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Keywords: The boom of the biodiesel industry has led to an oversupply of by-product glycerol as a direct consequence,
G}Yce.r°1 which has been detrimental to its market value. The chemical reactivity that this compound possesses makes it an
Kinetic models exceptional building block from which many synthetic routes can originate. In the past two decades, as a way to
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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
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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, CO, 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
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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,
41.0in 2018, 47.0in 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
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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
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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

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

Property Value Units Ref.
Glycerol (propane-
Name g 1,2,3-triol) - -
OH

Chemical structure HOVK/OH _ _
CAS number 56-81-5 - -
Canonical SMILES code C(C(Cc0)0)0 - -
Molecular formula C3HgO3 — -
Molecular mass, MW 92.09 g mol ! -
Melting point, T, 291.22 K [33]
Boiling point, Ty 563.15 K [33]
Flash point, T¢ 433.15(closed cup) K [33]
Autoignition temperature, Tig 673.15 K [33]
Triple point, Tyiple 291.8 K [46]
Critical temperature, T, 850 K [471
Critical pressure, P, 75 bar [471
Enthalpy of fusion, AHg,s 8.475 (at 291.22K) kJmol ™! [48]
Enthalpy of vaporization, AHy, 91.7 kJ mol ! [49]
Cogstz?nt pressure heat capacity of 223.8 Jmol 1K1 [50]

liquid, C,
Density, p 1.258 gem ™ [51]
Viscosity, 906 mPas [51]
Surface tension, o 62.9 mN m™! [52]
Refraction index, n° 1.4730 - [53]
Thermal conductivity, A 0.30 Wm'K! [50]
Thermal expansion coefficient, o 5x1074 K! [50]
Dielectric constant, & 42.5 - [31]
Dielectric permittivity, & 41.01 Fm! [31]
Specific electric conductivity €o 0.1 pS em™! [38]
Dipole moment, p 2.67 D [54]
Hildebrand solubility parameter, & 36.1 MPa'/? [55]
Hansen solubility parameter 36.2 MPal/? [56]

(global), &
Hansen solubility parameter 12

(London dispersion), 84 174 MPa’’ (561
Hansen s?lub111t¥ parameter 121 MPal’? [56]

(polar interactions), 8,
Hansen solubility parameter 12

(hydrogen bonding), 5y 293 MPa’/ 156]
Normalized solvent polarity, Ex, 0.40 - [571
LD50 (rat, oral) 12,600 mgkg™! [54]
LD50 (rabbit, dermal) >10,000 mgkg ! [33]
LC50 (rat, 1h) 570 mgm 3 [33]
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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 1bs. in 2004 to 62 million 1bs. in 2005 and further to 213
million 1bs. 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 2
Specifications of glycerol content for different qualities. Based on [19,28].

Type of glycerol Glycerol content (%

w/wW)

Source and usage

As obtained from biodiesel
production
Adequate for industrial
application as building block for
chemicals, but not for food or
drug formulation
Prepared from animal fat or plant

Crude glycerol 70-90
99.5% technical
grade (not certified
mostly >96.0%)

Technical grade

United States

Pharmacopeia 96-99.5% oils. Suitable for food products,
(USP) cosmetics and pharmaceuticals

Food Chemical Codex Prepared from plant oils and
(FCC) / Kosher 99.5-99.7% suitable for use in kosher foods

grade and drinks




A. Sandid et al.

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-

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

Glycerol quality US price (€ EU price (€ China price (€
ton™ 1) ton') ton 1)
1 0,
Refined (99.7% kosher 705 650 565
grade)
. N .
Refined (99.5% technical 660 520 505
grade)
0,
Crude (80% vegetable 200-280 305 205
based)
0, -
Crude (75% non 180-240 150-250 145-175

vegetable based)
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Hinshelwood-Hougen-Watson (LHHW) and

mechanisms.

Eley-Rideal (ER)

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 CO; 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 Oy [83] or else by the direct addition of CO; [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 PdCly (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 COy, a dibutyltin (IV)oxide
("Bu,SnO) 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, CO5 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
CO4, represents in the other. Concerning the latter aspect, Table 4 sum-
marizes the reaction enthalpies (AH?m), entropies (S?m) and Gibbs free
energies (AGY,,) as well as the thermodynamic equilibrium constants at
standard conditions for the oxidative addition of CO to Gly and the
direct addition of CO 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 CO; 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
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Fig. 2. Glycerol as a building block for a large number of value-added products.

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 Co304/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 E, of the reaction of 31.89 kJ mol ! [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 NHj 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 K,
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
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Transesterification of glycerol with organic carbonates
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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 AHO, (kJ morl) A%, (JK’I morl) AGY, (kJ mol’l) Keq
Oxidative carbonylation of Gly —9.13 —110.85 23.92 6.41x107°
Addition of CO; to Gly 126.2 314.52 32.43 2.07 x107°
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

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
Zn0/Lay03 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 CO; 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 E, of 98.3kJ mol ! for the forward
reaction, 77.5kJ mol~! for the reverse reaction and 127.7 kJ mol ! 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 E, values of 30.95 kJ mol~! and
55.16 kJ mol !, respectively. Additionally, the E, for the decomposition

of DMC to glycidol is 26.58 kJ mol ! [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 E, of 39.2kJ mol ! [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 E, value of only 4.53kJ mol ! [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



Table 5
Summary of the most relevant aspects of kinetic studies for the production of GC through different routes.
Reactants and Catalyst Reaction conditions® (Best) Xgl1y/Sel/ Kinetic rate type and equation Kinetic parameters’ Notes Ref.
vield”
Two LHHW based models were tested
T=408-423K Power law (zero order derived from LHHW): assuming different r.d.s.
Gly+U MR =1.5:1 — 16ty = kCrs1Crs2 = kw E, - 117.4 kJ mol-1 Model assumed the adsorption of Gly and
Catalyst: Catjpaq = 0.03 gcm’3 Sgc = 100% dXgy “ lik 7 26.42" urea on different sites S1 (basic) and S2 [87]1
MgO ®=1000 rpm Cayo—gp = fow Ko = 26 (acidic), respectively.
trn = 180 min Where Model selected assumed that the r.d.s is the
w = Crs1Crs2 adsorption of reactants onto catalytic sites.
Power law:
—Tgy = — T =ch=rNi=k(x1x —
T=373-453K Gly urea 2 GlyXurea
Gly+U MR =1:1 XNH3XGC E. — 3189 kJmol-! Study in batch experiment. The study
Catalyst: Catjpaq = 1.5 wt% of Gly Xgly = 45% Keq ;( 77 ) . ilabl features the simulation of a reactive [89]
Co304 /ZnO ®=1163 rpm Where 0 = not avatiable distillation.
trxn &~ 360 min 1
InK,; = — 8041 + 291370(;) + 1316.80In
(T)+ — 1.4475(T)
T—303.333K Eq = 30.95kJ mol !
Gly (crude glycerol) + DMC ME —31 Power law (second order main reaction with Eq, 1 = 55.16 kJ mol!
: e t order d iti GC to glycidoD): = -1
. (.Iatalyst Catjpaq = 4.0 wt% of Gly Sgc=84% first order decomposition sz 0 glycidol) Eap = 26.58 kJ mfl Uses crude Gly as reactant. [90]
1,8-diazabicycloundec-7-ene © — not available rec = k1CayCopmc — k-1CacCremanct Inkoy; = 6.529*
(DBU) tex = 90-150 min Telycidol = k2Coc Inkg 1 = 11.483*
Inkoy = 4.4708*
Power law (second order derived from
Gly + DMC T =423-453K LHHW):
Catalyst: MR =1:1-4:1 dXgly 2 X L.
=kC% w(l — X, MRy — X, = -1
calcined hydrotalcite Cationd = 0.001-0.004 g cm™3 Soc = 84.3% @~ kG, w(1 ~ Xoy) (MRo ~ Xop) E; . 5255 ke mol Weak adsozg:;‘;;igu species s [93]
supported on hexagonal ®=1000 rpm Upon integration ko = 9.4566 ’
mesoporous silica (CHT-HMS) trxn = 150 min
(M = k1Cgyy, (MRo — 1)t
MRo(1 — Xay) 1o RO
Power-law (second order, decomposition of 1
GC is first order): Eq = 98.3 kJmol
Gly + DMC T=393-413K . Egp = 77.5 kJmol™! i
X i . —T'methanol 2 a2 =/7/. Model features a reverse reaction and
Catalyst: MR =2:1-6:1 Tely =Tomc =5 = ko X6cXohanot — E.o —127.7 kJ mol-1 furth . £ GC lycidol
Zn0/Las05 Cationd = 0.25-1.0 Wt% Sec=97.2% o3 : . urther conversion of GG to glycido [94]
(mole ratio Zn-La of = 1000 tpm k1 XGlyXpmc ko1 = 1.18 x 10'° kmol (kgs)~ (observed if T is high due to
P . Koz = 1.04 x 107 kmol (kgs) ™" decomposition)
4:1 trxn = 240 min 02
) n rec = kiXglyXomc — KaXGeXz o — K3Xac Koy — 278 x 10° kol (kgs)
TGlycidol = k3Xgc
Power law (derived from LHHW):
T= —. K
Gly + DMC MR :‘13: 1383 Model developed assuming surface
Y T o o _ Xay _ k(1 - Xay) E, = 39.2kJ mol! reaction is the r.d.s. Reaction is far from
Catalyst: Catjpaqg = 5.5 Wt% S6c=87.17% dr Gly ) ilibri dad . dd . [95]
Ti-SBA-15 ©— not available ko = not available equilibrium and adsorption and desorption
trxn = 420 min Upon integration constants are very small.
- ln(l *XGly) =kt
T=318-338K
MR =2.5:1
Gly (crude Cillf:le rs(ﬂ) +DMC Catjpaq = 1 W% Yo — 97.1% Power-law (irreversible second order): E, = 4.53 kJmol! Model developed for microwave assisted (961
Cag : ® = not available; microwave Ge= 2 —ray = — dCay = kCayyCowme Inky = — 2.0465" transesterification of crude glycerol
dt

reactor (1200 W, 24550 MHz)
trxn = 20 min

(continued on next page)
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Table 5 (continued)

Reactants and Catalyst Reaction conditions® (Best) Xg1y/Sel/ Kinetic rate type and equation* Kinetic parameters’ Notes Ref.
vield”
Eq = 51.22kJmol!
Eqg = 100.65 kJ mol ™!
Egs = 199.92 kJ mol !
T=333-343K Power-law (homogeneous model): Ik, =12.88-
Gly + DMC MR =1:1-5:1 Yoc=18.4% rec = k1CetyCpmc 6160.42 in~1 mol-1 Model considers the reversible reaction
Catalyst Catioad =1-5 wt% of Gly Yatyeidol = 80.2% — kaCocC2 Cr ) L mo and the decomposition of GC to glycidol. =)
KOH:MEA(1:2) DES ® =600 rpm lycidol <70 TGly 206U nethanol position o o glycidol.
texn = 170 min Taiycidol = k3Cac Ink, = 32.58-
(712106'43) Lmin~! mol!
T
Inks = 69.93-(% min !
T =339-343K . E, =179.2kJmol ! .
Catalyst: Catioaa = 0.75-1.25% wt Xaty =99% r6¢, = kCeatCotyComesot for X < Xerir Comcsol = 3.34 mol L ' respect to Gly. 2nd step is partial first (ool
KaCOs ©= 1500 rpm rec, = kCeatCatyCpmc for X > X (concentration of DMC orders for Gly and DMC.
trxn = 180 min ¢ car™GlyLDMG = et dissolved in Gly rich phase) v
Power law in two stages with first order En = 91.8 kJ mol !
deactivation (X iy = 0.34): Inky; =32.71
T=313-323K Eg; = 93.9 kJmol !
Gly + EC MR = 2:1-3:1 roe; = k1Ceat((1 — @)*eX9 + a)Capy Cresol Inkos = 31.91 L . . .
Catalyst: Catjpaq = 125-500 ppm Xgly = 96% for X < Xery kg = 0.36 min! Model discrimination studies. Biphasic [101]
K2CO3 ® = 800 rpm @008 system.
trxn = 240 min r6c, = k1CeataCotyCrc Cicsot = 1.10mol L1
16ty = k3CeataCocCra (concentration of EC
for X > Xrie dissolved in Gly rich phase)
E, = 28.3kJmol !
T=323-343K Power law in two stages with first order Inkg = 4.84
Gly + DMC MR =1.5:1-3:1 deactivation (varying Xcri)): kg = 0.03 min! Model discrimination.
Catalyst: Catjpaq = 1000-2500 ppm Xgly = 96% a =0.32 Model described the change from biphasic [102]
CH30K ©=1500 rpm roc, = kCeat ((1 — a)*e"*9 + a)Cayy Cpmcsal Cpmcsor = 3.56 mol L1 to single phase reaction.
trxn = 240 min for X < X_crit (concentration of DMC
r6c, = kCearaCypy Cpyc for X > Xerie dissolved in Gly rich phase)
Power law in two stages with first order En = 83.0 kJmol !
deactivation (varying X,it): Inkg; = 31.03
T=313-333K Eq3 = 58.7 kJmol™!
Gly +EC MR =1.5:1-3:1 roc; = k1Ceat((1 — @)*ek9 + ) Capy Cresal Inkos = 15.94 Model discrimination.
Catalyst: Catjoaq = 50-150 ppm Xgly = 95% for X < Xerie kg =011 min! Model described the change from biphasic [102]
CH30K ® =800 rpm a =0.022 to single phase reaction.
trxn = 420 min rec, = k1CearaCotyCrc Crcsot = 1.11mol L !
ety = k3Ceat@CocCra (concentration of EC
for X > Xerie dissolved in Gly rich phase)
T=373-413K
Gly + EC MR =2:1-3:1 Power-law (overall second order): E, = 61.82kJmol! e .
Catalyst: Catjyaq = none Ygc =96.9% o Model discrimination studies. [103]
None (thermal reaction) ® =750 rpm rec = kCayCre = kCay, (1 — X)(MRo — X) Inko =1172
txn = 360 min
T=378-408K
Gly +PC MR = 2:1-3:1 L L Eq = 6713 kJ mol ! Operation in homogeneous regime after
Power law with first order deactivation: Inky = 17.04 . . .
Catalyst: Catjgaq = 0.025-0.05 wt% Ygc=93% —kC 1 ayrel-ki ConC o — A finding thermomorphic behaviour. [104]
Na,CO3 ® =900 rpm Tec (1 - @)*e +a)CayCrc d ; 0'13 gj:n Overall second order model.

trxn = 240 min

(continued on next page)
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Table 5 (continued)

Ref.

Notes

Kinetic parameters®

Kinetic rate type and equation

(Best) Xgly/! Sel/
Yield”

Reaction conditions”

Reactants and Catalyst

408-438K

T=

E, = 58.56 kJmol!

Operation in homogeneous regime after

MR = 2:1-3:1

Gly +BC

14.44

In ko
kg = 0.39 min?!

Power law with first order deactivation:

[104]

finding thermomorphic behaviour.

Catioaq = 0.0125-0.025 Wt% Yoc=91%

Catalyst:

kCeat ((1 — a)*e9 + a)CayCre

Overall second order model.

Tee

900 rpm

o=

NayCO3

a =0.12

=240 min

trxn

# Reaction conditions used for kinetic studies. Temperature (T), cosubstrate to Gly molar ratio (MR), catalyst loading (Catjyqq), stirring speed (@), reaction time ().

