)*e(− kdt) + β

)
CGlyCECsol 

for X ≤ Xcrit  

rGC2 = k1CcataCGlyCEC 

rGly = k3CcataCGCCEG 

for X > Xcrit 

Ea1 = 83.0 kJ mol− 1 

ln k01 = 31.03 
Ea3 = 58.7 kJ mol− 1 

ln k03 = 15.94 
kd = 0.11 min− 1 

a = 0.022 
CECsol = 1.11 mol L− 1 

(concentration of EC 
dissolved in Gly rich phase)

Model discrimination. 
Model described the change from biphasic 

to single phase reaction. 
[102] 

Gly + EC 
Catalyst: 

None (thermal reaction) 

T = 373–413 K 
MR = 2:1–3:1 
Catload = none 
ω = 750 rpm 
trxn = 360 min 

YGC = 96.9% 
Power-law (overall second order): 
rGC = kCGlyCEC = kC2

Gly0
(1 − X)(MR0 − X)

Ea = 61.82 kJ mol− 1 

ln k0 = 11.72 
Model discrimination studies. [103] 

Gly + PC 
Catalyst: 
Na2CO3 

T = 378–408 K 
MR = 2:1–3:1 
Catload = 0.025–0.05 wt% 
ω = 900 rpm 
trxn = 240 min 

YGC = 93% 
Power law with first order deactivation: 
rGC = kCcat

(
(1 − a)*e(− kd t) + a

)
CGlyCPC 

Ea = 67.13 kJ mol− 1 

ln k0 = 17.04 
kd = 0.14 min− 1 

a = 0.34 

Operation in homogeneous regime after 
finding thermomorphic behaviour. 

Overall second order model. 
[104] 

(continued on next page) 

A
. Sandid et al.                                                                                                                                                                                                                                  



Fuel Processing Technology 253 (2024) 108008

9

based on KOH as hydrogen bond acceptor and monoethanolamine 
(MEA) as hydrogen bond donor (KOH:MEA (1:2)). As a case of homo
geneous catalysis, it considered power-law model of first partial order 
with respect to each component as well as reversible reaction to yield GC 
and irreversible to yield glycidol [97]. 

Esteban et al. have worked very extensively on the production of GC 
through the transesterification of Gly with different OCs, focusing on the 
use of homogeneous catalysts and the progress of the reaction. Despite 
the reaction of Gly with DMC and EC having been reported long before, 
there had been no mention of the limited miscibility between Gly and 
these components. They observed that, as the reactions progressed and 
GC and either MeOH or ethylene glycol (EG) were produced, they acted 
as cosolvents between Gly and the OC, up to a point where there was no 
longer a biphasic reacting system, but only a single phase. By artificially 
adding the reaction products in inert systems (i.e. in the absence of 
catalyst), detailed liquid-liquid equilibria (LLE) studies were made to 
determine the composition of the systems at which the transition, which 
were to compositions of the systems corresponding to approximately 
30% of conversion of Gly in systems with 3:1 M ratio of DMC:Gly and EC: 
Gly [98,99]. This was validated in kinetic studies in which the evolution 
of the reacting dispersion of DMC with Gly [100] or EC with Gly [101] 
were assessed by chemical analysis (HPLC) and optically by focused 
beam reflectance measurement to visualize the disappearance of the 
biphasic system. As Fig. 5 shows, no droplets were observed at the 
aforementioned conversion value. This realization led to the develop
ment of kinetic models for homogenous catalysts like K2CO3, which is 
only soluble in Gly and not in DMC. The model was based on power-law 
equations divided into two parts, the first of which were of first order for 
Gly and zero order with respect to the concentration of DMC since the 
reaction only took place in the Gly-rich phase [100]. Once the reaction is 
in a single phase, the model switched to a first order also with respect to 
DMC. Although simpler alternatives disregarding this phase behaviour 
were tested, model discrimination through information criteria proved 
for this model to adequately represent the reaction progress for the 
transesterification of Gly with DMC [100] and with EC [101] catalysed 
by K2CO3 as well as with CH3OK [102]. Interestingly, the miscibility 
between Gly and cyclic OCs was also studied as a function of tempera
ture, and it was found that the mixtures of Gly with EC, propylene 
carbonate (PC) and butylene carbonate (BC) exhibited thermomorphic 
behaviour achieving an upper critical solution temperature (UCST), 
beyond which the systems would turn monophasic [103,104]. Deter
mination of such UCST would allow operation in the absence of external 
mass transfer limitations caused by the presence of two liquid phases 
without having to use excessive agitation rates. In this way, the reaction 
with EC was studied in the absence of catalyst between at higher tem
peratures than the UCST, leading to a power-law model of first partial 
order with respect to the concentrations of Gly and EC only with direct 
reaction with Ea of 61.82 kJ mol− 1 [103]. In the case of the reaction of 
Gly with PC and BC, Na2CO3 was used as basic catalyst. The models 
developed were based on direct reactions described by power-law 
equations of first order with respect to Gly and each of the OCs. A 
deactivation constant was considered in this case considering that no 
complete conversion of Gly was observed and this was expected ac
cording to other thermodynamic studies with other OCs, reaching values 
of 0.14 and 0.39 min− 1 [104]. 

Considering the immiscibility of Gly with OCs, an interesting way 
forward to intensify these reactions would be to devise less energy 
intensive mixing strategies in reactors than mechanical stirring. This 
could entail the use of ultrasound or designing reactors where mixing 
occurs thanks to alternative designs as is the case of static mixer reactors 
(Fig. 6) [105]. 

4.2. Acetals and ketals 

Gly acetals are oxygenate products that have been extensively used 
as fuel additives owing to the improvement of certain performance Ta
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parameters. In addition, solketal (Slk), the most common acetal, has also 
been used as green solvents, as plasticizer in food and pharmaceutical 
formulations or as building block for active pharmaceutical ingredients 
[106]. Acetals originate from the reaction of the hydroxyl group of an 
alcohol with a carbonyl moiety, which could be from an aldehyde or a 
ketone. In the latter case, they are referred to as ketals. This is an 
equilibrium reaction that initiates in the presence of an acidic medium 
and release H2O as a by-product. In the particular case of Gly acetali
sation, it could be summarized by the following steps: (1) nucleophilic 
attack on the carbonyl group; (2) the proton supplied by the catalyst 
adds to the hydroxyl group; (3) a H2O molecule is released and (4) 
intramolecular cyclation leading to the acetal and catalyst regeneration, 
which could lead to a 5 (step 4a) or 6-membered ring (step 4b). The 
latter isomer, also referred to as dioxane form is normally less stable and 
the vast majority of the works report selectivities clearly favoured to
wards the 5-membered ring (dioxolane). Fig. 7 shows the general 
mechanism. 

Acetalisation reactions occur in liquid phase atmospheric pressure 
and typically require mild temperatures, in some cases being performed 
even at temperatures as low as 298 K, although some authors reach 
higher temperatures, which are determined by the boiling point of the 
corresponding ketones or aldehydes. To overcome the thermodynamic 
limitations of the acetalisation reaction, it is quite common to use a large 
stoichiometric excess of the aldehyde or ketone with respect to the 
alcohol. The equilibrium of the reaction has been studied in detail for the 
case of the production of Slk. A recent work compiled available exper

imental data and estimated enthalpies 
(

ΔH0
f

)
, entropies 

(
S0

f

)
and 

Gibb’s free energy 
(

ΔG0
f

)
of formation of Gly, Slk, Acetone and H2O by 

the use of group contribution methods. With this information, they 
reached a value of ΔH0

rxn of − 6.43 kJ mol− 1, indicating an exothermic 
reaction and a ΔG0

rxn of 3.36 kJ mol− 1 (positive, hence not spontaneous) 
leading to a value of the equilibrium constant Keq of 0.2577 [107]. This 

value was compared with previously reported values of experimental 
work, where two cases showed negative values of ΔG0

rxn [106,108] and 
other three cases reported positive values [109–111]. In addition, a 
van’t Hoff type equation is given to show the estimated dependence of 
Keq as a function of temperature [107]. The thermodynamics of the 
production of Gly ethyl acetal by acealisation of Gly with acetaldehyde 
was also reported, indicating the values of ΔH0

f and ΔG0
f for the com

pounds involved. In this case, ΔH0
rxn was reported to be − 8.77 kJ mol− 1 

and ΔG0
rxn had a value of − 12.3 kJ mol− 1, indicating an exothermic and 

spontaneous reaction. Likewise, the dependence of Keq with T is pro
vided [112]. 

In addition to these reaction equilibrium considerations, as in the 
case described for the production of GC, Gly shows limited miscibility 
with aldehydes and ketones at the start of the reaction prior to the 
generation of the products, with the LLE for Gly +Ac + Slk having been 
studied in detail [113]. However, no consideration of this phase tran
sition has been made in any of the models reported in literature, mostly 
because studies have mostly been conducted using heterogeneous 
catalysts. 

Table 6 displays a summary of the most relevant information ob
tained from kinetic studies for the production of different Gly acetals. A 
common thread of many of these works is the consideration of an 
analysis of the effect of stirring and/or particle size to assess that the 
studies were being performed in the absence of mass transfer limitations. 

Acetalisation of Gly with formaldehyde has been studied with 
Amberlyst 47 as catalyst in a stirred tank reactor [114], realizing that 
conversions of Gly of only about 50% could be achieved at 353 K with an 
equimolar ratio of reactants. The kinetic model proposed was based on a 
power-law model of first order with respect to the concentrations of 
reactants (Gly being formally analysed) or products for the direct and 
reverse reactions, respectively, with apparent Ea values of 59.1 and 
46.3 kJ mol− 1 [114]. Another effort with formaldehyde used Amberlyst 
15 [115]. In this case, the work very notably approached the philosophy 

Fig. 4. General mechanism for the production of glycerol carbonate via transesterification of glycerol with an organic carbonate in the presence of a basic catalyst. 
The dashed lines represent the presence of a bond if transesterification occurs in the presence of cyclic carbonates, which would yield a glycol as by-product. 
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of process intensification through the use of reactive distillation as a 
strategy to remove both products and enhance the limited equilibrium 
position, for which toluene was used as an entrainer. For the kinetic 
model, the authors make use of a rate equation for the direct and reverse 
based on the activities of the reactants and products, whose coefficients 
are estimated by UNIQUAC. The estimated Ea for the forward reaction 
and backward reaction were similar to the previously mentioned study. 
This work also included process simulation efforts to estimate the utility 
cost in the reactive distillation column, of great relevance for process 
designs and technoeconomic analysis [115]. 

Acetalisation with acetaldehyde has also been reported. Following a 
very similar approach to their study with formaldehyde [114], these 

authors also performed the reaction with acetaldehyde [116]. They 
realized that, at 303 K, using an excess of Gly with respect to this alde
hyde (molar ratio of 1:1 and above) did not cause any thermodynamic 
limitations, which enabled them to model the reaction with a simple 
power-law rate equation disregarding the reversible reaction [116]. This 
is not consistent with a different thermodynamic at a similar tempera
ture of 313 K, where a ratio of Gly to acetaldehyde 1:1 provided an 
approximate Gly conversion of 90% [112]. In this study, apart from the 
thermodynamic analysis, the kinetics of the reaction were studied with 
Amberlyst 15. In their model, even though the authors discarded 
external mass transfer limitations, internal diffusion within the ion ex
change resin (IER) pores was considered through a mass balance for the 
bulk and intraparticle fluid that featured an effective internal diffusion 
coefficient. This consideration was applied to a power-law pseudoho
momogeneous (PH) and a LHHW model and the fitting of the model was 
compared to neglecting such internal diffusion. After model discrimi
nation, the LHHW model with consideration of internal diffusion gave 
the best results, with an Ea of 77.7 kJ mol− 1 and 0.345 dm3 mol− 1 for the 
water adsorption constant 

(
Ka,H2O

)
[112]. The kinetics of the reaction 

with longer-chain aldehydes like butyraldehyde has also been analysed 
[117]. In this case, again Amberlyst 47 was used and a PH model 
considering the forward and backwards reaction following a similar 
approach to what the same authors reported for the acetalisation with 
formaldehyde and acetaldehyde [117]. 

Regarding kinetic studies for the formation of Gly ketals, thus far 
only studies of the reaction to yield Slk have been reported, possibly 
owing the interest that using acetone as reactant attracts. Most of these 
studies have been performed using either IERs or zeolites as catalyst, 
with a notable variety in the models considered. 

Xu et al. [108] were the first to report the kinetics of Slk production, 
for which they used Amberlyst 35 to catalyse the reaction between Gly 
and acetone, to which ethanol was added as cosolvent to prevent limi
tations caused by the immiscibility of the two components at the initial 
stages of the reaction. With the consideration of the study of the ther
modynamic equilibrium, where Keq was obtained as a function of tem
perature, a LHHW model was put forward where the surface reaction for 
the formation of H2O, by-product of the reaction, would be the rate- 
limiting step. This leads to an equation that considers the adsorption 
constant of H2O in addition to the intrinsic reaction constant, which, 
represented by Arrhenius-type equations, lead to values of Ea of 
55.6 kJ mol− 1 and ΔHa of − 64.7 kJ mol− 1 [108]. Esteban et al. [118] 
made catalyst screening settling for Lewatit GF101 after observation of 
its performance in a solventless operation. When contemplating a sta
tistical discrimination analysis for different assumptions of PH, LHHW 
and ER based models were proposed. For the latter two types, a common 
thread with previous works is the assumption of H2O as the only com
pound adsorbing onto the surface of the catalyst, which is a usual 
consideration when using IER. After correlation of 12 different models 
and statistical analysis based on goodness of fit and information criteria, 
the conclusion was that the data were best described with an ER model 
of zero order with respect to the reactant species (owing to their excess 

Fig. 5. Evolution of the number of droplets of the reacting dispersion of DMC 
and Gly at different initial molar ratios of DMC:Gly (M) and correspondence to 
the liquid-liquid equilibrium of the quaternary system including the products. 
Reproduced by permission of Elsevier publishing [100]. 

Fig. 6. Schematic representation of a static mixer reactor. Based on the original figure by Vorholt et al. [105].  
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and constant value at the surface) and first order for the products for the 
reverse reaction [118]. Rodrigues et al. [109] conducted a catalyst and 
solvent screening for the production of Slk, settling for Amberlyst 35 in 
the presence of ethanol to enhance productivity. Similarly to their study 
for the acetalisation of Gly with acetaldehyde [112], they performed a 
thermodynamic study of the reaction and assumed internal diffusion in 
their study, which they incorporated into PH, ER and LHHW models. 
The results revealed that the latter is the most adequate, a value of 14.4 
for the adsorption constant of H2O (Ka,H2O), given at a constant tem
perature [109]. 

Last, a power-law PH model was also found appropriate to describe 
the reaction despite the use of heterogeneous catalysts. For the reaction 
catalysed by zeolite H-BEA, a kinetic analysis was made based on the 
correlation of data with an inverse stochastic routine known as random 
restricted window and a fractional factorial design to identify the best 
stirring rate (ω = 700 rpm), T (313–353 K), catalyst amount (5%) and 
MR of Acetone:Gly (4:1). With a power-law model, the forward Ea was 
44.77 kJ mol− 1 and that for the reverse reaction was 41.40 kJ mol− 1, 
which are significantly lower values than in other cases [119]. Using 
Purolite CT-275 as catalyst, a lab scale and a scaled-up reaction study 
was made, validating the reaction kinetics for both as well as the reac
tion thermodynamics. A power-law model was tested together with 
others based on the assumption of ER and LHHW mechanisms. The 
former gave the best fit and was validated, also for scaled-up operation, 
although in this article the authors fail to provide details about the ER 
and LHHW and the values obtained for the adsorption constants and for 
which particular components they were assumed [106]. 

In terms of process intensification, here novel mixing strategies could 
be an option, such as the aforementioned potential use of ultrasound or 
static mixers. In addition, to overcome the thermodynamic limitations of 
the reaction, the use of hybrid operations would be key to remove water 
as by-product and enhance the equilibrium position. These could 
include using pervaporation membranes [120] or reacting distillation 

devices, which can effectively separate the product directly, as shown in 
Fig. 8 [121]. Another alternative to shift the reaction towards the 
products on a more localized level would be to modify the surface of 
heterogeneous catalysts to confer them a certain level of hydrophobicity 
[122]. In this way, water could be removed from the active sites as it is 
produced, which is oftentimes problematic due to its high affinity to 
active sites in materials like IER. These approaches are also applicable to 
the subsequent esterification and etherification reactions, which show 
similar characteristics in terms of thermodynamic limitations. 

4.3. Esters 

The esterification of Gly with organic acids leads to a wide range of 
products with applications such as fuel additives, solvents, plasticizers, 
food additives and pharmaceuticals [123]. The reaction is acid- 
catalysed and occurs in three steps where monoglycerides (MGs), di
glycerides (DGs) and triglycerides (TGs) are generated along with water 
as a by-product, as shown in Fig. 9. The three steps are in equilibrium 
and thus makes the reaction thermodynamically limited. 

Consequently, reaction conditions such as molar ratio (MR) and 
temperature (T) affect product yields and distribution. Apart from the 
obvious positive effect of temperature on reaction rates, strategies to 
shift the equilibrium towards the products must be followed. It was 
observed that a molar excess of acid had a greater impact on equilibrium 
compared to temperature [124,125]. Additionally, it was observed 
water removal leads to higher conversions due to the suppression of the 
reverse reactions [126], which leads to logically think that in situ water 
removal would be a very interesting approach to overcome thermody
namic limitations. In relation with thermodynamics, to investigate the 
effect of water in the esterification of ibuprofen and Gly with Candida 
antarctica lipase B (CALB), an open system where water is removed and a 
closed system in which water remains in the reaction mixture were 
studied. In the former, no enzymatic inhibition by water occurred and 

Fig. 7. General mechanism for the production of glycerol acetals by reaction with aldehydes or ketones in the presence of an acid catalyst.  
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Table 6 
Summary of the most relevant aspects of kinetic studies for the production of glycerol acetals.a, b, c, d  

Reactants and 
Catalyst 

Reaction conditionsa (Best) XGly/ 
Sel/Yieldb 

Kinetic rate type and equationc Kinetic parametersd Notes Ref. 

Gly + Formaldehyde 
Catalyst: 

Amberlyst 47 

T = 353–373 K 
MR = 1:3–1:1 
Catload = 5.0 wt% 
ω = 1250 rpm 
trxn ≈ 600–750 min 

Sacetals = 100% 
Power law (pseudo homogeneous): 
r = wk1CGlyCformaldehyde −

wk− 1CacetalCH2O 

Ea1 = 59.062 kJ mol− 1 

Ea− 1 = 46.301 kJ mol− 1 

k01 =

7463.6 L2 mol− 1 g− 1
cat min− 1 

k0− 1 =

34.5 L2 mol− 1 g− 1
cat min− 1 

– [114] 

Gly + Formaldehyde 
Catalyst: 

Amberlyst 15 

T = 333–353 K 
MR = 1:1–2:1 
Catload = 0–10 wt% 
ω = 1200 rpm 
trxn = 120 min 

XGly = 60% 
Power law (pseudo homogeneous): 
r = k1

(
aGLyaformaldehyde

)
−

k− 1(aacetalaH2O)

Ea1 = 39.05 kJ mol− 1 

Ea− 1 = 46.30 kJ mol− 1 

ln k01 = 18.53 
ln k0− 1 = 25.5 

Reactive distillation 
study. [115] 

Gly + acetaldehyde 
Catalyst: 

Amberlyst 15 

T = 303–358 K 
MR = 0.5:1–2:1 
Catload = 0.15–0.3 wt 
% 
ω = 500 rpm 
trxn ≈ 420 min 

XGly ≈ 90% 

LHHW: 
r =

k
CGlyCacetaldehyde − CacetalCH2O/Keq

(
1 + Ka,H2OCH2O + Ka,solventCsolvent

)2  

Ea = 77.7 kJ mol− 1 

k0 = 5.97×

108 dm6 mol− 1 g− 1
cat s− 1  

ΔG Keq = 12.95 kJ mol− 1  

Adsorption constants 
Ka,H2O = 0.345 dm3 mol− 1 

Ka,solvent = 0.106 dm3 mol− 1 

With solvent (dimethyl 
sulfoxide). Solvent’s 

adsorption is considered 
due to its strong polar 

nature. 

[112] 

Gly + acetaldehyde 
Catalyst: 

Amberlyst 47 

T = 283–313 K 
MR = 1:3–1:1 
Catload = 2 wt% 
ω = 700 rpm 
trxn ≈ 1560 min 

Sacetals = 100% 
Power law (first order): 
r = wkCacetaldehyde 

Ea = 55.4 kJ mol− 1 

ln k0 = 14.51 
Considered reaction is 

irreversible [116] 

Gly + Acetone 
Catalyst: 

Purolite CT275 

T = 298–323 K 
MR = 2:1–10:1 
Catload = 1–5 wt% 
ω = 250 rpm 
trxn = 320 min 

XGly = 93% 

Low range adsorption model (no 
adsorption occurs, n = 0): 

r = k
CGlyCacetone − CslkCH2O/Keq

(
1 + Ka,iCi

)n 

Ea = 39.78 kJ mol− 1 

k0 = 3.86×

103 L2 mol− 1 g− 1
cat min− 1  

ΔH Keq = − 6.605 kJ mol− 1 

ΔS Keq = −

20.72 J mol− 1 K− 1 

Solventless system. 
Detailed 

thermodynamic study. 
Low range adsorption 
model (n = 0 for the 

adsorption terms); i.e. 
pseudo homogeneous; 

although ER and LHHW 
tested 

[106] 

Gly + Acetone 
Catalyst: 

Amberlyst-35 

T = 293–323 K 
MR = 1.48:1–2.46:1 
Catload = 1% wt. of 
Gly 
ω = 700 rpm 
trxn = 300 min 

YSlk = 74% 
LHHW: 

r = k
CGlyCacetone − CSlkCH2O/KeqCGly

(
1 + Ka,H2OCH2O

)2  

Ea = 55.6 kJ mol− 1 

k0 = not available  

ΔH Keq = − 30.1 kJ mol− 1 

ΔS Keq = − 0.1 kJ mol− 1 K− 1 

ΔG Keq = − 2.1 kJ mol− 1  

Adsorption constants 
ΔHa,H2O = − 64.7 kJ mol− 1 

k0 Ka,H2O = not available 

Includes 
thermodynamic study. 

[108] 

Gly + Acetone 
Catalyst: 

Amberlyst 35 

T = 303–323 K 
MR = 0.5:1–2:1 
Catload = 0.25–0.5 wt 
% 
ω = 750 rpm 
trxn = 480 min 

XGly = 70% 
LHHW: 

r = k
aGlyaacetone − aSlkaH2O/Keq

(
1 + Ka,H2OaH2O

)2  

Ea = 69.0 kJ mol− 1 

k0 = 492 mol kg− 1
cat s− 1  

ΔH Keq = − 20.1 kJ mol− 1 

ΔG Keq = 1.4 kJ mol− 1  

Adsorption constants 
Ka,H2O = 14.4 

(value given as constant with T)

With solvent. 
Thermodynamic study. 
LHHW most adequate, 

although PH and ER also 
tested. 

Adsorption constant for 
water only. 

[109] 

Gly + Acetone 
Catalyst: Lewatit 

GF101 

T = 303–313 K 
MR = 3–12 
Catload = 0.5–1% wt. 
ω = 750 rpm 
trxn = 240 min 

YSlk = 96% 
ER: 

r =
k1Ccat − k− 1CcatCSlkCH2O

1 + Ka,H2OCH2O  

Ea1 = 124.0 kJ mol− 1 

Ea− 1 = 127.3 kJ mol− 1 

ln k01 = 44.14 
ln k0− 1 = 45.14  

Adsorption constants 
ΔHa,H2O = − 128.0 kJ mol− 1 

ln k0 Ka,H2O = 51.17 

Solventless system. 
Model discrimination 

with several alternatives 
of pseudo homogeneous, 
LHHW and ER models. 

