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Catalytic conversion of glycerol.
A review of process kinetics and catalytic reactors
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Abstract. Glycerol, the by-product of the Biodiesel manufacturing from vegetal and animal
fats, is an important bio-resource, which can be transformed into a significant number of
valuable products, by catalytic, enzymatic, or biological technologies.

This paper presents a review of published studies on the kinetics of the main catalytic
transformations of glycerol into valuable products, along with information regarding the
catalytic reactors experienced or proposed for these transformations. In the Kinetic
description of the glycerol catalytic transformations, the most used are the rate expressions
based on the Langmuir-Hinshelwood-Hougen-Watson (LHHW) theory and the empirical
ones, of the power law type. The published results are evidencing that, in addition to the
general technical and economic advantages, the liquid phase continuous processes of
glycerol transformation are more efficient, ensuring, in many cases, a higher selectivity of
the transformation and a slower deactivation of the catalyst.

Keywords: glycerol transformation, catalyst, chemical reactor, kinetic model.

1. Introduction

One of the commercial processes widely used in the manufacture of a Diesel type
fuel (known under the appellation Biodiesel) is the transesterification of
triglycerides from the composition of vegetal and animal fats, with inferior
alcohols (usually methanol). From this manufacturing process, besides the mixture
of fatty acids esters representing the Biodiesel, it is also generated glycerol, as a
by-product, in a ratio of approximately 1 kg of glycerol to 10 kg of Biodiesel

An estimation of OECD-FAO published in 2017, prognoses an increase of global
Biodiesel production from 36 Mm?® in 2017 to 39 Mm?® by 2027, with largest
production and consumption in Europe (see Walgode et al. [1]). These figures
correspond to a glycerol production of approximately 3.2 million metric tons (mt)
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in 2017, and 3.5 million mt in 2027. It is estimated that approximately 66 % of the
world’s glycerol production is derived from the Biodiesel manufacturing [2].

The price of glycerol is directly influencing the efficiency of the Biodiesel fuel
plant. It is estimated that the manufacturing cost of Biodiesel is increasing by 0.021
USD/L when the glycerol selling price is decreased by 0.22 USD/L [2]. Therefore,
a general objective is to develop technologies for glycerol valorization, by its
transformation into value added products, currently obtained from petroleum
derivatives. The published studies in this field are addressing mainly topics related
to (bio)chemical and technological aspects of glycerol transformations (catalysts,
microorganisms, chemical mechanism, etc.), the engineering aspects of the
corresponding processes (plant design and analysis of the operation, respectively)
being less approached. Nevertheless, an important number of published studies are
reporting interesting catalysts and laboratory scale technologies of glycerol
transformations, affording the basis for future engineering studies focused on the
scale up, design and development of commercial processes.

This paper aim is to review the published studies, investigating two of the
important elements in the design studies of glycerol transformation reactors: the
kinetics of the process and the particularities that determine the selection of the
type of chemical reactor. Data and information are limited to technologies based on
catalytic processes, not including technologies based on microbial or enzymatic
transformations. Also, the presentation is focused on the non-destructive glycerol
transformations, i.e, transformations limiting the destruction of the carbon chain in
the glycerol molecule.

2. Products of glycerol valorization by catalytic technologies

Besides the classic utilizations (cosmetics, pharmaceuticals, food, etc.) processes
and technologies are under development, for glycerol conversion into small and
medium-sized tonnage chemicals, used as intermediates in the chemical industry or
as fuel additives. In the last decades, an important number of published studies
reported new catalysts and catalytic processes for the transformation of glycerol
into value added organic products. Among these, the main glycerol derivatives, for
which were already developed catalytic technologies of commercial importance or
potentially industrial importance, are presented in the Fig. 1.

Due to the limited space available, the economic importance of these glycerol
derivatives and of the associated processes will not be detailed. Such data were
published recently by Kaur et al. [2]. The main significances of these glycerol
valorizations processes are: (i) an increase of the Biodiesel manufacturing process
efficiency; (ii) contributions to the manufacture of an important number of organic
intermediates from a renewable resource, by using less pollutant technologies.
Nevertheless, not all these transformations have the same level of technological
development. If for epichlorohydrin, for example, there are technologies developed
on an industrial scale, for others, such as 1,3-propanediol, the technologies known
in the accessible literature are limited to the pilot laboratory scale.
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Fig. 1. The main derivatives of glycerol.
3. Kinetic models formulated for catalytic glycerol transformations