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

¢ Rate of reaction (r;), reaction rate constant (k;), deactivation rate constant (k4), overall equilibrium constant (K,,), concentration (C;), initial concentration (C;o), concentration of DMC dissolved in Gly rich phase

(Cpmcso), concentration of EC dissolved in Gly rich phase (Cgcso1), concentration of catalyst (Ccq:), concentration of total active sites (Crs), catalyst loading unless stated otherwise (w), catalytic activity (a), conversion (X;),

initial molar ratio (MR,), molar fraction (x;), time (t). i: components, j;

glycerol carbonate, EG = ethylene glycol.

dimethyl carbonate, EC = ethylene carbonate, GC

reactions. Subscripts: DMC =

4 Activation energy (Eqj), pre-exponential factor (ko;), deactivation rate constant (kq), catalytic activity (a). *Ln ko; obtained from Arrhenius plot provided, values taken as equal to the y-intercept of line equation.

Fuel Processing Technology 253 (2024) 108008

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 K2COs, 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 KoCOs3 as well as with CHsOK [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 E, of 61.82kJ mol~! [103]. In the case of the reaction of
Gly with PC and BC, NayCO3 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~" [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
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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.

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 HoO 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 HoO 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 (AH}’), entropies (S?) and

Gibb’s free energy (AG})) of formation of Gly, Slk, Acetone and Hy0 by
the use of group contribution methods. With this information, they
reached a value of AH?,, of —6.43 kJ mol~!, indicating an exothermic
reaction and a AGgm of 3.36 kI mol ! (positive, hence not spontaneous)
leading to a value of the equilibrium constant K of 0.2577 [107]. This

value was compared with previously reported values of experimental
work, where two cases showed negative values of AG?m [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 AH}) and AG}) for the com-

pounds involved. In this case, AHC,, was reported to be —8.77 kJ mol !
and AGY,, had a value of —12.3kJmol ", indicating an exothermic and
spontaneous reaction. Likewise, the dependence of K¢, 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 E, values of 59.1 and
46.3 kJmol 1 [114]. Another effort with formaldehyde used Amberlyst
15 [115]. In this case, the work very notably approached the philosophy
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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].

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 E, 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
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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 313K, 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 E; of 77.7 kJ mol~! and 0.345 dm® mol ! for the
water adsorption constant (Ka.HZO) [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 K,; was obtained as a function of tem-
perature, a LHHW model was put forward where the surface reaction for
the formation of Hy0, by-product of the reaction, would be the rate-
limiting step. This leads to an equation that considers the adsorption
constant of HyO in addition to the intrinsic reaction constant, which,
represented by Arrhenius-type equations, lead to values of E; of
55.6kJmol ' and AH, of —64.7 kJmol " [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 Hz0 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

Bulk liquid

]

— Flow

Dispersed liquid

Fig. 6. Schematic representation of a static mixer reactor. Based on the original figure by Vorholt et al. [105].
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Fig. 7. General mechanism for the production of glycerol acetals by reaction with aldehydes or ketones in the presence of an acid catalyst.

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 Sk, 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 HyO (Kqm,0), 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 (o =700 rpm), T (313-353K), catalyst amount (5%) and
MR of Acetone:Gly (4:1). With a power-law model, the forward E, was
44.77kJmol™! and that for the reverse reaction was 41.40kJmol ?,
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
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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
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Table 6
Summary of the most relevant aspects of kinetic studies for the production of glycerol acetals.a, b, ¢, d
Reactants and Reaction conditions® (Best) Xg1y/ Kinetic rate type and equation® Kinetic parametersd Notes Ref.
Catalyst Sel/Yield”
I 353.373K Eq = 59.062 kJ mol ™!
— 999~ E, 1 = 46.301 kJmol !
Gly + Formaldehyde =~ MR =1:3-1:1 Power law (pseudo homogeneous): a1 P
Catalyst: Catjpaq = 5.0 Wt% Sacetals =100% 1 = w1 Caly Cpormatdehyde — o= ) - [114]
_ 7463.6 L? mol™! g} min~!
Amberlyst 47 ®=1250 rpm wk_1 CacetaCr0 cat
tren ~ 600-750 min ko1 =
34.5L2 mol ! gl min!
T =333-353K
Eq = 39. -1
Gly + Formaldehyde MR =1:1-2:1 Power law (pseudo homogeneous): a1 = 39.05 kJmol . con
. Eq1 = 46.30 kJ mol! Reactive distillation
Catalyst: Catjoad = 0-10 wt% Xaly = 60% r = ki (6Ly formatdenyde ) — [115]
Inkg; =18.53 study.
Amberlyst 15 ®=1200 rpm k-1 (Aacetat@m,0) Inko 1 — 255
trxn = 120 min ko1 = 25.
E, =77.7 kJmol!
ko =5.97 x
T=303-358K . .
e 108 dmb mol-! g1 s-1 With solvent (dimethyl
MR = 0.5:1-2:1 . &
Gly + acetaldehyde Ce:: Ofo 15-0.3wt LHHW: o sulfoxide). Solvent’s
Catalyst: load = 0. . Xaly ~ 90% r= AG_Kqy = 12.95 kJ mol 1 adsorption is considered [112]

Amberlyst 15

Gly + acetaldehyde
Catalyst:
Amberlyst 47

Gly + Acetone
Catalyst:
Purolite CT275

Gly + Acetone
Catalyst:
Amberlyst-35

Gly + Acetone
Catalyst:
Amberlyst 35

Gly + Acetone
Catalyst: Lewatit
GF101

Gly + Acetone
Catalyst:
zeolite H-BEA
(SAR 19)

%
® =500 rpm
trxn ~ 420 min

T=283-313K
MR =1:3-1:1
Catjoaq = 2 Wt%
®="700rpm
trxn ~ 1560 min

T=298-323K
MR = 2:1-10:1
Catjpaq = 1-5 Wt%
®=250rpm

texn = 320 min

T=293-323K

MR = 1.48:1-2.46:1
Catjpaq = 1% wt. of
Gly

® =700 rpm

trxn = 300 min

T=303-323K

MR =0.5:1-2:1
Catjpaq = 0.25-0.5 wt
%

®="750rpm

trxn = 480 min

T=2303-313K

MR =3-12

Catjpaqg = 0.5-1% wt.
® =750 rpm

trxn = 240 min

T=2313-353K
MR =4:1

Catjpaq = 5 wt% of
Gly

® =700 rpm

trxn = 180 min

Sacetals = 100%

Xgly = 93%
Ysik = 74%
Xgly = 70%
Ysik = 96%
Ysik ~ 76%

CatyCacetatdenyde — Cacetal Cri,0 /Keq

2
(1 + Kan,0Chy0 + Ka.salventcsolvenr)

Power law (first order):
T = WkCocetaldehyde

Low range adsorption model (no

adsorption occurs, n=0):

r= CGlyCacemne - slkCHzo/Keq
(1 +KaiC)"

LHHW:
CaiyCacetone — CsikCri,0/KeqCaly
1+ Ka.HZOCHzo)Z

r=k

LHHW:
+ _ g %0ty acetone — AsikAr1,0/ Keq
- 2
(1 + Kamoam,0)

ER:
_ kl Cear — k 1CcarCSlkCH20
1 + Kom,0Chy0

Power law (Pseudo homogeneous):
7 = k1CelyCacetone — k-1CsiCr,0
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Adsorption constants

Kom,0 = 0.345 dm® mol ™!
Kasowen: = 0.106 dm® mol !

E, =55.4kJmol™!
Inky = 14.51

E, =39.78 kJmol !
ko = 3.86 x

10% L2 mol ! g} min—!

AH_K,q = — 6.605 kJ mol ™!

ASKeq = —
20.72J mol ! K1

E, = 55.6 kJmol!
ko = not available

AH Keq = — 30.1 kJ mol !
AS Keq = — 0.1kJmol ™' K!
AG Ky = — 2.1 kJmol™!

Adsorption constants

AHgpzo = — 64.7 kJ mol™!
ko-Kam,0 = not available

E, =69.0 kJ mol !
ko = 492 mol kg, s7!

AH Koy = — 20.1 kJ mol™?

AG.Keq = 1.4kJmol™!

Adsorption constants
Koo = 14.4

(value given as constant with T)

E; = 124.0 kJ mol !
Eqq =127.3kJmol!
Inkg, = 44.14
Inko 1 =45.14

Adsorption constants

AHgp,0 = — 128.0 kJmol™!

Inko Koo = 51.17

Eq = 44.77 kJ mol !
Eq 1 = 41.40 kJ mol!
Inkgy =11.34"
Inko ;1 =10.74

due to its strong polar
nature.

Considered reaction is

11
irreversible tiel

Solventless system.
Detailed
thermodynamic study.
Low range adsorption
model (n= 0 for the [106]
adsorption terms); i.e.
pseudo homogeneous;
although ER and LHHW
tested

Includes
thermodynamic study. L108]

With solvent.
Thermodynamic study.
LHHW most adequate,
although PH and ER also [109]
tested.
Adsorption constant for
water only.

Solventless system.
Model discrimination
with several alternatives
of pseudo homogeneous,
LHHW and ER models.

Best fit model is ER [118]
model with reverse
reaction and zero order
for reactants. Only
adsorption constant for
water.

No LHHW or ER models

11
contemplated. Lol

(continued on next page)
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Table 6 (continued)
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Reactants and Reaction conditions® (Best) Xg1y/ Kinetic rate type and equation® Kinetic parameters® Notes Ref.
Catalyst Sel/Yield”
T—338.353K Eq = 55.6 kJmol™!
— oo Eq 1 = 115kJ mol !
Gly + butyraldehyde MR =1:3-1:1 Power law (pseudo homogeneous): “ ;{ —533x
Catalyst: Catjoaq = 0.5 Wt% Sacetals = 100% 1 = wki Caly Churyraldehyde — S 201 7171' R - [117]
Amberlyst 47 ®= 1000 rpm Wk_1 CaceratCrino 10> L* mol ™" g, min
ko1 =2.67 x

trxn =~ 540 min

10'2 L2 mol ™! g-} min~!

@ Reaction conditions used for kinetic studies. Temperature (T), aldehyde/ketone/ether to Gly molar ratio (MR), catalyst loading (Caty,qq), stirring speed (w), re-
action time (tyxn).

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

¢ Rate of reaction (r;), forward reaction rate constant (k;), backward reaction rate constant (k_;), concentration (C;), overall equilibrium constant (K.q), component
adsorption equilibrium constant (K,;), component activity (a;), catalyst loading (w), concentration of catalyst (C.q). i: components, j=reactions. Subscripts: Slk =
solketal.

4 Activation energy (E4), pre-exponential factor (koj/ko-;), enthalpy of equilibrium constant (AH_K.,), entropy of equilibrium constant (AS_K,,), Gibbs free energy
of equilibrium constant (AG_K,,), enthalpy of component adsorption constant (AH,;), pre-exponential factor of component adsorption constant (ko_Kg ;). Subscripts: i:
components, j=reactions. *In ko; obtained from Arrhenius plot provided, values taken as equal to the y-intercept of line equation.
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-
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Fig. 9. Reaction scheme of the three in-series steps of the esterification of
glycerol with organic acids.

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 57.26kJmol™’, 31.87kJmol™! and
13.90kJ mol’l, 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 E, values
found ranged between 19.33 and 65.58 kJ mol~!. 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 COg-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 E, for the production of MGs, DGs and TGs are in the same
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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 E, for both
systems went from 58 kJ mol ! to as little as 14-45kJmol~! [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
E, of the reaction is 45.4kJ mol’l, while the E, for deactivation are
76.1-134kJ mol~! [129]. A low E, value (41.5kJ 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 E, of the re-
actions are 87.33kJmol ! and 69.17 kJ mol !, while deactivation has
an E, of 104 kJ mol %

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 E, for MGs formation is 42kJ mol’l, which is lower than the
51kJmol ! 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 E, ranging between
45.0 and 66.0 kJmol ! [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
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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 conditions” (Best) Xg1y/Sel/ Kinetic rate type and equations® Kinetic parameters’ Notes Ref.
Yield”
T —353.383K Eq = 57.26 kJmol ™! It is assumed the components are
Gly + ACA M; - 3.71 o1 LHHW (simplified to pseudo homogeneous first order): Eg = 31.87 kJ mol ! weakly adsorbed and thus resistance
(}Zlatal o Cat o 5 6'45 Spg = 47.7% —rgy = kiCaqyy Eq3 = 13.90 kJ mol ! term of LHHW is negligible. [125]
Amberlyst.ls ° _1"13;&) r. o 8 Stg = 44.5% rue = ki1Caly — k2Cuc kor = 2.07 x 10° x MR%?74 Model is based on pseudo
¥ t 7: 300 III)Iin rpe = kaCug — k3Cpe ko = 18.66 x MR!82 homogeneous first order reactions
n Koz = 1.16 x MR-0474 occurring in series.
Eq = 50.656 kJ mol !
E, 1 = 64.554 kJmol !
Eg = 46.030 kJ mol ™!
Power-law (quasi-homogeneous E, » =19.333 kJmol~!
T =338-368 K fist-order): Eq3 = 65.575 kJ mol !
Gly + ACA MR =3:1 Ymg=50%  Tuc = kiCoyCacid — kK-1CmcCriz0 — k2CrtoCacid + E, s = 22.270 ki mol !
Catalyst: Catjpaqa =2.88 Ypg = 35% k_2Cp6Cr,0 ko1 = 753.61 Lmol ' 51 Reactive distillation study. [132]
NKC-9 ®=1250 Y16 =5% o6 = k2Cm6Cacia — k-2Cp6Ch,0 — k3CpGCacia + Ko 1 — 21653 Lmol ! s-1
tixn = 460 min k_3Cr6Cryo ,i’*l 13629 Lmol! s1
6 = k3CpGCacia — k-3C16Cr0 02 = 130.22Lmot = 5 L
koo =14.88x 1074 Lmol ' s!
kos = 29.33 x 10° Lmol ! s7!
ko-3 =19.31 Lmol ' 57!
Ea/R = 7650 K
LHHW:
dued Eq/R = 3198K
o (2 MK7H> Fa/R = 3030K
g = @ ko1 = 0.0162 kmol (kgs) — 1
(1 + XiKaiai) ko2 = 0.0118 kmol (kgs) — 1
T= _ K . @pcan,0 kos = 0.003 kmol (kgs) — 1
343-383 ko (llMGaac(d Koy 22 ) 0 (kes) Model considers non-ideal behaviour
Gly + ACA MR = 4:1-9:1 Ype = 56% oG = qz of the components
Catalyst: Calyoaq = 0.065 g/ - (14 XiKai) AGKeq = —5.118 kJmol ™! o s [138]
iy load 8/8aly Y16 = 30% ' 5 Uses liquid phase activities in rate
Purolite CT-275 ® = 1000 rpm arGam,o AG_Kegp = — 0.961 kJ mol ! X
_ : ks (aDGaucid - L equations (ay).
tixn = 350 min S Keg3 AG_Kegs = — 3.371 kJ mol
- 2
( + Zl: “"a’) Adsorbtion constants
. Ka.Gly =54
S Kait; = Koo Wh:r; gy + Ko acidQaci Kogus =25
 Kaiti = Karzotyo + KaaiyGaly + Kaaciaacia Kamo = 100
ER model:
e = kxCalyKaacidCacidCrs — k—xKamcCumc Cri,0Crs Fu /R — 5550 K
o6 = kyCmcKaacidCaciaCrs — k—yKap6Cp6Ch,0Crs Eal IR B 5838 K
rr¢ = kzCp6KaacidCaciaCrs — k-3Ka,16C16CH,0Crs Eaz/R —5803K
Where: a3/ = =
o 0 kor = 9.31 mI2 mmol ! mol ' s!
T=353-393K _ IM koz = 3.07 mI2 mmol ! mol ! s!
Gly + ACA MR = 3:1-9:1 Smc = 11% —~ Ka‘MGCE’GCﬁJ kos = 0.24 mi® mmol! mol 1 51 Power law and LHHW models were
Catalyst: Catjoag = 4 and 8 wt% Spg = 52% also developed, but ER fits [139]
Dowex 650C ® =500 rpm St =37% _ kyCﬁGKa.ucid afid experimental data best.

trxn = 360 min

ky =
KapoCpisCry

 keCpKaacaChiy

ac
=
Kar6CroCf
k1 = kxKqaciaCrs
ka2 = kyKqqciaCrs

Adsorbtion constants
AH, /R = — 5933K
AHgm,0/R = — 1442K

ko-Kq gy = 417 mlmol™!
ko-Ka,, = 570 mlmol!