Best fit model is ER 
model with reverse 

reaction and zero order 
for reactants. Only 

adsorption constant for 
water. 

[118] 

Gly + Acetone 
Catalyst: 

zeolite H-BEA 
(SAR 19) 

T = 313–353 K 
MR = 4:1 
Catload = 5 wt% of 
Gly 
ω = 700 rpm 
trxn = 180 min 

YSlk ≈ 76% 
Power law (Pseudo homogeneous): 
r = k1CGlyCacetone − k− 1CSlkCH2O 

Ea1 = 44.77 kJ mol− 1 

Ea− 1 = 41.40 kJ mol− 1 

ln k01 = 11.34* 

ln k0− 1 = 10.74* 

No LHHW or ER models 
contemplated. [119] 

(continued on next page) 
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Table 6 (continued ) 

Reactants and 
Catalyst 

Reaction conditionsa (Best) XGly/ 
Sel/Yieldb 

Kinetic rate type and equationc Kinetic parametersd Notes Ref. 

Gly + butyraldehyde 
Catalyst: 

Amberlyst 47 

T = 338–353 K 
MR = 1:3–1:1 
Catload = 0.5 wt% 
ω = 1000 rpm 
trxn ≈ 540 min 

Sacetals = 100% 
Power law (pseudo homogeneous): 
r = wk1CGlyCbutyraldehyde −

wk− 1CacetalCH2O 

Ea1 = 55.6 kJ mol− 1 

Ea− 1 = 115 kJ mol− 1 

k01 = 5.33×

105 L2 mol− 1 g− 1
cat min− 1 

k0− 1 = 2.67×

1012 L2 mol− 1 g− 1
cat min− 1 

– [117]  

a Reaction conditions used for kinetic studies. Temperature (T), aldehyde/ketone/ether to Gly molar ratio (MR), catalyst loading (Catload), stirring speed (ω), re
action time (trxn). 

b Best Gly conversion (XGly), selectivity (S) or yield (Y) with respect to solketal (Slk) or acetals, achieved at optimum operating conditions which are different than 
the reaction conditionsa for kinetic study presented in the table. 

c Rate of reaction (ri), forward reaction rate constant (kj), backward reaction rate constant (k− j), concentration (Ci), overall equilibrium constant (Keq), component 
adsorption equilibrium constant (Ka,i), component activity (ai), catalyst loading (w), concentration of catalyst (Ccat). i: components, j=reactions. Subscripts: Slk =
solketal. 

d Activation energy (Eaj), pre-exponential factor (k0j/k0− j), enthalpy of equilibrium constant (ΔH Keq), entropy of equilibrium constant (ΔS Keq), Gibbs free energy 
of equilibrium constant (ΔG Keq), enthalpy of component adsorption constant (ΔHa,i), pre-exponential factor of component adsorption constant (k0 Ka,i). Subscripts: i: 
components, j=reactions. *ln k0j obtained from Arrhenius plot provided, values taken as equal to the y-intercept of line equation.  

Fig. 8. Schematic diagram of a reactive distillation column for the production of Slk and the corresponding composition, conversion rate and temperature profiles in 
each stage. Edited figure for enhanced visibility reproduced with permission of ACS publishing [121]. 
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better yields to monoesters were achieved [127]. Another study showed 
that in a two-phase system in which the reaction occurs in the organic 
phase, the Gly phase aids in shifting the equilibrium towards the forward 
reaction [128]. This is because of Gly molecules having high polarity 
attract water generated during the reaction [128]. Similarly, in the 
esterification with benzoic acid with CALB, the hydrophilic nature of Gly 
led water away from the catalytic active sites to the liquid bulk [129]. 
Water separation from active sites can also be achieved by designing 
hydrophobic catalysts [130]. These studies point in the direction of the 
opportunity to devise further strategies to separate water from the 
medium. 

In addition to thermodynamic effects, the removal of water is also 
vital to avoid the deactivation of the catalyst due to poisoning. This is 
because the presence of water leads to leaching of the active sulphonic 
groups from the surface of the catalyst and encourages the accumulation 
of secondary products that are high in carbon content [68]. Such 
deactivation mechanisms are vital to consider in kinetic modelling as 
they can provide an outlook on catalyst stability [131] and thus can lead 
to the basis for designing deactivation resistant catalysts [68]. Okoye 
et al. [68] has provided several deactivation models that describe 
coking, sintering and poisoning. 

Table 7 highlights kinetic studies for Gly esterification reactions with 
different organic acids with homogeneous, heterogeneous, and enzy
matic catalysts featuring a wide array of models. In a study in which Gly 
reacts with acetic acid (ACA), LHHW based model was used but 
simplified to a pseudo-homogeneous first-order model to describe the 
reaction kinetics [125]. This is because resistance terms have been 
ignored due to the assumption that the reactants are weakly adsorbed on 
the catalyst surface. The concentration of the catalytic active sites are 
assumed constant due to large excess of ACA and, for the same reason, 
the backward reactions are ignored [125]. For the calculation of the rate 
constants, the effect of acid to Gly molar ratio (MR) along temperature 
was included [125]. The activation energies found for the production of 
MGs, DGs and TGs are 57.26 kJ mol− 1, 31.87 kJ mol− 1 and 
13.90 kJ mol− 1, respectively [125]. 

Furthermore, a quasi-homogeneous fist-order model was developed 
for the same reaction (Gly and ACA) using NKC-9 catalyst [132]. Both 
forward and backwards reactions were considered, and the Ea values 
found ranged between 19.33 and 65.58 kJ mol− 1. The model was vali
dated and implemented to investigate reactive distillation as a process 
intensification approach for the reaction to attain high Gly conversion 
and TGs yield [132]. Moreover, pseudo-homogeneous first order kinetic 
equations were also found suitable for a reaction between Gly and hy
drogenated rosin using subcritical CO2-enriched high temperature 
compressed water (HTCW) as catalyst .This is due to the presence of 
excess Gly and thus its concentration can be assumed to be constant 
[133]. The Ea for the production of MGs, DGs and TGs are in the same 

order as the studies mentioned before [133]. 
Ladero et al. [127,129] have made significant efforts in modelling 

the kinetics of enzyme catalysed Gly esterification. Using CALB to ca
talyse the esterification with ibuprofen in a system where water is 
eliminated (open system), the suitable kinetic model is an irreversible 
hyperbolic model with pseudo-zero order for Gly considering its excess 
[127]. Nevertheless, when considering that the water generated remains 
in the reaction mixture (closed system), a reversible Michaelis-Menten 
model with pseudo-first order for ibuprofen and monoester was found 
to be the most suitable [127]. The difference observed in the Ea for both 
systems went from 58 kJ mol− 1 to as little as 14–45 kJ mol− 1 [127]. In 
the study of the esterification with benzoic acid using the same enzyme, 
it was found that a Michaelis–Menten model with partial one-step 
deactivation took place, hence accounting for the dynamic decrease of 
activity, which was allocated to the presence of benzoic acid [129]. The 
Ea of the reaction is 45.4 kJ mol− 1, while the Ea for deactivation are 
76.1–134 kJ mol− 1 [129]. A low Ea value (41.5 kJ mol− 1) was also ob
tained for the ultrasound assisted esterification of Gly and caprylic acid 
using the enzyme Lipase- Candida antarctica described by a second order 
power-law model [134]. 

Likewise, Ladero et al. [135] have also studied esterification with 
homogeneous catalysts, incorporating their deactivation in the models. 
When investigating the system in the presence of PTSA, the system can 
be described in two consecutive esterification reactions with partial first 
order with respect to the reactants and a first order reaction for the 
deactivation of the catalyst [135]. Similarly, this modelling approach 
was applied to the reaction of Gly and p-methoxycinnamic acid, with 
deactivation of the catalyst being ascribed to the acid molecules leach
ing the catalyst surface [130]. Based on this model, the Ea of the re
actions are 87.33 kJ mol− 1 and 69.17 kJ mol− 1, while deactivation has 
an Ea of 104 kJ mol− 1. 

In another study using HSO3SBA-15 as catalyst, the esterification 
with lauric acid was modelled as parallel reactions where Gly underwent 
mono-, di- or tri- substitution, where such reactions were described as 
irreversible [126] . This unusual consideration was taken because the 
yield of MG did not decrease over time, indicating that the generation of 
DG and MG occurred due to Gly molecules taking part in the reaction 
instead of the glycerides (MG and DG). The kinetic model was concluded 
to be a second order model with respect to Gly and lauric acid [126]. The 
value of Ea for MGs formation is 42 kJ mol− 1, which is lower than the 
51 kJ mol− 1 estimated when using zinc carboxylates as catalyst. The 
difference is expected to be due to the structural properties of the 
catalyst (high surface area and mesoporous structure), which led bulky 
lauric acid molecules to better access catalytic sites [126]. 

Furthermore, certain systems investigated are biphasic, as is the case 
of esterification with oleic acid, where Gly and oleic acid are only 
partially miscible. It was observed that the reaction takes place in the 
oleic acid phase and the presence of a separate Gly phase affects product 
distribution. The catalyst (ZnO/zeolite) has a greater affinity to the 
organic (i.e oleic) phase due to its hydrophobicity [128]. The kinetic 
model combines both series and parallel irreversible reactions, the latter 
due to the removal of water from the organic phase. To develop the 
model, it was assumed that the solubility of Gly in oleic phase is constant 
whilst neglecting the production of TG, reaching Ea ranging between 
45.0 and 66.0 kJ mol− 1 [128]. The esterification of Gly with rosin also 
forms two phases [136]. It was found that for an uncatalyzed reaction, a 
hyperbolic model describes that the reaction behaves as a first order 
reaction initially but evolves to a second order at the end of the reaction 
[136]. Upon model discrimination with other alternatives, this model 
showed the best kinetics of the reaction, also accounting for the segre
gated phases and the limited solubility of Gly in rosin. This effect is 
particularly relevant at the start of the reaction, where the local con
centration of Gly in the non-polar phase can be assumed constant. 
However, once the reaction proceeds, both reagents are in the same 
phase taking part in the reaction and thus a second order model becomes 
more fitted, similarly to the cases discussed for Gly carbonate in 

Fig. 9. Reaction scheme of the three in-series steps of the esterification of 
glycerol with organic acids. 
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Table 7 
Summary of the most relevant aspects of kinetic studies for the production of glycerol esters.  

Reactants and Catalyst Reaction conditionsa (Best) XGly/Sel/ 
Yieldb 

Kinetic rate type and equationsc Kinetic parametersd Notes Ref. 

Gly + ACA 
Catalyst: 

Amberlyst 15 

T = 353–383 K 
MR = 3:1–9:1 
Catload = 2.645 g 
ω = 1100 rpm 
trxn = 300 min 

SDG = 47.7% 
STG = 44.5% 

LHHW (simplified to pseudo homogeneous first order): 
− rGly = k1CGly 

rMG = k1CGly − k2CMG 

rDG = k2CMG − k3CDG 

Ea1 = 57.26 kJ mol− 1 

Ea2 = 31.87 kJ mol− 1 

Ea3 = 13.90 kJ mol− 1 

k01 = 2.07× 106 × MR0.274 

k02 = 18.66× MR1.82 

k03 = 1.16× MR− 0.474 

It is assumed the components are 
weakly adsorbed and thus resistance 

term of LHHW is negligible. 
Model is based on pseudo 

homogeneous first order reactions 
occurring in series. 

[125] 

Gly + ACA 
Catalyst: 
NKC-9 

T = 338–368 K 
MR = 3:1 
Catload = 2.8 g 
ω = 1250 
trxn = 460 min 

YMG = 50% 
YDG = 35% 
YTG = 5% 

Power-law (quasi-homogeneous 
fist-order): 
rMG = k1CGlyCacid − k− 1CMGCH2O − k2CMGCacid +

k− 2CDGCH2O 

rDG = k2CMGCacid − k− 2CDGCH2O − k3CDGCacid +

k− 3CTGCH2O 

rTG = k3CDGCacid − k− 3CTGCH2O 

Ea1 = 50.656 kJ mol− 1 

Ea− 1 = 64.554 kJ mol− 1 

Ea2 = 46.030 kJ mol− 1 

Ea− 2 = 19.333 kJ mol− 1 

Ea3 = 65.575 kJ mol− 1 

Ea− 3 = 22.270 kJ mol− 1 

k01 = 753.61 L mol− 1 s− 1 

k0− 1 = 216.53 L mol− 1 s− 1 

k02 = 136.22 L mol− 1 s− 1 

k0− 2 = 14.88× 10− 4 L mol− 1 s− 1 

k03 = 29.33× 105 L mol− 1 s− 1 

k0− 3 = 19.31 L mol− 1 s− 1 

Reactive distillation study. [132] 

Gly + ACA 
Catalyst: 

Purolite CT-275 

T = 343–383 K 
MR = 4:1–9:1 
Catload = 0.065 g/gGly 

ω = 1000 rpm 
trxn = 350 min 

YDG = 56% 
YTG = 30% 

LHHW: 

rMG =

k1

(
aGlyaacid −

aMGaH2O

Keq1

)

(
1 +

∑
iKa,iai

)2 

rDG =

k2

(
aMGaacid −

aDGaH2O

Keq2

)

(
1 +

∑
iKa,iai

)2 

rTG =

k3

(
aDGaacid −

aTGaH2O

Keq3

)

(

1 +
∑

i
Ka,iai

)2  

Where: 
∑

i
Ka,iai ≅ Ka,H2OaH2O + Ka,GlyaGly + Ka,acidaacid 

Ea1/R = 7650 K 
Ea2/R = 3198 K 
Ea3/R = 3030 K 

k01 = 0.0162 kmol (kg s) − 1 
k02 = 0.0118 kmol (kg s) − 1 
k03 = 0.003 kmol (kg s) − 1  

ΔG Keq1 = − 5.118 kJ mol− 1 

ΔG Keq2 = − 0.961 kJ mol− 1 

ΔG Keq3 = − 3.371 kJ mol− 1  

Adsorbtion constants 
Ka,Gly = 5.4 
Ka,acid = 2.5 

Ka,H2O = 10.0 

Model considers non-ideal behaviour 
of the components. 

Uses liquid phase activities in rate 
equations (aJ). 

[138] 

Gly + ACA 
Catalyst: 

Dowex 650C 

T = 353–393 K 
MR = 3:1–9:1 
Catload = 4 and 8 wt% 
ω = 500 rpm 
trxn = 360 min 

SMG = 11% 
SDG = 52% 
STG = 37% 

ER model: 
rMG = kxCGlyKa,acidCacidCFS − k− xKa,MGCMGCH2OCFS 

rDG = kyCMGKa,acidCacidCFS − k− yKa,DGCDGCH2OCFS 

rTG = kzCDGKa,acidCacidCFS − k− zKa,TGCTGCH2OCFS 

Where: 

k− x =
kxCEq

GlyKa,acidCEq
acid

Ka,MGCEq
MGCEq

W  

k− y =
kyCEq

MGKa,acidCEq
acid

Ka,DGCEq
DGCEq

W  

k− z =
kzCEq

DGKa,acidCEq
acid

Ka,TGCEq
TGCEq

W  

k1 = kxKa,acidCTS 

k2 = kyKa,acidCTS 

Ea1/R = 5550 K 
Ea2/R = 5838 K 
Ea3/R = 5893 K 

k01 = 9.31 ml2 mmol− 1 mol− 1 s− 1 

k02 = 3.07 ml2 mmol− 1 mol− 1 s− 1 

k03 = 0.24 ml2 mmol− 1 mol− 1 s− 1  

Adsorbtion constants 
ΔHa,Gly/R = − 5933 K 
ΔHa,H2O/R = − 1442 K 
k0 Ka,Gly = 417 ml mol− 1 

k0 Ka,H2O = 570 ml mol− 1 

Power law and LHHW models were 
also developed, but ER fits 

experimental data best. 
[139] 

(continued on next page) 
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Table 7 (continued ) 

Reactants and Catalyst Reaction conditionsa (Best) XGly/Sel/ 
Yieldb 

Kinetic rate type and equationsc Kinetic parametersd Notes Ref. 

k3 = kzKa,acidCTS 

CFS =
CTS

1 + Ka,GlyCGly + Ka,H2OCH2O 

Gly + ACA 
Catalyst: 

3%Y/SBA-3 

T = 373–393 K 
MR = 4:1 
Catload = 0.40 g 
ω = 350 rpm 
trxn = 150 min 

SDG = 34% 
STG = 55% 

Pseudo-first order (overall reaction): 
− rGly = k1CGlyC9

acid − k− 1CMGCDGCTG  

LHHW (for r.d.s): 
rr.d.s =

C2
FS

CTS

(

Ka,GlyKa,acidCGlyCacid −
kdes(CMG + CDG + CTG)

Keq,surface rxn

)

Pseudo-first order (overall 
reaction): 

Ea1 = 21.54 kJ mol− 1 

k01 = 0.883× 103 min− 1 

Keq,1 = 1.17 
Parameters and eqautions are 

provided for surface reaction rate 
equation (rr.d.s)

In LHHW model, surface reaction is the 
r.d.s. Water concertation is ignored in 

model. 
[140] 

Gly + benzoic acid 
Catalyst: 

CALB 

T = 323–343 K 
MR = not available 
Cacid_feed = 20–60 g L− 1 

Catload = 30 g L− 1 

ω = 450 rpm 
trxn ≈ 2880 min 

Xacid ≈ 92% 

Michaelis-Menten model with partial deactivation: 
dCMG

dt
= −

dCacid

dt
=

k2Ccatacat,RCacid

KMMC + Cacid 

acat,R =
Ccat + C*

cat β
Ccat0 

dCcat

dt
= −

dC*
cat

dt
= − kd1Ccat − kd2CcatCm

acid  

acat,R is residual catalyst activity 
β describes the activity of partially deactivated catalyst 

relative to initial activity 

m = 3.09 
Ea2 = 45.5 kJ mol− 1 

Ead1 = 76.1 kJ mol− 1 

Ead2 = 134 kJ mol− 1 

Eaβ = − 206 kJ mol− 1 

KMMC = 0.427 mol L− 1 

ln k02 = 5.46 
ln k0d1 = 24.3 
ln k0d2 = 49.2 

ln k0β = − 77.5 

Solventless system. Excess Gly used.  
[129] 

Gly + caprylic acid 
Catalyst: 

Lipase-Candida antarctica 

T = 303–353 K 
MR = 4:1 
Catload = not available 
ω = not available 
trxn = 480 min 

Yester = 94.8% 
Power-law (second order): 
− rGly = kC2

GLy 

Ea = 41.5 kJ mol− 1 

k0 = 1.17 L mol− 1 min− 1 

Uses ultrasound assisted 
intensification (optimum frequency is 

20 kHz). 
[134] 

Gly + cinnamic acid and 
Gly + p- Methoxy 

cinnamic acid 
Catalyst: 

PTSA 

T = 413–433 K 
(cinnamic acid experiments) 
T = 423–443 K (p- Methoxy 
cinnamic acid experiments) 
MR =1:3–1:9 
Catload = not available 
ω: 250 rpm 
trxn = 300 min 

SMG = 91% 
SDG = 9% 

Power law: 
rMG = k1CcatCGlyCacid 

rDG = k2CcatCMGCacid 
rcat,deactivation = k3Ccat 

Cinnamic acid 
Ea1/R = 4880 K 
Ea2/R = 5160 K 
Ea3/R = 4230 K 

ln k01 = 5.3 
ln k02 = 5.4 
ln k03 = 6.2  

p − Methoxy cinnamic acid 
Ea1/R = 7790 K 
Ea2/R = 5010 K 

Ea3/R = 11,900 K 
ln k01 = 12.8 
ln k02 = 5.6 
ln k03 = 24.7 

Model discrimination. 
Model consists of two reactions in 
series with partial first order with 
respect to reactants and first-order 

deactivation of catalyst. 

[135] 

Gly + cinnamic acid and 
Gly + p- Methoxy cinnamic 

acid 
Catalyst: 

None 

T = 423–473 K 
MR =1:3–1:9 
Catload = None 
ω = 250 rpm 
trxn ≈ 700–7500 min 

SMG = 80–90% 

Power law: 
rMG = k1CGlyCacid 

rDG = k2CMGCacid 
rMG = k3CGlyCDG 

rDG = k4C2
MG 

Cinnamic acid 
Ea1/R = 9623 K 
Ea2/R = 9739 K 

Ea3/R = 15,702 K 
Ea4/R = 26,154 K 

ln k01 = 13.3 
ln k02 = 14.8 
ln k03 = 26.2 
ln k04 = 47.2  

p − Methoxy cinnamic acid 
Ea1/R = 11,139 K 

Model considers esterification, 
reversible glycerolysis and 

disproportionation reactions. 
[137] 

(continued on next page) 
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Table 7 (continued ) 

Reactants and Catalyst Reaction conditionsa (Best) XGly/Sel/ 
Yieldb 

Kinetic rate type and equationsc Kinetic parametersd Notes Ref. 

Ea2/R = 10,362 K 
Ea3/R = 14,978 K 
Ea4/R = 17,802 K 

ln k01 = 16.6 
ln k02 = 16.4 
ln k03 = 24.8 
ln k04 = 29.2 

Gly + p-methoxy cinnamic 
acid 

Catalyst: 
Mesopo-S-phenyl- 

endSO3H (Ipr) 

T = 423–443 K 
MR = 1:3–1:9 
Catload = 1.2 mol% of acid 
ω = 250 rpm 
trxn = 60 min 

YMG ≈ >80%* 

Power law: 
racid = − k1CCatCGlyCacid − k2CCatCMGCacid 

rMG = − k1CCatCGlyCacid − k2CCatCMGCAcid 

rDG = k2CCatCMGCacid 
rGly = − k1CCatCGlyCacid 

rcat = − kdCcat 

Ea1 = 87.33 kJ mol− 1 

Ea2 = 69.17 kJ mol− 1 

Ead = 104.00 kJ mol− 1 

ln k01 = 17.80 
ln k02 = 11.80 
ln k0d = 26.00 

Model discrimination. 
Model consists of two reactions in 
series and single-step first-order 

deactivation of the catalyst. 

[130] 

Gly + lauric acid 
Catalyst: 

HSO3 SBA-15 

T = 413–433 K 
MR = 1:4 
Catload = 5 wt% 
ω = 750 rpm 
trxn = 420 min 

SMG ≈ 70% Power law (second order model): 
− racid = kCGlyCacid 

Ea = 42 kJ mol− 1 

k0 = 655 mol
(
L gcat h

)− 1 
Model only considers the formation of 

MGs from Gly. 
[126] 

Gly + ibuprofen 
(Open system) 

Catalyst: 
CALB 

T = 323–353 K 
MR = not available 
Cacid_feed = 20–100 g L− 1 

Catload = 2 g L− 1 

VR (Gly/Tol) = 20:5 
ω =720 rpm 
trxn = 480 min 

YMG ≈ 96% 
Irreversible hyperbolic model: 

rMG =
k1Cacid

1 + Keq,acidCacid 

Ea1/R = 6812 K 
ln k01 = 15.09 

Keq,acid = 0.68 mol L− 1 

Biphasic medium. Ping–pong bi–bi 
mechanisms. 

Open system means water is constantly 
removed using toluene. 

Model is pseudo-zero order for Gly. 

[127] 

Gly + ibuprofen 
(Closed system) 

Catalyst: 
CALB 

T = 323–353 K 
MR = not available 
Cacid_feed = 20–100 g L− 1 

Catload = 2 g L− 1 

VR (Gly/Tol) = 20:5 
ω = 720 rpm 
trxn = 1380 min 

YMG ≈ 96% 
Reversible Michaelis–Menten model: 

rMG =
k1Cacid − k2CMG

1 + Keq,acidCacid + Keq,MGCMG 

Ea1/R = 5274 K 
Ea2/R = 2468 K 
ln k01 = 11.42 
ln k02 = 2.30 

Keq,acid = 0.86 mol L− 1 

Keq,MG = 16.92 mol L− 1 

Biphasic medium. Ping–pong bi–bi 
mechanisms. 