Even an important number of kinetic studies for catalytic glycerol conversion were
already published, not all transformations of glycerol, mentioned above, are
suitably characterized from kinetics point of view. While an important number of
kinetic studies were published for the hydrogenolysis and etherification processes,
a smaller number of studies have been published for other processes such as
conversion to acrolein and acrylic acid. Among these, some of the proposed kinetic
models use simplified reaction schemes, neglecting the secondary reactions that
take place in the mixture or ignoring the influences of the mass transport steps
accompanying the chemical reaction. Numerous published studies propose
simplified power law kinetic models, due to a limited knowledge of the chemical
transformation mechanism. However, a significant number of Kkinetic studies
propose rate expressions that include the influence of adsorption steps on the
catalyst surface (Langmuir-Hinshelwood-Hougen-Watson (LHHW) and Rideal-
Elley, respectively). It is also worth noting that most published kinetic studies use
rate expressions in molar concentrations or partial pressures. Only a small number
of studies consider the dependence of the reaction rate on the activities of chemical
species. A selection of the main published kinetic models for the catalytic glycerol
transformation are presented in Table 1. In this selection, there is firstly considered
the clearness of the presentation of rate expressions and of the numerical values of
the kinetic parameters. We note that, no tests of the selected kinetic models were
performed in the present study. It should also be noted that not all the presented
studies have systematically specified the units of the kinetic parameters. In few of
the kinetic models presented, the units were deduced from the context of the source
articles. Therefore, when using these kinetic models, it is recommended to access
information from the original articles, which contain additional data (mainly
experimental values, which can be used for verification calculations).

An important phenomenon that accompanies the catalytic transformations of
glycerol is the deactivation of the catalyst, with direct consequences on the
decrease of its performances in time. This phenomenon is quite slightly studied, as
the determination of its kinetics involves long time experiments, with significant
costs. Deactivation of the ion exchange resin catalyst in the acetylation process of
glycerol was studied by Okoye et al. [3] and that of the hydrogenolysis catalysts by
Rajkhowa et al. [4] and Duran Martin [5] (Cu-based catalysts), respectively Lei et
al. [6] (Pt/WOs/Al,O3 catalyst).
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4. Reactor types used in the catalytic transformations of glycerol

The following particularities of glycerol and its chemical transformations, are
influencing the selection of reactor type:

(i) Relatively high viscosity of glycerol (1.5 Pa.s = 1500 cP at 20 °C), which
induces significant pressure losses when flowing through pipes and difficulties in
mixing.

(if) Chemical instability of glycerol at normal boiling point (~ 290 °C). As a result,
the work in the vapor phase is done at sub-atmospheric pressures, or in the
presence of entrainers, to allow the transformation at sufficiently low temperatures,
avoiding the decomposition of glycerol.

(iii) Limited miscibility with some reactants (alcohols, acids, aldehydes, ketones,
etc.).

(iv) The vast majority of glycerol transformations are accompanied by side
reactions, significantly diminishing the selectivity. For most of these processes, the
mixing phenomena are unfavorable to the selectivity of the transformation, being
advantageous the use of tubular type reactors.

(v) Some of the reactions of glycerol are accompanied by the generation of carbon-
rich products, which deactivate the catalyst (coking phenomenon).

The mentioned particularities, to which is added the production capacity, determine
the option on the continuity of the process (continuous or batchwise), and the
choice of the reactor type respectively. The transformations in the liquid phase are
often conducted in the presence of a solvent (frequently water) which reduces the
viscosity of the reaction medium and facilitates the contacting of the reactants.

In the experimental studies of glycerol conversion, frequently there are used liquid
phase stirred batch reactors or (less frequently), continuous fixed bed tubular
reactors, in vapor or liquid phase (Table 2).