(continued on next page)
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Table 7 (continued)

Reactants and Catalyst Reaction conditions” (Best) Xg1y/Sel/ Kinetic rate type and equations® Kinetic parameters’ Notes Ref.
Yield”
ks = k:KqaciaCrs
Crs = Crs
1 + KagiyCaly + Kan,0Cry0
Pseudo-first order (overall
373 303K Pseudo-first order (overall reaction): reaction):
=279 —rgy = k1CoyCoiq — k-1CucCpcCro E. = 21.54 kJ mol-!
Gly + ACA MR = 4:1 Y Ve o gno L In LHHW model, surface reaction is the
Catalvst: Cati 1 —0.40 Spe = 34% ko1 = 0.883 x 10° min d ion is ienored i .
atalyst: atjpaq =0.40 g Sr = 55% LHHW (for r.d.s): K 117 r.d.s. Water concertation is ignored in [140]
3%Y/SBA-3 ® =350 rpm Fods = Paramet reqvlnd ) tions ar model.
e = 150 min c o (C c c arameters and eqautions are
ZF K o Koo Gty — des(Cmc + Cpg + Cra) provided for surface reaction rate
C a.6lyKa,acidCaty Cacid X .
TS eq.surface rxn equation (1,4 S)
Michaelis-Menten model with partial deactivation: m = 3.09
dCvg _ _ dCacia _ kaCeatcatRCacid Eg = 45.5 kJ mol !
T=323-343K dt dt Kwmc + Cacid Eagi = 76.1 ki mol !
_ i Ceat + C, _ -1
Gly -+ benzoic acid MR = not available B Qeatr = catc cat P Eqgo = 134 kJ mol )
Catalyst: Cacid feed = 20762 8L Xacid & 92% dc act cdo Eqy = — 206 kJ mol” Solventless system. Excess Gly used. .
CALB Catioag =308 1. Qear __ Leat _ _ g Coop — kipCearC™ Kumc = 0.427 mol L1 [129]
o dt dt cat d2CeatY i
© =450 rpm Inkoz = 5.46
trxn = 2880 min Qear R is residual catalyst activity Inkos =243
 describes the activity of partially deactivated catalyst Inkoaz =492
relative to initial activity Inkoy = —77.5
T=303-353K
Gly + caprylic acid MR = 4:1 ' Power-law (second order): E, — 41.5 kJ mol! . 'I{ses‘ ultrasognd assisted '
Catalyst: Catyy,q = not available Yester = 94.8% kG2 O intensification (optimum frequency is [134]
Lipase-Candida antarctica ® = not available Gy = ®-oLy ko =1.17 Lmol™" min 20 kHz).
trxn = 480 min
Cinnamic acid
Eq/R = 4880 K
Eg/R =5160K
T=413-433K Ea?ﬁ ::12532 K
Gly + cinnamic acid and (cinnamic acid experiments) In ko1 : 5‘4 Model discrimination.
v T =423-443 K (p- Methoxy Power law: 02 = . L
Gly + p- Methoxy . . . R Inkos =6.2 Model consists of two reactions in
. . . cinnamic acid experiments) Smc =91% rmc = ki1CeatCotyCacid . X . R
cinnamic acid series with partial first order with [135]
MR =1:3-1:9 Spg =9% o6 = k2CeatCmG Cacid ; ic aci i
Catalyst: Cati 1 — not available . —kaC p — Methoxy cinnamic acid respect to reactants and first-order
PTSA o 21‘;‘8 ;pm cat,deactivation = %3 cat Ea /R =7790K deactivation of catalyst.

trxn = 300 min

Gly + cinnamic acid and T =423-473K
Gly + p- Methoxy cinnamic MR =1:3-1:9

acid Catyy,q = None
Catalyst: ® =250 rpm
None trxn &~ 7007500 min

Smg = 80-90%

Power law:
v = k1CayCacid
oG = k2CmgCacid
v = k3CayyCpe

rog = kaC2g

Eg/R = 5010 K
Eq3/R = 11,900 K

Inkypy =12.8
Inkyy =5.6
Inkos = 24.7

Cinnamic acid
Eqa/R =9623K
Eg2/R =9739K

Eq3/R =15,702K

Equ/R = 26,154 K Model considers esterification,

;: :01 B 12: reversible glycerolysis and [137]
02 = - . . . .

Inkes = 26.2 disproportionation reactions.

Inkos = 47.2

p — Methoxy cinnamic acid
En/R =11,139K

(continued on next page)
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Table 7 (continued)

Reactants and Catalyst Reaction conditions” (Best) Xg1y/Sel/ Kinetic rate type and equations® Kinetic parameters’ Notes Ref.
Yield”
Es/R =10,362K
Eqs/R = 14,978 K
Eas/R =17,802K
Inkyy = 16.6
Inko; = 16.4
Inkos = 24.8
Inkos =29.2
Power law: Eq = 87.33 kJmol !
Gly + p-methoxy cinnamic T =423-443K e
y+p ac)i(;, MR — 1:3-1:9 Tacid = — k1CcatCalyCacid — k2CcatCmG Cacid Egp = 69.17 kJ mol 1 Model discrimination.
§ - 7 . . e = — k1CcarCoiyCacid — k2CcarCmcCacid Eoq = 104.00 kJ mol~! Model consists of two reactions in
Catalyst: Catjoaq = 1.2 mol% of acid Yy ~ >80% . . ! [130]
Mesopo-S-phenyl- = 250 rpm rp¢ = k2CcatCrmc Cacid Inko; =17.80 series and single-step first-order
endSOH (Ipp) o — 60 min rey = — k1CcatColyCacia Inkoy =11.80 deactivation of the catalyst.
o Teat = — kaCear Inkoq = 26.00
T=413-433K
Gly + lauri id MR =1:4 . .
y 2::;1;3?0 Cat 5 Wit S 70% Power law (second order model): E, = 42kJmol! Model only considers the formation of [126]
. = 0 ~ 0
HSO; SBA-15 o :]073;0 pm " = Tacid = kCatyCacia ko = 655 mol (L gear h) " MGs from Gly.
trxn = 420 min
T=323-353K
. MR = not available Biphasic medium. Ping-pong bi-bi
Gly + ibuprofen 1 .
(Open system) Cacid feed = 20-100 g L Irreversible hyperbolic model: Eq /R =6812K mechanisms.
Catalyst: Catjpaq=2gL 7" Y ~ 96% K1 Cocia Inky; =15.09 Open system means water is constantly ~ [127]
CALB . VR (Gly/Tol) = 20:5 ™ =1 g o F KegracidCactd Keqacia = 0.68 mol L1 rfemoved using toluene.
® =720 rpm Model is pseudo-zero order for Gly.
trxn = 480 min
T=323-353K Ea/R = 5274K
Gly + ibuprofen MR = not available Eaz /R = 2468 K Biphasic medium. Ping-pong bi-bi
1 a = X
(Closed system) Cacid feed = 20-100 g L Reversible Michaelis—Menten model: Inkg =11.42 mechanisms.
Catalyst: Catjpaq=2gL~} Yy =~ 96% k1 Cacia — k2Cuig Inke, — 2.30 Closed system means water stays in [127]
atalyst: VR (Gly/Tol) = 20:5 ™6 =11k C K C 02—~ system. Model considers zero order for
CALB + KegacidCacid 1 Keq.m6Cuma Kegacia = 0.86 mol L™}
®="720rpm = Gly and H0.
s — 1380 min Kegme = 16.92 mol L
o=
T =413-433K Power law (using solubilities): Eq = 45.0kJmol !
L N e : Eg = 66.0 kJ mol ! Water removal investigated, but not
Gly + oleic acid MR =1:2-1:6 rve = K1XgiyXacid — KaXatyXme 1 . .
Catalyst: Cationg = 0.5 Wt% Smg= Foo — Knxor s + Ko Egx3 = 52.9 kJ mol considered in the model. Model [128]
70026 ol{t . ° _07300 rp;n 70-80% be = B37Gly Tacid T £27Gly TMG ko1 = 240053.7 kmol min~! L1 consists of a combination of series and
B : = in"1 L1 arallel irreversible reactions.
trxn = 360 min Xy is a constant describing solubility of Gly in acid. koz = 21285844 kmol i L P
kos = 390003.1 kmol min~! L1
LHHW (catalytic reactions):
ki1 (Kq acidCaciaKa.ty Caly)
T= —. K — Tacid, = - - E, =8.52 !
Gly + oleic acid MR ?:313 33?:_,’5 LW T 4 Ko aciaCacid + K;,Glyccly a = 8:520k/mo ER model also developed, but LHHW
Catalyst: T +KameCmc) del fits best. Noncatalytic rout
Amlje?lysst 36 Catjoaq = 0.004-0.006 g mL™? Smc = 93% ¢ Kinetic constant (k;) and adsorption ir:u:'o\e;e d ;atzsﬁmzn?};};;géi; q [141]
USIRW Y ® =700 rpm Power-law (noncatalytic reactions): constants (K,;) are provided at P in final & el
( reactor) — 30mi — Facidnoncatalyic = kaC™..CL ) in final model.
trxn min E Lyt acid ~ Gly different temperatures.
Overall reaction rate equation:
— Tacidoverall = — Tacid LHHW + — Tacid noncatalytic
. Pseudo-homogeneous first-order kinetics:
ly + hyd ted T=503-533K .
Gly + hydrogenated rosin 583 533 Yarg = 20.4%* g = — Kk1Crr — k2CrCuc — k3CurCoe With CO, . .
(HR) Pcoz =4 MPa Yoo — 20.4%* kG o CorC B — 54.92kJ mol-! Concentration of Gly is assumed to be [133]
Catalyst: MR = 1.5:1 DG = £ MG PIRHR T B2 WHREMG a o constant due to its excess.

Subcritical CO-enriched

Catjaqg = not available

Y1 = 9.3%* o6 = k2CrrCmc — k3CurCpe

rrc = k3CurCre

Eg = 53.05 kJ mol !
Ea3 = 44.42 kJ mol ™!

(continued on next page)
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Table 7 (continued)

Reactants and Catalyst Reaction conditions” (Best) Xg1y/Sel/ Kinetic rate type and equations® Kinetic parameters’ Notes Ref.
Yield”
high temperature o = not available ko1 = 1.39 x 10° min!
compressed water (HTCW)  t,, =210 min koz = 3.00 x 10° min~!

kos = 1.61 x 102 min!

Without CO»
Eq = 63.67 kJ mol !
Ego = 60.90 kJ mol !
Eq3 = 49.66 kJ mol !
ko1 = 5.27 x 103 min~!
ko2 = 1.22 x 10* min!
koz = 4.03 x 102 min~!

T—513-553K Hyperbolic model: Ey = 7.27 kJ mol !
Gly + rosin MR = 2:1-4:1 e 1 dCrosin __k1CaiyCrosin Inke — 8.2 Model discrimination.
Catalyst: Catjoaq = NONE Xrosin = 99% 3 dt 1 + Keq2Caly Ko - 313;9]; -1 Model considers mass balance that [136]
None ® = not available dCoy 1 dCrosin g2 = L2978 mo accounts for stripping of Gly.
toy = 720 min i "3 da - (1 + kuCayy) ks = 0.281 (stripping of Gly)

# Reaction conditions used for kinetic studies. Temperature (T), acid to Gly molar ratio (MR), catalyst loading (Catjyqq), stirring speed (w), reaction time (¢ ) , acid concentration in the feed (Cacid_feed), volume ratio (VR),
pressure (P;).

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

¢ Rate of reaction (r; ), forward reaction rate constant (k;), backward reaction rate constant (k_;), deactivation rate constant (kq), desorption step rate constant (kq;), equilibrium constant (Kq /;), adsorption equilibrium
constant (K, ;), concentration (C;), concentration of catalyst (C.q), concentration of catalyst free active sites (Crs), concentration of total active sites (Crs), residual catalyst activity (acq.r), catalyst activity relative to initial
activity (), reaction order (m) and (n), component activity (a;), component mole fraction (x;), Michaelis-Menten constant (Kycc). Subscripts: i: components, j = reactions. Subscript Tol = toluene, MG = monoglycerides,
DG = diglycerides, TG = triglycerides, r.d.s = rate determining step.

4 Activation energy (Eq), pre-exponential factor (koj,ko-;), equilibrium constant (K.q/;), Gibbs free energy of equilibrium constant (AG_K.,), enthalpy of component adsorption constant (AH, ), pre-exponential factor of
component adsorption constant (ko_Kg;), reaction order (m) and (n), ideal gas constant (R), Michaelis-Menten constant (Kycc). 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
46-49kJ mol L. 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 E; is 21.54kJ mol~! [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 E,
was found to be 8.52kJ mol~! which is much lower when compared to
the E, of the reaction in a conventional batch reactor (114.45kJ 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
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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].

Cold traps for water collection

[ & ——

Vacuum pump

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].
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Fig. 11. General reaction scheme of the etherification of Gly with alcohols and their possible dimerization.