Closed system means water stays in 
system. Model considers zero order for 

Gly and H2O. 

[127] 

Gly + oleic acid 
Catalyst: 

ZnO/zeolite 

T = 413–433 K 
MR =1:2–1:6 
Catload = 0.5 wt% 
ω = 700 rpm 
trxn = 360 min 

SMG=

70–80% 

Power law (using solubilities): 
rMG = k1xGlyxacid − k2xGlyxMG 

rDG = k3xGlyx2
acid + k2xGlyxMG  

xGly is a constant describing solubility of Gly in acid. 

Ea1 = 45.0 kJ mol− 1 

Ea2 = 66.0 kJ mol− 1 

Ea3 = 52.9 kJ mol− 1 

k01 = 240053.7 kmol min− 1 L− 1 

k02 = 21285844 kmol min− 1 L− 1 

k03 = 390003.1 kmol min− 1 L− 1 

Water removal investigated, but not 
considered in the model. Model 

consists of a combination of series and 
parallel irreversible reactions. 

[128] 

Gly + oleic acid 
Catalyst: 

Amberlyst 36 
(USIRW reactor) 

T = 333–353 K 
MR = 1:3–1:5 
Catload = 0.004–0.006 g mL− 1 

ω = 700 rpm 
trxn = 30 min 

SMG = 93% 

LHHW (catalytic reactions):  

− racid,LHHW =
k1
(
Ka,acidCacidKa,GlyCgly

)

(1 + Ka,acidCacid + Ka,GlyCGly
+Ka,MGCMG)

2  

Power-law (noncatalytic reactions): 
− racid,noncatalytic = k2Cm

acidCn
Gly  

Overall reaction rate equation: 
− racid,overall = − racid,LHHW + − racid,noncatalytic 

Ea = 8.520 kJ mol− 1  

Kinetic constant (kj) and adsorption 
constants (Ka,i) are provided at 

different temperatures. 

ER model also developed, but LHHW 
model fits best. Noncatalytic route 

improved data fitting thus considered 
in final model. 

[141] 

Gly + hydrogenated rosin 
(HR) 

Catalyst: 
Subcritical CO2-enriched 

T = 503–533 K 
PCO2 = 4 MPa 
MR = 1.5:1 
Catload = not available 

YMG = 20.4%* 
YDG = 20.4%* 
YTG = 9.3%* 

Pseudo-homogeneous first-order kinetics: 
rHR = − k1CHR − k2CHRCMG − k3CHRCDG 

rMG = k1CHR − k2CHRCMG 

rDG = k2CHRCMG − k3CHRCDG 

rTG = k3CHRCTG  

With CO2 

Ea1 = 54.92 kJ mol− 1 

Ea2 = 53.05 kJ mol− 1 

Ea3 = 44.42 kJ mol− 1 

Concentration of Gly is assumed to be 
constant due to its excess. 

[133] 
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Table 7 (continued ) 

Reactants and Catalyst Reaction conditionsa (Best) XGly/Sel/ 
Yieldb 

Kinetic rate type and equationsc Kinetic parametersd Notes Ref. 

high temperature 
compressed water (HTCW) 

ω = not available 
trxn = 210 min 

k01 = 1.39× 103 min− 1 

k02 = 3.00× 103 min− 1 

k03 = 1.61× 102 min− 1  

Without CO2 

Ea1 = 63.67 kJ mol− 1 

Ea2 = 60.90 kJ mol− 1 

Ea3 = 49.66 kJ mol− 1 

k01 = 5.27× 103 min− 1 

k02 = 1.22× 104 min− 1 

k03 = 4.03× 102 min− 1 

Gly + rosin 
Catalyst: 

None 

T = 513–553 K 
MR = 2:1–4:1 
Catload = none 
ω = not available 
trxn = 720 min 

Xrosin = 99% 

Hyperbolic model: 

r =
1
3

dCrosin

dt
=

k1CGlyCrosin

1 + Keq,2CGly 

dCGly

dt
=

1
3

dCrosin

dt
=

(
1 + kstCGly

)

Ea = 7.27 kJ mol− 1 

Ln k01 = 8.22 
Keq,2 = 0.339 L mol− 1 

kst = 0.281 (stripping of Gly)

Model discrimination. 
Model considers mass balance that 

accounts for stripping of Gly. 
[136]  

a Reaction conditions used for kinetic studies. Temperature (T), acid to Gly molar ratio (MR), catalyst loading (Catload), stirring speed (ω), reaction time (trxn) , acid concentration in the feed (Cacid feed), volume ratio (VR), 
pressure (Pi). 

b Best Gly conversion (XGly) unless specified otherwise (Xi), selectivity (S) or yield (Y) with respect to esters, achieved at optimum operating conditions which are different than the reaction conditionsa for kinetic study 
presented in the table. *Calculated from concentration graphs provided by study. 

c Rate of reaction (ri ), forward reaction rate constant (kj), backward reaction rate constant (k− j), deactivation rate constant (kdj), desorption step rate constant (kdes), equilibrium constant (Keq,i/j), adsorption equilibrium 
constant (Ka,i), concentration (Ci), concentration of catalyst (Ccat), concentration of catalyst free active sites (CFS), concentration of total active sites (CTS), residual catalyst activity (acat,R), catalyst activity relative to initial 
activity (β), reaction order (m) and (n), component activity (ai), component mole fraction (xi), Michaelis-Menten constant (KMCC). Subscripts: i: components, j = reactions. Subscript Tol = toluene, MG = monoglycerides, 
DG = diglycerides, TG = triglycerides, r.d.s = rate determining step. 

d Activation energy (Eaj), pre-exponential factor (k0j,k0− j), equilibrium constant (Keq,i/j), Gibbs free energy of equilibrium constant (ΔG Keq), enthalpy of component adsorption constant (ΔHa,i), pre-exponential factor of 
component adsorption constant (k0 Ka,i), reaction order (m) and (n), ideal gas constant (R), Michaelis-Menten constant (KMCC). i: components, j=reactions.  
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previous sections [100–102]. The model also included terms for the 
stripping of Gly and terms that reflect mass transfer or solubilisation 
[136]. In further work in the absence of catalyst for the esterification of 
cinnamic acids, the reverse reaction of glycerolysis and disproportion
ation were considered at long reaction times [137]. 

Finally, studies with heterogeneous catalysts have used the LHHW 
and ER models. For the production of triacetin (Gly and ACA esterifi
cation) with Purolite CT-275 catalyst, the LHHW theory was used and 
activities instead of concentrations were assumed due to the non-ideality 
of the components [138]. The model considers internal mass transport 
limitation during the full reaction time, though the rate-determining 
step was taken as the reaction between the adsorbed molecules, while 
bulk liquid reactions are ignored. The model also calculated the equi
librium constants based on the concentrations of adsorbed molecules 
and activities in the bulk liquid [138]. In another study investigating the 
same system [139], it was demonstrated that the ER model best fit the 
experimental data when compared to the power law and LHHW models 
[139]. The activation energies based on the ER model are in the range 
46–49 kJ mol− 1. Only the adsorption of Gly and water are associated 
with the concentration of the free active sites. This is due to the high 
polarity nature of Gly and water molecules and therefore their adsorp
tion is stronger compared to the adsorption of ACA and the acetyl 
glycerides [139]. Moreover, for reaction of Gly and ACA using Y/SBA-3 
catalyst, an overall rate equation was developed based on the assump
tion that the reaction occurs in one-step [140]. However, a further 
investigation of the system using the LHHW approach led to a rate 
equation of the rate determining step (i.e. surface reaction). Based on the 
model, the overall Ea is 21.54 kJ mol− 1 [140]. Furthermore, for the 
esterification of Gly with oleic acid using amberlyst 36 in an ultrasonic- 
infrared-wave (USIRW) reactor, a concurrent noncatalytic and hetero
geneously catalysed mechanism has been considered. Here the hetero
geneous reactions were described using the LHHW approach and the 
non-catalytic reaction is described by a power-law equation. The Ea 
was found to be 8.52 kJ mol− 1 which is much lower when compared to 
the Ea of the reaction in a conventional batch reactor (114.45 kJ mol− 1) 
[141]. 

Similar to the case of the conversion to acetals, strategies to remove 
water as product can intensify the process in terms of favouring the 
thermodynamics. For the production of triacetin, membrane pervapo
ration setups have proven effective, as shown in Fig. 10 [142]. Here the 
yield of TGs reached up to 76%, which is about 30% higher than values 

attained under the same reaction conditions with conventional batch 
reactors [142]. Another process intensification approach investigated is 
the use of ultrasonic-infrared-wave (USIRW) reactor for the esterifica
tion of Gly with oleic acid using amberlyst 36. It was demonstrated that a 
92.5% acid conversion and 93% MGs selectivity can be attained as 
opposed to a conversion of 36.39% and 77% MGs selectivity in a con
ventional batch reactor [141]. As explained above, other approaches 
may include hydrophobic catalyst design, which would also apply to the 
case of etherification, which would enhance the progress of the reaction 
to the triester or triether, thereby improving the selectivity. 

4.4. Ethers 

Gly etherification with alcohols (ROH) is an endothermic three-step 
acid catalysed reaction that produces water as a by-product as shown in 
Fig. 11. It generates alkyl ethers, monoethers (MEs), diethers (DEs) and 
triethers (TEs), that are utilised as oxygenated fuel additives [143]. The 
dimerization of alcohol also occurs as an independent undesired side 
reaction, which may limit the selectivity to the desired product on oc
casions [144]. 

Similar to esterification, the reaction is a thermodynamically limited 
equilibrium reaction where the production of water can limit the 
maximum conversion that can be attained [145]. Thus, implementing 
intensified reactors such as membrane pervaporation reactors can 
remove water which leads to shifting the equilibrium and increasing 
ethers’ yields. Additionally, such a configuration can also resolve 
downstream separation problems such as the formation of azeotropes 
between water and the alcohol [146]. In terms of temperature, as it 
increases, the reaction rate and thus equilibrium conversion of the re
actants also increases due the reaction’s endothermic nature [145]. 
However, the selectivity to MEs decreases due to the increased consec
utive conversion of MEs to DEs [147]. Moreover, using excess Gly leads 
the yields for MEs and DEs to increase and also lead the selectivity of 
alcohol dimers to decrease [147]. However, molar ratio needs to be 
optimised as excess Gly can lead to diffusional effects in the catalysts due 
to its high viscosity depending on operating temperature and degree of 
mixing, whilst an excess of alcohol can lead to the system favouring 
dimerization [69]. As an acid-initiated reaction, the acidity of the 
catalyst will directly affect their performance in terms of yield and 
selectivity, with reaction rate constants having been found to be nearly 
directly proportional to the density of catalytic acid sites [147]. 

Fig. 10. Catalytic membrane pervaporation setup for the in-situ removal of water during the esterification of Gly to obtain triacetin. Edited figure for enhanced 
visibility reproduced with permission of ACS publishing [142]. 

A. Sandid et al.                                                                                                                                                                                                                                  



Fuel Processing Technology 253 (2024) 108008

21

Several studies, shown in Table 8 below, investigated and developed 
kinetic models for etherification reactions of Gly with different alcohols. 
Two approaches were investigated by Santos et al. [145] in the ether
ification of Gly with t-butyl alcohol catalysed by Amberlyst 15, a 
lumping approach and an extended approach, where the former con
siders the isomers as a single product. In both approaches, the produc
tion of monoethers is the fastest. The models are described based on 
concentrations and not activities as the reaction mixture is assumed to 
behave ideally [145]. Based on the lumping approach, the Ea for MEs 
and DE are 75.93 kJ mol− 1 and 30.87 kJ mol− 1, respectively, while the 
extended approach, the values are around 46 kJ mol− 1 for both com
pounds [145]. The lumping approach was also used by Al-Rabiah et al. 
[148] to develop a power-law kinetic model with second order rate 
equations using Sn1.5PMo12O40 as catalyst. The Ea obtained showed 
higher values than with Amberlyst 15. 

Furthermore, a kinetic model using dual site mechanism (LHHW) 
was developed for the etherification of Gly with 1-phenyl ethanol using 
20%w/w DTP-HMS catalyst. It is assumed that the reactant species are 
weakly adsorbed on the catalytic sites and thus the surface reaction is 
taken as the rate determining step. Based on the model, it was found that 
an overall second order kinetic equation best describes the system and 
fits the experimental data [149]. The Ea obtained is 113.0 kJ mol− 1, 
concluding that the reaction is an intrinsic kinetically controlled reac
tion [149]. Another LHHW based model was developed for the ether
ification of Gly and tert-butyl alcohol using Amberlyst 15 [150]. The 
model was further verified and used to simulate a suitable reactive 
distillation column [150]. 

Moreover, a power-law and an ER model were developed for the 
etherification of Gly with benzyl alcohol using Amberlyst 15 catalyst 
[144]. In the latter, only Gly is assumed to be adsorbed due to its strong 
adsorption onto the surface of the catalyst, while benzyl alcohol reacts 
from bulk. The adsorption equilibrium constant Ka,i is included in the 
model and was calculated using the Van’t Hoff equation [144]. For both 
models, the reaction is assumed irreversible due to the constant removal 

of water. The Ea based on the power-law model for the productions of 
MEs and DEs were close compared to the Ea obtained using the ER model 
for the same reaction (96.18 kJ mol− 1 and 130.85 kJ mol− 1), which was 
finally deemed more appropriate [144]. Furthermore, the study by 
Jaworski et al. [147] developed a power-law and a hyperbolic kinetic 
model (only Gly is adsorbed onto the catalytic surface) for the same 
system (2S/ZrO2 catalyst instead) using similar assumptions, this model 
also featured the self-condensation of benzyl alcohol to produce benzyl 
ether, which was concluded to be a second order reaction in contrast 
with the etherification reactions, both first order [147]. 

Multiphase reaction systems were also modelled, such as the ether
ification of Gly with isobutene [143]. The IER NKC-9 was used as 
catalyst, and due to its hydrophilicity, it shows higher wettability with 
Gly, which is assumed to be the phase where the reaction takes place and 
hence its concentration remaining constant and that of isobutene being 
equal to its solubility. An LHHW model was illustrated in which all 
components are assumed to be adsorbed onto the catalyst surface. 
Adsorption equilibrium terms for TE and isobutene dimers are ignored 
as they are much smaller compared to other components. The rate 
determining step is the surface reaction step. Initially, as the system is 
two-phased, the liquid-liquid-solid mass transfer occurs rapidly and 
therefore can be assumed to have negligible effect [143]. The reactant 
concentrations were taken to be equal to the concentration in the Gly 
phase in the event of phase separation, otherwise they are equal to the 
overall concentrations [143]. The study concluded with a model that 
described phase separation and the competitive adsorption nature of the 
system by using initial rates and kinetic data attained at high conver
sions [143]. 

It should be noted that for all the models presented in Table 8, it was 
assumed that no internal or external mass transfer limitations are pre
sent and therefore the reactions are kinetically controlled. All the studies 
also assumed catalytic activity remained constant, which neglects the 
possibility of deactivation. 

Fig. 11. General reaction scheme of the etherification of Gly with alcohols and their possible dimerization.  
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Table 8 
Summary of the most relevant aspects of kinetic studies for the production of glycerol ethers.  

Reactants and 
Catalyst 

Reaction conditionsa (Best) XGly/ 
Sel/Yieldb 

Kinetic rate type and 
equationsc 

Kinetic parametersd Notes Ref. 

Gly + isobutene 
Catalyst: 
NKC-9 

T = 343–373 K 
MR = 0.6:1–4:1 
Catload = 0.04% - 0.5% wt% 
of Gly 
ω = 1400 rpm 
trxn = 420 min 

YME = 75%* 
YDE = 20%* 

LHHW:  

rME =

k1Ka,GlyKa,ROHCGlyCROH
(

1 +
∑

i
Ka,iCi

)2 

rGly =
k2Ka,MECME

1 +
∑

i
Ka,iCi 

rDE =
k3Ka,MEKa,ROHCMECROH

(

1 +
∑

i
Ka,iCi

)2 

rME =
k4Ka,DECDE

1 +
∑

iKa,iCi 

rTE =
k5Ka,DEKa,ROHCDECROH

(
1 +

∑
iKa,iCi

)2 

rDE =
k6Ka,TECTE

1 +
∑

i
Ka,iCi

=

k′
6CTE

1 +
∑

i
Ka,iCi 

rdi− ROH =
k7
(
Ka,ROHCROH

)2

(

1 +
∑

i
Ka,iCi

)2 

Ea1 = 82.0 kJ mol− 1 

Ea2 = 97.7 kJ mol− 1 

Ea3 = 89.1 kJ mol− 1 

Ea4 = 65.3 kJ mol− 1 

Ea5 = 35.0 kJ mol− 1 

E′
a6 = 39.3 kJ mol− 1 

Ea7 = 20.0 kJ mol− 1  

Pre − exponential factors 
(

L(molH+)
− 1 s− 1 or L2mol− 1(molH+)

− 1 s− 1
)
:

k01 = 7.36 
k02 = 0.62 
k03 = 2.43 
k04 = 0.55 
k05 = 0.49 
k′

06 = 0.03 
k07 = 0.01  

Adsorption constants :
ΔHa,Gly = − 2.5 kJ mol− 1 

ΔHa,ME = − 43.4 kJ mol− 1 

ΔHa,DE = –23.7 kJ mol− 1 

ΔHa,ROH = − 44.7 kJ mol− 1 

ΔSa,Gly = − 8.7
(

J mol− 1
)

K− 1 

ΔSa,ME = − 10.8
(

J mol− 1
)

K− 1 

ΔSa,DE = − 15.6
(

J mol− 1
)

K− 1 

ΔSa,ROH = − 15.7
(

J mol− 1
)

K− 1 

Model considered 
adsorption and 

phase separation.  

For the 
calculation of ki 

and Ka,i the 
reference 

temperature was 
set to 357 K. 

[143] 

Gly + tert-butyl 
alcohol 

Catalyst: 
Amberlyst 15 

T = 323–353 K 
MR = 3:1–5:1 
Catload = 8.5 wt% of gly 
ω = 1200 rpm 
trxn = 480 min 

XGly ≈ 88% 

Power-law: 

rME1 = k1A

(
CGlyCROH −

CME1CH2O

Keq,1A

)

rME2 = k1B

(
CGlyCROH −

CME2CH2O

Keq,1B

)

rDE1 = k2A

(
CME1CROH −

CDE1CH2O

Keq,2A

)

rDE2 = k2B

(
CME1CROH −

CDE2CH2O

Keq,2B

)

rDE2 = k3A

(
CME2CROH −

CDE2CH2O

Keq,3A

)

rTE = k4A

(
CDE1CROH −

CTECH2O

Keq,4A

)

rTE = k5

(
CDE2CROH −

CTECH2O

Keq,5

)

rdi− ROH = k6CROH  

Ea1A = 59.46 kJ mol− 1 

Ea1B = 33.69 kJ mol− 1 

Ea2A = 35.12 kJ mol− 1 

Ea2B = 59.32 kJ mol− 1 

Ea3 = 43.77 kJ mol− 1 

Ea4A = not available 
Ea5 = not available 

Ea6 = 51.34 kJ mol− 1 

k01A = 4.58× 107 kg mol− 1 min− 1 

k01B = 2.50× 102 kg mol− 1 min− 1 

k02A = 5.02× 102 kg mol− 1 min− 1 

k02B = 1.79× 106 kg mol− 1 min− 1 

k03A = 8.14× 104 kg mol− 1 min− 1 

k04A = not available 
k05 = not available 

k06 = 3.29× 104 min− 1 

Heterogeneous 
model. 

Lumped and 
extended 
approach 

modelled. In 
extended, isomers 
of MEs (ME1 and 

ME2) and DEs 
(DE1 and DE2) 
are considered. 
Keq values given 

as f(T). 

[145] 

Gly + tert-butyl 
alcohol 

Catalyst: 
Sn1.5PMo12O40 

T = 353–383 K 
MR = 8:1 
Catload = 195 mg 
ω = not available 
trxn = 240 min 

SME ≈ 80% 
SDE ≈ 17% 

Power-law: second-order 
equations 

rME = k1CGlyCROH −

k− 1CMECH2O 

rDE = k2CMECROH −

k− 2CDECH2O 

rTE = k3CDECROH −

k− 3CTECH2O 

Ea1 = 91 kJ mol− 1 

Ea− 1 = 52.5 kJ mol− 1 

Ea2 = 61 kJ mol− 1 

Ea− 2 = 30 kJ mol− 1 

Ea3 = 66 kJ mol− 1 

Ea− 3 = 80 kJ mol− 1 

k01 = 6.8× 108 m3 mol− 1s− 1 

k0− 1 = 7× 103 m3 mol− 1s− 1 

k02 = 2× 106 m3 mol− 1s− 1 

k0− 2 = 3× 103 m3 mol− 1s− 1 

Lumped approach [148] 

(continued on next page) 
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4.5. Propanediols 

Propylene glycol is also a very relevant product in the formulation of 
cosmetics and healthcare products that can be obtained from Gly as 
feedstock, there being the possibility of obtaining the isomers 1,2- 

propanediol (1,2-PDO) and 1,3-propanediol (1,3-PDO) [76]. 

4.5.1. 1,2-Propanediol 
Hydrogenolysis of Gly (Fig. 12) is an exothermic reaction 

(ΔHrxn = − 103 kJ mol− 1) that generates 1,2-PDO and other by-products, 

Table 8 (continued ) 

Reactants and 
Catalyst 

Reaction conditionsa (Best) XGly/ 
Sel/Yieldb 

Kinetic rate type and 
equationsc 

Kinetic parametersd Notes Ref. 

k03 = 0.7× 103 m3 mol− 1s− 1 

k0− 3 = 0.1× 103 m3 mol− 1s− 1 

Gly + tert-butyl 
alcohol 

Catalyst: 
Amberlyst 15 

T = 338–358 K 
MR = 4:1 
Catload = 1.025 g 
ω = 600 rpm 
trxn = 480 min 

YME = 11.7% 
* 

YDE = 3.5%* 

LHHW: 

rME =

k′
1aGlyaROH − k′

− 1aMEaH2O
(
1 + Ka,H2OaH2O

)2 

rDE =

k′
2aMEaROH − k′

− 2aDEaH2O
(
1 + Ka,H2OaH2O

)2 

rTE =

k′
3aDEaROH − k′

− 3aTEaH2O
(
1 + Ka,H2OaH2O

)2 

Ea1 = 55.6 kJ mol− 1 

Ea2 = 82.3 kJ mol− 1 

Ea3 = 31.8 kJ mol− 1 

k′
1 = e(16.172− 6689/T)

k′
2 = e(25.506− 9903/T)

k′
3 = e(5.392− 3830/T)

Reactive 
distillation study. 

[150] 

Gly + Benzyl 
alcohol 

Catalyst: 
Amberlyst 15 

T = 353–373 K 
MR = 1:3–3:1 
Catload = 3.45–14.4 wt% of 
reaction mass 
ω = 1200 rpm 
trxn = 480 min 

SME ≈ 85% 
SDE ≈ 2% 

ER model: 

rME =
k1CcatCROHKa,GlyCGly

1 + Ka,GlyCGly 

rDE = k2CcatCMECROH 

rTE = k3CcatCDECROH 

rdi− ROH = k4CcatC2
ROH 

rME =

k5CcatCdi− ROHK2
a,GlyC2

Gly
(
1 + Ka,GlyCGly

)2 

Ea1 = 96.18 kJ mol− 1 

Ea2 = 130.85 kJ mol− 1 

Ea3 = not available 
Ea4 = 159.68 kJ mol− 1 

Ea5 = 197.63 kJ mol− 1  

k01 = 1.33× 1011 kg2 (
gcat mol min

)− 1 

k02 = 1.08× 1013 kg2 (
gcat mol min

)− 1 

k03 = not available 
k04 = 1.19× 1017 kg2 (

gcat mol min
)− 1 

k05 = 8.06× 1018 kg2 (
gcat mol min

)− 1  

Adsorption constants 
ΔHa,Gly = 3.25 kJ mol− 1 

k0 Ka,Gly = 2.3× 10− 2 kg mol− 1 

Reaction is 
considered 

irreversible due 
to constant 

removal of water.  