Continuously operated reactors are preferable in commercial scale processes, due
to some advantages such as: simpler automation, better control of the mixing,
adaptability to a wide range of reaction conditions, simpler scaling, cheaper
operation, product quality more uniform over time and better suitability to large
production capacity. In addition, the performance of catalytic transformation in a
continuous system may be superior, in terms of selectivity or resistance to
deactivation, as compared to those in the batch system (Vasiliadou and Lemonidou
[85]; Varma & Len [86]). It is also worth noting the difficulties that arise when
separating the catalyst, in the case of liquid phase batch reactors in (this being
usually dispersed in the liquid). Monbaliu et al. [87] studied the use of
microreactors in the synthesis of solketal (SK) and solketal tert-butyl ether (fuel
additives), catalyzed in the presence of sulfuric acid, on a continuous basis. Yields
of ~ 98% of the glycerol transformation to SK and 85% (selectivity 95%) for the
isobutene SK etherification step, working at pressures below 17 bar and
temperatures below 100 °C, are reported. A review of the chemical reactos used in
glycerol acetalization and ketalization is published by Trifoi et al. [88].
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A comparison between the performance of the batch reactor and the continuous
fixed bed reactor, in the oxidation process of glycerol, in gas-liquid-solid system,
was published by Zope and Davis [89] (Au/TiO, catalyst), respectively Villa et al.
[90] (Dowex M-43 catalyst). The two studies show significant differences in the
selectivity of the transformations performed in the two types of reactors, along with
a greater flexibility of the continuous system, in changing the selectivity in primary
or secondary oxidation products, by modifying the contact duration (liquid flow).
Rode et al. [63] compared the performances of the batch and continuous (high
pressure) liquid phase reactors, in the case of glycerol hydrogenolysis over a Cu-Cr
(Ba) catalyst. The selectivity of propanediol was over 90% in the continuous
reactor, as compared to 84% in the batch reactor, due to the shorter reaction time
and less intense mixing in the continuous reactor. It was also found that the
intensity of the catalyst deactivation phenomena is lower in the continuous reactor,
compared to that observed in the batch reactor. A similar study was published by
Bienholz et al. [91], in which were compared the performances of the batch reactor
(liquid phase) and continuous vapor phase fixed bed reactor (atmospheric
pressure), respectively, in the process of glycerol hydrogenolysis over a copper
catalyst. Although the general advantages of continuous operation are maintained,
the results, in terms of transformation selectivity, are no longer the same, due to the
vapor phase operation at higher temperatures and lower pressures, of the
continuous reactor.

The performances of continuous laboratory scale reactors for the liquid phase
transformation of glycerol, particular for the technologies presented in this study,
are described by Len et al. [79], respectively Varma and Len [86].

The design of continuous reactors, based on experimental data obtained using batch
reactors, involves the use of specific procedures, based on optimization algorithms
(Costandy et al. [92]).

For the transformations accompanied by the accentuated deactivation of the
catalyst, there are recommended the moving bed reactors, which allow the
continuous refreshing of the catalyst bed (fluidized or circulating bed reactors). The
conversion of glycerol to acrolein, accompanied by severe deactivation of the
catalyst by coking, was successfully tested in a circulating bed reactor by Corma et
al. [76]. A similar case, in which a less pronounced but significant deactivation
occurs (deactivation time approx. 70 h) is the transformation of glycerol into
acrylic acid (Liu et al. [93]). In general, the catalyst deactivation phenomenon is
more pronounced in vapor phase transformations than in liquid phase ones. On the
other hand, working in the vapor phase facilitates continuous operation, slightly
more difficult to implement for liquid phase transformations.

Several studies demonstrate the advantages of using the principle of reactive
distillation or that of chromatographic separation for glycerol transformation
processes (see Table 2).
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4. Conclusion

Glycerol is an organic product, relatively abundant on the market, utilizable as a
raw material for the synthesis of valuable organic intermediates, presently derived
from petroleum. An important number of published studies are reporting
interesting catalysts and pilot scale technologies for glycerol transformations,
providing the basis for future engineering studies, oriented to the scale up, design
and development of commercial processes. This review is focused on catalytic
transformations of glycerol, analyzing the published studies on the process kinetics
and chemical reactor selection. Among the kinetic models formulated for the
catalytic transformations of glycerol, the Langmuir—Hinshelwood-Hougen-Watson
(LHHW) and power-law type models are more frequently used. The studies based
on the LHHW theory are evidencing a rather strong adsorption of glycerol and
some reaction products on the active sites of the catalyst, affecting the surface
reaction kinetics.

The reactor type and the operating mode (batch or continuous) impacts on the
process performance and more significantly on the transformation products
distribution. The liquid phase continuous reactors appear to be more advantageous,
from selectivity point of view and deactivation intensity, as compared with liquid
phase batch and continuous vapor phase ones respectively. The present review, as
other cited papers, is evidencing a lack of systematic experimental and theoretical
investigations on the process engineering issues, a domain where further
investigations are necessary.
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