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 E, for MEs
and DE are 75.93kJ mol~! and 30.87 kJ mol~?, respectively, while the
extended approach, the values are around 46 kJ mol ™! 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 Snj; sPMo12040 as catalyst. The E, 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 E, obtained is 113.0kJ mol’l,
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 K, ; 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

21

of water. The E, based on the power-law model for the productions of
MEs and DEs were close compared to the E, obtained using the ER model
for the same reaction (96.18 kJ mol ! and 130.85 kJ mol’l), 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/ZrO 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.
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Table 8
Summary of the most relevant aspects of kinetic studies for the production of glycerol ethers.
Reactants and Reaction conditions” (Best) Xg1y/ Kinetic rate type and Kinetic parameters" Notes Ref.
Catalyst Sel/Yield" equations®
E; = 82.0 kJmol !
Eqy = 97.7 kJ mol™!
LHHW: Egs = 89.1kJmol ™!
Ea4 = 65.3kJmol!
Egs = 35.0 kJmol !
v = E, = 39.3 kJ mol !
Eg7 = 20.0 kJ mol !
k1K GtyKa ronCalyCron
( 2 Pre — exponential factors
1+ ZKﬂiCi) -1 1 2. 11 -1 1) .
ki P (L(molH ) s orLPmol ™ (molH™) = s ) " Model considered
Tty = ~2 GMELME ko1 =7.36 adsorption and
T=2343-373K 1+ ZiK“'iCi ko2 = 0.62 phase separation.
. MR = 0.6:1-4:1 P kos = 2.43
I b _ k3KumeKaronCmeCron
v 2221 u:-ne Catioaa = 0.04% - 0.5% Wi%  Yyg=75%* TPE = 2 Kos =055 For the [143]
NKCy9. of Gly Ypg = 20%* (1 + Z_Ka.ici> kos = 0.49 calculation of k;
® = 1400 rpm k4Kl oCor koe = 0.03 and K,; the
trxn = 420 min ™ME = Hiﬁ ko7 = 0.01 reference
ilaibi
temperature was
ksKqpeK, CpeC
rip = - ePECAROH-DEROR Adsorption constants : set to 357 K.
(1 +XikKaiCi) AH, gy = — 2.5 kJ mol !
rop — KoKameCre AHgpp = — 43.4kJ mol!
142 KaiCi AH,pp = -23.7 kI mol™!
K,Crz AHyroy = — 44.7 kJ mol™!
1+ Y KaiC; ASeqy = — 87 (J mol’l)K’l
i
] Ky (KaronCron)® ASaue = —10.8 (Jmol 1)K !
di-ROH =— 3
(1 N ZKM-Q) ASapp = 156 (Jmol 1)K !
i
ASaron = — 157 (Jmol’l)K’l
Power-law:
rver = kia (CGlyCROH -
Cur1 CHzO)
Keq1a
rvez = kip (CGlyCROH -
%) Eaa = 59.46 kJ mol-!
1B _
“ Eqp = 33.69 kJ mol ! Heterogeneous
rom = koa (CMEl Cro — Egoa = 35.12 kJ mol ! model.
ComC Eqop = 59.32 kJ mol ! Lumped and
%) Eu3 = 43.77 kJ mol ! extended
Gly + ereburyl | T=323-353K €q.24 Eaqa = not available approach
y alioholllty MR = 3:1-5:1 roga = kog (CMEICROH - Egs = not available modelled. In
Catalyst: Catjoaq = 8.5 wt% of gly Xgly ~ 88% ComC Eq = 51.34 kJ mol ! extended, isomers [145]
Amberlyst 15 © = 1200mPm X, HQD) koia = 4.58 x 107 kgmol ! min"1 of MEs (ME1 and
4 trxn = 480 min ca28 koip = 2.50 x 10% kgmol~! min~! ME2) and DEs
g2 = ksa (CMEZ Cron — ko2a = 5.02 x 102 kg mol~! min—! (DE1 and DE2)
Coc Koz = 1.79 x 106 kg mol~" min~! are considered.
D;Z HzO) Kosa — 8.14 x 10° kg mol-1 min-1 Keq values given
34
“ kosa = not available as f(T).
rre = kaa (CDEI Cron — kos = not available
_ 41
CTECHZO) kos = 3.29 x 10* min
Keq,4A
rrg = ks (CDEZCROH -
CTECHzD)
Keqs
Tgi-ron = keCron
Eq = 91 kJmol™!
Power-law: second-order Eq1 =525kJmol™!
ti Eq = 61 kJmol !
T—353-383K equarions 2 »
Gly + tert-butyl MR = 81 rue = k1CaiyCron — Eq—2 = 30 kJmol
alcohol e Sy ~ 80% k_1CumeCrzo Eg3 = 66 kJ mol !
= 1
Catalyst: Catjoad = 195 mg Spe~ 17% o = kaCasCron — E, s — 80 kJmol ! Lumped approach [148]

Sny sPMo012040

® = not available
trxn = 240 min

k_2CpeCr20
g = k3CprCron —
k-3CreCrz0

22

ko1 = 6.8 x 108 m® mol 157!
ko-1 =7 x 10% m® mol~1s71
koz = 2 x 10° m® mol s!
ko—2 = 3 x 103 m® mol~1s!

(continued on next page)
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Table 8 (continued)

Reactants and Reaction conditions” (Best) Xg1y/ Kinetic rate type and Kinetic parameters" Notes Ref.
Catalyst Sel/Yield" equations®

kos = 0.7 x 10 m® mol 157!
ko-3 = 0.1 x 103 m® mol~1s!

LHHW:
™E =

: ! — -1
k1deyaron — K 1 auedno Ba = 55.6 kJmol

T =338-358K _ -1
. 2 Eg = 82.3 kJ mol
Gly + tertbutyl — yp 4y Yy =11.7% (1 +Kam08,0) : 4 ,
alcohol Cat 1.025 . Eq3 = 31.8 kJ mol Reactive [150]
=1. * ) 5
Catalyst: ® f(ggo m ¢ Yor = 3.5%% TpE = k; = e(16172-6689/T) distillation study.
Amberlyst 15 ¢ o 4 81(})min DE = 2970 ) ) K, = e(25506-9903/1)
T kyamearon — k 2020150 Ky — ¢l5392-3830/1)
(1 + Ka.HZOaHzo)
g =
k'3 AprdROH — k’, 3A1EAH,0
(1+ K(.LH:OaHzO)Z
Eq = 96.18 kJ mol !
Eqo = 130.85 kJ mol !
E,3 = not available Reaction is
ER model: Eq4 = 159.68 kJ mol ! considered
C néo eK c Eqs = 197.63 kJ mol ! irreversible due
T=353-373K P w to constant
Gly + Benzyl MR = 1:3-3:1 N C*%-Glygﬂ'y kor = 1.33x 10" kg? (goqe mol min) ' removal of water.
alcohol Catjpaq = 3.45-14.4 wt% of SmEe ~ 85% DE = *2%cat“ME“ROH -1
_ —1.08x 103 144
Catalyst: reaction mass SpE ~ 2% e = k3C°‘"CDEC‘;°H koo Oi x 107 kg? (ical;lmd min) Power law also (1441
Amberlyst 15 ©=1200 rpm Tai-ron = k4CeatCrom 03 = not avatlable . modelled.
trxn = 480 min T™ME = kos =119 x 10" kg’ (gear mol min) Catalyst
kSCthdi—ROHKiGly C(231y kos = 8.06 x 108 kg? (gcqe mol min)’1 concentration
(1+ Ku,GIyCG]y)2 (Cear) order is ~
Adsorption constants 1.0.
AH, g, = 3.25 kJ mol~!
ko-Kagy = 2.3x 1072 kgmol™!
Power — law model :
p . del Eq/R =85x 10°K Both models fit
ower-kalé/ moCe ) E;/R =1.33x 10K experimental
v = % GronCay Ees/R =1.29x 10K data
T 393.413K Tpp = szROH(;ME Inky =128 _Self-
Gly + Benzyl MR = 1211 rai-ron = k3CRon Inkoz =25.9 condensation of
e Inkoz = 22.7 Icohol i
alcohol Catioaq = 25 g/kg total Swe ~77% Hyperbolic (ER) model: H ner;f)lic model : sZci)on; oi’ii:r [147]
Catalyst: initial mass of reactants Spg ~ 0% k1 CronC, 7P ) .
) ~ k1CrouCoy Ea/R =126 x 10°K reaction
2S/Zr0, ® = not available T™E = 1+K, o C @ .
o — 360 min aGly “Gly Eqs/R = 8.80x 103K -The production
o 1o = —2CronCur_ Eas/R =121 x 10K of ME and DE
1+ Ka,GlyZCGly Lnko = 24.3 from alcohol are
R k3 Crou Lnkyy = 14.8 first order
- 1+ KaayColy Lnkgs = 24.1 reactions.
Kqcy = not available
Dual Site reaction
mechanism
T=373-413K LHHW (simplified to overall (LHHW model).
Gly + 1-phenyl second order equation) i
ethanol MR =1:3-1:5 q E- —113.0 kJ mol-! Assumed reaction
) Catjpaq = 0.01-0.032 g cm > Sme = 75% e = — dCron _ al = i is far from [149]
Catalyst: 20% © —1000 rpm ROH = a Inko; = 2891 equilibrium
w/w DTP-HMS . k1CrouCt io
texn = 240 min o4 and adsorption
constants are very
small

@ Reaction conditions used for kinetic studies. Temperature (T), Alcohol to Gly molar ratio (MR), catalyst loading (Catyaq), stirring speed (w), reaction time (tryn)-

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
conditions® for kinetic study presented in the table. *value calculated using concentration/mol graphs provided by study.

¢ Rate of reaction (r;), forward reaction rate constant (k;), backward reaction rate constant (k_;), component adsorption equilibrium constant (K,,), overall equi-
librium constant (K,,), concentration (C;), concentration of catalyst (C.q), component activities (a;). i: components, j=reactions. Subscript ROH = Alcohol, di — ROH =
alcohol dimer.

4 Activation energy (Eq), pre-exponential factor (ko;), enthalpy of component adsorption constant (AH,;), entropy of component adsorption constant (AS,;), pre-
exponential factor of component adsorption constant (ko-K,;), ideal gas constant (R). i: components, j=reactions.

4.5. Propanediols propanediol (1,2-PDO) and 1,3-propanediol (1,3-PDO) [76].
Propylene glycol is also a very relevant product in the formulation of 4.5.1. 1,2-Propanediol

cosmetics and healthcare products that can be obtained from Gly as Hydrogenolysis of Gly (Fig. 12) is an exothermic reaction

feedstock, there being the possibility of obtaining the isomers 1,2- (AHpn = —103 kJ mol 1) that generates 1,2-PDO and other by-products,
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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 Hy to the catalyst surface which is
due to a higher solubility of Hy 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
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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 Hy using sources
such as formic acid and methanol instead of externally supplying fossil
based Hy [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 E, is 84.9kJmol ™! 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-Al;O3 as catalyst, found an E, of 67.7 kJ mol~! 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 E, of the conversion of Gly to 1,2 PDO is
45.7 kJmol ™! [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

OH OH
H,0
HOVK/OH—Z’ ‘( G \/\OH +_H2> HO L~ + oH T HO
0 OH
Glycerol Acetol/Hydroxyacetone 1,2-propanediol 1-propanol 2-propanol

Route 1: Dehydration-hydrogenation (acid-metal catalyst)

OH H OH
HO\)\/OH—2> O\)\/OH -

Glycerol Glyceraldehyde

OH

-H,0

OH + Hy \/\OH
)\/O
OH

2-hydroxyacrolein 1,2-propanediol

HO + —
+Hy ———> OH
HO\)\/OH 2 "o,

Glycerol

Ethylene glycol Methanol

Route 2: Dehydrogenation-dehydration-hydrogenation (base-metal catalyst)

OH

+Hy ——> OH
HO\)\/OH ? \/\ + HO/\/\OH +t HO
OH

Glycerol

1,2-propanediol

1,3-propanediol

Route 3: Direct-hydrogenolysis (hydride catalyst)

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.

Fuel Processing Technology 253 (2024) 108008

Reactants and

Reaction conditions”