Power law also 
modelled. 
Catalyst 

concentration 
(Ccat) order is ≈

1.0. 

[144] 

Gly + Benzyl 
alcohol 

Catalyst: 
2S/ZrO2 

T = 393–413 K 
MR = 1:2–1:1 
Catload = 25 g/kg total 
initial mass of reactants 
ω = not available 
trxn = 360 min 

SME ≈ 77% 
SDE ≈ 0% 

Power-law model: 
rME = k1CROHCGly 

rDE = k2CROHCME 

rdi− ROH = k3C2
ROH  

Hyperbolic (ER) model: 

rME =
k1CROHCGly

1 + Ka,GlyCGly 

rDE =
k2CROHCME

1 + Ka,GlyCGly 

rdi ROH =
k3C2

ROH
1 + Ka,GlyCGly 

Power − law model :
Ea1/R = 8.5× 103 K 
Ea2/R = 1.33× 104 K 
Ea3/R = 1.29× 104 K 

ln k01 = 12.8 
ln k02 = 25.9 
ln k03 = 22.7 

Hyperbolic model :
Ea1/R = 1.26× 104 K 
Ea2/R = 8.80× 103 K 
Ea3/R = 1.21× 104 K 

Ln k01 = 24.3 
Ln k02 = 14.8 
Ln k03 = 24.1 

Ka,Gly = not available 

Both models fit 
experimental 

data 
-Self- 

condensation of 
alcohol is a 

second order 
reaction 

-The production 
of ME and DE 

from alcohol are 
first order 
reactions. 

[147] 

Gly + 1-phenyl 
ethanol 

Catalyst: 20% 
w/w DTP-HMS 

T = 373–413 K 
MR = 1:3–1:5 
Catload = 0.01–0.032 g cm− 3 

ω =1000 rpm 
trxn = 240 min 

SME = 75% 

LHHW (simplified to overall 
second order equation) 

− rROH = −
dCROH

dt
=

k1CROHCGly  

Ea1 = 113.0 kJ mol− 1 

ln k01 = 28.91 

Dual Site reaction 
mechanism 

(LHHW model). 
Assumed reaction 

is far from 
equilibrium. 

and adsorption 
constants are very 

small 

[149]  

a Reaction conditions used for kinetic studies. Temperature (T), Alcohol to Gly molar ratio (MR), catalyst loading (Catload), stirring speed (ω), reaction time (trxn). 
b Best Gly conversion (XGly), selectivity (S) or yield (Y) with respect to MEs, achieved at optimum operating conditions which are different than the reaction 

conditionsa for kinetic study presented in the table. *value calculated using concentration/mol graphs provided by study. 
c Rate of reaction (ri), forward reaction rate constant (kj), backward reaction rate constant (k− j), component adsorption equilibrium constant (Ka,i), overall equi

librium constant (Keq), concentration (Ci), concentration of catalyst (Ccat), component activities (ai). i: components, j=reactions. Subscript ROH = Alcohol, di − ROH =
alcohol dimer. 

d Activation energy (Eaj), pre-exponential factor (k0j), enthalpy of component adsorption constant (ΔHa,i), entropy of component adsorption constant (ΔSa,i), pre- 
exponential factor of component adsorption constant (k0 Ka,i), ideal gas constant (R). i: components, j=reactions.  
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such as acetol, ethylene glycol (EG), propanal and methanol [151]. 
Depending on the nature of the catalyst utilised, the reaction can pro
ceed via different reaction mechanisms. The dehydration‑hydrogena
tion route typically occurs in the presence of an acid-metal catalyst. In 
this mechanism, Gly dehydrates to the intermediate acetol on Lewis acid 
sites which then further hydrogenates on metal sites to form 1,2 PDO. In 
addition to 1,2 PDO, propanol is also largely produced as a byproduct 
[70,76]. The second route is the dehydrogenation-dehydration‑hy
drogenation route which occurs in the presence of base-metal catalyst. 
The mechanism begins with the dehydrogenation of Gly to glyceralde
hyde on metal sites. Glyceraldehyde then dehydrates to 2-hydroxyacro
lein on the basic sites. Lastly, hydrogenation occurs on metal sites to 
convert 2-hydroxyacrolein to 1,2 PDO. In addition, C–C bond cleavage 
occurs in which ethylene glycol and C1 byproducts are also generated 
[70]. There is also the direct‑hydrogenolysis route in the presence of a 
hydride, however this mechanism is more selective towards 1,3 PDO 
[70,76]. An extensive discussion of the reaction mechanism is presented 
by Vasiliadou et al. [76]. 

Furthermore, the reaction temperature must be optimised as it highly 
affects the conversion and selectivity achieved. Higher temperatures 
increase conversion and selectivity; however, overhydrogenolysis of 
1,2-PDO can occur leading to degradation products [151,152]. More
over, increasing pressure enhances Gly conversion and the reaction rate 
owing to a higher local availability of H2 to the catalyst surface which is 
due to a higher solubility of H2 as pressure increases. However, the 
selectivity to 1,2-PDO and EG were not affected much by change in 
pressure nor by a higher initial Gly concentration [151]. Additionally, 
the synthesis of effective bifunctional catalysts by combining metal and 

acid/basic sites determines the reaction mechanism and thus heavily 
influences product selectivity [70]. Therefore, factors that affect 1,2 
PDO yield are the acidity/basicity of the catalyst, number of active sites, 
reducibility nature of the catalyst, ‘average crystallite size’ and catalyst 
loading [153]. Multiple reviews [70,71] have summarized studies 
regarding the preparation and performance of catalysts for Gly hydro
genolysis. Finally, it was suggested that the reaction can be carried out 
more efficiently by implementing in situ generation of H2 using sources 
such as formic acid and methanol instead of externally supplying fossil 
based H2 [154,155]. 

Table 9 summarizes studies investigating kinetic models for the re
action with a number of different catalysts. Using 35 wt% Cu/MgO as 
catalyst, the Ea is 84.9 kJ mol− 1 when considering a power-law model 
based on a one-step irreversible reaction where Gly is converted to 
products, with a reaction order for Gly of 1.2 [151]. A study with 
Cu–Ni–Al2O3 as catalyst, found an Ea of 67.7 kJ mol− 1 and a reaction 
order of 1.02, thus it can be considered a pseudo-first order. [152]. 
When considering the system as multiple reactions in which Gly is first 
converted to 1,2 PDO and ethylene glycol (EG) and then 1,2 PDO further 
reacts to form propanol (PO), a modified power-law model was devel
oped. Based on this model, the Ea of the conversion of Gly to 1,2 PDO is 
45.7 kJ mol− 1 [152]. 

In addition to power-law models, kinetics based on the LHHW model 
were also derived when studying the reaction with a 35 wt% Cu/MgO 
catalyst [151]. The model was developed assuming the lack of any 
external or internal mass transfer limitations as well as heat transfer 
resistance as there were no significant changes in reaction temperature. 
In addition, low amounts of lower alcohols (<5%) were ignored in the 

Fig. 12. Reaction network involved in the hydrogenolysis of glycerol.  
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Table 9 
Summary of the most relevant aspects of kinetic studies for the production of 1,2-PDO.  

Reactants and 
Catalyst 

Reaction conditionsa (Best) XGly/ 
Sel/Yieldb 

Kinetic rate type and equationc Kinetic parametersd Notes Ref. 

Gly + H2 

Catalyst: 
35 wt% Cu/ 

MgO 

T = 463–503 K 
P = 3–6 MPa 
Cgly_feed = 20–60 wt% 
Catload = 8 wt%/ wt% 
of Gly 
ω = 700 rpm 
trxn = 720 min 

S1,2 

PDO ≈ 95% 

Power-law: 

r =
dCGly

dt
= kCn

Gly  

LHHW: 

(
− r1,2− PDO

)
=

k′
3CGlyPH2

⎛

⎜
⎜
⎝

1 + Ka,GlyCGly + Ka,H2PH2

+
C1,2PDO

Ka,1,2PDO
+

CEG

Ka,EG

⎞

⎟
⎟
⎠

2 

( − rEG) =
k′

4CGlyPH2
⎛

⎜
⎜
⎝

1 + Ka,GlyCGly + Ka,H2PH2

+
C1,2 PDO

Ka,1,2PDO
+

CEG

Ka,EG

⎞

⎟
⎟
⎠

2 

Power − law :

Ea = 84.9 kJ mol− 1 

k0 = 45.2×

107 mol g− 1
cat h− 1 

n = 1.2 
LHHW :

Ea3 = 88.2 kJ mol− 1 

Ea4 = 82.0 kJ mol− 1 

k03 = 1.1× 109 mol g− 1
cat h− 1 

k04 = 1.7× 107 mol g− 1
cat h− 1  

Adsorption constants 
Ea Ka,Gly = 71.3 kJ mol− 1 

Ea Ka,H2 = 53.2 kJ mol− 1 

Ea Ka,1,2 PDO =

66.7 kJ mol− 1 

Ea Ka,EG = 50.3 kJ mol− 1 

k0 Ka,Gly = 7.8× 10 −

9 L mol− 1 

k0 Ka,H2 = 8.9× 10 −

7 L mol− 1 

k0 Ka,1,2 PDO = 6.1× 10 −

8 L mol− 1 

k0 Ka,EG = 5.5× 10 −

6 L mol− 1 

LHHW model: two 
parallel reactions 
that forms 1,2- 

PDO and EG from 
gly 

[151] 

Gly + H2 

Catalyst: 
Cu–Ni–Al2O3 

T = 453–493 K 
P = 4.5–6.0 MPa 
Cgly_feed = 20 wt% 
Catload = 10 wt% of 
gly 
ω = 700 rpm 
trxn = 720 min 

S1,2 

PDO ≈ 95% 

Power-law: 

r =
dCGly

dt
= kCn

Gly  

Modified power-law: 

r1,2− PDO = k1CGly
PH2

HH2 

rEG = k2CGly
PH2

HH2 

rPO = k3CPO
PH2

HH2  

Combined ER and LHHW: 

(
− r1,2− PDO

)
=

k′
3Ka,GlyCGlyPH2

⎛

⎜
⎜
⎜
⎝

1 + Ka,GlyCGly +
(
Ka,H2PH2

)
1
2

+
C1,2PDO

Ka,1,2 PDO
+

CPO

Ka,PO

⎞

⎟
⎟
⎟
⎠

( − rPO) =
k′

4Ka,H2C1,2PDOPH2

K5

⎛

⎜
⎜
⎜
⎝

1 + Ka,GlyCGly +
(
Ka,H2PH2

)
1
2

+
C1,2PDO

Ka,1,2PDO
+

CPO

Ka,PO

⎞

⎟
⎟
⎟
⎠

3 

Power − law :

Ea = 67.7 kJ mol− 1 

k0 = 2.39×

106 mol g− 1
cat h− 1 

n = 1.02  

Modified power − law :

Ea1 = 45.7 kJ mol− 1 

Ea2 = not available 
Ea3 = 141.3 kJ mol− 1 

k01 = 8.3× 103 mol g− 1
cat h− 1 

k02 = not available 
k03 = 1.21×

1015 mol g− 1
cat h− 1  

Combined ER and LHHW :

Ea3 = 70.5 kJ mol− 1 

Ea4 = 79.5 kJ mol− 1 

k03 = 17.62×

108 mol g− 1
cat h− 1 

k04 = 6.51×

108 mol g− 1
cat h− 1  

Adsorption constants 
Ea Ka,Gly = 12.1 kJ mol− 1 

Ea Ka,H2 = 16.7 kJ mol− 1 

Ea Ka,1,2PDO =

12.9 kJ mol− 1 

Ea Ka,PO = 14.8 kJ mol− 1 

k0 Ka,Gly = 2.12×

10− 4 L mol− 1 

k0 Ka,H2 = 1.85×

10− 7 L mol− 1 

k0 Ka,1,2PDO = 2.07×

10− 6 L mol− 1 

k0 Ka,PO = 7.14×

10− 6 L mol− 1 

Reactions 
considered are the 
conversion of Gly 
to 1,2-PDO and 

1,2-PDO to 
propanol (PO). 

[152] 

(continued on next page) 
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Table 9 (continued ) 

Reactants and 
Catalyst 

Reaction conditionsa (Best) XGly/ 
Sel/Yieldb 

Kinetic rate type and equationc Kinetic parametersd Notes Ref. 

Gly + H2 

Catalyst: 
Cu–Ni/ 
γ-Al2O3 

T = 483–513 K 
P = 0.75 MPa 
Cgly_feed = 20 wt% 
W/F = 101–811 kgcat 

h kmol− 1 

trxn = 840 min 

S1,2 

PDO ≈ 89.5% 

ER model: 

( − rAcetol) =
k′

2Ka,GlyPGly
⎛

⎜
⎜
⎝

1 + Ka,GlyPGly

+
PAcetol

Ka,acetol
+

P1,2 PDO

Ka,1,2PDO

⎞

⎟
⎟
⎠

(
− r1,2− PDO

)
=

k′
3PAcetolPH2

Ka,acetol

⎛

⎜
⎜
⎝

1 + Ka,GlyPGly

+
PAcetol

Ka,acetol
+

P1,2 PDO

Ka,1,2PDO

⎞

⎟
⎟
⎠

E′
a2 = 55.14 kJ mol − 1 

E′
a3 = 50.87 kJ mol − 1 

k′
02 = 2.49×

1011 mol g− 1
cat h− 1 

k′
03 = 7.4×

1011 mol g− 1
cat h− 1 

Adsorbtion parameters : N/A 

Vapor phase 
study. 

Model consists of 
two-step reaction 
(Gly dehydration 
to acetol which 
further reacts to 

1,2 PDO). 

[157] 

Gly + H2 

Catalyst: 
Cu–Zn(4:1)/ 
MgO-La2O3 

T = 443–483 K 
P = 3–6 MPa 
Cgly_feed = 20 wt% 
Catload = 8 wt% of gly 
ω = 800 rpm 
trxn = 720 min 

Y1,2 

PDO ≈ 93.1% 

LHHW (simplified to power law):  

(
− r1,2− PDO

)
= k′

3CGlyPH2 

Ea3 = 69.6 kJ mol− 1 

k03 = 4.2× 107 mol g− 1
cat h− 1 

Ignored the 
inhibition term. 
One reaction in 

which Gly 
converts to 1,2 

PDO. 

[153] 

Gly + methanol 
Catalyst: 
Cu:Zn:Al 

T = 473–543 K 
P = 3.0 MPa 
Cgly_feed = 1 wt% 
CROH_feed = 30 wt% 
Catload = 2.4 kgGly/ 
kgcat 

ω = 500 rpm 
trxn = 75 min 

S1,2 

PDO ≈ 79.4% 

LHHW: 

rH2 =
k1Ka,ROHCROH

⎡

⎢
⎣

1 + Ka,GlyCGly + Ka,ROHCROH + Ka,HACHA

+Ka,1,2 PDOC1,2 PDO +
(
Ka,H2CH2

)0.5

+Keq,HAHKa,HACHA
(
Ka,H2CH2

)0.5

⎤

⎥
⎦

2 

rHA =
k2Ka,GlyCGly

⎡

⎢
⎣

1 + Ka,GlyCGly + Ka,ROHCROH + Ka,HACHA+

Ka,1,2 PDOC1,2 PDO +
(
Ka,H2CH2

)0.5

+Keq,HAHKa,HACHA
(
Ka,H2CH2

)0.5

⎤

⎥
⎦

2 

r1,2 PDO =

k3

⎛

⎜
⎝

Keq,HAHKa,HACHAKa,H2CH2

−
1

Keq,3
Ka,1,2 PDOC1,2 PDO

⎞

⎟
⎠

⎡

⎢
⎢
⎢
⎣

1 + Ka,GlyCGly + Ka,ROHCROH
+Ka,HACHA + Ka,1,2 PDOC1,2 PDO

+
(
Ka,H2CH2

)0.5

+Keq,HAHKa,HACHA
(
Ka,H2CH2

)0.5

⎤

⎥
⎥
⎥
⎦

2 

rEG =
k4Ka,GlyCGly

(
Ka,H2CH2

)0.5

⎡

⎢
⎢
⎢
⎣

1 + Ka,GlyCGly + Ka,ROHCROH
+Ka,HACHA + Ka,1,2 PDOC1,2 PDO

+
(
Ka,H2CH2

)0.5

+Keq,HAHKa,HACHA
(
Ka,H2CH2

)0.5

⎤

⎥
⎥
⎥
⎦

2  

Ea1 = 115.0 kJ mol− 1 

Ea2 = 87.0 kJ mol− 1 

Ea3 = 68.4 kJ mol− 1 

Ea4 = 82.2 kJ mol− 1 

k01 = 2.4× 1016 min− 1 

k02 = 3.6× 1014 min− 1 

k03 = 5.2× 1013 min− 1 

k04 = 5.3× 1013 min− 1  

Absorption parameters :
ΔHa,ROH = –98.7 
ΔHa,Gly = –65.1 

ΔHa,1,2PDO = –63.7 
ΔHa,HA = –91.5 
ΔHa,H2 = –22.5 

ΔSa,ROH = − 230 
ΔSa,Gly = − 141.5 

ΔSa,1,2PDO = − 121.9 
ΔSa,HA = − 181 
ΔSa,H2 = − 52  

Equilibrium coefficients :
Keq,HAH = 8.7 
Keq,3 = 2.0 

H2 produced in 
situ via methanol 

aqueous phase 
reforming (APR) 

[156] 

Gly + H2 

Catalyst: 
Ni catalyst 

supported on 
a 

silica–carbon 
composite 

T = 493–533 K 
PH2 = 1.0–2.0 MPa 
Cgly_feed = 30–80 wt% 
Catload = 0.08–0.24 wt 
% 
ω = 1000 rpm 
trxn = 120 min 

S1,2 

PDO = 89.9% 

Power law: 
rGly = k1C0.95

Gly 

r1,2 PDO = k2C0.38
Gly C0.45

H2 

rEG = k3C0.73
Gly C− 1.17

H2 

racetol = k4C1.21
Gly C− 0.97

H2 

rEthanol = k5C1.18
Gly C0.22

H2 

rPO = k6C0.80
Gly C0.49

H2 

rmethanol = k7C1.30
Gly C− 0.41

H2 

Activity factors (ai) to describe the effect of 
impurities present in crude Gly: 
aNaOH = 1+ 72.37C2

NaOH 

aNaCOOH = 1+ 53.09C2
NaCOOH 

aNaCl = 1 −
31.25CNaCl

1 + 44.1CNaCl 

amethanol = 1 −
2.76C2

MeOH
1 + 7.77C2

MeOH 
atotal = 1+

∑
(ai − 1)

(
− r′

Gly

)
= atotal*

(
− rGly

)

Ea1 = 141.01 kJ mol− 1 

Ea2 = 124.66 kJ mol− 1 

Ea3 = 217.21 kJ mol− 1 

Ea4 = 141.08 kJ mol− 1 

Ea5 = 223.96 kJ mol− 1 

Ea6 = 171.24 kJ mol− 1 

Ea7 = 103.44 kJ mol− 1 

Ln k01 = 18.68 
Ln k02 = 16.74 
Ln k03 = 26.45 
Ln k04 = 10.22 
Ln k05 = 30.62 
Ln k06 = 22.16 
Ln k07 = 8.80 

Uses crude Gly as 
feedstock. Activity 

factors (ai) 
describe the effect 
of impurities on 
the rate of Gly 
consumption 
(
− r′

Gly

)
.

[158] 

Gly + H2 

Catalyst: 
Cu catalyst 

T = 483–513 K 
P = 6.5–8.0 MPa 
Cgly_feed = not 
available 
W/ 
F = 25–260 kg s mol− 1 

ω = not available 
trxn = 6000 min (100h) 

S1,2 PDO 

≥90.0% 

Deactivation model: 
Poison (p) adsorbs on catalytic site (*) to produce 
adsorbed poison (p*) 
p+ *⇌p* 

rp = kp

(
CpC* −

Cp*

Keq,P

)

Poisoning with thiophene: 
Eap = 130.5 kJ mol− 1 

k0p = not available 
ΔHeq,p = –77.8 kJ mol− 1  

Poisoning with glycerides: 
Eap = 19.9 kJ mol− 1 

k0p = not available 
ΔHeq,p = –41.1 kJ mol− 1 

Catalyst 
deactivation 
study. Model 

quantifies 
experimental data 
based on the use of 

contaminated 
crude glycerol 

feed with chlorine 
sulfur and 

[159] 

(continued on next page) 
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model due to their low concentration. Likewise, the large excess of water 
generated as a by-product, (80 wt% of feed) was assumed to have no 
effect on conversion or selectivity. The reaction rate was set to be a 
function of Gly concentration at constant H2 pressure, because of its 
excess making Gly the limiting reactant. The concentration of adsorbed 
components was calculated based on the assumption that adsorption 
and desorption steps are at equilibrium, with surface reaction being 
irreversible and the rate-determining step. The LHHW type model was 
found to fit the experimental data and describe the system as two par
allel reactions producing 1,2-PDO and EG leading to a value of Ea of 
88.2 kJ mol− 1 for the conversion of Gly to 1,2-PDO [151]. 

Another LHHW model was developed in a study with the reaction 
being catalysed by Cu–Zn(4:1)/MgO-La2O3 [153]. This model included 
the adsorption of both Gly and H2 on the catalytic surface with H2 ac
tivity being described by partial pressure instead of concentration due to 
its presence in excess. In this case, it is also assumed that no mass 
transfer limitations occur and that the surface reaction is irreversible 
and the rate-determining step. The Ea for the conversion of Gly to 1,2- 
PDO is 69.6 kJ mol− 1 [153]. 

Furthermore, a model combining assumptions of the LHHW and ER 
equations was illustrated by Mondal et al. for the reaction with 
Cu–Ni–Al2O3 [152]. They assumed that first Gly molecules are adsorbed, 
whilst H2 molecules are only partially adsorbed on to the catalytic sur
face with the remaining excess H2 being present in the bulk. The 
adsorbed Gly then reacts with H2 in the bulk to generate 1,2-PDO and 
water, which are both adsorbed. The second step consists of the reaction 
of the adsorbed 1,2-PDO to generate adsorbed propanol. Lastly, both the 
adsorbed 1,2-PDO and propanol desorb from the catalytic surface. Here 
the rate-determining step is the irreversible surface reaction, with an Ea 
of 70.5 kJ mol− 1. 

The study by Lemonidou et al. using Cu:Zn:Al catalyst [156] devel
oped a LHHW based model for an intensified process in which H2 is 
generated in situ via methanol aqueous phase reforming (APR). Similar 
to other studies, no mass or heat transfer limitations are assumed. This 
model ignores gaseous H2 as it is produced close to the catalytic active 
sites and thus directly utilised by the adsorbed Gly molecules. Also, the 
presence of EG is ignored due to its low concentration in the products, 
hence simplifying the model and all adsorption steps are assumed to be 
quasi-equilibrated. The reaction kinetic parameters were calculated 
using the Arrhenius equation as usual, while adsorption enthalpies and 
entropies were calculated using Van’t Hoff equation. Based on this 
model, the Ea for the formation of 1,2 PDO is 68.4 kJ mol− 1. It was found 
that the model developed best describes the system only when excess H2 
is present [156]. 

