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Sustainable upgrading of biomass: a
thermodynamic approach to fine-tuning product
selectivity for glycerol oxidation†

Andrés F. Pérez-Torres,*ab Heejung Kong, ab Fatwa F. Abdi, c

Roel van de Krol ab and Marco Favaro *a

Calculated thermodynamic properties for the electrochemical gly-

cerol oxidation at different temperatures and potentials indicate

that external applied bias has a more significant influence on

reaction selectivity than temperature.

Fossil fuel-derived hydrocarbons are central to the global econ-
omy, serving as the primary energy source for various industrial
sectors and the main source of commodity chemicals.1 However,
their use results in significant CO2 emissions, greatly contribut-
ing to global warming and environmental pollution. While sub-
stantial progress has been made in harnessing solar, wind, and
geothermal energy, these sources cannot provide the organic
carbon essential for the chemical industry. Consequently, alter-
native energy and renewable carbon sources are urgently needed
for the chemical industry. Hybrid electrolysis—where biomass
oxidation at the anode is coupled with the hydrogen evolution
reaction (HER) at the cathode—enables the simultaneous, effi-
cient production of essential carbon and hydrogen.2 This is
particularly interesting given the substantial production of bio-
mass waste; it is estimated that worldwide production of biomass
waste amounts to around 100–400 gigatons per year (Gt per y).3

Assuming a carbon content of 50% and a global production of
140 Gt per y, the complete conversion of biomass waste to fuels
and chemicals (by carbon content) could exceed the global
demand for these goods by a factor of 45–300, depending on the
product.3 Among the different biomass valorisation procedures

(usually oxidation reactions), electrocatalytic valorisation is emer-
ging as a sustainable approach over thermochemical processes
due to milder reaction conditions, less waste generation, and the
possibility of better selectivity control for the production of
chemicals and fuels.1,3,4,5 Glycerol has drawn significant atten-
tion from academia and industry because it is an abundant and
low-cost biomass-derived molecule that can be transformed into
different C3, C2, and C1 compounds. Several of these products are
widely used in the pharmaceutical, food, and cosmetics industry,
reaching prices significantly higher than the starting material.6

For example, glyceric acid (GLAC) and dihydroxyacetone (DHA)
can reach prices of 3290 and 702 h per g, while purified glycerol
costs around 1.19 h per g.7 Despite promising advances reported
thus far, the electrochemical glycerol oxidation reaction (GOR)
currently lacks the necessary selectivity required for its practical
deployment. The limitation comes from the complex reaction
pathway, where several different products can be obtained by the
transfer of a small number of electrons during the oxidation
process (Table 1).

Important aspects for understanding the process, optimizing
the reaction conditions, and designing the catalyst are the thermo-
dynamic parameters of the reaction. However, despite the quite
significant body of research performed on the GOR, there is a
notable gap in the literature regarding the Gibbs free energy of
reaction (DRG), the enthalpy of reaction (DRH), and the reversible
potential (Erev) of the aforementioned oxidation pathways
(Table 1). To calculate these values, the Gibbs free energy and
enthalpy of formation (DfG and DfH, respectively) of the different
molecules is needed, but this information is only available for
glycerol (GLY), AcOH, GAC, FAC, CO2, H2, and O2.7,8 Furthermore,
these data are usually computed for the molecules in their pure
form at standard state conditions (298.15 K and 1 bar, referred as
DfG1 and DfH1), even though the reactions are performed in water
at different temperatures. Consequently, it is often not possible to
calculate the thermodynamic properties of most reactions. Even if
estimation is feasible, ignoring the effects of water solvation and
temperature variations may lead to erroneous values.
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Recently, Ebeling et al.7 reported the thermodynamic prop-
erties of common GOR products. The reactions were modelled
at infinite dilution in water at room temperature (298.15 K),
using a combination of group additivity methods and machine
learning. In this paper, we estimate the thermodynamic proper-
ties of various GOR at 1 bar, pH = 0 (meaning fully protonated
species) and for temperatures ranging from 25 1C to 80 1C.
Additionally, glycolaldehyde (GCAD), a major GOR product
from BiVO4 photoanodes,9,10 is included in our calculations.
The calculations were performed using a combination of infor-
mation from databases, group additivity method (GANI)11 and
thermodynamic models available in ASPEN Plus.12 The selected
thermodynamic models (NTRL-NTH, NTRL-HOC, NTRL-RK,
UNIF-DMD, WILS-NTH) were used to account for the effects
of water solvation at infinite dilution and the change of
temperature on the Gibbs energy of formation (DfG) and
enthalpy of formation (DfH) for all molecules, except for H2,
O2, and CO2. The properties of the latter were calculated in the
gas phase, while considering non-ideal behaviour. The group
additivity method was used to compute quantities only for
molecules not reported in the database available in ASPEN
Plus (Table S1, ESI†).