(Best) Xq1y/ Kinetic rate type and equation® Kinetic parameters’ Notes Ref.
Catalyst Sel/Yield”
Power — law :
E, = 84.9 kJ mol™!
ko =45.2x
107 mol g} h™!
n=12
LHHW :
Power-law: Eg = 88.2 kJ mol!
» %oy _ ke, Eaq = 82.0 kJ mol™!
dt 7 kos =1.1x10° mol g, h™!
T=463-503K LHHW: kos = 1.7 x 107 mol g1 h!
Gly+H P=3-6MPa . LHHW model: two
C);tal s2t' Caly.feea = 20-60 W% S _ ks Coy P2 Adsorption constants . parallel reactions
yst Catjoad = 8 Wt%/ Wt% 1.2 (= rz-poo) = EqKagy =71.3 kJmol that forms 1,2- [151]
35 wt% Cu/ ppO ~ 95% 1+ Kq 6y Caly + Kaa2Puz -1
MeO of Gly ! Eq Kom2 = 53.2kJmol PDO and EG from
J ® =700 rpm Cizepo | Cig Eq Ka12pp0 = gly
trxn = 720 min Kai2ppo  Kage 66.7 kJ mol-1
Eq Kopc = 50.3 kJmol !
K,CotyPu2 ko-Kogy =7.8x 10—
(—r50) = 9 L mol!
1 + Ko 61yColy + Kan2Pr2
ko Kapn> = 8.9x 10—
Ci2pr0 , Crc 1
+K7 . 7 L mol
a12r00  Kagc Ko Kar 2 pm0 — 6.1 % 10—
8L mol!
ko_Kapg = 5.5x 10—
6 L mol !
Power — law :
E, =67.7 kJmol™!
ko =2.39 x
10 mol gt At
n =1.02
Modified power — law :
Eq = 45.7 kJ mol ™!
Power-law: E,, = not available
dC, = . -1
i dGIy _ kC”&zy E; =141 Eik.]mol1 :
t kor =8.3x10°molg h
Modified power-law: koz = not available
P> kos =1.21 x
r2-ppo = ki CGIyHT{Z 105 mol g} h?
rec = k2C Pz
T 453 493K B = ey, Combined ER and LHHW -
— 453— P B 1 :
P—4.5-6.0 MPa oo = k3Cpo—2 Eq3 = 70.5 kJ mol Beactwns
Gly +H, Caly feed = 20 W% Hup Eos = 79.5 kJ mol ! con51der.ed are the
Catalyst: Catygaq = 10 Wt% of S1.2 Combined ER and LHHW: ko =17.62x conversion of Gly [152]
. ppo ~ 95% 108 mol ¢-1 1 to 1,2-PDO and
Cu-Ni-Al,03 gly mol g q; 1.9-PDO to
® =700 rpm kéKﬂ_GlyCGlyPHz kos = 6.51 x ro, anol (PO)
trxn = 720 min (=r12-ppo) = 1 108 molg. L h? prop :
1+ KqgiyCoty + (Kap2Phz2)2
c G Adsorption constants
1280 | ~FO Eq Kogy = 12.1 kJmol~!
Ka12p00  Kapo 1
Eq, Kqpz = 16.7 kJ mol
) Eq-Kqi2pp0 =
k4Ka 12C1.20p0 P2 12.9 kJ mol !
(—rpo) = 1 1
1 E, Kqpo = 14.8 kJ mol™
. 1+ KaayColy + (Kan2Ph2)2 ko-Kagy =2.12x
5
Cizrpo | Cpo 10~4 L mol !
Kai12p00  Kapo ko Konz = 1.85x
1077 L mol™!
ko-Ka12r00 = 2.07 x
107 L mol !
ko_Kapo = 7.14 x
107 L mol™*
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Table 9 (continued)
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Reactants and Reaction conditions” (Best) Xg1y/ Kinetic rate type and equation® Kinetic parameters’ Notes Ref.
Catalyst Sel/Yield”
ER model:
) E,, =55.14kJmol— 1 Vapor phase
T=483-513K (= Facert) = kyKagyPaly E,, —50.87 kimol - 1 study..
Gly + Hy P=0.75MPa 1 + Kooy Pary K. — 249 Model consists of
Catalyst: Cgly feed = 20 Wt% Si2 P p ‘ﬁ oo 1 ><7 . two-step reaction [157]
Cu-Ni/ W/F =101-811 kga ppo =~ 89.5% +KA67M Kmﬂ 10 ; mol geq h (Gly dehydration N
v-Al,03 h kmol ! aocewl  Ta1,2PD0 koz = 7.4 x to acetol which
trxn = 840 min 10" mol g4 h™? further reacts to
k’BPAcewlPHz Adsorbtion parameters : N/A 1,2 PDO).
( - rl.Z—PDO) =
1 + KqyPay
Kaacetol Pacetol n P12 ppo
T=443-483K Koacetol  Ka12pp0 Ignored the
Gly + Hy P=3-6 MPa LHHW (simplified to power law): ) 1nh1b1t10n.ter1'n.
Catalyst: Caly feed = 20 Wt% Y12 Eg3 = 69.6 kJ mol™ One reaction in [153]
Cu-Zn(4:1)/ Catjpag = 8 Wt% of gly ppo = 93.1% CK.CoP kos = 4.2 x 107 mol gmlt ht which Gly 2
MgO-Lay03 ® =800 rpm (= m2-#00) =ksCopPr converts to 1,2
ton = 720 min PDO.
Eq = 115.0 kJ mol ™!
Equ = 87.0 kJmol!
LHHW: Eg3 = 68.4 kJ mol ™!
r k1K, ros Cron Eq4 = 82.2kJmol!
Hy = _ 16 i —1
: 1 + K, 6iyCaly + KaronCron + Kapia Cha ko1 = 2.4 x 1014 min )
05 — in-
+Ka1,2 p00C1,2 P00 + (Kapi2Chiz) koz = 3.6 10]3 ml_" .
+KequanKa paCra (Ka.Hchz)o'S koz = 5.2 1013 min .
=5. 1 in~
T=473-543K T = koK Giy Caly ko4 = 5.3 x 10"° min
P=3.0MPa 1+ KuciyCaly + KarorCron + KapaCuat+ Absorption parameters :
05 : .
Gly + methanol Caly feed = 1 Wt% Ka1.2p00C1.2 P00 + (Kapi2Cui2) AH — 087 H, produced in
¥ Catalyst: CRoH feed = 30 Wt% Si2 +KeognanKanaCuia (Kﬂ_mcm)o 5 AH”‘RGOIH — 65 1 situ via methanol [156]
: * - acly =—65. B
Cu:Zn:Al Catoaq = 2.4 kgary/ ppO ~ 79.4% KegranKanaCraKapzCr AHy1 000 — —63.7 aqueO}ls phase
Kgcat ’ reforming (APR)
ks AHgpa =-91.5
®=500rpm ———Ka1,2pp0C1.2 PO _
i Kegs AHgpp =-22.5
tren = 75 min T2pp0 = AS = —230
1 + K 6yCay + KaronCron aROH =
+KauaCua + Ka1,2 ppoCi 2 PpO ASqgy = — 1415
+(KanaCii2)*® ASq12mp0 = — 121.9
+Keg nanKana Cua (Ka.HchZ)OS ASqpa = — 181
05 ASqp2 = — 52
k4K 61y Cay (Ka,HZ CHZ)
EG =
1 + KuciyCaly + KaronCron Equilibrium coefficients :
+KauaCua + Ka12 Ploagcl,z PDO Kequanr = 8.7
+(Kan2Criz) Kegs = 2.0
05 "
Power law: | TKequanKanaCua (Ka,HZCH2)
ray = kiCgp
r — k, (038045
2 PDOk 0 :3661]1 e Eq1 = 141.01 kJ mol !
86 = 13%6ly “H, Eep = 124.66 kJ mol 1
Tacetol = KaCggt Cd®” Eg = 217.21 kJ mol™!
r — ksCL18C0:22 — -1 Uses crude Gly as
Gly +H, T— 493-533K “Ethanol 5Cgiy CH) Eqq = 141.08 kJ mol Y ‘
oo — ke (080049 E,c = 223.96 kJ mol-! feedstock. Activity
Catalyst: Py = 1.0-2.0 MPa PO = Rebqly “H, d :
. 1.30 ~-0.41 Eu = 171.24 kJ mol ! factors (a;)
Ni catalyst Caly feed = 30-80 W% s Tmethanol. = k7 Ciy’ Cry a6 : L describe the effect
supported on Catjoaq = 0.08-0.24 wt :18’29 9% Activity factors (a;) to describe the effect of Eq7 =103.44 kJ mol of impurities on [158]
a % PDO . impurities present in crude Gly: Lnky =18.68 the rate of Gl
i _ Lnkgy = 16.74 4
sﬂlca—car.bon ®=1000 rpr.n anaon = 1+ 72.37C%0n Lnkes — 2645 consumption
composite trxn = 120 min anacoorr = 1+ 53.09C2coon o o
31250 Lnkos = 10.22 Tay)-
Anget = 1 — 2 Nacl_ Ln ks = 30.62
1+ 44.1Cxact
5 7608 Lnkes = 22.16
Umethanol = 1 — ———— MO _ Ln ko7 = 8.80
1+7.77C0n
Qo = 1+ (@ — 1)
( - fgzy) = amml*( - rGly)
Poisoning with thiophene: Catalyst
T=483-513K v o L E, = 1305 kJ mol! deactivation
2: 6.5-8.0 ]\iIPa l)e.acnv(at)wr;l mob el: lvtic site (& . kop = not available study. i\./;)del
= oison (p) adsorbs on catalytic site (*) to produce
Gly + H, ly_feed =10 p) ac L Y p AHp = -77.8 ki mol ™! duantities
available S1,2 PDO adsorbed poison (p*) experimental data
Catalyst: > e [159]
Cu catalyst w/ 290.0% ptr=p Poisoning with glycerides: based on the use of
4 F = 25-260 kg s mol ! J gy ’ contaminated

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

Cpy*
r =k (CPC* - K:,;)
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Eyp =199 kJ mol !
kop = not available
AHqp = -41.1 kJ mol ™!

crude glycerol
feed with chlorine
sulfur and
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Table 9 (continued)

Reactants and Reaction conditions® (Best) Xg1y/ Kinetic rate type and equation‘ Kinetic parameters’ Notes Ref.
Catalyst Sel/Yield”
glycerides
compounds.

 Reaction conditions used for kinetic studies. Temperature (T), pressure (P), Gly feed concentration (Cgy_feeq), catalyst loading (Catjeeq), stirring speed (w), reaction
time (twxn), contact time (W/F), alcohol feed concentration (Cron_feed)-

b Best Gly conversion (Xg1y), selectivity (S) or yield (Y) with respect to 1,2 PDO, achieved at optimum operating conditions which are different than the reaction
conditions® for kinetic study presented in the table.

¢ Rate of reaction (r;), reaction rate constant (kj), concentration (C;), component partial pressure (P;), reaction order (n), overall equilibrium constant (Ke,),
component adsorption equilibrium constant (K,;), Henry’s constant (H;), activity factor (a;). i: components, j=reactions. Subscript EG = ethylene glycol,
PO = propanol, HA = hydroxyacetone, HAH = partial hydrogenated hydroxyacetone, ROH = Alcohol.

4 Activation energy (Eq), pre-exponential factor (ko;), reaction order (n), overall equilibrium constant (K,q), enthalpy of component adsorption constant (AHg;),
entropy of component adsorption constant (AS,;). Subscripts: i: components, j=reactions.

model due to their low concentration. Likewise, the large excess of water further reacts with Hy to produce adsorbed 1,2-PDO. Finally, both 1,2-
generated as a by-product, (80 wt% of feed) was assumed to have no PDO and acetol desorb from the catalyst surface. The surface reaction
effect on conversion or selectivity. The reaction rate was set to be a step was assumed to be irreversible and set to be the rate-determining
function of Gly concentration at constant Hy pressure, because of its step. The E, for the conversion of Gly to acetol is 55.14 kJmol~! and
excess making Gly the limiting reactant. The concentration of adsorbed for the conversion of acetol to 1,2-PDO is 50.87 kJ mol ™. These values
components was calculated based on the assumption that adsorption were found to be lower when compared to those of liquid phase re-
and desorption steps are at equilibrium, with surface reaction being actions, where these values normally range between 83.7 and
irreversible and the rate-determining step. The LHHW type model was 104.6 kJ mol ! for Gly dehydration to acetol and is of 94.3 kJ mol " for
found to fit the experimental data and describe the system as two par- the direct conversion of Gly to 1,2-PDO. The model fits experimental
allel reactions producing 1,2-PDO and EG leading to a value of E, of data and can describe the system as two reactions in series [157].
88.2 kJ mol ! for the conversion of Gly to 1,2-PDO [151]. Currently, most of the kinetic models developed are based on the use
Another LHHW model was developed in a study with the reaction of pure Gly as the reactant. However, Gatti et al. [158] utilised industrial
being catalysed by Cu-Zn(4:1)/Mg0-Lay03 [153]. This model included crude glycerol as the starting material instead to develop a power law
the adsorption of both Gly and H on the catalytic surface with Hy ac- model of the reaction in the presence of a Ni catalyst supported on a
tivity being described by partial pressure instead of concentration due to silica—carbon composite. It was observed that the presence of impurities
its presence in excess. In this case, it is also assumed that no mass such as NaCl and methanol lowers the catalytic activity, while other
transfer limitations occur and that the surface reaction is irreversible impurities such as NaOH and NaCOOH positively affect the reaction by
and the rate-determining step. The E, for the conversion of Gly to 1,2- providing OH molecules. To incorporate the effect of NaOH, NaCOOH,
PDO is 69.6 kJmol ™! [153]. NaCl and methanol on the rate of consumption of Gly, activity factors
Furthermore, a model combining assumptions of the LHHW and ER were included in the model. The model successfully fits the experimental
equations was illustrated by Mondal et al. for the reaction with observations and can predict conversion with an average error of <8.0%
Cu-Ni-Al;03 [152]. They assumed that first Gly molecules are adsorbed, [158]. Furthermore, Rajkhowa et al. [159] exclusively investigated the
whilst Hy molecules are only partially adsorbed on to the catalytic sur- deactivation of a Cu based commercial catalyst by varying the concen-
face with the remaining excess Hy being present in the bulk. The tration of impurities, such as glycerides, sulfur and chlorine compounds,
adsorbed Gly then reacts with Hj in the bulk to generate 1,2-PDO and present in the Gly feedstock. According to experimental observations,
water, which are both adsorbed. The second step consists of the reaction glycerides block the active sites due to their bulky nature. Sulfur com-
of the adsorbed 1,2-PDO to generate adsorbed propanol. Lastly, both the pounds poison the active phase and chlorine compounds lead to sin-
adsorbed 1,2-PDO and propanol desorb from the catalytic surface. Here tering. Deactivation was modelled as an equation that describes the ‘rate
the rate-determining step is the irreversible surface reaction, with an E, of production of poisoned sites’ based on a reversible reaction where
of 70.5kJ mol L. poison (p) adsorbs on the catalytic active sites. It was concluded that
The study by Lemonidou et al. using Cu:Zn:Al catalyst [156] devel- poisoning due to thiophene and glycerides has E, values of

oped a LHHW based model for an intensified process in which Hj is 130.5kJmol ! and 19.9kJ mol’l, respectively [159].
generated in situ via methanol aqueous phase reforming (APR). Similar

to other studies, no mass or heat transfer limitations are assumed. This 4.5.2. 1,3-Propanediol

model ignores gaseous Hj as it is produced close to the catalytic active In addition to 1,2-PDO, Gly can be used to generate 1,3-PDO via

sites and thus directly utilised by the adsorbed Gly molecules. Also, the microbial fermentation. The process offers various benefits such as low

presence of EG is ignored due to its low concentration in the products, operating conditions, low costs and is more environmentally sustainable

hence simplifying the model and all adsorption steps are assumed to be in comparison to the chemical route. On the other hand, fermentative

quasi-equilibrated. The reaction kinetic parameters were calculated processes require much longer reaction times. Microorganisms that are

using the Arrhenius equation as usual, while adsorption enthalpies and part of the Klebisella, Clostridium, Lactobacillus and Citrobacter genera are

entropies were calculated using Van’'t Hoff equation. Based on this typically used and could directly utilise crude Gly to generate 1,3 PDO

model, the E, for the formation of 1,2 PDO is 68.4 kJ mol . It was found [160]. Various studies have investigated the reaction and developed

that the model developed best describes the system only when excess Hy kinetic models based on the Monod equation [160-166]. The Monod

is present [156]. equation describes the correlation between ‘microbial specific growth
The reaction is usually investigated in liquid phase, though a study rate and substrate concentrations.’

with Cu-Ni/y-Al,O3 catalyst in a down flow tubular reactor explored the

reaction in vapor phase [157]. An ER model was proposed assuming that 4.6. Acrolein and other glycerol dehydration products

organic molecules adsorbed on the catalytic surface, while H, remains in

the bulk phase. Along water, adsorbed acetol is also generated and then Acr is a vital component typically used in the production of amino
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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 AH?,, and entropy (4S°) of the reaction are
14.70kJ mol~! and 0.09 kJ mol ! K™%, respectively, hence making it an
endothermic reaction, with a standard Gibbs free energy (AG°) of
—12.12kJ mol ™}, proving that the reaction occurs spontaneously [168].
Using the Eyring equation based on transition state theory, it was
concluded that the activation enthalpy (AH'), entropy (AS'), and Gibbs
free energy (AGY) are 40.6kJ mol’l, 0.1696 kJmol ' K1 and
91.20kJ mol’l, 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 Brgnsted acid sites while the production of acetol occurs on
Lewis acid sites. Using HZSM-5 catalyst containing 0.376 mmol g~ and
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0.099 mmol g~ ! of Brgnsted 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
Brgnsted 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/TiO», 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 30.5m?g ! to 25 m? g~}
[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/TiO; 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 (a), 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 E; of the
reaction is 100kJ mol™!, 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