The reaction is usually investigated in liquid phase, though a study 
with Cu–Ni/γ-Al2O3 catalyst in a down flow tubular reactor explored the 
reaction in vapor phase [157]. An ER model was proposed assuming that 
organic molecules adsorbed on the catalytic surface, while H2 remains in 
the bulk phase. Along water, adsorbed acetol is also generated and then 

further reacts with H2 to produce adsorbed 1,2-PDO. Finally, both 1,2- 
PDO and acetol desorb from the catalyst surface. The surface reaction 
step was assumed to be irreversible and set to be the rate-determining 
step. The Ea for the conversion of Gly to acetol is 55.14 kJ mol− 1 and 
for the conversion of acetol to 1,2-PDO is 50.87 kJ mol− 1. These values 
were found to be lower when compared to those of liquid phase re
actions, where these values normally range between 83.7 and 
104.6 kJ mol− 1 for Gly dehydration to acetol and is of 94.3 kJ mol− 1 for 
the direct conversion of Gly to 1,2-PDO. The model fits experimental 
data and can describe the system as two reactions in series [157]. 

Currently, most of the kinetic models developed are based on the use 
of pure Gly as the reactant. However, Gatti et al. [158] utilised industrial 
crude glycerol as the starting material instead to develop a power law 
model of the reaction in the presence of a Ni catalyst supported on a 
silica–carbon composite. It was observed that the presence of impurities 
such as NaCl and methanol lowers the catalytic activity, while other 
impurities such as NaOH and NaCOOH positively affect the reaction by 
providing OH‾ molecules. To incorporate the effect of NaOH, NaCOOH, 
NaCl and methanol on the rate of consumption of Gly, activity factors 
were included in the model. The model successfully fits the experimental 
observations and can predict conversion with an average error of <8.0% 
[158]. Furthermore, Rajkhowa et al. [159] exclusively investigated the 
deactivation of a Cu based commercial catalyst by varying the concen
tration of impurities, such as glycerides, sulfur and chlorine compounds, 
present in the Gly feedstock. According to experimental observations, 
glycerides block the active sites due to their bulky nature. Sulfur com
pounds poison the active phase and chlorine compounds lead to sin
tering. Deactivation was modelled as an equation that describes the ‘rate 
of production of poisoned sites’ based on a reversible reaction where 
poison (p) adsorbs on the catalytic active sites. It was concluded that 
poisoning due to thiophene and glycerides has Ea values of 
130.5 kJ mol− 1 and 19.9 kJ mol− 1, respectively [159]. 

4.5.2. 1,3-Propanediol 
In addition to 1,2-PDO, Gly can be used to generate 1,3-PDO via 

microbial fermentation. The process offers various benefits such as low 
operating conditions, low costs and is more environmentally sustainable 
in comparison to the chemical route. On the other hand, fermentative 
processes require much longer reaction times. Microorganisms that are 
part of the Klebisella, Clostridium, Lactobacillus and Citrobacter genera are 
typically used and could directly utilise crude Gly to generate 1,3 PDO 
[160]. Various studies have investigated the reaction and developed 
kinetic models based on the Monod equation [160–166]. The Monod 
equation describes the correlation between ‘microbial specific growth 
rate and substrate concentrations.’ 

4.6. Acrolein and other glycerol dehydration products 

Acr is a vital component typically used in the production of amino 

Table 9 (continued ) 

Reactants and 
Catalyst 

Reaction conditionsa (Best) XGly/ 
Sel/Yieldb 

Kinetic rate type and equationc Kinetic parametersd Notes Ref. 

glycerides 
compounds.  

a Reaction conditions used for kinetic studies. Temperature (T), pressure (P), Gly feed concentration (Cgly feed), catalyst loading (Catload), stirring speed (ω), reaction 
time (trxn), contact time (W/F), alcohol feed concentration (CROH feed). 

b Best Gly conversion (XGly), selectivity (S) or yield (Y) with respect to 1,2 PDO, achieved at optimum operating conditions which are different than the reaction 
conditionsa for kinetic study presented in the table. 

c Rate of reaction (ri), reaction rate constant (kj), concentration (Ci), component partial pressure (Pi), reaction order (n), overall equilibrium constant (Keq), 
component adsorption equilibrium constant (Ka,i), Henry’s constant (Hi), activity factor (ai). i: components, j=reactions. Subscript EG = ethylene glycol, 
PO = propanol, HA = hydroxyacetone, HAH = partial hydrogenated hydroxyacetone, ROH = Alcohol. 

d Activation energy (Eaj), pre-exponential factor (k0j), reaction order (n), overall equilibrium constant (Keq), enthalpy of component adsorption constant (ΔHa,i), 
entropy of component adsorption constant (ΔSa,i). Subscripts: i: components, j=reactions.  
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acids, polymers, herbicides, and chemicals such as acrylic acid. 
Currently, Acr is generated by the oxidation of propylene [73]. How
ever, Acr can also be produced by Gly dehydration, although other 
compounds like acetol and other by-products are generated in this acid- 
catalysed gas phase reaction, as shown in Fig. 13 [73,167,168]. 

The standard enthalpy ΔH0
rxn and entropy (ΔS◦) of the reaction are 

14.70 kJ mol− 1 and 0.09 kJ mol− 1 K− 1, respectively, hence making it an 
endothermic reaction, with a standard Gibbs free energy (ΔG◦) of 
− 12.12 kJ mol− 1, proving that the reaction occurs spontaneously [168]. 
Using the Eyring equation based on transition state theory, it was 
concluded that the activation enthalpy (ΔH‡), entropy (ΔS‡), and Gibbs 
free energy (ΔG‡) are 40.6 kJ mol− 1, 0.1696 kJ mol− 1 K− 1 and 
91.20 kJ mol− 1, respectively [169]. 

The reaction is affected by temperature, Gly concentration, catalyst 
loading and catalyst type. Temperature optimisation is important as 
high temperatures lead to a high Gly conversion but can also reduce Acr 
selectivity [169]. Furthermore, high Gly concentration affects catalyst 
activity negatively due to the condensation of Gly on the catalytic sur
face [168]. Additionally, Acr selectivity can decrease due to the presence 
of unconverted Gly, which promotes the consecutive consumption of Acr 
[168]. Similarly, catalyst loading requires optimisation as it can lead to 
an increase in Gly conversion and Acr selectivity [168]. Nevertheless, at 
higher temperatures and catalyst loading, coke formation becomes 
prominent and heavily reduces catalytic activity. Moreover, co-feeding 
oxygen aids in the maintenance of catalytic activity, reduces the pro
duction of by-products and increases Gly conversion and Acr selectivity 
[167]. Also, typically, fixed bed reactors are used for this reaction which 
can contain hot spots due to an uneven temperature distribution, thus 
further encourages the deactivation of the catalyst. However, alterna
tively, utilizing an intensified system such as microwave assisted fixed- 
bed reactors can lead to low coke formation and better catalyst stability 
due to even temperature distribution. Additionally, microwave heating 
can be an efficient system for in-situ catalytic regeneration [170,171]. 
These benefits led to 100% conversion of Gly and 70% Acr selectivity 
[171]. 

Furthermore, the reaction kinetics are heavily influenced by the 
catalyst structure and acidic properties [172]. Conversion of Gly to Acr 
occurs on Brønsted acid sites while the production of acetol occurs on 
Lewis acid sites. Using HZSM-5 catalyst containing 0.376 mmol g− 1 and 

0.099 mmol g− 1 of Brønsted and Lewis sites, respectively, causes the 
reaction rate of Gly to Acr to be 20 times faster than that of Gly to acetol 
[172], hence enhancing the selectivity by mitigating the progress of the 
side reaction. In addition, the rate constant for Gly to Acr is always 
higher than the rate constant for the conversion to acetol, indicating that 
Acr yield will always be higher than acetol’s due to the presence of 
Brønsted acid sites, while the rate constants for other byproducts are 
much lower in comparison [169]. 

Although acidic catalysts are efficient, they tend to deactivate 
rapidly with time due to coking [167]. When using WO3/TiO2, 2.2% of 
coke accumulated after 1 h increasing to as much as 4.4% after 6 h. As a 
result, catalytic surface area decreased from 30.5 m2 g− 1 to 25 m2 g− 1 

[167], making catalyst regeneration crucial. A test with regenerated 
catalyst by partial coke oxidation leaving 44% of the coke on the cata
lytic surface allowed to improve Acr selectivity to 25% from the 10% 
shown when using the fresh catalyst. 

Table 10 compiles studies on the kinetics of Acr production. The rate 
equation for carbon conversion developed by Dalil et al. [167] using 
WO3/TiO2 depends on temperature and mass of carbon. Partial pressure 
of oxygen was excluded from the equation as oxygen conversion is low 
(<5%) and pressure was kept constant. The model included a degree of 
conversion term (α), which is calculated using the ‘initial, instantaneous, 
and final mass’ of deactivated catalyst [167]. The model successfully fits 
experimental data by 99.7%. It was shown that the overall Ea of the 
reaction is 100 kJ mol− 1, which is higher when compared to other 
models [167]. 

Further on considerations on the deactivation of the catalyst, Park 
et al. [172] developed a model for a fixed catalytic bed of HZSM-5 and 
ASPN-40 commercial catalysts. Catalytic activity was observed to 
decrease due to coking caused by the sequential reactions of primary 
product molecules. In the case of HZSM-5, its narrow pores constrain the 
diffusion of product molecules such as Acr and 3-HPA and, therefore, 
sequential reactions occur producing heavy components. Regarding 
ASPN-40, coking occurs due to the significant amount of acetol and 
acetaldehyde further undergoing condensation and oligomerization. 
Therefore, it was concluded that coking mechanism and thus catalyst 
deactivation are highly dependent on the catalyst properties. In the 
model, deactivation is described here as the decrease in mean integral 
activity (〈a > ). This parameter is calculated by integrating the activity 
(a) with respect to the fixed catalytic bed’s height (h). In addition, it was 

Fig. 13. Reaction network for the dehydration of glycerol.  
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Table 10 
Summary of the most relevant aspects of kinetic studies in glycerol dehydration to yield Acr and other products.  

Reaction and 
Catalyst 

Reaction conditionsa (Best) XGly/ 
Sel/Yieldb 

Kinetic rate type and equationc Kinetic parametersd Notes Ref. 

Gly dehydration to 
Acr 

Catalyst: 
WO3/TiO2 

T = 648–723 K 
P = 0.101 MPa 
Cgly_feed = 28 wt% 
Catload = 100 g 
trxn = 360 min 

SAcr≥73% 

Power-law (first order reaction): 
dα
dt

= k(1 − α)

where α =
m0 − mi

m0 − mf 

Ea = 100 kJ mol− 1 

k0 = 8.2× 10− 5 s− 1 
Pressure is excluded from 

model. 
[167] 

Gly dehydration to 
Acr 

Catalyst: 
30HZ-20 A 

T = 553–613 K 
P = 0.101 MPa 
Cgly_feed = 10 wt% 
Vcat/F = 0.05–0.26 m3 s mol− 1 

trxn = 180 min 

SAcr = 88.8% 

LHHW approach (expressed using 
power-law): 

− rGly =
k2Ka,GlyCGlyC3

TS
[
Ka,GlyCGly + 1

]3 = kGlyCn
Gly 

Substituting CGly, the logarithmic 
form of the equation: 

logrGly = logkGly + nlogCTotal +

nlog
( 1 − XGly

1 + δGlyXgly + κ

)

n = ∼ 1.0 
Ea = 27.5 kJ mol− 1 

k0 = 5.35× 105 s− 1 

For gas phase reaction 
K1CGly ≪ 1. 

[168] 

Gly dehydration to 
Acr 

Catalyst: 
SiW20-Al/Zr10 

T = 553–613 K 
P = 0.101 MPa 
Cgly_feed = 10 wt% 
W/F = 0–3 (103 kgcat s m− 3) 
trxn = 180 min 

SAcr = 87.6% 

LHHW approach (expressed using 
power-law): 

dCGly

dτ = − k1CGly − k2CGly = −

kGCGly 

dCAcr

dτ = k1CGly − k3Cacrolein −

k4Cacrolein = k1CGly − kACacrolein 

dCAcetol

dτ = k2CGly − k5CAcetol 

dCAcetaldehyde

dτ = k3CAcrolein 

dCminor− byproducts

dτ = k4CAcrolein 

dCAcetone

dτ = k5CAcetaldehyde 

EaG = 46.9 kJ mol− 1 

Ea1 = 46.0 kJ mol− 1 

Ea2 = 53.3 kJ mol− 1 

EaA = 5.7 kJ mol− 1 

Ea3 = 5.0 kJ mol− 1 

Ea4 = 6.1 kJ mol− 1 

Ea5 = 46.6 kJ mol− 1 

k0G =

27.7 m3 kg− 1
cat s− 1 

k01 =

20.7 m3 kg− 1
cat s− 1 

k02 =

12.1 m3 kg− 1
cat s− 1 

k0A = 2.5×

10− 4 m3 kg− 1
cat s− 1 

k03 = 6.3×

10− 5 m3 kg− 1
cat s− 1 

k04 = 1.8×

10− 4 m3 kg− 1
cat s− 1 

k05 = 2.6 m3 kg− 1
cat s− 1 

Study also includes 
thermodynamic 
parameters (Δ 

H‡,ΔS‡,ΔG‡) obtained 
using the Eyring equation. 

[169] 

Gly dehydration to 
Acr 

Catalyst: 
HZSM-5 

T = 523–573 K 
P = 0.101 MPa 
Cgly_feed = 10.8 wt% 
W/F = 2.08–104.17 gcat h 
mol− 1 

trxn = 4200 min (70 h) 

YAcr ≈ 70% 

Power-law: 
dCGly

dτ = − (k1 + k2 + k3 + k4)Cgly 

dCHPA

dτ = k1CGly − k′
1CHPA 

dCAcr

dτ = k′
1CHPA 

dCacetol

dτ = k2CGly − k′
2Cacetol 

dCacetaldehyde

dτ = k3CGly + k′
2Cacetol 

dCbyproducts

dτ = k4CGly  

Model for catalyst deactivation 
(dependent on product 

concentration): 
d〈a〉

dt
= − kdC0,GlyXGly〈a〉

dXGly

dt
=

kdC0,GlyXGly
(
1 − XGly

)
ln
(
1 − XGly

)

Ea1 = 40.4 kJ mol− 1 

E′
a1 = not available 

Ea2 = 44.8 kJ mol− 1 

E′
a2 = 70.5 kJ mol− 1 

Ea3 = 69.1 kJ mol− 1 

Ea4 = 33.9 kJ mol− 1 

k0j = not available  

Deactivation terms 
At W/F =

50 gcat h mol− 1,kd =

2.98 h− 1 

AtW/F =

83.33 gcat h mol− 1 ,

kd = 2.55 h− 1 

AtW/F =

104.17 gcat h mol− 1,

kd = 1.35 h− 1 

Heterogeneous kinetic 
modelling assuming first 

order with respect to 
reactant. 

A kinetic model for the 
deactivation behaviour 
based on mean integral 

activity (〈a〉) 

[172] 

Gly dehydration to 
Acr 

Catalyst: 
ASPN-40 

T = 523–573 K 
P = 0.101 MPa 
Cgly_feed = 10.8 wt% 
W/F = 2.08–104.17 gcat h 
mol− 1 

trxn = 6900 min (115 h) 

YAcr ≈ 50% 

Power-law: 
dCGly

dτ = − (k1 + k2 + k3 + k4)Cgly 

dCHPA

dτ = k1CGly − k′
1CHPA 

dCAcr

dτ = k′
1CHPA 

dCacetol

dτ = k2CGly − k′
2Cacetol 

dCacetaldehyde

dτ = k3CGly + k′
2Cacetol 

dCbyproducts

dτ = k4CGly  

Model for catalyst deactivation 
(dependent on product 

concentration): 

Ea1 = 44.6 kJ mol− 1 

E′
a1 = not available 

Ea2 = 66.6 kJ mol− 1 

E′
a2 = 74.7 kJ mol− 1 

Ea3 = 36.2 kJ mol− 1 

Ea4 = 48.0 kJ mol− 1 

k0j = not available  

Deactivation terms 
At W/F =

50 gcat h mol− 1,kd =

2.56 h− 1 

At W/F =

83.33 gcat h mol− 1 ,

kd = 0.88 h− 1 

Heterogeneous kinetic 
modelling assuming first 

order with respect to 
reactant. 

A kinetic model for the 
deactivation behaviour 
based on mean integral 

activity (〈a〉) 

[172] 

(continued on next page) 
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concluded that deactivation rate is dependent on product concentrations 
only [172]. In their model, external mass transfer is ignored as there 
were no changes to conversion when varying flowrates. Based on the 
model developed, the Ea of the main reaction when using HZSM-5 and 
ASPN-40 is 40.4 kJ mol− 1 and 44.6 kJ mol− 1, respectively. 

Furthermore, Talebian-Kiakalaieh et al. [168] used the LHHW 
approach to model the reaction in a packed-bed reactor of 30HZ-20 A. 
Based on this approach, Gly molecules are adsorbed to react, and then 
Acr and water desorb of the catalytic surface. The model included two 
parameters, a material ratio (κ) due to the presence of a solvent (water) 
and an expansion factor (δGly) due to the generation of 3 mol of product 
from 1 mol of Gly. The model was concluded suitable as it predicted Acr 
selectivity (88.3%) with an error of 0.57% compared to the experi
mental value (88.8%). The Ea is 27.5 kJ mol− 1 when using 30HZ-20 A 
catalyst [168]. The LHHW approach was also used by the same authors 
[169] to develop a model using SiW20-Al/Zr10 catalyst. In both studies, 
the concentrations of the adsorbed species were calculated by assuming 
adsorption and desorption occur in equilibrium [168,169]. The Ea ob
tained by Talebian-Kiakalaieh et al. [169], in which SiW20-Al/Zr10 is 
used, is comparable to those of commercial catalysts HZSM-5 and ASPN- 
40 [172]. All the studies assumed the reactions are first order with 
respect to the reactant [167–169,172]. The dehydration reaction was 
assumed to be pseudo-first order as the water concentration is large 
compared to that of Gly and thus the quantity of water is assumed to be 
constant [169,172]. In addition, the rate-determining step is the dehy
dration of Gly to Acr [168,169,172]. 

Moreover, Martinuzzi et al. [173] focused on modelling catalyst 
deactivation only. The authors investigated the effect of reaction pa
rameters such as temperature, residence time and concentrations on the 
deactivation of a commercial heteropolyacid catalyst ZR24. It was 
observed that deactivation ratecatalt is influenced by the formation of 
cyclic compounds. Based on experimental data, a kinetic model 
describing deactivation in terms of the decrease of glycerol conversion 
as a function of time was developed. The Ea value for deactivation was 

concluded to be 157 kJ mol− 1 [173]. 
Acr is typically used as intermediate to produce acrylic acid [82], 

however Thanasilp et al. [174] investigated an oxydehdyration reaction 
in which Gly is directly converted to acrylic acid in a single reactor using 
V6-SiW/HZSM-5 catalyst. Based on a power-law model, the Ea of the 
reaction is 26.63 kJ mol− 1 and the orders of Gly, and the oxidant (H2O2) 
are 1.2 and 0.3, respectively. Thus, the reaction rate is pseudo-first order 
with respect to Gly, and zero order with respect to H2O2. In addition, two 
models using the LHHW approach and one using the ER approach were 
also developed. The ER model, which best fits the experimental data, 
assumes that the reaction occurs between Gly molecules and adsorbed 
oxygen molecules, with an Ea of 28.57 kJ mol− 1. 

4.7. Halogenated products (Chlorohydrins) 

Chlorination of Gly produces dichlorohydrins (DCH, with isomers 
α,γ-DCH and α,β-DCH), which are intermediates for epichlorohydrin 
production [175]. Epichlorohydrin is a vital feedstock for the 
manufacturing of epoxide resins and plasticisers [176]. Conventionally, 
DCHs are produced by reacting allyl chloride and hypochlorous acid. 
However, the DCH mixture produced only contains 30% of the desired 
isomer α,γ-DCH [175]. High selectivity towards α,γ-DCH can be attained 
via the glycerol-based route (Fig. 14), which is an exothermic reaction 
[77]. Gly reacts with HCl to produce monochlorohydrins (MCH, with 
isomers α-MCH and β-MCH) and water as by-product. The isomer α-MCH 
further reacts to produce DCH [175], although intermediates like ep
oxides and esters are also formed due to the presence of carboxylic acid 
catalysts [176]. 

Temperature wise, it was observed that Gly conversion increases up 
to 105 ◦C but stays constant at higher temperatures, which is due to the 
decrease of HCl solubility despite the reaction rate increasing [177]. 
Moreover, increasing HCl pressure significantly increases Gly conver
sion and DCH selectivity [178], because at higher pressures, the solu
bility and mass transfer of HCl increases [175,177]. Furthermore, 

Table 10 (continued ) 

Reaction and 
Catalyst 

Reaction conditionsa (Best) XGly/ 
Sel/Yieldb 

Kinetic rate type and equationc Kinetic parametersd Notes Ref. 

d〈a〉
dt

= − kdC0,GlyXGly〈a〉

dXGly

dt
=

kdC0,GlyXGly
(
1 − XGly

)
ln
(
1 − XGly

)

At W/F =

104.17 gcat h mol− 1,

kd = 0.71 h− 1 

Gly dehydration to 
Acr 

Catalyst: 
heteropolyacid 

ZR24 

T = 543–583 K 
P = 0.27 MPa 
Cgly_feed = 2–4 vol% 
Catload = 0.966 g 
τ = 0.098–0.20 s 
trxn = 480 min 

SAcr = 75% 

Deactivation model (based on Gly 
conversion): 

−
dXGly

dt
=

kd τ− 1.4 P1.7
Gly P− 0.6

H2O P− 0.77
O2

X2
Gly 

Ead = − 157 kJ mol− 1 

k0d = 4.96×

10− 22 s− 2.4Pa− 0.33 

Catalyst deactivation 
study. Model is based on 
observations made when 

varying temperature, 
concentrations, and 

residence time. 

[173] 

Gly 
Oxydehydration 
to acrylic acid 
(Gly + H2O2) 

Catalyst: 
V6-SiW/HZSM-5 

T = 333–363 K 
P = 0.101 MPa 
Cgly_feed = 1.37–5.50 mol L− 1 

CH2O2_feed = 1.37–6.85 mol L− 1 

Catload = SiW loading of 30 wt 
% 
trxn = 240 min 

Yacrylic 

acid = 36.23% 

ER model 

− rGly =
k2K2

a,H2O2
C2

H2O2
CGly

(
1 + Ka,H2O2 CH2O2

)2 

− rGly =
k2K2

a,H2O2
C4

H2O2
CGly

(
1 + Ka,H2O2 C2

H2O2

)2  

Ea2 = 28.57 kJ mol− 1 

k02 = 9.95× 10− 2  

Adsorption parameter 
ΔHa,H2O2 =

18.45 kJ mol− 1 

k0 Ka,H2O2 = 4.25×

104 

Power-law and LHHW 
models were also 
developed. ER fits 

experimental results the 
best. 

[174]  

a Reaction conditions used for kinetic studies. Temperature (T), pressure (P), Gly feed concentration (Cgly feed), catalyst loading (Catload), reaction time (trxn), contact 
time (Vcat/F) and (W/F), H2O2 feed concentration (CH2O2 feed), residence time (τ). 

b Best Gly conversion (XGly), selectivity (S) or yield (Y) with respect to acrolein (Acr) or acrylic acid, achieved at optimum operating conditions which are different 
than the reaction conditionsa for kinetic study presented in the table. 

c Rate of reaction (ri), reaction rate constant (kj), deactivation rate constant (kd), reaction order (n), component adsorption equilibrium constant (Ka,i), concentration 
(Ci), total molar concentration (CTotal), concentration of total active sites (CTS), initial concentration (C0,i), degree of conversion (α), initial mass of coked catalyst (m0), 
instantaneous mass of coked catalyst (mi), final mass of coked catalyst (mf ), material ratio (κ), expansion factor (δGly), conversion (Xi), mean integral activity (<a>), 
residence time (τ), Partial pressure (Pi). i: components, j=reactions. Subscript HPA = 3-hydroxypropionaldehyde. 

d Activation energy (Eaj), pre-exponential factor (k0j), reaction order (n), deactivation rate constant (kd), enthalpy of component adsorption constant (ΔHa,i), pre- 
exponential factor of component adsorption constant (k0 Ka,i). i: components, j=reactions.  
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increasing catalyst loading also causes α,γ-DCH selectivity to increase 
[175]. The reaction is typically catalysed using ACA, however it is vol
atile under the usual reaction conditions. Therefore, more stable cata
lysts with comparable performance to ACA have been evaluated 
[175,178]. According to Tesser et al. [178], a catalyst requires to have a 
pKa value of 4–5 to be suitable for attaining high activity and α,γ-DCH 
selectivity [178]. 