o} O

Acrylic acid Propionic acid
112 V +1/2 V
O,
o \
\/\ —

Acrolein (ACR) Propanal

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

Reaction and

Reaction conditions®

(Best) Xgly/ Kinetic rate type and equation® Kinetic parameters’ Notes Ref.
Catalyst Sel/Yield”
Gly dehydration to T=648-723K Power-law (first order reaction):
Acr P=0.101 MPa da E, =100 kJmol ! Pressure is excluded from
= 9 >739 — =k(1- @
Catalyst: Caly_feca = 28 W% Saer=73% dt 1-9 ko =8.2x 10551 model. (1671
WO3/TiOs Catioag = 1005 where @ — 0~
trxn = 360 min T mg — my
LHHW approach (expressed using
power-law):
— 553 3
Gly dehydration to I'=553-613K —rey = koKagyCayCrs ket, C" B
Acr P=0.101 MPa Y [KagyCaty + 1}3 T n=~10 For gas phase reaction
_ _ ' _ -1
Catalyst: Cyly_feed = 10WE% 3 - Sacr=88.8% Substituting Cgy, the logarithmic Eq =275kJ m;)l . KiCaly < 1. [168]
30HZ-20 A VcatiFlz(())O?—O.%m smo form of the equation: ko =5.35x 10°s
frn =180 min logreyy = logkiy + nlogCrota +
1 — Xaiy
nlog(—————
J (1 F ooy Xay + K
Eq. = 46.9 kJ mol !
Eq = 46.0 kJ mol !
Eq = 53.3kJmol™!
LHHW approach (expressed using Eea = 5.7 kJmol ™
power-law): Egz = 5.0 kJmol™!
dCgy Ea4 = 6.1 kJmol™!
= — k1Cgly — kaCqly = —
dr 1y T By Eqs = 46.6 kJ mol !
kcCaly kog =
X T=553-613K dc, 3 g1 o1 Study also includes
Gly dehydration to % %L dl:" = k1Coly — k3Cacrotein — 277 IT kgzar s thermodynamic
Cagcl;st: Cgly_feed = 10 Wt% Sacr = 87.6% kaCacrotein = k1Caly — kaCacrotein 207 "(1)31 k; - parameters (A [169]
SiWap AL/ZE W/F=0-3 (10° kgcar s m ) Cacesl _jo 0 ks Cpcen P H', AS*, AG') obtained
20 10 trxn = 180 min ddT Y 032 - - using the Eyring equation.
Coceatteryde _y o 121 m* kezy s
i dr 'Acrolein kOA —925x
minurc—it;yprodum _ k4 CAcrolein 1074 m3 kg;alt s—l
kos = 6.3
dCacetone keC jf R 71X -
e sCaceldenyde 107> m® kg, s
kos =1.8x
104 m kgL st
kos = 2.6 m® kg 571
Power-law:
dCay Eq = 40.4 kJ mol!
R (k1 +ka + k3 + ka)Cy E,, = not available
' = -1
dCripa — kyCoy — K\Cra Ef’z 44.8 kJ mol
dr d E, =70.5kJmol ™!
% — K, Cumn Eu = 69.1 kJ mol-!
dc, Eq4 = 33.9kJmol™! Heterogeneous kinetic
acetol — koCrr — K>C, . ) .
T=523-573K ar ebaly — Kabacewol koj = not available modelling assuming first
Gly dehydrationto P =0.101 MPa dCocetatdehyde , order with respect to
Acr Cgly feed = 10.8 Wt% Yo no 70% dr =ks Cayy + Ky Cacetol Deactivation terms reactant. [172]
Catalyst: W/F =2.08-104.17 gcac h Aer 2 7E0 dChyproducts kG AtW/F = A kinetic model for the
HZSM-5 mol ! dr =ty 50 gt hmol ™' kg = deactivation behaviour
trxn = 4200 min (70 h) Model for catalyst deactivation 2.98 h! based on' rf'lean integral
(dependent on product AtW/F = activity ((a))
concentration): 83.33 gogr hmol
d(a) ks =255h7!
il kaCo iy Xary (@) AtW/F —
KXoy _ 104.17 gege hmol 1,
dt kg =1.35h71
kaCo.ayXary (1 — Xayy)In(1 — Xay)
Power-law: E, = 44.6 kJ mol!
dCay E . = not available
= — (k1 +kz +ks +k4)C al
dr (a ko ks k) Cy Eay = 66.6 kJmol !
HPA / / -1
= - E,, =74.7 kJ mol
dr k1 Coty = Ky Crapa Eaz 362 kJ mol-! Heterogeneous kinetic
T=523-573K dCper o as = o mo modelling assuming first
= k; Chpa Eqq = 48.0 kJ mol ™!
Gly dehydrationto ~ P=0.101 MPa dr 124 . ilabl order with respect to
Acr Cgly feed = 10.8 Wt% Ve~ 50% 4Cacerol _ kaCaly — KyCacetol oj = not available reactant. (1791
Catalyst: W/F =2.08-104.17 gcat h Aer 20070 ac de L A kinetic model for the
ASPN-40 mol ™! %Myde = k3Caly + K Cacetot Deactivation terms deactivation behaviour
trxn = 6900 min (115h) TdCb s AtW/F 1: based on mean integral
—WUE = k4Cay 50 gear hmol ™ kg = activity ((a))
de 256h !
Model for catalyst deactivation AtW/F =
(dependent on product 83.33 g hmol ™1,
concentration): kg =0.88h!
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Table 10 (continued)
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Reaction and Reaction conditions® (Best) Xgly/ Kinetic rate type and equation® Kinetic parameters’ Notes Ref.
Catalyst Sel/Yield”
d(a) AtW/F =
——L = — kaCo gy Xy (a
dt aCocyXay (@) 104.17 geg hmol 1,
‘D;Gly - k¢ =071h!
t
kaCo.ayXay (1 — Xary)In(1 — Xuy)
. T=543-583K .. Catalyst deactivati
Gly dehydration to P—0.27 MPa Deactivation model (based on Gly stut;l al\};[so deeiaiz L‘;asézrz)n
Act C7 . 2-4vol% conversion): Eag = — 157 kI mol ! obse};;/ations made when
=2~ (]
Catalyst: gly-feed Sper =75% dXay koa = 4.96 x ) [173]
heteropolyacid Catjpaq = 0.966 g & - 10-22 §-24pg-033 varying temperature,
7R24 7=0.098-0.20s k, 7-14 pL7 p-06 p-077x2 concentrations, and
trxn = 480 min d Gy “H0 %02 “Gly residence time.
- - Ep = 28.57 kJmol ™!
Gly =333-363 ER model koz = 9.95x 102
. P=0.101 MPa 2 2 Power-law and LHHW
Oxydehydration C —1.37-5.50 mol L1 = k3K 1,0, Chi0, Coty models were also
to acrylic acid Ci;é;e? . - 1 37' 6.85mol L-! Yacrylic Gly 1+ KaTonz CH202)2 Adsorption parameter developed. R fits [174]
ly + H deed id = 36.23% AH, = ’
@ly +Ha02) o= SiW loading of 30wt i = 36-23% kaKG 11,0, Ciyo, Caty o experimental results the
Catalyst: % ~Tay = . \? 18.45 kJ mol ™! best.
V6-SIW/HZSM-5 0 (1 +Ka,0, Cﬂzoz) ko-Kar,0, = 4.25x
xn =
10*

# Reaction conditions used for kinetic studies. Temperature (T), pressure (P), Gly feed concentration (Cgy_feeq), catalyst loading (Catyqq), reaction time (t.,), contact

time (Ve /F) and (W/F), Ho0, feed concentration (Cr202_feed), residence time (7)

b Best Gly conversion (Xgy, ), selectivity (S) or yield (Y) with respect to acrolein (Acr) or acrylic acid, achieved at optimum operating conditions which are different

than the reaction conditions® for kinetic study presented in the table.

¢ Rate of reaction (r;), reaction rate constant (kj), deactivation rate constant (k,), reaction order (1), component adsorption equilibrium constant (K ;), concentration
(Cy), total molar concentration (Cryq), concentration of total active sites (Crs), initial concentration (Cy;), degree of conversion (@), initial mass of coked catalyst (my),
instantaneous mass of coked catalyst (m;), final mass of coked catalyst (my), material ratio («), expansion factor (gy,), conversion (X;), mean integral activity (<a>),

residence time (1), Partial pressure (P;). i: components, j=reactions. Subscript HPA = 3-hydroxypropionaldehyde.
4 Activation energy (E4j), pre-exponential factor (ko;), reaction order (n), deactivation rate constant (kq), enthalpy of component adsorption constant (AH,;), pre-
exponential factor of component adsorption constant (ko_K,;). i: components, j=reactions.

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 E, of the main reaction when using HZSM-5 and
ASPN-40 is 40.4 kJ mol~! and 44.6 kJ mol~?, 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 () due to the presence of a solvent (water)
and an expansion factor (81y) 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 E, is 27.5kJ mol~! when using 30HZ-20 A
catalyst [168]. The LHHW approach was also used by the same authors
[169] to develop a model using SiWgo-Al/Zr( catalyst. In both studies,
the concentrations of the adsorbed species were calculated by assuming
adsorption and desorption occur in equilibrium [168,169]. The E, ob-
tained by Talebian-Kiakalaieh et al. [169], in which SiWgo-Al/Zry 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 E, value for deactivation was
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concluded to be 157 kJ mol ™! [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 E; of the
reaction is 26.63 kJ mol ! and the orders of Gly, and the oxidant (H202)
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 HyO». 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 E, of 28.57 kJ mol .

4.7. Halogenated products (Chlorohydrins)

Chlorination of Gly produces dichlorohydrins (DCH, with isomers
a,y-DCH and «,p-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 a,y-DCH [175]. High selectivity towards o,y-DCH can be attained
via the glycerol-based route (Fig. 14), which is an exothermic reaction
[77]. Gly reacts with HCI to produce monochlorohydrins (MCH, with
isomers a-MCH and -MCH) and water as by-product. The isomer a-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 HCI solubility despite the reaction rate increasing [177].
Moreover, increasing HCI 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,
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increasing catalyst loading also causes a,y-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
pK, value of 4-5 to be suitable for attaining high activity and o,y-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, HCI 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, HCI solubility data were calculated
using the UNIFAC model by Vitiello et al. [175]. The model by De Araujo
Filho et al. [177] assumed HCI 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 3min~! which is higher compared to
0.0542 min ! 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 (5). To develop the model, it was assumed the re-
actions to yield f-MCH and a,B-DCH are irreversible. It is also recom-
mended using Taft equation along pK, 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 f-MCH and a,p-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 HCI led to a
significant increase in the liquid volume during the reaction. Therefore,
unlike the case of using aqueous HCI, 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 o-MCH
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occurs in the absence of catalyst. Therefore, the parameters x and ay,
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 (¥) was
introduced, which is based on the formation rate of «,y-DCH and is
defined as the ratio between the real reaction rate to the theoretical
maximum when the catalyst concentration is infinite [177]. The E, ob-
tained were comparable to results in literature. However, it was noted
that the activation energy for the conversion o,MCH to o,y-DCH
(47.8kJmol V) is higher compared to other cases (40.9 kJ mol ! [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 HCI 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 HCI 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 H30 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 Hz

In a context where Hy 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 (AHY, =
+128.0kJmol 1) reaction that generates Hy and/or syngas as end
products [81]. However, the reaction network can become quite

OH
oH + +HCI
+HCI CI\)\/OH H0 c cl T MO
OH /a-MonochIorohydrin (a-MCH) a,y-Dichlorohydrin (a.,y-DCH)
HO OH
+HCI
Glycerol \
+HCI
¢l + H,0 ¢ + H0

HO OH

B-Monochlorohydrin (3-MCH)

a,B-Dichlorohydrin (a.,3-DCH)

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.

Reaction conditions®

Reactants and Catalyst (Best) Xgly/Sel/ Kinetic rate type and equation Kinetic parameters’ Notes Ref.
vield”
Gly + gaseous HCl
Glc;m;l e id g: 37311 0.8 MP Power-law: N ilabl
ycolic aci Hc = 0.1-0. a ot available
To = Ceat(k1Cq1yCrct — k-1Cr,0Co—
Thioglycolic acid mgly feed = 150 g S — 84 mol% oMcH B th (klccly CHCI 1110 C-n) Kinetic constants (k;) values given at None [175]
Diglycolic acid Catjoaq = 4.80-19.13 g DCH = o pmen = Cea ,: oty Crict) . various operating conditions at
Cysteine ® = 1000 rpm Tay-0cH = Ceat (ks Ca-moCrict — k-3City0Cay-per constant temperature (373 K).
Aspartic acid trxn = 240 min Tap-nei = Ceat(KaCo-mcChcr)
Glutamic acid
Power-law based model:
Ta-MCH =
-1
C ) Egx3 = 71.4363 kJ mol
kaCanyCl - + 9) Eqs = 85.3036 kJ mol !
C,0 + Keq1 Caly + Keq2Co-mcH a4 . .
CearCrio Eq = 40.2159 kJ mol~
O31c1C O1,0C,
Crizo  Keq1 Caty + KegaCa e 2101+ a0 Cizo Eas = 57.1005 kJ mol
E,y = 12.0728 kJ mol !
kos = 1.31574
T=343-388 K Tp-dacH = kos = 0.06005
Gly + gaseous HCI Ppc = 0.0253-0.101 MPa ko7 = 0.16391 Estimated parameters for three model sets are
y gatal st Mgy feed = NOt available Voo — 65%* kaCay, C2 ( Ceat 4 6") kog = 0.00340 provided. Model set 2 is presented here as it has [176]
ACZ ’ Catjpaq = 0-15 mol% DCH = D970 Y HAU\Ch,0 + Keqi Coty + Keg2Cumcn Koy = 0.00048 the highest degree of explanation value
® = not available CeatCri0 + 031:Caict + O,0City0 (R?=0.9878).
tryn — 180 min Ci,0 + Keq1 Caty + KeqzCamcn 20%-Hy Merged parameters
O3 = 934.772
Om,0 = 747.316
Tay-DCH = O7uc1 = 3984.59
k7Co-mcuCy ( Coa ) Eq"i;('bﬁuil ftu;g;e;ens
HA\Ch,0 + Keq1 Caty + KeqzCa-mct eql —
CaCio o Kegz = 22390
C,0 + Keq1 Caly + Keq2Ca—mcH 7HAHCL
Tap-DCH =
C,
k C _ C2 cat )
8ha-MCH 1l (CHZO + Keq1 Caty + KeqaCo mcu
CeatCi
Ch,0 + K, é‘" IiOK 2Co_McH + i i
Power-law'lcobined cdtdlysed and non-catalysed Power law: combined catalysed and
reactions) non-catalysed reactions
T, kéCGlycfzicl (Cear + d) Eiy = 47.8 kJmol !
_ = i -1
o MCH CeatChy0 + OuciCract + 01,0Ch,0 Eqq = 56.1 kJ mol . o
T =343-393K K.ConC2 . (C i E. —35.0kJmol! Very comprehensive kinetic model (proposed
Py = 0.0253-0.101 MPa Tymch = +Caty Gy (Coat +0) v Catalyst modulus)
Gly + gaseous HCl Her == . - CeatCr,0 + OuciCral + 0,0Chy0 Inky; =2.55 . N L
Catalyst: Mgly feed =220 g Yoo — 64%* G C c K. —237 Non-catalytic hydrochlorination reaction is 0771
A CZ ) Catjpag = 0-50 mol% DCH FaypoH = 7Ccar nz’—MCH Hl n o4 = & considered.
® = 1000 rpm CeatChz0 + (r Crz0 + 6 )Crict Inky; = —3.06 Volume increase of the liquid phase is
trxn = 180 min Power law (non-catalysed reactions): considered.

. 2
P k3CaiyCiiar
. —_ 37Gy“HA
OrciCuct + Ou,0CHy0
. 2
r _ kqCayCiar
p-MCH =

OnciChct + On,0Chz0

Power-law: non-catalysed reactions
E,; =74.0 kJmol !
Eo4 = 82.3kJmol !
Inkyy = 13.37

(continued on next page)
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Table 11 (continued)

Reactants and Catalyst

Reaction conditions®

(Best) Xgl1y/Sel/
Yield”

Kinetic rate type and equation‘

Kinetic parameters’

Notes

Ref.

Gly + gaseous HCl
Catalyst:
ACA
monochloroacetic
acid (MCA)
dichloroacetic acid
(DCA)
trichloroacetic acid
(TCA)

Gly + HCl
Catalyst:
ACA

T=373K

Py = 0.2-0.9 MPa
Mgy feed = 150 g
Catjpaq = 8.0 mol%
®=1200 rpm

trxn = 240 min

T=363-393K

Py = not available
Mgly feed = NOt available
Catjpaq = not available
® = not available

trxn = NOt available

Ypcu = 89.37%
(cat=ACA)

Ypcu = 33.3*%

Power-law:
To-mct = K1CeatCatyCrict — k-1CeatCr,0CamcH
rp-mcn = k2CearCotyCrct
Tay-pci = k3CeatCatyCamcr — k-3CeatCr,0Cay-DcH
Tap-per = kaCeatColyCamcH

Power-law:

ray = kiCay

To-mcr = k2Caly — k3Co-mcn
rp-mcu = kaCaly — ksCpmcu
Tay-pcH = k3ComcH
Tap-pcu = ksCp mch

Inky, =13.19
Merged parameters:
Ot = 990.97
5 =3992.66
Ou,0 = 1240.39
7y =1.05

6 values are provided at different T

Not available
Kinetic constants (k;) values given at
various operating conditions at
constant temperature (373 K).

ki = — (k2 +ka)
ky = 491.6e~53808/T
ks = 55.41e5469:2/T
k4 = 0.3789¢4221:2/T
ks = 33.7¢ 62946/T

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

included in the model.
Taft equation is used.

Model is based on optimising model developed

by Luo et al. [179].

Study of several intensified systems that include
CSTRs and reactive distillations

[178]

[180]

# Reaction conditions used for kinetic studies. Temperature (T), HCl partial pressure (Pyq), Gly feed mass (mgy,_fecq), catalyst loading (Catyoaq), stirring speed (@), reaction time (txn).
b Best Gly conversion (Xgty), selectivity (S) or yield (Y) with respect to a, y - 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.

¢ Rate of reaction (r;), forward reaction rate constant (k;), backward reaction rate constant (k_;), concentration (C;), concentration of catalyst (C.q), overall equilibrium constant (K,;), merged parameters in which
definition differs between articles (6 ,t9ﬁ,9i,7',5').i: components, j=reactions.

4 Activation energy (Eqj), pre-exponential factor (ko;), overall equilibrium constant (K,,), merged parameters in which definition differs between articles ©, i, 0;, ¥,8). 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 H,.
Reaction/ reactants and Reaction conditions® (Best) Xg1y/ Kinetic rate type and equation Kinetic parameters’ Notes Ref.
Catalyst Sel/Yield"
Eq = 53.3kJmol!
Ego = 59.8 kJmol !
Equ = 114.1 kJ mol !
Power-law: Eq4 = 109.6 kJ mol !
T=760-873K TGly—pyrolysis, = K1Caly Egs = 66.7 kJ mol !
Superecritical water P =25MPa TGly—pyrolysis; = K2Caly Egs = 76.5 kJmol !
gasification (SCWG) of Gly  Cgly feea = 10 Wt% Yo = 3.4l mol Tint-sr, = k3CineCr0 Ey = 74.3 kJ mol ™! All reaction ratve equations are assumed to be [181]
Catalyst: 7=3.9-9.0s molgiy Tint—sr, = KaCmtCryo Inko; = 6.00 1st order with respect to the reactants.
None Catjpaq = nONE Tine-pyrolysis = KksCint Inky, = 6.37
trxn = Nt available rwesr = keCcoCr,o Inkos =15.28
TMethanation = k7CcoCh, Inkos =14.18
Inkes = 9.51
Inkos = 4.86
Inko; =10.19
Power law
m = 0.253
n = 0.358
E, = 63.3 kJ mol ™!
ko = 0.0360 molm 2 s kpq~(m+m)
T=773-823K Power-law:
P=0.101 MPa _
Gly SR (Gly + Steam) MR: 3:1-12:1 o kpglyp?mm _ LHHW 1 ER model also developed but it did not fit .
Catalyst: C — 30-60 Wt% Suz2=65.5% Eq = 69.36 kJmol experimental data 1s2]
Co-Ni/Al,O5 gly feed ) LHHW Lnky = — 7 x 1077* 3
Catjoag = not available KPgiyPytean
tixn =m0t available "~ (1 + KacyPay) (1 + KasteamPsteam) Adsorption constants
AH, gy = — 28.70 kJ mol ™!
ASqgly = — 39.93Jmol 'K~}
AHggieqm = 15.81 kJ mol™!
ASgsteam = — 8.11Jmol™! K1
Power law
m =0.63
ny = 0.66
n3 = 0.38
ng =112
ns =1.61
P "we':‘;"h" Eq = 66.1 kJ mol-!
Tay =% GZIY Eg = 71.4 kJ mol !
T—753-853K " kzy&"’j Exs = 67.0 kJmol”! .
P—0.101 MPa rco, = k3Pg), Eas = 66.5 kJ mol! To develop pf:v;z zzvi,sz::sou(;rizr with respect
_ 4 _ -1 .
Gly SR (Gly + Steam) MR =9:1 Yh2=77.07% "o = k41"(',-1y Eas =907 lf‘],TDl,l . LHHW model describes single site dissociative ~ [183]
Catalyst: w/ ren, = ksPg, ko1 = 49.0 molmin™" g, atm™ adsorption of Gly and molecular adsorption of
5% Ni-UGSO F =17.886-39.305ghmol ! ko2 = 660.3mol min~! g;} atm™ P v steam P
Catioaq =0.58 LHHW: kos = 45.2molmin~! g} atm™ ’
trxn = 150 min % ko4 = 9.1 mol min~! g} atm™"
. 1kPGly kos = 1827.7 molmin~! g.} atm™

o 2
(1 + Kﬂ.GLyPgly + Kdes,COZPCOZ)

LHHW
E, = 62.8 kJmol™?
2
ko = 53.4molmin~* g1 atm 3

(continued on next page)
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Table 12 (continued)

Reaction/ reactants and Reaction conditions” (Best) Xgly/ Kinetic rate type and equation® Kinetic parametersd Notes Ref.
Catalyst Sel/Yield"
Adsorption and desorption constants
AHggy = — 34.1 kJmol™!
ASqgy = — 39.3 kJmol™?
AHgesco, = 41.1Jmol—1K—1
ASgesco, =12.4Jmol—1K—1
For :
roy,Eq =70.82kJmol~!,m =0.31,n =
0.52
T=823-1073K Ti2,Eq = 55.79 kJmol ', m = 0.31,n =
Gly SR (Gly + Steam) P=0.101 MPa Power law: 0.34
Catalyst: MR =12:1 Si2 = 88.6% rco, Ea =73.18kJmol!,m = 0.28,n = - [184]
10Ni-1Ru/Al,05/5Ce0; ~ WHSV=10h"" -1 =kCB, Cho 0.40
trn = not available rco.Eq =90.42kJmol!,m =0.50,n = —
0.03
rewy s Eq = 109.53 kJmol™',m = 0.21,n =
0.15
Power law
E, = 29.0 kJmol !
793823 K Power-law model: ko = 65.08 kmol atm =99 kg-1 h~1
Gly SR (Gly + Steam) P=0.101 MPa r—k ngf' P%SS LHHW For LHHW model, dual site 1ine.chanism and
MR =12:1 Yu2 = 5.8 mol E. —30.0 kJ mol-! pseudo-steady state hypothesis is used. The r. [185]
-1 a . . 8¢
Catalyst: W/F =7.94-19.27 kg cat h molgy LHWW: P ) d.s is assumed to be the
Ni/Fly ash kmol ! ko = 37.0 kmol kg h™" atm desorption step.
trxn = 180 min e kKo, GtyKa 1,0Keq surface renPaiyPr,0 Adsorption parameters
1+ IiajglyKa;zOquI-éwface ;"P G;)'P HyO Ka6tyKat1,0 and Keg surface ren Values
aGyTGly T RaH00H0 are provided at 723K,773K and 823 K.
Power-law with first order:
T=773-873K —r =ka(OX ,
E, =96.8kJmol! ineti
ly SR (Gly + Steam) P =0.101 MPa Where o =976 100 min- inctudes catlye decy nd reaction kintes
Catalyst: MR =9:1 Sn2 =78.6% 1 o kJ mol! a(t) is activity of the catalyst at time . ‘ [186]
Ni-Cu-Al W/E =not available alt) = 1Kt Fa ~ 553 72110 1 k’ is a constant for carbon de osition'
o — 180 min ko = 2.21 x 10% min P .
1
Xay = (k Mear >
Fo
1+Ky K First approach
m =04
n=0.0
E, = 32.9 kJmol!
T—793.993K ko = 33.6 mol®6 [%4 g1 1
P =0.101 MPa . Second approach
Gly SR (Gly + Steam) VR =30-50 (%v/v Gly in Y2 = 50% Power law: m=0.9 Pseudo-steady state hypothesis. [187]
Catalyst: feed) r = kCgy, Cieam n—20
Ni/Nb,0s/Al,03 GHSV =(2-5) x 10°h ™! :

trxn = Dot available

For VR =50%v/v gly in feed
E, = 31.2kJmol™!
ko = 2.7 x 107 L~%'mol®1h !

For VR = 30%v/v gly in feed

(continued on next page)
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Table 12 (continued)

Reaction/ reactants and Reaction conditions® (Best) Xgly/ Kinetic rate type and equation Kinetic parameters’ Notes Ref.
Catalyst Sel/Yield”
E, =120.1 kJ mol™!
ko =3.9x 100 L' mol *° h!
Gly am"thg:tr;ﬂ:te_fmnl“g T=823-923K o ) E, = 130.73 kJ mol !
dual laver mo}ll'lo.lith ofpt = 0.1 MPa LHHW (single site mechanism): Inky = — 5.2056* Model describes non-dissociative adsorption
X y X o MR (steam:carbon) = 0.4-1.2 Yo = 15% k values given at 823-923 K. Adsorption of Gly and [188]
in the partial oxidation kPay/Pio . o .
Catjpaq = 0.012 g _ Gly V T'H:0 parameters (K, gy, ) and (Kqp,0) given at dissociative adsorption of steam
layer and Rh/Pt for SR trxn = NOt available "= 1+ Koy P, Ko n,0P; 2 v 2 v
layer supported on y-Al,03 ™" (1 + KagyPoty + vKar.0Ph0 ) 923K.
Power law (overall crude Gly autothermal
reforming)
Eq = 87.8kJmol!
kor = 4.3 x 10'° mol (gea min)71
Power law (overall crude Gly autothermal
reforming): ER (SR of Gly):
r = ki PGt PR P78 Eqy = 93.2kJmol™
koz = 1.17 x 10° mol (geqe min)
ER (SR of Gly): Kegz =1.13x 10°
Adsorption parameters
o3 Cy, _ —2
Kk, (C08G24 col5c-42 _ €0, “H2 Kq1 =1.56 x 10
2 ( Gly “H,0%c0; “Hy Kegs K, =274 % 101
r= !
T=773-923K [1 | Ka'lcggf + Kaw Glg'CI%IzZOCE(l)zsC;Ij 2 Kow =1.35x 10° Uses Crude Gly as feedstock.
B 1Ko cCLS Cch2C 22 Several comprehensive models based on
Crude (ileyf :)l:xtl(i);hermal };/[; (()s.:elz\i/[r:i:arbon) 96 #CHC0; ~Hy VH,0 LHHW (total oxidative reforming) LHHW and ER approaches presented for GSR,
Catalyst:g MR (oxyge.n:carbon; - 0 125 not available LHHW (total oxidative reforming): Eg3 = 72.6 kJ mol ™ total oxidative reforming and methanation [189]

5% Ni/CeZrCa

Catjpaq = not available
trxn = NOt available

.5 0.7
k3 (Co_lz _ Cg‘Oz CHzO
Gly 0.65
r— Co2 Keqﬁ

3
|:1 + Ka.3Cgfs +Ka6 ngz + Ka.H;oC%Zo :|

o CE, oG

2

ER (CO5 methanation):

23 Cro
k(o5 _ ZCHOH:
4( €02 CHgKqu
r=

[1+ Ka3 G, Ciro + Ka1 C2F, CitoC, |

ko3 = 2.96 x 10° mol (guqe min) "
Kegs = 1.08 x 10710
Adsorption parameters
Kamo = 4.56 x 1071
Kow = 5.383 x 102
Ko = 1.7 x 1072
Kag = 3.62x 103

ER (CO2 methanation)
Eqs = 81.2kJmol!
kos = 8.84 x 10° mol (geqr min)f1
Kega = 6.79x 1075
Adsorption parameters
Kq1 = 7.435 x 102
Ka3 = 7.6 x 10*

reactions. The most suitable models were
further tested for thermodynamic scrutiny.
Study also explored reactor simulation.

? Reaction conditions used for kinetic studies. Temperature (T), Pressure (P), steam to Gly molar ratio (MR), Gly feed concentration (Cgy_teq), catalyst loading (Catjoeq), reaction time (t.,), residence time (z), contact-
time (W/F), weight hourly space velocity (WHSV), volume ratio (VR).

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

¢ Rate of reaction (r;), reaction rate constant (k;), partial pressure (P;), concentration (C;), component reaction order (m) and (n), component adsorption equilibrium constant (K,;), component desorption equilibrium
constant (Kges;), equilibrium constant (K,q), activity of catalyst at time t (a(t)), mass of catalyst (mc,), molar flow rate (Fp), Gly conversion (Xg ). i: components, j=reactions. Subscripts: Int = intermediates.

4 Activation energy (Eq), pre-exponential factor (ko;), reaction order (m) and (n), enthalpy of component adsorption/desorption constant (AH,;/AHg.s;), entropy of component adsorption/desorption constant

(ASqi/ASgesi), component adsorption equilibrium constant (K,;), equilibrium constant (K,,). 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].

C3H;03 + 3H,0—3CO0, + TH, AHY,, = +128 kJ mol™") 03]
CO + H,0=CO, + H, (AHY, = —41 kJ mol™") (ID
CO + 3H,=CH, + H,0 (AH?,, = —206 kJ mol™") (IID
CO, + 4H,=CH, + 2H,0 (AH),, = —165 k] mol™") av)
2C0=CO, + C (AH), = —172 kJ mol™") 4%]
CHy=2H, + C (AH!, = +75 kJ mol™") (VD)
CO + Hy=H,0+ C (AH’, = —131 kJ mol™") (VID

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 Hy
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 Hy and CO; 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/Aly03
catalyst, the overall E, of the reaction is 63.3 kJ mol ! 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 E; (101 kJ mol ™), whilst the formation of other products
(Ha, CO3 and CO) has E, in the range of 60-67 kJ mol 7, 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 E, is 66.1 kJ mol ! with an order of Gly of 0.63
Similarly, it was observed that the E, of methane formation
(90.7 kJ mol 1) is much higher in comparison to the E, of other products
which had close values to 66.1 kJ mol™!, which indicates that other
products mainly come from Gly consumption [183]. With a Ru-doped
Ni/Al,03/5Ce0,, Demsash et al. [184] found different reaction orders
for Gly (0.31) and H30 (0.52), thus the excess of the latter not playing a
constant role on the kinetics as in the previous case. The overall E, 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 E, was
remarkably low (29.0 kJ mol~1) and the order of reaction for Gly (0.54)
and H»0 (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
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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 a(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 CHy4 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 E, of
the main reaction is 55.3kJmol™! and that of the catalyst decay was
calculated to be 96.8 kI mol~! [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 kJmol ! [181].

While using Ni/NbyOs/Al;03, 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 Eg is 32.9 kJ mol L. This model is based on H, 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 H»O, respectively.
Interestingly, the E, values changed significantly from 31.2kJ mol~!
(50% v/v Gly in feed) to 120.1kJ mol ™! (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 E, attained is
69.36 kJ mol ™!, 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 30.0kJ mol™}, 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 y-AlyOs. 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 Hy and
CO, [183]. This model led to an E, of 62.8 kJ mol_l, 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 E, value of 87.8 kJ mol!. 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 E,
value for GSR is 93.2 kJ mol . 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 E, value
for the reaction is 72.6kJmol !. Finally, an ER based model was
developed for CO2 methanation in which CO; is adsorbed and has an E,
of 81.2kJ mol~! [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 Hy 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

Microwave Power Supplier
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oxidation and hydrothermal conversion [196,197]. The oxidation of Gly
first occurs on Brgnsted 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 Brgnsted 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%
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Fig. 15. Setup used for the gasification of Gly with microwave induced plasma. Figure reproduced with permission of Elsevier [192].
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Fig. 16. General reaction network involved in glycerol oxidation.