Table 11 presents studies that have investigated the reaction kinetics. 
At the beginning of the reaction, HCl rate of consumption is high due to 
its movement from the gas to the liquid phase and the ‘reaction rate 
effect’. This indicates the need of describing the gas-liquid mass transfer 
phenomenon using HCl solubility data [178]. For instance, HCl solubi
lity data were determined experimentally [178], and a solubility 
corrective factor was included to match the model results with the 
experimental data [178]. Similarly, HCl solubility data were calculated 
using the UNIFAC model by Vitiello et al. [175]. The model by De Araujo 
Filho et al. [177] assumed HCl solubility to be constant, while Medina 
et al. [176] obtained HCl concentration real values by using titration. 

The two-film theory was also used to describe the gas-liquid HCl 
mass transfer in [175,177,178]. The mass transfer coefficient attained 
by Tesser et al. [178] is 3 min− 1 which is higher compared to 
0.0542 min− 1 obtained by Vitiello et al. [175], which could be due to the 
nature of the catalysts as the higher the activity, the lower the coefficient 
[175]. 

Moreover, Tesser et al. [178] investigated a gas-liquid biphasic ki
netic model for multiple catalysts (ACA, monochloroacetic acid, 
dichloroacetic acid and trichloroacetic acid) at a constant operating 
temperature (373 K). The model included a HCl gas-liquid partition 
parameter to describe the reaction in a fed-batch reactor. Additionally, 
catalyst activity was related to its chemical structure using the Taft 
equation accounting for the electronic nature of the substituents (F*) 
and the steric effect (δ). To develop the model, it was assumed the re
actions to yield β-MCH and α,β-DCH are irreversible. It is also recom
mended using Taft equation along pKa values to improve predictions 
related to the catalyst behaviour [178]. 

Furthermore, the same authors modified the previous model to 
describe an isothermal semi-batch system at different pressures and 
catalysts (glycolic, thioglycolic, diglycolic, aspartic, glutamic acids and 
cysteine) at temperature of 373 K. [175]. In this study, they considered 
the reverse reactions to β-MCH and α,β-DCH to have an equal kinetic 
constant. It was determined that the fitting did not improve significantly 
when varying the values of the reverse kinetic constants and thus this 
assumption was verified [175]. 

A comprehensive model was developed by De Araujo Filho et al. 
[177] for the reaction catalysed by ACA in a back mixed semi-batch 
reactor. According to the authors [177], using gaseous HCl led to a 
significant increase in the liquid volume during the reaction. Therefore, 
unlike the case of using aqueous HCl, the volume of the reaction mixture 
cannot be assumed constant. In addition, it was observed that at tem
peratures between 105 ◦C and 120 ◦C, high Gly conversion to α-MCH 

occurs in the absence of catalyst. Therefore, the parameters κ and αw, 
were included in the model to describe the effect of the non-catalytic 
pathway. The quasi-steady state hypothesis was assumed for all the in
termediates due to their low concentrations and therefore were excluded 
[177]. To confirm the validity of the model, catalyst modulus (Ψ) was 
introduced, which is based on the formation rate of α,γ-DCH and is 
defined as the ratio between the real reaction rate to the theoretical 
maximum when the catalyst concentration is infinite [177]. The Ea ob
tained were comparable to results in literature. However, it was noted 
that the activation energy for the conversion α,MCH to α,γ-DCH 
(47.8 kJ mol− 1) is higher compared to other cases (40.9 kJ mol− 1 [179]), 
due to the consideration of the non-catalytic reaction [177]. 

Using ACA as catalyst, Medina et al. [176] extended the model by De 
Araujo Filho et al. [177]. The chlorination steps were assumed irre
versible, while the other steps are reversible. Unlike De Araujo Filho 
et al. [177], quasi-steady state hypothesis in not valid for esters, which is 
due to the high stability and high concentration of esters. However, the 
quasi-equilibrium approximation is applied as their formation is much 
faster compared to the hydrochlorination steps. Therefore, equilibrium 
constants for the formation of esters were calculated assuming inde
pendence of temperature due to the reactions having low enthalpies. In 
addition, mean activity coefficients for HCl and water were incorporated 
into the model. Furthermore, the model describes a non-isothermal 
system, this is because the dissolution of HCl gas to the liquid phase is 
exothermic and causes the reactor’s temperature to vary considerably. 
Finally, it was illustrated that the reaction is of zero order with respect to 
Gly, while for HCl, the reaction order is close to first at the beginning of 
the reaction but then it increases to second order as water is produced. 
The model fits experimental data successfully, however in certain con
ditions, deviations occur as reaction mixture deviates from ideal 
behaviour due to HCl being a strong electrolyte [176]. 

Moreover, quasi-stationary-state assumption was made for the re
action system to develop a simple power-law kinetic model when using 
ACA as a catalyst [180]. It was also assumed that the concentrations of 
ACA, HCl and H2O are constant. The model was used to design and 
investigate several large-scale configurations such as continuous stirred 
tank reactors (CSTRs) and reactive distillation columns. Additionally, 
intensified systems which combines reactive distillation with thermally 
coupled distillation and divided-wall distillation were explored [180]. 
Lastly, a further detailed overview of the reaction kinetics for Gly 
chlorination is also presented in the review by Santacesaria et al. [77]. 

4.8. Glycerol reforming: production of H2 

In a context where H2 production from renewable resources is being 
spurred by the implementation of renewable energy policies, its gener
ation from bioresource waste streams is an increasing field of research. 
Glycerol steam reforming (GSR) is an overall endothermic (ΔH0

rxn=

+128.0 kJ mol− 1) reaction that generates H2 and/or syngas as end 
products [81]. However, the reaction network can become quite 

Fig. 14. Reaction scheme for the halogenation of glycerol.  
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Table 11 
Summary of the most relevant aspects of kinetic studies in glycerol halogenation reactions.  

Reactants and Catalyst Reaction conditionsa (Best) XGly/Sel/ 
Yieldb 

Kinetic rate type and equationc Kinetic parametersd Notes Ref. 

Gly + gaseous HCl 
Catalyst: 

Glycolic acid 
Thioglycolic acid 
Diglycolic acid 

Cysteine 
Aspartic acid 
Glutamic acid 

T = 373 K 
PHCl = 0.1–0.8 MPa 
mGly_feed = 150 g 
Catload = 4.80–19.13 g 
ω = 1000 rpm 
trxn = 240 min 

SDCH = 84 mol% 

Power-law: 
rα− MCH = Ccat

(
k1CGlyCHCl − k− 1CH2OCα− MCH

)

rβ− MCH = Ccat
(
k2CGlyCHCl

)

rα,γ− DCH = Ccat(k3Cα− MCHCHCl − k− 3CH2OCα,γ− DCH 

rα,β− DCH = Ccat(k4Cα− MCHCHCl)

Not available 
Kinetic constants (kj) values given at 

various operating conditions at 
constant temperature (373 K). 

None [175] 

Gly + gaseous HCl 
Catalyst: 

ACA 

T = 343–388 K 
PHCl = 0.0253–0.101 MPa 
mGly_feed = not available 
Catload = 0–15 mol% 
ω = not available 
trxn = 180 min 

YDCH = 65%* 

Power-law based model: 

rα− MCH =

k3CGlyC2
HCl

( Ccat

CH2O + Keq1CGly + Keq2Cα− MCH
+ θ′

)

CcatCH2O

CH2O + Keq1CGly + Keq2Cα− MCH
+ θ3HClCHCl + θH2OCH2O 

rβ− MCH =

k4CGlyC2
HCl

( Ccat

CH2O + Keq1CGly + Keq2Cα− MCH
+ θ′

)

CcatCH2O

CH2O + Keq1CGly + Keq2Cα− MCH
+ θ3HClCHCl + θH2OCH2O 

rα,γ− DCH =

k7Cα− MCHC2
HCl

( Ccat

CH2O + Keq1CGly + Keq2Cα− MCH

)

CcatCH2O

CH2O + Keq1CGly + Keq2Cα− MCH
+ θ7HClCHCl 

rα,β− DCH =

k8Cα− MCHC2
HCl

( Ccat

CH2O + Keq1CGly + Keq2Cα− MCH

)

CcatCH2O

CH2O + Keq1CGly + Keq2Cα− MCH
+ θ7HClCHCl 

Ea3 = 71.4363 kJ mol− 1 

Ea4 = 85.3036 kJ mol− 1 

Ea7 = 40.2159 kJ mol− 1 

Ea8 = 57.1005 kJ mol− 1 

Eaθ′ = 12.0728 kJ mol− 1 

k03 = 1.31574 
k04 = 0.06005 
k07 = 0.16391 
k08 = 0.00340 
k0θ′ = 0.00048  

Merged parameters 
θ3HCl = 934.772 
θH2O = 747.316 
θ7HCl = 3984.59  

Equilibrium coeffiecents 
Keq1 = 4.2522 
Keq2 = 2.2390 

Estimated parameters for three model sets are 
provided. Model set 2 is presented here as it has 

the highest degree of explanation value 
(R2 = 0.9878). 

[176] 

Gly + gaseous HCl 
Catalyst: 

ACA 

T = 343–393 K 
PHCl = 0.0253–0.101 MPa 
mGly_feed = 220 g 
Catload = 0–50 mol% 
ω = 1000 rpm 
trxn = 180 min 

YDCH = 64%* 

Power-law (combined catalysed and non-catalysed 
reactions) 

rα− MCH =
k′

3CGlyC2
HCl (Ccat + θ′)

CcatCH2O + θHClCHCl + θH2OCH2O 

rβ− MCH =
k′

4CGlyC2
HCl (Ccat + θ′)

CcatCH2O + θHClCHCl + θH2OCH2O 

rα,γ− DCH =
k′

7CcatCα− MCHC2
HCl

CcatCH2O + (γ′CH2O + δ′)CHCl  

Power law (non-catalysed reactions): 

rα− MCH =
k˝

3CGlyC2
HCl

θHClCHCl + θH2OCH2O 

rβ− MCH =
k˝4CGlyC2

HCl
θHClCHCl + θH2OCH2O 

Power law: combined catalysed and 
non-catalysed reactions 

Ea3
′ = 47.8 kJ mol− 1 

E′
a4 = 56.1 kJ mol− 1 

E′
a7 = 35.0 kJ mol− 1 

ln k′
03 = 2.55 

ln k′
04 = 2.37 

ln k′
07 = − 3.06  

Power-law: non-catalysed reactions 
E″

a3 = 74.0 kJ mol− 1 

Ea4
″ = 82.3 kJ mol− 1 

ln k″
03 = 13.37 

Very comprehensive kinetic model (proposed 
Catalyst modulus). 

Non-catalytic hydrochlorination reaction is 
considered. 

Volume increase of the liquid phase is 
considered. 

[177] 

(continued on next page) 
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Table 11 (continued ) 

Reactants and Catalyst Reaction conditionsa (Best) XGly/Sel/ 
Yieldb 

Kinetic rate type and equationc Kinetic parametersd Notes Ref. 

ln k″
04 = 13.19  

Merged parameters: 
θHCl = 990.97 
δ′ = 3992.66 

θH2O = 1240.39 
γ′ = 1.05 

θ′ values are provided at different T 
Gly + gaseous HCl 

Catalyst: 
ACA 

monochloroacetic 
acid (MCA) 

dichloroacetic acid 
(DCA) 

trichloroacetic acid 
(TCA) 

T = 373 K 
PHCl = 0.2–0.9 MPa 
mGly_feed = 150 g 
Catload = 8.0 mol% 
ω = 1200 rpm 
trxn = 240 min 

YDCH = 89.37% 
(cat = ACA) 

Power-law: 
rα− MCH = k1CcatCGlyCHCl − k− 1CcatCH2OCα− MCH 

rβ− MCH = k2CcatCGlyCHCl 

rα,γ− DCH = k3CcatCGlyCα− MCH − k− 3CcatCH2OCα,γ− DCH 

rα,β− DCH = k4CcatCGlyCα− MCH 

Not available 
Kinetic constants (kj) values given at 

various operating conditions at 
constant temperature (373 K). 

Includes HCl gas-liquid partition. 
Solubility correction factor calculated and 

included in the model. 
Taft equation is used. 

[178] 

Gly + HCl 
Catalyst: 

ACA 

T = 363–393 K 
PHCl = not available 
mGly_feed = not available 
Catload = not available 
ω = not available 
trxn = not available 

YDCH = 33.3*% 

Power-law: 
rGly = k1CGly 

rα− MCH = k2CGly − k3Cα− MCH 

rβ− MCH = k4CGly − k5Cβ− MCH 

rα,γ− DCH = k3Cα− MCH 

rα,β− DCH = k5Cβ− MCH 

k1 = − (k2 + k4)

k2 = 491.6e− 5380.8/T 

k3 = 55.41e− 5469.2/T 

k4 = 0.3789e− 4221.2/T 

k5 = 33.7e− 6294.6/T 

Model is based on optimising model developed 
by Luo et al. [179]. 

Study of several intensified systems that include 
CSTRs and reactive distillations 

[180]  

a Reaction conditions used for kinetic studies. Temperature (T), HCl partial pressure (PHCl), Gly feed mass (mgly feed), catalyst loading (Catload), stirring speed (ω), reaction time (trxn). 
b Best Gly conversion (XGly), selectivity (S) or yield (Y) with respect to α, γ - DCH achieved at optimum operating conditions which are different than the reaction conditionsa for kinetic study presented in the table. 

*Calculated using data from concentration graphs presented in study. 
c Rate of reaction (ri), forward reaction rate constant (kj), backward reaction rate constant (k− j), concentration (Ci), concentration of catalyst (Ccat), overall equilibrium constant (Keq), merged parameters in which 

definition differs between articles (θ′,θji,θi, γ′,δ′).i: components, j=reactions. 
d Activation energy (Eaj), pre-exponential factor (k0j), overall equilibrium constant (Keq), merged parameters in which definition differs between articles (θ′, θji, θi, γ′, δ′). i: components, j=reactions.  
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Table 12 
Summary of the most relevant aspects of kinetic studies in glycerol reforming for the production of H2.  

Reaction/ reactants and 
Catalyst 

Reaction conditionsa (Best) XGly/ 
Sel/Yieldb 

Kinetic rate type and equationc Kinetic parametersd Notes Ref. 

Supercritical water 
gasification (SCWG) of Gly 

Catalyst: 
None 

T = 760–873 K 
P = 25 MPa 
Cgly_feed = 10 wt% 
τ = 3.9–9.0 s 
Catload = none 
trxn = not available 

YH2 = 3.4 mol 
molGly

− 1 

Power-law: 
rGly− pyrolysis1 = k1CGly 

rGly− pyrolysis2 = k2CGly 

rInt− SR1 = k3CIntCH2O 

rInt− SR2 = k4CIntCH2O 

rInt− pyrolysis = k5CInt 

rWGSR = k6CCOCH2O 

rMethanation = k7CCOCH2 

Ea1 = 53.3 kJ mol− 1 

Ea2 = 59.8 kJ mol− 1 

Ea3 = 114.1 kJ mol− 1 

Ea4 = 109.6 kJ mol− 1 

Ea5 = 66.7 kJ mol− 1 

Ea6 = 76.5 kJ mol− 1 

Ea7 = 74.3 kJ mol− 1 

ln k01 = 6.00 
ln k02 = 6.37 
ln k03 = 15.28 
ln k04 = 14.18 
ln k05 = 9.51 
ln k06 = 4.86 
ln k07 = 10.19 

All reaction rate equations are assumed to be 
1st order with respect to the reactants. [181] 

Gly SR (Gly + Steam) 
Catalyst: 

Co-Ni/Al2O3 

T = 773–823 K 
P = 0.101 MPa 
MR: 3:1–12:1 
Cgly_feed = 30–60 wt% 
Catload = not available 
trxn = not available 

SH2 = 65.5% 

Power-law: 
− rGly = kPm

GlyPn
steam  

LHHW 

r =
kPGlyPsteam

(
1 + Ka,GlyPGly

)(
1 + Ka,steamPsteam

)

Power law 
m = 0.253 
n = 0.358 

Ea = 63.3 kJ mol− 1 

k0 = 0.0360 mol m− 2 s− 1 kPa− (m+n)

LHHW 
Ea = 69.36 kJ mol− 1 

Ln k0 = − 7× 10− 7*  

Adsorption constants 
ΔHa,Gly = − 28.70 kJ mol− 1 

ΔSa,Gly = − 39.93 J mol− 1K− 1 

ΔHa,steam = 15.81 kJ mol− 1 

ΔSa,steam = − 8.11 J mol− 1 K− 1 

ER model also developed but it did not fit 
experimental data [182]  

Gly SR (Gly + Steam) 
Catalyst: 

5% Ni-UGSO  

T = 753–853 K 
P = 0.101 MPa 

MR = 9:1 
W/ 

F = 17.886–39.305 g h mol− 1 

Catload = 0.5 g 
trxn = 150 min 

YH2 = 77.07% 

Power-law: 
rGly = k1Pn1

Gly 

rH2 = k2Pn2
Gly 

rCO2 = k3Pn3
Gly 

rCO = k4Pn4
Gly 

rCH4 = k5Pn5
Gly  

LHHW: 

r =
kP

2
3
Gly

(
1 + Ka,GLyP

1
3
Gly + Kdes,CO2 PCO2

)2 

Power law 
n1 = 0.63 
n2 = 0.66 
n3 = 0.38 
n4 = 1.12 
n5 = 1.61 

Ea1 = 66.1 kJ mol− 1 

Ea2 = 71.4 kJ mol− 1 

Ea3 = 67.0 kJ mol− 1 

Ea4 = 66.5 kJ mol− 1 

Ea5 = 90.7 kJ mol− 1 

k01 = 49.0 mol min− 1 g− 1
cat atm− n 

k02 = 660.3 mol min− 1 g− 1
cat atm− n 

k03 = 45.2 mol min− 1 g− 1
cat atm− n 

k04 = 9.1 mol min− 1 g− 1
cat atm− n 

k05 = 1827.7 mol min− 1 g− 1
cat atm− n  

LHHW 
Ea = 62.8 kJ mol− 1 

k0 = 53.4 mol min− 1 g− 1
cat atm

−
2
3  

To develop power law, zero order with respect 
to water is assumed. 

LHHW model describes single site dissociative 
adsorption of Gly and molecular adsorption of 

steam. 

[183] 

(continued on next page) 

A
. Sandid et al.                                                                                                                                                                                                                                  



FuelProcessingTechnology253(2024)108008

35

Table 12 (continued ) 

Reaction/ reactants and 
Catalyst 

Reaction conditionsa (Best) XGly/ 
Sel/Yieldb 

Kinetic rate type and equationc Kinetic parametersd Notes Ref. 

Adsorption and desorption constants 
ΔHa,Gly = − 34.1 kJ mol− 1 

ΔSa,Gly = − 39.3 kJ mol− 1 

ΔHdes,CO2 = 41.1 J mol − 1 K − 1 
ΔSdes,CO2 = 12.4 J mol − 1 K − 1 

Gly SR (Gly + Steam) 
Catalyst: 

10Ni-1Ru/Al2O3/5CeO2 

T = 823–1073 K 
P = 0.101 MPa 
MR = 12:1 
WHSV = 10 h− 1 

trxn = not available 

SH2 = 88.6% 
Power law:  

− ri = k Cm
Gly Cn

H2O 

For :
rGly,Ea = 70.82 kJ mol− 1,m = 0.31,n =

0.52 
rH2,Ea = 55.79 kJ mol− 1 ,m = 0.31,n =

0.34 
rCO2 ,Ea = 73.18 kJ mol− 1,m = 0.28,n =

0.40 
rCO ,Ea = 90.42 kJ mol− 1,m = 0.50,n = −

0.03 
rCH4 ,Ea = 109.53 kJ mol− 1 ,m = 0.21,n =

0.15 

– [184] 

Gly SR (Gly + Steam)  

Catalyst: 
Ni/Fly ash 

T = 723–823 K 
P = 0.101 MPa 
MR = 12:1 
W/F = 7.94–19.27 kg cat h 
kmol− 1 

trxn = 180 min 

YH2 = 5.8 mol 
molGly

− 1 

Power-law model:  

− r = k P0.54
Gly P0.39

H2O  

LHWW:  

− r =
kKa,GlyKa,H2OKeq,surface rxnPGlyPH2O

(1 + Ka,GlyKa,H2OKeq,surface rxnPGlyPH2O
+Ka,GlyPGly + Ka,H2OPH2O)

Power law 
Ea = 29.0 kJ mol− 1 

k0 = 65.08 kmol atm− 0.93 kg− 1
cat h− 1  

LHHW 
Ea = 30.0 kJ mol− 1 

k0 = 37.0 kmol kg− 1
cat h− 1 atm− 1  

Adsorption parameters 
Ka,Gly,Ka,H2O and Keq,surface rxn values 

are provided at 723 K,773 K and 823 K. 

For LHHW model, dual site mechanism and 
pseudo-steady state hypothesis is used. The r. 

d.s is assumed to be the 
desorption step. 

[185] 

Gly SR (Gly + Steam) 
Catalyst: 
Ni–Cu–Al 

T = 773–873 K 
P = 0.101 MPa 
MR = 9:1 
W/F = not available 
trxn = 180 min 

SH2 = 78.6% 

Power-law with first order: 
− r = kα(t)X  

Where 

α(t) =
1

1 + k′t  

XGly =
1

(1 + k′t)

(
k

mcat

F0

)

k′ 

Ea
′ = 96.8 kJ mol− 1 

k0
′
= 9.76× 104 min− 1 

Ea = 55.3 kJ mol− 1 

k0 = 2.21× 102 min− 1 

Model developed by separable kinetics that 
includes catalyst decay and reaction kinetics. 

α(t) is activity of the catalyst at time t. 
k’ is a constant for carbon deposition. 

[186]  

Gly SR (Gly + Steam) 
Catalyst: 

Ni/Nb2O5/Al2O3 

T = 723–923 K 
P = 0.101 MPa 
VR = 30–50 (%v/v Gly in 
feed) 
GHSV = (2–5) × 106 h− 1 

trxn = not available 

YH2 = 50% Power law: 
r = kCm

GlyCn
steam 

First approach 
m = 0.4 
n = 0.0 

Ea = 32.9 kJ mol− 1 

k0 = 33.6 mol0.6 L0.4 g− 1 h− 1  

Second approach 
m = 0.9 
n = 2.0  

For VR = 50%v/v gly in feed 
Ea = 31.2 kJ mol− 1 

k0 = 2.7× 107 L− 0.1mol0.1h− 1  

For VR = 30%v/v gly in feed 

Pseudo-steady state hypothesis. [187] 

(continued on next page) 

A
. Sandid et al.                                                                                                                                                                                                                                  



FuelProcessingTechnology253(2024)108008

36

Table 12 (continued ) 

Reaction/ reactants and 
Catalyst 

Reaction conditionsa (Best) XGly/ 
Sel/Yieldb 

Kinetic rate type and equationc Kinetic parametersd Notes Ref. 