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/Al;03, Au/Al;03 and Ag/Al,05 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/Aly03, Au/Al;03 and Ag/Al,O3 are
46-76 kJmol™!, 15-103kJmol™! and 48-97kJmol~}, respectively.
Additionally, it was demonstrated that Pt/Al,O3 and Au/Al,O3 had the
highest kinetic constants for the formation of GCA, whilst Ag/Al;03 had
the highest constants for the production of glycolic acid. Regarding
deactivation, only Pt/Al;O3 had considerable deactivation parameters
(Eqq equal to 8.4kJ 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 E, values for the formation of GLCD and DHA are 33.3 kJmol ! and
44.9kJmol !, 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

39

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 Nig 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 E, of the overall reaction is 69.2kJ mol~!
[200]. Moreover, Wang et al. investigated the reaction in a Ca(OH),
aqueous solution in the presence of CuO(16)/CaO and Cu(16)/CaO
catalysts. A power law model was developed in which the E; on CuO
(16)/CaO is higher (102.8kJ molfl) 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-NbyOs which is a bifunc-
tional (metal-acid) catalyst. A power law model was provided showing
the E, for rate of Gly consumption is 68.5 kJ mol ! [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 E, value
observed (81.4 kJ mol ") was lower than the 104.0 kJ mol ' 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
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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 conditions®

(Best) Xgl1y/ Sel/

Yield”

Kinetic rate type and equation®

Kinetic parameters’

Notes Ref.

Gly oxidation
Catalyst:
Pt/Al,03

Gly oxidation
Catalyst:
Au/Al,05

Gly oxidation
Catalyst:
Ag/Al,03

Gly conversion to
Lactic acid
Catalyst:

Cu NPs

T=301-353K

Po2 = 0.5 MPa

MR =4:1

Cgly feed = 0.3 mol Lt
Catjpaq=0.5g

trxn = 120 min
®=1500 rpm

T=301-353K

Po2 = 0.5 MPa

MR = 4:1

Cgly feed = 0.3 molL !
Catjpaq =0.33 g

trxn = 120 min

® = 1500 rpm

T=301-353K
Po;=0.5MPa

MR = 4:1

Cgly feed = 0.3 mol Lt
Catjpaq=0.35g

trxn = 120 min
®=1500 rpm

T =483-518K
MR = 0.25:1-3:1

Caly feed = 0.27-2.06 mol L
Catjoaq = 0.26-160.0 molgyy

molgt
trxn = 480 min
®=1000 rpm

Sgea =77.4%

Sgea = 65.7%

Sgea = 25.0%

Sia=83.5%

ria = k1CeyyCro- +

Power-law model:
rca = k1ColyCnaon @
rra = kaCocaChnaon @

rercasra = k3CalyCnaon @

rea = kaCeryCnaon @

roatra = ksCocaCnaon @

Catalyst deactivation:
da
Frinie ka a Cnaon

Power-law model:
rca = k1ColyCnaon @
rra = kaCocaChnaon @

rercasra = k3CalyCnaon @

rea = kaColyCnaon @

roatra = ksCocaCnaon @

Catalyst deactivation:
da
i k4 a Cnaon

Power-law model:
rca = k1ColyCnaon @
rra = kaCgcaCnaon @

rercasia = k3CalyCnaon @

rra = kaCglyCnaon @

roatra = ksCocaChaon @

Catalyst deactivation:
da

— = —kgaC

i@ d @ CNaoH

Combined power-law-ER-LH:
Mearks1 Koy Coty Crio-

— 2
Taigiycerol = k2Cy, CHo-
ety = k3CliglycerolCHO-
raca = kaCpy Cho-

r12-ppo = ksCalyCro- +

Meacks2Kq 6y Coty Cro-

1+ Kq 6y Coly + Ka1.2 poC1.2 PO

1+ Kq6yCaty + Ka1.2 PpoC1 2 PpO
Mearks3Ka1,2 ppoCi 2 PoCro-

" 1+ KqgyColy + Ka1.2 poC1.2 ppo

Without Cu NPs (NaOH only)

ko
kOZ
k03
k04

Eq = 72.0 kJ mol !
Eg = 52.0 kJmol !
Ep3 = 75.2kJmol?
Eq4 = 46.0 kJ mol!
Egs = 54.0 kJ mol !
Eqq = 8.4 kJmol™!

Inkoy = —1.87
Inko; = —3.35
Inkoes = — 371
Inkos = — 5.98
Inkos = — 4.31
Inkog = — 3.72

Eq = 34.0 kJ mol !
Ego = 103.0 kJ mol !
Eqs = 15.3kJmol!
Eq4 = 44.0 kJ mol !
Egs = 40.8 kJ mol !
E,q = not available

Inkyy = — 2.59
Inkoz = —5.75
Inkos = — 3.22
Inkos = — 6.32
Inkos = — 6.19

Inkoq = not available

Es = 48.0 kJ mol !
E,> = not available
Eq3 = 66.0 kJmol™!
Ea4 = 97.0 kJ mol!
E,s = not available
E,q = not available

Lnky = — 6.20
Ln kgy = not available
Lnkos = — 5.29
Lnkos = — 7.48

Lnkgs = not available

Lnkyg = — 5.07

Eq =104 kJ mol™?
Eg = 122kJmol™!
Eqs3 = 95.4 kJmol !
Eqs =123 kJ mol?!
Egs = 109 kJ mol !
Es6 = 94.6 kJ mol !
Eq7 =100 kJ mol !

=2.13 x 107 mol min~!
= 1.86 x 108 mol min!
= 2.53 x 10° mol min~!
=2.16 x 10° mol min~!

Partial first order is assumed

with respect to each reactant.

Khang-Levenspiel model used
to describe deactivation.

[196]

Partial first order is assumed

with respect to each reactant.

Khang-Levenspiel model used
to describe deactivation.

[196]

Partial first order is assumed

with respect to each reactant.

Khang-Levenspiel model used
to describe deactivation.

[196]

Comprehensive reaction

mechanism and model. o7

(continued on next page)
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Table 13 (continued)

Reaction and

Reaction conditions® (Best) Xgy/ Sel/ Kinetic rate type and equation® Kinetic parameters Notes Ref.
Catalyst Yield”
Thyproducts = K6C1.2 PpoCHo- kos = 7.04 x 10® mol min~!
Thyproducs = K7CatyCro kos = 1.33 x 105 mol min?!
ko7 = 7.42 x 10° mol min~!
Cu NPs with NaOH
Eu1 = 81.4kJmol!
Egs2 = 102 kJ mol !
Eq3 = 89.9 kJ mol ™!
kos1 = 5.05 x 108 mol g} min~?
kos2 = 6.21 x 10° mol g} min~!
koss = 2.77 x 102 mol g} min~!
Adsorption constants
Eq-Kagy = 65.4 kJmol™
E, Kg12ppo = 52.6 kJ mol !
ko-Kqgy = 1.33x 107° L mol !
ko-Kq1.2ppo = 7.67 x 1079 L mol™!
T =413-443K
Gly conversion to Cgly_feed = 1 mol Lt m =041
Lactic acid Cnaon=1.1mol L1 Sua=92.2% Power law: n =091 one (200]

Catalyst: Nig 3/
graphite

Gly oxidation
Catalyst:

Pd/Activated
carbon

Gly oxidation
Catalyst:
Pt/CNTs

Catjpaq = 0.552 g
trxn = 60 min
® =500 rpm

T=318-348K

Po2=0.3-1.0 MPa

MR =1:1-4:1

Cgly_feed = 0.6mol L ™!

Catjoaq = 1000 mol% Gly/mol%
metal

trxn = 240 min

® =800 rpm

Sgca ~ 45.0%

T=313-343K

Po2* = 0.008-0.01 MPa

MR = not available

Cgly_feed* = 2.46-13.5%

Catjoad = 4000 mol% Gly/mol%
metal

trxn = 120 min

®="700rpm

Yorep = 11%*

— ray = kCgy, Caon

LHHW:

_ ki1Coly — k2Coca

" 1+ KagyCory + Ka1aCra + Ka0aCoa
kaCsca

rGea

™= + KagtyCoy + KaraCra + Ka,04Con
- ksCaly — kaCorca
1+ KagyCory + Ka1aCra + Ka,04Con

S ksCay

1+ Ko giyCory + Ka1aCra + Ka0aCon
roa = kaCorca

1+ KugyCoLy + Ka1aCra + Ka,04Con
o, 3ksCary

1 + KuglyCory + Ka1aCra + Ka,04Con

rey = —(k1 + k3 + ks )Caly

1 + Ko 6tyCoy + Ka1aCra + Ka,04Con
LHHW:
TGLCD+GCA =

5’7 CGlyP%zS

. ' / 2
(04CGLV +6; + 82Po, +63P52° +65Cay PgZ° + 1)

TpDHA =
] 5
g CGlyP?Jz

. ; , 2
(04Covr + 6, + 62Po, + 6P + 6,Cy PG +1)

E, = 69.2 kJ mol!

ko = 4.5 x 106 moll~(@+b) gl@b)~1 p-1

Ei/R = — 8632
Ey/R = — 4210
Es/R = — 9551
E4/R = — 3274
Es/R = — 8532

Inkoy = 24.34
Inkgy =11.17
Inkos = 25.79
Inkos = 8.79
Inkgs = 24.14
Adsorption parameters

AH, gy /R = 3037
AHg1a/R = 12452
AHg04 /R = not available
Inko_Kogy = — 5.6
Inko Ko1a = — 30.44
Inko_Kq04 = not available

Ey =33.3kJmol!
E,g = 44.9 kJ mol!

Values of merged kinetic parameters
(01,0,,03,0,,05,0,,0) provided at different

temperatures (313-343 K).

First-order kinetics is assumed

for all reaction steps. (201

Base-free oxidation.
Tested two models that [204]
considered different r.d.s.

(continued on next page)
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Table 13 (continued)

Reaction and Reaction conditions” (Best) Xgly/ Sel/ Kinetic rate type and equation® Kinetic parameters’ Notes Ref.
Catalyst Yield”
T =473-503K
Gly conversion to Cgly_feed = 0.5-2.0 mol Lt
Lactic acid Ccacomyz = 0.8-2.0mol L 1 S A= 97% Power law: E, = 22.2kJmol! Reaction proceeds in a Ca(OH), [205]
Catalyst: Cu(16)/  Catjoaq = 0.46-3.68 AT — oy = kml22C%85C085, ko = 197.7 mol-071 071 g70.22 aqueous solution. ;
CaO trxn = 30 min
® =500 rpm
T =473-503K
Gly conversion to Cgly feed = 0.5-2.0 mol Lt
Lactic acid Cca(omz = 0.8-2.0 mol L S x = 04.4% Power law: E, =102.8kJmol! Reaction proceeds in a Ca(OH), [205]
Catalyst: CuO Catjpad = 0.46-3.68 g LA ) — ray = kmZoCoCLit, ko =2.17 x 100 mol 1111 g-0-26 aqueous solution. :
(16)/Ca0O trxn = 30 min
® =500 rpm
Gly conversion to T'=393-423K
Lactic acid Pop =0.025-0.5MPa 1
Catalyst: gj:’feed7:2%3§'4 mol L Sia = 80% P:):ver l,av,:.co.szpovs l;:: iiileg;; e Base-free conditions. [206]
05wt PyL- ‘°_ad3 00 min s 6ty = kCiy*Po, 0 =
Nb,Os o

® = not available

# Reaction conditions used for kinetic studies. Temperature (T), oxygen partial pressure (Po,), NaOH to Gly molar ratio (MR), Gly feed concentration (Cgly_feea); NaOH concentration (Cnqon), catalyst loading (Catjoaq),
stirring speed (w), reaction time (t.). *calculated from data provided by study.

b Best Gly conversion (Xg,), 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
conditions® for kinetic study presented in the table. *calculated from concentration graphs presented by study.

¢ Rate of reaction (r;), reaction rate constant (k;), deactivation rate constant (kq), component adsorption equilibrium constant (K,;), concentration (C;), mass of catalyst (mq), catalyst activity (a), component reaction
order (m) and (n), merged kinetic parameters defined in referenced article (61) 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.

4 Activation energy (Eqj), pre-exponential factor (ko;), enthalpy of component adsorption constant (AH,;), pre-exponential factor of component adsorption constant (ko_K,;), activation energy of component adsorption

constant (Eq_Kg;), ideal gas constant (R), component reaction order (m) and (n), merged kinetic parameters defined in referenced article (6}).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
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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
MEA
MG
NaOH
OA
oC
PC
PO
PTSA
ROH
Slk
TA
TCA
TE
TG
Tol

Symbols

Latin

a

Cacid, feed
CCllt

Crs
Ciy._feed
CH 202_feed
G

Cio
CnaoH
CROH _feed
Crs
CToml
Catload
Eq

Fo

h

H;

ko

kq

kj

kj

Ka i

Kdes i

Keq

m

Mear

MR
MRy

Monoether
monoethanolamine
Monoglyceride
Sodium Hydroxide
Oxalic acid

Organic carbonate
1,2-propylene carbonate
Propanol

p-toluene sulfonic acid
Alcohols

Solketal

Tartonic acid
Trichloroacetic acid
Triether

Triglyceride

Toluene

Urea

activity (—)
Acid concentration in the feed (mol L’l)
Concentration of catalyst (mol L™hH
Concentration of catalyst free active sites (mol L™hH
Gly feed concentration (mol L
H30, feed concentration
Concentration of component i (mol L
Initial concentration of component i (mol L_l)
NaOH concentration
Alcohol feed concentration (molL™1)
Concentration of total active sites (mol L™1)
Total molar concentration (mol L")
Catalyst loading (variable units)
Activation energy (kJmol™1)
Molar flow rate (molh™1)
height (m)
Henry’s constant (—)
Pre-exponential factor (variable units)
Deactivation rate constant (variable units)
Forward reaction rate constant for reaction j (variable units)
Backward reaction rate constant for reaction j (variable units)
Component adsorption equilibrium constant (variable units)
Component desorption equilibrium constant (variable units)
Overall reaction equilibrium constant (—)
Component reaction order (—)
Mass of catalyst (g)
Molar ratio of reactants (—)
Initial molar ratio (—)
Component reaction order (—)
Pressure (bar)
Partial pressure of component i
Rate of reaction (variable units)
Ideal gas constant (J mol 'K 1)
Selectivity (%)
Time (variable units)
Reaction time (min)
Temperature (K)
Volume (m?)
Contact time (varied units)
Volume ratio
Catalyst loading unless state otherwise (variable units)
Contact time (variable units)
Weight hourly space velocity (h™?)
Molar fraction of component i (—)
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X Conversion (%)

Y Yield (%)

Greek

AG Gibb’s free energy (kJ mol™H)

AH Enthalpy (kJ mol™ 1)

AH,i/AHg.; Enthalpy of component i adsorption/desorption constant
(kJmol™)

AS Entropy (J K 'mol™)

ASqi/AS4es; Entropy of component i adsorption/desorption constant
UK 'mol™

K Material ratio

daly Expansion factor

T Residence time (s)

W Catalyst modulus

® Stirring speed (rpm)

6'/7 aﬁ,ai,a;,yﬁ s 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

i Refers to activation
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