Ea = 120.1 kJ mol− 1 

k0 = 3.9× 1019 L1.9 mol− 1.9 h− 1 

Gly autothermal reforming 
Catalyst: 

dual layer monolith of Pt 
in the partial oxidation 
layer and Rh/Pt for SR 

layer supported on γ-Al2O3 

T = 823–923 K 
P = 0.1 MPa 
MR (steam:carbon) = 0.4–1.2 
Catload = 0.012 g 
trxn = not available 

YH2 = 15% 

LHHW (single site mechanism):  

r =
kPGly

̅̅̅̅̅̅̅̅̅̅
PH2O

√

(
1 + Ka,GlyPGly +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Ka,H2OPH2O

√ )2 

Ea = 130.73 kJ mol− 1 

ln k0 = − 5.2056* 
k values given at 823–923 K. Adsorption 
parameters (Ka,Gly) and 

(
Ka,H2O

)
given at 

923 K. 

Model describes non-dissociative adsorption 
of Gly and 

dissociative adsorption of steam 
[188] 

Crude Gly autothermal 
reforming 
Catalyst: 

5% Ni/CeZrCa 

T = 773–923 K 
P = 0.1 MPa 
MR (steam:carbon) = 2.6 
MR (oxygen:carbon) = 0.125 
Catload = not available 
trxn = not available 

not available 

Power law (overall crude Gly autothermal 
reforming): 
r = k1P1.04

Gly P0.54
H2OP1.78

O2  

ER (SR of Gly):  

r =
k2

(

C0.8
GlyC2.4

H2OC− 1.5
CO2

C− 4.2
H2

−
C0.5

CO2
CH2

Keq,2

)

⎡

⎣
1 + Ka,1C0.8

Gly + Ka,WC0.8
GlyC2.2

H2OC− 1.5
CO2

C− 4.2
H2

+Ka,CC1.5
CO2

C4.2
H2

C− 2.2
H2O

⎤

⎦

LHHW (total oxidative reforming): 

r =
k3

(

C0.2
Gly −

C0.5
CO2

C0.7
H2O

C0.65
O2

Keq,3

)

⎡

⎣
1 + Ka,3C0.65

O2
+ Ka,6C0.5

CO2
+ Ka,H2OC0.7

H2O

+Ka,WC0.5
CO2

C0.7
H2OC− 0.65

O2

⎤

⎦

3  

ER (CO2 methanation):  

r =

k4

(

C0.5
CO2

−
C0.5

CH4
CH2O

CH2 Keq,4

)

[
1 + Ka,3C0.5

CH4
CH2O + Ka,1C0.5

CH4
CH2OC2

H2

]

Power law (overall crude Gly autothermal 
reforming) 

Ea1 = 87.8 kJ mol− 1 

k01 = 4.3× 1010 mol
(
gcat min

)− 1  

ER (SR of Gly): 
Ea2 = 93.2 kJ mol− 1 

k02 = 1.17× 105 mol
(
gcat min

)− 1 

Keq,2 = 1.13× 109 

Adsorption parameters 
Ka,1 = 1.56× 10− 2 

Ka,C = 2.74× 1011 

Ka,W = 1.35× 106  

LHHW (total oxidative reforming) 
Ea3 = 72.6 kJ mol− 1 

k03 = 2.96× 105 mol
(
gcat min

)− 1 

Keq,3 = 1.08× 10− 10 

Adsorption parameters 
Ka,H2O = 4.56× 10− 1 

Ka,W = 5.383× 102 

Ka,3 = 1.7× 10− 2 

Ka,6 = 3.62× 103  

ER (CO2 methanation) 
Ea4 = 81.2 kJ mol− 1 

k04 = 8.84× 106 mol
(
gcat min

)− 1 

Keq,4 = 6.79× 10− 5 

Adsorption parameters 
Ka,1 = 7.435× 102 

Ka,3 = 7.6× 104 

Uses Crude Gly as feedstock. 
Several comprehensive models based on 

LHHW and ER approaches presented for GSR, 
total oxidative reforming and methanation 
reactions. The most suitable models were 

further tested for thermodynamic scrutiny. 
Study also explored reactor simulation. 

[189]  

a Reaction conditions used for kinetic studies. Temperature (T), Pressure (P), steam to Gly molar ratio (MR), Gly feed concentration (Cgly feed), catalyst loading (Catload), reaction time (trxn), residence time (τ), contact- 
time (W/F), weight hourly space velocity (WHSV), volume ratio (VR). 

b Best Gly conversion (XGly), selectivity (S) or yield (Y) with respect to H2, achieved at optimum operating conditions which are different than the reaction conditionsa for kinetic study presented in the table. 
c Rate of reaction (ri), reaction rate constant (kj), partial pressure (Pi), concentration (Ci), component reaction order (m) and (n), component adsorption equilibrium constant (Ka,i), component desorption equilibrium 

constant (Kdes,i), equilibrium constant (Keq), activity of catalyst at time t (α(t)), mass of catalyst (mcat), molar flow rate (F0), Gly conversion (XGly). i: components, j=reactions. Subscripts: Int = intermediates. 
d Activation energy (Eaj), pre-exponential factor (k0j), reaction order (m) and (n), enthalpy of component adsorption/desorption constant (ΔHa,i/ΔHdes,i), entropy of component adsorption/desorption constant 

(ΔSa,i/ΔSdes,i), component adsorption equilibrium constant (Ka,i), equilibrium constant (Keq). i: components, j=reactions. *Calculated from data provided by study.  
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complex since, together with GSR (eq. I), water–gas shift (WGS) reaction 
(eq. II) and methanation (eq. III and IV) can also occur [81]. In addition, 
coke typically forms (eq. V, VI and VII) on the catalyst surface causing 
deactivation [81]. Other side reactions that have been observed to also 
occur are Gly pyrolysis as well as the SR and pyrolysis of intermediates 
(aldehydes, Acr, acetol, organic acids) [181]. 

C3H8O3 + 3H2O→3CO2 + 7H2 ΔH0
rxn = +128 kJ mol− 1) (I)  

CO + H2O⇌CO2 + H2
(
ΔH0

rxn = − 41 kJ mol− 1) (II)  

CO + 3H2⇌CH4 + H2O
(
ΔH0

rxn = − 206 kJ mol− 1) (III)  

CO2 + 4H2⇌CH4 + 2H2O
(
ΔH0

rxn = − 165 kJ mol− 1) (IV)  

2CO⇌CO2 + C
(
ΔH0

rxn = − 172 kJ mol− 1) (V)  

CH4⇌2H2 + C
(
ΔH0

rxn = +75 kJ mol− 1) (VI)  

CO + H2⇌H2O + C
(
ΔH0

rxn = − 131 kJ mol− 1) (VII) 

Operating conditions and type of catalyst used highly affect the re
action and the presence of intermediates. Usually, liquid components, 
mainly Acr, are produced at low temperatures, high pressures, and high 
Gly feed concentration in the presence of an acidic catalyst. For H2 
generation, the reaction requires an alkali catalyst, high temperatures, 
low pressures, and low Gly concentration in the feed [72]. These con
ditions increase the yield of H2 and CO2 substantially as it promotes 
WGS reaction [72]. However, similar to other cases, the catalyst tends to 
deactivate due to carbon deposition, which reduces catalytic surface 
area and pore volume [182]. Under the usual reaction conditions 
(>1023–1073 K and 1.0 atm), coking is mainly dependent on the partial 
pressure of Gly only, although it can be reversed [182]. In addition, 
including basic promoters to the catalyst reduces the concentration of 
acidic sites and this is beneficial as coking usually occurs in acidic sites 
while molecular adsorption of Gly occurs in basic sites [183]. Further
more, high temperatures, short residence time and diluted Gly feed also 
reduce the formation of carbon deposits [72]. 

Several studies presented in Table 12 have investigated the kinetics 
of the reaction. Most studies [181–187] use power-law models to 
describe the progress of the reactions. Using a bimetallic Co-Ni/Al2O3 
catalyst, the overall Ea of the reaction is 63.3 kJ mol− 1 and the reaction 
order for Gly and steam are 0.253 and 0.358, respectively [182]. 
Product wise, the rate of formation of methane is the slowest, requiring 
the highest Ea (101 kJ mol− 1), whilst the formation of other products 
(H2, CO2 and CO) has Ea in the range of 60–67 kJ mol− 1, indicating that 
the reactions have a similar rate-controlling step [182]. 

Moreover, when using a Ni-based catalyst (5% Ni-UGSO), another 
model was developed assuming a zero order with respect to water due to 
its presence in excess with the same reaction network to the previous 
case [183]. The overall Ea is 66.1 kJ mol− 1 with an order of Gly of 0.63 
Similarly, it was observed that the Ea of methane formation 
(90.7 kJ mol− 1) is much higher in comparison to the Ea of other products 
which had close values to 66.1 kJ mol− 1, which indicates that other 
products mainly come from Gly consumption [183]. With a Ru-doped 
Ni/Al2O3/5CeO2, Demsash et al. [184] found different reaction orders 
for Gly (0.31) and H2O (0.52), thus the excess of the latter not playing a 
constant role on the kinetics as in the previous case. The overall Ea has a 
similar value to the ones in the previous two references, but that of the 
formation of the by-products were somewhat higher. In addition, Bepari 
et al. [185] tested a Ni/Fly ash catalyst. In their study, the overall Ea was 
remarkably low (29.0 kJ mol− 1) and the order of reaction for Gly (0.54) 
and H2O (0.39) were relatively similar to other studies. It is noteworthy 
that upon consideration of the by-products, the production of CO in the 
WGS reaction showed a negative order of reaction with respect to steam 
(− 0.03), which entails that increasing water concentration can lead to 

the inhibition of CO production [184]. 
Furthermore, using Ni–Cu–Al as catalyst, a study developed the only 

model that considered deactivation as a relevant assumption using 
separable kinetic method to enable the investigation of kinetics inde
pendently from catalytic deactivation [186]. A parameter α(t) was 
implemented representing the activity of the catalyst at time (t) and it is 
defined as the reaction rate on used catalyst for time (t) divided by re
action rate on fresh catalyst [186]. As simplifications for the model, 
several assumptions were made such as no mass or heat transfer effects, 
no gas expansion due to constant flow rate, no CO and CH4 due to their 
presence in small amounts and the reactor is considered to be plug-flow. 
The reaction is fit well to a first order power-law model [186]. The Ea of 
the main reaction is 55.3 kJ mol− 1 and that of the catalyst decay was 
calculated to be 96.8 kJ mol− 1 [186]. 

The kinetics of the reaction has also been reported in the absence of a 
catalyst at 760–873 K and 25 MPa as opposed to atmospheric pressure 
operation (0.101 MPa). In this case, WGS and methanation reactions 
were assumed irreversible and the formation of char and tar were also 
ignored as the quantity observed was minimal. Further simplifications 
include the lumping of all intermediates owing to experimental quan
tification constraints and all the reactions were assumed to be first order 
with respect to each of the reactants. Based on these assumptions, the 
activation energies ranged from 53.3 to 114.1 kJ mol− 1 [181]. 

While using Ni/Nb2O5/Al2O3, Menezes et al. [187] developed two 
models based on power-law equations. When assuming that steam is in 
excess (steam’s reaction order = 0), the reaction order with respect to 
Gly is 0.4 and Ea is 32.9 kJ mol− 1. This model is based on H2 formation 
rate and thus describes GSR only [187]. The second model used differ
ential method for a tubular reactor assuming steady state conditions. In 
this case, the orders were 0.9 and 2.0 for Gly and H2O, respectively. 
Interestingly, the Ea values changed significantly from 31.2 kJ mol− 1 

(50% v/v Gly in feed) to 120.1 kJ mol− 1 (30% v/v Gly in feed). The 
difference is due to different rate determining steps. As opposed to the 
first model, the second model is based on Gly consumption and there
fore, also describes parallel reactions occurring along GSR [187]. 

As the system is usually heterogeneously catalysed, some studies 
developed LHHW based models [182,183,185,188], for which single 
and dual site mechanisms have been investigated. In single-site mech
anisms, it is assumed that Gly and steam adsorb on identical sites, as 
opposed to dual site mechanism, in which they adsorb on different 
active sites. According to Cheng et al. [182], it was concluded that the 
system is described by a LHHW-based model using dual site mechanism 
which associative adsorption of Gly and steam occurs and surface re
action is the rate determining step [182]. The Ea attained is 
69.36 kJ mol− 1, which is close in comparison to the value attained by 
power-law in the same study [182]. Additionally, a LHHW based model 
using dual-site mechanism was also developed; however, in this case the 
desorption step was assumed to be rate-determining [185]. The activa
tion energy is 30.0 kJ mol− 1, which is close compared to that of the 
power-law model [185]. Several ER-based models were also developed 
assuming that only one reactant (either Gly or steam) is adsorbed due to 
steric and geometric constraints, while the other remains in the bulk (in 
gas phase) [182]. It was concluded that the ER based models did not fit 
experimental data [182]. 

Moreover, Liu et al. [188] investigated autothermal reforming using 
a dual layer monolith catalyst of Pt in the partial oxidation layer and Rh/ 
Pt for steam reforming layer supported on γ-Al2O3. In addition to 
neglecting heat and mass transfer limitations under the operating con
ditions, the model considered steam reforming, partial oxidation and 
WGS as the three reactions taking place. The study illustrated that the 
model suitable for the system is a LHHW model using single-site 
mechanism where Gly adsorption is non-dissociative while steam 
adsorption is dissociative. It is assumed that the rate determining step is 
the surface reaction [188]. Furthermore, Desgagnés et al. [183] used 
single site mechanism when utilizing a 5% Ni-UGSO catalyst. It was 
assumed that all the elementary steps are partial first order with respect 
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to each reactant. The best fitting model consists of a two-step rate 
determining step, where the first step is dehydrogenation of adsorbed 
intermediate (dissociative adsorption of Gly), which generates adsorbed 
CO molecules. Then, CO reacts with adsorbed steam to generate H2 and 
CO2 [183]. This model led to an Ea of 62.8 kJ mol− 1, is close to the one 
using power-law [183]. 

The kinetics for autothermal reforming of crude Gly using 5% Ni/ 
CeZrCa catalyst was developed by Odoom et al. [189]. The reaction 
system was considered to consist of four reactions. A power law model 
was developed for the overall autothermal reforming reaction which had 
an Ea value of 87.8 kJ mol− 1. The GSR considered was found to be best 
described by the ER approach in which the surface reaction between an 
adsorbed intermediate and steam, was the rate determining step. The Ea 
value for GSR is 93.2 kJ mol− 1. Total oxidative reforming of Gly was also 
considered and was best described by a LHHW model in which molec
ular adsorption of crude Gly occurs. This model showed that the Ea value 
for the reaction is 72.6 kJ mol− 1. Finally, an ER based model was 
developed for CO2 methanation in which CO2 is adsorbed and has an Ea 
of 81.2 kJ mol− 1 [189]. 

Furthermore, several reviews [79–81] further discussed in detail the 
effect of operating conditions, catalyst being developed and some kinetic 
studies for the reaction. Along the investigation of appropriate catalysts 
and reaction kinetics, intensified reactor types have also been explored 
such as sorption enhanced reactors, membrane reactors, and hybrid 
reactors. The aim of these systems is to overcome any thermodynamic 
limitations present and generate high purity H2 at potentially milder 
operating conditions leading to economic benefits [79,190,191]. 
Moreover, considering the high temperatures demanded for the process, 
efforts have been made for the supply of energy by alternative tech
nologies like microwave plasma, although challenges concerning fuel 
retention time in the setup are yet to be overcome. A schematic diagram 
of the device is shown in Fig. 15 [192]. Finally, it is worth noting that 
several works [193–195] have coupled kinetic models with multi-fluid 
models to simulate various reactor configurations via computational 
fluid dynamics (CFD). 

4.9. Organic acids 

Organic acids can be produced from Gly (Fig. 16) by selective 

oxidation and hydrothermal conversion [196,197]. The oxidation of Gly 
first occurs on Brønsted and Lewis acid sites in which the intermediates, 
glyceraldehyde (GLCD) and dihydroxyacetone (DHA) are generated 
[198]. The intermediates then further undergo selective oxidation and 
C–C bond cleavage to generate various organic acids like glyceric 
(GCA), glycolic (GLCA), formic (FA), tartronic (TA), oxalic (OA) and 
mesoxalic acid (MA) [198,199]. Furthermore, hydrothermal conversion 
is the route in which lactic acid (LA) is produced. After the generation of 
GLCD and DHA, the dehydration of these intermediates to produce 
pyruvaldehyde then occurs on Lewis acids. Lastly, pyruvaldehyde 
transforms to LA on Brønsted acid sites either by internal Cannizzaro or 
by benzylic acid rearrangement. Due to the instability of LA, over
oxidation to other organic acid can occur [198]. A detailed description 
of the reaction pathway for the production of LA has been demonstrated 
by Abdullah et al. [198]. Several other reactions can also occur simul
taneously in the system such as dehydrogenation, hydrogenolysis, 
dehydration, and C–C bond cleavage [197]. 

The reactions usually occur in alkaline conditions, typically in 
presence of NaOH, and use mixed metal oxides and bimetallic catalysts 
[74,196,197]. Parameters such as temperature, pressure, concentration 
of NaOH and Gly, catalyst loading and type, all affect the Gly conversion 
and product selectivity [200,201]. Additionally, due to the complexity 
of the system, various variables influence the overall reaction selectivity 
such as the type and number of the oxidation sites, the degree of 
oxidation, the presence of other chemical reactions like dehydration and 
isomerisation and the nature of the cleavage site within the C–C bonds 
[199]. Therefore, to improve product selectivity and reduce separation 
costs downstream, effective catalyst design is vital [202] as well as ap
proaches such as electrooxidation, photooxidation and photo- 
electrooxidation and systems such as co-electrolysis and fuel cells can 
be considered for Gly oxidation [199]. Furthermore, deactivation of 
catalyst should be further explored as it can occur [198]. For example, 
the adsorption of acids like TA and OA formed during the reaction can 
inhibit catalytic activity [201]. When considering process intensification 
of the system, in situ generation of oxygen for oxidation and hydrogen 
simultaneously via water splitting of the basic aqueous Gly solution has 
been investigated [203]. This was done by using a photo catalyst such as 
titanium disilicide (TiSi2) in the presence of solar light. The results show 
that at long reaction times (12h), high Gly conversion (97.6%) and 100% 

Fig. 15. Setup used for the gasification of Gly with microwave induced plasma. Figure reproduced with permission of Elsevier [192].  
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selectivity of glyceric acid (GCA) can be obtained [203]. 
Moreover, several studies presented in Table 13, have investigated 

the kinetics of the conversion of Gly to organic acids, all of which 
neglected mass or heat transfer limitations. The oxidation of Gly using 
Pt/Al2O3, Au/Al2O3 and Ag/Al2O3 catalysts in the presence of NaOH has 
been explored by Diaz et al. [196]. A power-law model was used with 
partial first reaction order for all the components involved. In addition, 
Khang–Levenspiel model was used to include the deactivation of the 
catalyst described by activity. Based on the model, the activation en
ergies of the reactions using Pt/Al2O3, Au/Al2O3 and Ag/Al2O3 are 
46–76 kJ mol− 1, 15–103 kJ mol− 1 and 48–97 kJ mol− 1, respectively. 
Additionally, it was demonstrated that Pt/Al2O3 and Au/Al2O3 had the 
highest kinetic constants for the formation of GCA, whilst Ag/Al2O3 had 
the highest constants for the production of glycolic acid. Regarding 
deactivation, only Pt/Al2O3 had considerable deactivation parameters 
(Ead equal to 8.4 kJ mol− 1) indicating that it is the least stable in com
parison to the other catalysts [196]. 

Furthermore, Ma et al. [204] explored the reaction mechanism of 
base-free oxidation of Gly using Pt supported by carbon nanotubes (Pt/ 
CNTs) catalyst. Using a LHHW based model, two routes were modelled, 
namely the oxidation of Gly GLCD and DHA in parallel. It was illustrated 
that the rate-determining step of both parallel reactions are the C–H 
bond cleavage with the assistance of an adsorbed intermediate (OH*). 
The Ea values for the formation of GLCD and DHA are 33.3 kJ mol− 1 and 
44.9 kJ mol− 1, respectively. These values show that the formation of 
GLCD is favoured at lower temperatures [204]. In addition, Namdeo 
et al. [201] also extensively investigated the reaction mechanism and 
developed a LHHW based model assuming first-order reactions using a 
Pd catalyst supported on activated carbon. Deactivation of the catalyst 

was also considered in the model, although the authors recommended 
that the model be further validated [201]. 

Regarding the catalytic conversion of Gly to lactic acid, a power-law 
model described the reaction in the presence of NaOH and a Ni0.3/ 
graphite catalyst [200]. Based on the model, the reaction order with 
respect to Gly and NaOH is 0.41 and 0.91, respectively, thus indicating 
that the concentration of NaOH has more effect on the reaction rate 
compared to Gly. Finally, the Ea of the overall reaction is 69.2 kJ mol− 1 

[200]. Moreover, Wang et al. investigated the reaction in a Ca(OH)2 
aqueous solution in the presence of CuO(16)/CaO and Cu(16)/CaO 
catalysts. A power law model was developed in which the Ea on CuO 
(16)/CaO is higher (102.8 kJ mol− 1) compared to Cu(16)/CaO 
(22.2 kJ mol− 1). These values indicate that the active component Cu is 
much more efficient in catalysing the reaction [205]. In base-free con
ditions, Kano et al. explored the reaction mechanism in a continuous 
flow reactor in the presence of 0.5 wt% Pt/L-Nb2O5 which is a bifunc
tional (metal-acid) catalyst. A power law model was provided showing 
the Ea for rate of Gly consumption is 68.5 kJ mol− 1 [206]. Furthermore, 
through a combined power-law-ER-LHHW based model, the reaction 
mechanism of the same reaction was extensively explored in the pres
ence of NaOH using copper nanoparticles (Cu NPs) The Ea value 
observed (81.4 kJ mol− 1) was lower than the 104.0 kJ mol− 1 obtained in 
the absence of catalyst [197]. 

In addition to catalytic reactions, Gly is commonly used as substrate 
in fermentation processes to produce organic acids. Coelho et al. [207] 
developed a kinetic model for the anaerobic fermentation of crude Gly to 
carboxylic acids. It was found that the formation of propionic, butyric, 
isovaleric, valeric and caproic acids can be described by exponential 
models (Cone and Fitzhugh models), while a sigmoidal model (Logistic 

Fig. 16. General reaction network involved in glycerol oxidation.  
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Table 13 
Summary of the most relevant aspects of kinetic studies to obtain organic acids from glycerol.  

Reaction and 
Catalyst 

Reaction conditionsa (Best) XGly/ Sel/ 
Yieldb 

Kinetic rate type and equationc Kinetic parametersd Notes Ref. 

Gly oxidation 
Catalyst: 
Pt/Al2O3 

T = 301–353 K 
PO2 = 0.5 MPa 
MR = 4:1 
Cgly_feed = 0.3 mol L− 1 

Catload = 0.5 g 
trxn = 120 min 
ω = 1500 rpm 

SGCA = 77.4%  

Power-law model: 
rGCA = k1CGlyCNaOH a 
rTA = k2CGCACNaOH a 

rGLCA+FA = k3CGlyCNaOH a 
rFA = k4CGlyCNaOH a 

rOA+FA = k5CGCACNaOH a  

Catalyst deactivation: 
da
dt

= − kd a CNaOH  

Ea1 = 72.0 kJ mol− 1 

Ea2 = 52.0 kJ mol− 1 

Ea3 = 75.2 kJ mol− 1 

Ea4 = 46.0 kJ mol− 1 

Ea5 = 54.0 kJ mol− 1 

Ead = 8.4 kJ mol− 1 

ln k01 = − 1.87 
ln k02 = − 3.35 
ln k03 = − 3.71 
ln k04 = − 5.98 
ln k05 = − 4.31 
ln k0d = − 3.72 

Partial first order is assumed 
with respect to each reactant. 
Khang–Levenspiel model used 

to describe deactivation. 

[196] 

Gly oxidation 
Catalyst: 
Au/Al2O3 

T = 301–353 K 
PO2 = 0.5 MPa 
MR = 4:1 
Cgly_feed = 0.3 mol L− 1 

Catload = 0.33 g 
trxn = 120 min 
ω = 1500 rpm 

SGCA = 65.7%  

Power-law model: 
rGCA = k1CGlyCNaOH a 
rTA = k2CGCACNaOH a 

rGLCA+FA = k3CGlyCNaOH a 
rFA = k4CGlyCNaOH a 

rOA+FA = k5CGCACNaOH a  

Catalyst deactivation: 
da
dt

= − kd a CNaOH  

Ea1 = 34.0 kJ mol− 1 

Ea2 = 103.0 kJ mol− 1 

Ea3 = 15.3 kJ mol− 1 

Ea4 = 44.0 kJ mol− 1 

Ea5 = 40.8 kJ mol− 1 

Ead = not available 
ln k01 = − 2.59 
ln k02 = − 5.75 
ln k03 = − 3.22 
ln k04 = − 6.32 
ln k05 = − 6.19 

ln k0d = not available 

Partial first order is assumed 
with respect to each reactant. 
Khang–Levenspiel model used 

to describe deactivation. 

[196] 

Gly oxidation 
Catalyst: 
Ag/Al2O3 

T = 301–353 K 
PO2 = 0.5 MPa 
MR = 4:1 
Cgly_feed = 0.3 mol L− 1 

Catload = 0.35 g 
trxn = 120 min 
ω = 1500 rpm 

SGCA = 25.0%  

Power-law model: 
rGCA = k1CGlyCNaOH a 
rTA = k2CGCACNaOH a 

rGLCA+FA = k3CGlyCNaOH a 
rFA = k4CGlyCNaOH a 

rOA+FA = k5CGCACNaOH a  

Catalyst deactivation: 
da
dt

= − kd a CNaOH  

Ea1 = 48.0 kJ mol− 1 

Ea2 = not available 
Ea3 = 66.0 kJ mol− 1 

Ea4 = 97.0 kJ mol− 1 

Ea5 = not available 
Ead = not available 
Ln k01 = − 6.20 

Ln k02 = not available 
Ln k03 = − 5.29 
Ln k04 = − 7.48 

Ln k05 = not available 
Ln k0d = − 5.07 

Partial first order is assumed 
with respect to each reactant. 
Khang–Levenspiel model used 

to describe deactivation. 

[196]  

Gly conversion to 
Lactic acid 
Catalyst: 
Cu NPs 

T = 483–518 K 
MR = 0.25:1–3:1 
Cgly_feed = 0.27–2.06 mol L− 1 

Catload = 0.26–160.0 molGly 

molCu
− 1 

trxn = 480 min 
ω = 1000 rpm 

SLA = 83.5%  

Combined power-law-ER-LH: 

rLA = k1CGlyCHO− +
mcatks1Ka,GlyCGlyCHO−

1 + Ka,GlyCGly + Ka,1,2 PDOC1,2 PDO 

rdiglycerol = k2C2
GlyCHO−

rGly = k3CdiglycerolCHO−

rAcA = k4Cm
LACn

HO−

r1,2− PDO = k5CGlyCHO− +

mcatks2Ka,GlyCGlyCHO−

1 + Ka,GlyCGly + Ka,1,2 PDOC1,2 PDO 

rLA =
mcatks3Ka,1,2 PDOC1,2 PDOCHO−

1 + Ka,GlyCGly + Ka,1,2 PDOC1,2 PDO  

Without Cu NPs (NaOH only)
Ea1 = 104 kJ mol− 1 

Ea2 = 122 kJ mol− 1 

Ea3 = 95.4 kJ mol− 1 

Ea4 = 123 kJ mol− 1 

Ea5 = 109 kJ mol− 1 

Ea6 = 94.6 kJ mol− 1 

Ea7 = 100 kJ mol− 1 

k01 = 2.13× 107 mol min− 1 

k02 = 1.86× 108 mol min− 1 

k03 = 2.53× 105 mol min− 1 

k04 = 2.16× 109 mol min− 1 

Comprehensive reaction 
mechanism and model. 

[197] 

(continued on next page) 
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Table 13 (continued ) 

Reaction and 
Catalyst 

Reaction conditionsa (Best) XGly/ Sel/ 
Yieldb 

Kinetic rate type and equationc Kinetic parametersd Notes Ref. 

rbyproducts = k6C1,2 PDOCHO−

rbyproducts = k7CGlyCHO−

k05 = 7.04× 106 mol min− 1 

k06 = 1.33× 105 mol min− 1 

k07 = 7.42× 106 mol min− 1  

Cu NPs with NaOH 
Eas1 = 81.4 kJ mol− 1 

Eas2 = 102 kJ mol− 1 

Eas3 = 89.9 kJ mol− 1 

k0s1 = 5.05× 108 mol g− 1
cat min− 1 

k0s2 = 6.21× 109 mol g− 1
cat min− 1 

k0s3 = 2.77× 102 mol g− 1
cat min− 1  

Adsorption constants 
Ea Ka,Gly = 65.4 kJ mol− 1 

Ea Ka,1,2 PDO = 52.6 kJ mol− 1 

k0 Ka,Gly = 1.33× 10− 9 L mol− 1 

k0 Ka,1,2 PDO = 7.67× 10− 9 L mol− 1 

Gly conversion to 
Lactic acid 

Catalyst: Ni0.3/ 
graphite 

T = 413–443 K 
Cgly_feed = 1 mol L− 1 

CNaOH = 1.1 mol L− 1 

Catload = 0.552 g 
trxn = 60 min 
ω = 500 rpm 

SLA = 92.2% 
Power law: 

− rGly = kCm
Gly Cn

NaOH 

m = 0.41 
n = 0.91 

Ea = 69.2 kJ mol− 1 

k0 = 4.5× 106 mol1− (a+b) g(a+b)− 1
cat h− 1 

none [200] 

Gly oxidation 
Catalyst: 

Pd/Activated 
carbon 

T = 318–348 K 
PO2 = 0.3–1.0 MPa 
MR = 1:1–4:1 
Cgly_feed = 0.6 mol L− 1 

Catload = 1000 mol% Gly/mol% 
metal 
trxn = 240 min 
ω = 800 rpm 

SGCA ≈ 45.0%  

LHHW: 

rGCA =
k1CGly − k2CGCA

1 + Ka,GlyCGLY + Ka,TACTA + Ka,OACOA 

rTA =
k2CGCA

1 + Ka,GlyCGLY + Ka,TACTA + Ka,OACOA 

rGLCA =
k3CGly − k4CGLCA

1 + Ka,GlyCGLY + Ka,TACTA + Ka,OACOA 

rFA =
k3CGly

1 + Ka,GlyCGLY + Ka,TACTA + Ka,OACOA 

rOA =
k4CGLCA

1 + Ka,GlyCGLY + Ka,TACTA + Ka,OACOA 

rCO2 =
3k5CGly

1 + Ka,GlyCGLY + Ka,TACTA + Ka,OACOA 

rGly =
− (k1 + k3 + k5)CGly

1 + Ka,GlyCGLY + Ka,TACTA + Ka,OACOA  

E1/R = − 8632 
E2/R = − 4210 
E3/R = − 9551 
E4/R = − 3274 
E5/R = − 8532 
lnk01 = 24.34 
lnk02 = 11.17 
lnk03 = 25.79 
lnk04 = 8.79 
lnk05 = 24.14  

Adsorption parameters 
ΔHa,Gly/R = 3037 
ΔHa,TA/R = 12452 

ΔHa,OA/R = not available 
lnk0 Ka,Gly = − 5.6 

lnk0 Ka,TA = − 30.44 
lnk0 Ka,OA = not available 

First-order kinetics is assumed 
for all reaction steps. 

[201] 

Gly oxidation 
Catalyst: 
Pt/CNTs 

T = 313–343 K 
PO2* = 0.008–0.01 MPa 
MR = not available 
Cgly_feed* = 2.46–13.5% 
Catload = 4000 mol% Gly/mol% 
metal 
trxn = 120 min 
ω = 700 rpm 

YGLCD = 11%* 

LHHW: 

rGLCD+GCA =

θ′
7CGlyP0.5

O2
(

θ4CGLY + θ′
1 + θ2PO2 + θ′

3P0.25
O2

+ θ′
5CGlyP0.25

O2
+ 1

)2  

rDHA =

θ′
8CGlyP0.5

O2
(

θ4CGLY + θ′
1 + θ2PO2 + θ′

3P0.25
O2

+ θ′
5CGlyP0.25

O2
+ 1

)2 

E′a7 = 33.3 kJ mol− 1 

E′
a8 = 44.9 kJ mol− 1  

Values of merged kinetic parameters 
(θ1, θ′

2, θ3, θ′
4, θ

′
5, θ

′
7, θ8

′) provided at different 
temperatures (313–343 K). 

Base-free oxidation. 
Tested two models that 

considered different r.d.s. 
[204] 

(continued on next page) 
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Table 13 (continued ) 

Reaction and 
Catalyst 

Reaction conditionsa (Best) XGly/ Sel/ 
Yieldb 

Kinetic rate type and equationc Kinetic parametersd Notes Ref. 

Gly conversion to 
Lactic acid 

Catalyst: Cu(16)/ 
CaO 

T = 473–503 K 
Cgly_feed = 0.5–2.0 mol L− 1 

CCa(OH)2 = 0.8–2.0 mol L− 1 

Catload = 0.46–3.68 g 
trxn = 30 min 
ω = 500 rpm 

SLA = 97% 
Power law: 
− rGly = km0.22

cat C0.86
Gly C0.85

Ca(OH)2 

Ea = 22.2 kJ mol− 1 

k0 = 197.7 mol− 0.71L0.71g− 0.22
cat 

Reaction proceeds in a Ca(OH)2 

aqueous solution. 
[205] 

Gly conversion to 
Lactic acid 

Catalyst: CuO 
(16)/CaO 

T = 473–503 K 
Cgly_feed = 0.5–2.0 mol L− 1 

CCa(OH)2 = 0.8–2.0 mol L− 1 

Catload = 0.46–3.68 g 
trxn = 30 min 
ω = 500 rpm 

SLA = 94.4% 
Power law: 
− rGly = km0.26

cat C0.72
Gly C1.38

Ca(OH)2 

Ea = 102.8 kJ mol− 1 

k0 = 2.17× 1010 mol− 1.1L1.1g− 0.26
cat 

Reaction proceeds in a Ca(OH)2 

aqueous solution. 
[205] 

Gly conversion to 
Lactic acid 
Catalyst: 

0.5 wt% Pt/L- 
Nb2O5 

T = 393–423 K 
PO2 = 0.025–0.5 MPa 
Cgly_feed = 0.1–0.4 mol L− 1 

Catload = 200 mg 
trxn = 300 min 
ω = not available 

SLA = 80% 
Power law: 
− rGly = kC0.62

Gly P0.73
O2 

Ea = 68.5 kJ mol− 1 

k0 = not available 
Base-free conditions. [206]  

a Reaction conditions used for kinetic studies. Temperature (T), oxygen partial pressure (PO2 ), NaOH to Gly molar ratio (MR), Gly feed concentration (Cgly feed), NaOH concentration (CNaOH), catalyst loading (Catload), 
stirring speed (ω), reaction time (trxn). *calculated from data provided by study. 

b Best Gly conversion (XGly), selectivity (S) or yield (Y) with respect to glyceric acid (GCA) or lactic acid (LA) or glyceraldehyde (GLCD), achieved at optimum operating conditions which are different than the reaction 
conditionsa for kinetic study presented in the table. *calculated from concentration graphs presented by study. 

c Rate of reaction (ri), reaction rate constant (kj), deactivation rate constant (kd), component adsorption equilibrium constant (Ka,i), concentration (Ci), mass of catalyst (mcat), catalyst activity (a), component reaction 
order (m) and (n), merged kinetic parameters defined in referenced article (θ′

j). i: components, j=reactions. Subscript GCA = glyceric acid, TA = tartronic acid, GLCA=glycolic acid, FA= formic acid, OA = oxalic acid, LA =
Lactic acid, GLCD = glyceraldehyde, AcA = acetic acid, 1,2 − PDO = 1,2-propanediol, DHA = dihydroxyacetone. 

d Activation energy (Eaj), pre-exponential factor (k0j), enthalpy of component adsorption constant (ΔHa,i), pre-exponential factor of component adsorption constant (k0 Ka,i), activation energy of component adsorption 
constant (Ea Ka,i), ideal gas constant (R), component reaction order (m) and (n), merged kinetic parameters defined in referenced article (θ′

j).i: components, j=reactions.  
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model) better describes ACA formation. Another work focused on 
illustrating the cell growth in the fermentation of Gly to succinic acid 
using the Yarrowia lipolytica yeast, which can be explained with a Monod 
model, while the Luedeking–Piret model was implemented to describe 
the generation of products [208]. 

5. Conclusions and perspective 

As years have gone by and biodiesel production has become an 
established process in industry, the concomitant generation of massive 
amounts of glycerol as by-product has affected its prices. The subsequent 
supply shock has exceeded the volume of this commodity required by its 
traditional applications. As a consequence, industrial and academic re
searchers have paid increasing attention to its conversion to value-added 
products attempting to enhance the overall profitability of the process. 

At this stage, hundreds of works have focused on the synthesis of 
different products, the predominant being glycerol carbonate, glycerol 
acetals, esters, ethers, propanediols, Acr, halogenated products, organic 
acids and hydrogen. With the exception of the halogenated products, 
these compounds are considered green chemicals, showing high biode
gradability and low toxicity [209]. For this reason, they have found 
applications as (bio)fuel additives or as part of the formulation of foods, 
cosmetics, and other consumer goods similarly to glycerol in itself. 

Although many review articles have been published especially in the 
last decade, many of them have compiled and described thoroughly the 
reaction conditions and catalysts used in the transformation of glycerol, 
sometimes with some specific products as target, as presented in the 
supplementary information of this work. In comparison, the insights into 
reaction kinetic models and the thermodynamics of the reactions have 
been paid little attention to in previous reviews. Here, in the sections 
dedicated to each product, we present the thermodynamic information 
of the reactions, when available, concluding on their endo- or exother
micity and spontaneity. In addition, a very comprehensive survey of 
reaction conditions, catalysts used and their performance for glycerol 
conversion. In addition, the models developed by different authors to 
describe the evolution of the corresponding reactions are explained in 
detailed, including the equations on which they are based with expla
nations on their assumptions as well as the parameters. All of this in
formation is of great value for prospective process design and 
subsequent techno-economic analyses [210] to be followed up with 
sustainability and life cycle assessments to evaluate industrial imple
mentation [211]. 

For all of the reactions described here, the development of catalytic 
materials is of paramount importance, not only to improve their activity, 
but also their recyclability. However, aside from the ever-growing study 
of catalysts, some of the cases studied here point in the direction of the 
relevance of devise strategies to enhance the productivity of the re
actions with an eye on process intensification. Examples have been 
provided throughout this work, mainly regarding alternative ways of 
mixing (mainly ultrasound), hybrid operations (e.g. reactive pervapo
ration, reactive distillation) and the use of microwave to provide energy. 
Concerning the latter, the development of microwave responsive cata
lysts [212] could help reduce the energy inputs and appears as an 
interesting path to explore, particularly for high-temperature 
demanding reactions like glycerol reforming. 

One last aspect that is worthwhile mentioning is that, only with a few 
exceptions, in the vast majority the studies analysed in this review, the 
substrate used was high purity glycerol as a model system. The purifi
cation of glycerol from biodiesel production processes can be cumber
some and features a series of steps that can make the process 
economically challenging, but the use of such substrate is industrially 
very relevant. For this reason, it is of great importance that kinetic 
studies starting from crude glycerol or partly purified glycerol follow the 
studies already covered in this work. This opens the door to studies on 
the deactivation of catalysts to be included in kinetic models that make 
more realistic assumptions for potential implementation. In these 

regards, operando measurements using different types of spectroscopic 
techniques are key to reach a more thorough understanding not only of 
reaction mechanisms, but also of the deactivation of molecular [213] 
and heterogeneous catalysts [214]. The studies covered here monitor 
the chemical evolution of the corresponding reaction systems with
drawing samples and mostly analysing by means of chromatographic 
techniques and the analysis of the deactivation of the catalyst is mostly 
ignored. In some cases, assumptions on the deactivation have been 
implemented in kinetic models, but these have been mostly as a resort to 
obtain good fittings of the model to the data than based on observations 
of catalytic deactivation mechanisms. 

Nomenclature 

Abbreviations 

APR Aqueous phase reforming 
CALB Candida antarctica lipase B 
CFD Computational fluid dynamics 
CSTRs Continuous stirred tank reactors 
DES Deep eutectic solvents 
ER Eley-Rideal 
GSR Glycerol steam reforming 
HTCW High temperature compressed water 
IER Ion exchange resin 
LHHW Langmuir-Hinshelwood-Hougen-Watson model 
LLE Liquid-liquid equilibria 
MR Molar ratio of reactants (− ) 
PH Pseudo homogeneous 
PL Power-law 
r.d.s Rate determining step/rate controlling step 
UCST Upper critical solution temperature 
USIRW Ultrasonic-infrared-wave reactor 
WGS Water-gas shift reaction 

Chemicals 

1,2-PDO 1,2-propanediol 
1,3-PDO 1,3-propanediol 
Ac Acetone 
ACA Acetic acid 
Acr Acrolein 
BC 1,2-butylene carbonate 
DCA Dichloroacetic acid 
DCH Dichlorohydrin 
DE Diether 
DEC diethyl carbonate 
DG Diglyceride 
DHA Dihydroxyacetone 
DMC Dimethyl carbonate 
EC Ethylene carbonate 
EG Ethylene glycol 
FA Formic acid 
FAME Fatty acid methyl ester 
GC Glycerol carbonate 
GCA Glyceric acid 
GLCA Glycolic acid 
GLCD Glyceraldehyde 
Gly Glycerol 
HA Hydroxyacetone 
HAH Partial hydrogenated hydroxyacetone 
HPA 3-hydroxypropionaldehyde 
INT Intermediates 
LA Lactic acid 
MA Mesoxalic acid 
MCH Monochlorohydrins 
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ME Monoether 
MEA monoethanolamine 
MG Monoglyceride 
NaOH Sodium Hydroxide 
OA Oxalic acid 
OC Organic carbonate 
PC 1,2-propylene carbonate 
PO Propanol 
PTSA p-toluene sulfonic acid 
ROH Alcohols 
Slk Solketal 
TA Tartonic acid 
TCA Trichloroacetic acid 
TE Triether 
TG Triglyceride 
Tol Toluene 
U Urea 

Symbols 

Latin 
a activity (− ) 
Cacid feed Acid concentration in the feed (mol L− 1) 
Ccat Concentration of catalyst (mol L− 1) 
CFS Concentration of catalyst free active sites (mol L− 1) 
Cgly feed Gly feed concentration (mol L− 1) 
CH2O2 feed H2O2 feed concentration 
Ci Concentration of component i (mol L− 1) 
Ci,0 Initial concentration of component i (mol L− 1) 
CNaOH NaOH concentration 
CROH feed Alcohol feed concentration (mol L− 1) 
CTS Concentration of total active sites (mol L− 1) 
CTotal Total molar concentration (mol L− 1) 
Catload Catalyst loading (variable units) 
Ea Activation energy (kJ mol− 1) 
F0 Molar flow rate (mol h− 1) 
h height (m) 
Hi Henry’s constant (− ) 
k0 Pre-exponential factor (variable units) 
kd Deactivation rate constant (variable units) 
kj Forward reaction rate constant for reaction j (variable units) 
k− j Backward reaction rate constant for reaction j (variable units) 
Ka,i Component adsorption equilibrium constant (variable units) 
Kdes,i Component desorption equilibrium constant (variable units) 
Keq Overall reaction equilibrium constant (− ) 
m Component reaction order (− ) 
mcat Mass of catalyst (g) 
MR Molar ratio of reactants (− ) 
MR0 Initial molar ratio (− ) 
n Component reaction order (− ) 
P Pressure (bar) 
Pi Partial pressure of component i 
r Rate of reaction (variable units) 
R Ideal gas constant (J mol− 1 K− 1) 
S Selectivity (%) 
t Time (variable units) 
trxn Reaction time (min) 
T Temperature (K) 
V Volume (m3) 
Vcat/F Contact time (varied units) 
VR Volume ratio 
w Catalyst loading unless state otherwise (variable units) 
W/F Contact time (variable units) 
WHSV Weight hourly space velocity (h− 1) 
xi Molar fraction of component i (− ) 

X Conversion (%) 
Y Yield (%) 

Greek 
ΔG Gibb’s free energy (kJ mol− 1) 
ΔH Enthalpy (kJ mol− 1) 
ΔHa,i/ΔHdes,i Enthalpy of component i adsorption/desorption constant 

(kJ mol− 1) 
ΔS Entropy (J K− 1 mol− 1) 
ΔSa,i/ΔSdes,i Entropy of component i adsorption/desorption constant 

(J K− 1 mol− 1) 
κ Material ratio 
δGly Expansion factor 
τ Residence time (s) 
ψ Catalyst modulus 
ω Stirring speed (rpm) 
θ′,θji,θi,θ′

j, γ′,δ′ Merged parameters in which definition differs between 
articles 

Subscripts 
a Refers to adsorption 
Cat Catalyst 
des Refers to desorption 
f Refers to formation 
FS Related to the free active sites concentration 
i Refers to a component i 
j Refers to a reaction j 
TS Related to the total active sites concentration 
rxn Refers to reaction 

Superscripts 
◦ Refers to standard conditions 
‡ Refers to activation 
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on catalyst deactivation, Nat. Catal. 5 (10) (2022) 854–866, https://doi.org/ 
10.1038/s41929-022-00842-y. 

[132] H. Li, J. Li, X. Li, X. Gao, Esterification of glycerol and acetic acid in a pilot-scale 
reactive distillation column: experimental investigation, model validation, and 
process analysis, J. Taiwan Inst. Chem. Eng. 89 (2018) 56–66, https://doi.org/ 
10.1016/j.jtice.2018.05.009. 

[133] D. Zhang, D. Zhou, X. Wei, J. Liang, X. Chen, L. Wang, Green catalytic conversion 
of hydrogenated rosin to glycerol esters using subcritical CO2 in water and the 
associated kinetics, J. Supercrit. Fluids 125 (2017) 12–21, https://doi.org/ 
10.1016/j.supflu.2017.01.009. 

[134] S.B. More, J.T. Waghmare, P.R. Gogate, Ultrasound pretreatment as a novel 
approach for intensification of lipase catalyzed esterification of tricaprylin, 
Ultrason. Sonochem. 36 (2017) 253–261, https://doi.org/10.1016/j. 
ultsonch.2016.11.036. 

[135] L. Molinero, M. Ladero, J.J. Tamayo, F. García-Ochoa, Homogeneous catalytic 
esterification of glycerol with cinnamic and methoxycinnamic acids to cinnamate 
glycerides in solventless medium: kinetic modeling, Chem. Eng. J. 247 (2014) 
174–182, https://doi.org/10.1016/j.cej.2014.02.079. 

[136] M. Ladero, M. de Gracia, J.J. Tamayo, I.L.D. Ahumada, F. Trujillo, F. Garcia- 
Ochoa, Kinetic modelling of the esterification of rosin and glycerol: application to 
industrial operation, Chem. Eng. J. 169 (1) (2011) 319–328, https://doi.org/ 
10.1016/j.cej.2011.03.012. 

[137] L. Molinero, M. Ladero, J.J. Tamayo, J. Esteban, F. García-Ochoa, Thermal 
esterification of cinnamic and p-methoxycinnamic acids with glycerol to 
cinnamate glycerides in solventless media: a kinetic model, Chem. Eng. J. 225 
(2013) 710–719, https://doi.org/10.1016/j.cej.2013.04.016. 

[138] I. Banu, G. Bumbac, D. Bombos, S. Velea, A.-M. Gălan, G. Bozga, Glycerol 
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