DfG for each molecule at different temperatures (T) was
calculated using eqn (1) and (2):

DfG(T) = DfGideal + DGE(T) (1)

DfGideal = DfHideal � TDSideal (2)

Here, DfGideal corresponds to the Gibbs free energy of for-
mation of the molecule as an ideal gas, whereas DGE is the
excess Gibbs free energy, calculated from the thermodynamic
models. DGE accounts for the non-ideal behaviour of the
molecules in water at infinite dilution, and in the gas phase,
at different temperatures. DfGideal is calculated at standard
state conditions by considering the contributions of the change
of enthalpy of formation of the ideal gas (only dependent on the
product, DfH = 0 for elements in their standard state) and the
change of entropy of the ideal gas (where both reactant and
product contributions are considered, S a 0 for elements and
molecules in their standard state). Different from other data

reported in the literature,7 our model includes this entropic
contribution in estimating DfGideal, which we believe will
increase the accuracy of the results.

To select the most appropriate model, we calculated DfG1 for
the GOR products and compared them with experimental
values tabulated in the literature (Table S2, ESI†). Note that
DfG1 was calculated using eqn (1) for temperature and pressure at
standard state conditions. All the models, except for NTRL-HOC,
give similar results with o1% variation among themselves and
o5% difference compared to the experimental values (Tables S3
and S2, respectively, ESI†). For the case of NTRL-HOC, para-
meters needed for the calculations were not available in ASPEN
Plus, so we were unable to calculate the thermodynamic proper-
ties of several molecules. Based on these results, we chose the
NTRL-NTH model for further calculations. The determined DfG1
for the possible products of GOR and the reaction pathways are
reported in Fig. 1. The process can be described as an inner
sphere reaction, in which the adsorption mode and site(s) on the
catalyst surface leads to different C3 products. These products
can be further oxidized to C2 and C1 products by different
coupled C–C breaking reactions, including further oxidation by
a desorption/re-adsorption process, a continuous reaction at the
surface, or a combination of both. Despite the chemical similarity
of the three hydroxyl groups present in glycerol, the product
varies depending on which group is oxidized. Additionally, the
presence of non-electrochemical steps13 further complicates the
reaction pathway. As a result, achieving high selectivity for a
specific product through GOR is challenging. Note that DfG1
becomes more negative as we move toward more oxidized
molecules containing the same number of carbon atoms. This
indicates that the formation of more oxidized species is favoured
in contrast to the reduced ones, except for the case of GLAD and
DHA. As will be discussed in the following paragraphs, selectivity
is highly dependent on the oxidation level of the product
molecule. However, this does not guarantee that the reaction will
proceed spontaneously under all conditions of temperature and
pressure.

DRG was calculated using eqn (3), following the stoichiome-
try depicted in Table 1 and the values determined for DfG
(Table S4, ESI†). Eqn (4) was used to calculate the reversible

Table 1 Stoichiometry of the considered glycerol oxidation reactions for the formation of 1 mol of product and the number of electrons transferred (n)

Product Total reaction n

Dihydroxyacetone (DHA) C3H8O3 - H2 + C3H6O3 2
Glyceraldehyde (GLAD) C3H8O3 - H2 + C3H6O3 2
Lactic acid (LAC) C3H8O3 - H2 + C3H6O3 2
Glyceric acid (GLAC) C3H8O3 + H2O - 2H2 + C3H6O4 4
Hydroxypyruvic acid (HPAC) C3H8O3 + H2O - 3H2 + C3H4O4 6
Tartronic acid (TAC) C3H8O3 + 2H2O - 4H2 + C3H4O5 8
Mesoxalic acid (MESAC) C3H8O3 + 2H2O - 5H2 + C3H2O5 10
Glycolaldehyde (GCAD) 2/3C3H8O3 - 2/3H2 + C2H4O2 4/3
Acetic acid (AcOH) 2/3C3H8O3 - 2/3H2 + C2H4O2 4
Glycolic acid (GAC) 2/3C3H8O3 + H2O - 5/3H2 + C2H4O3 10/3
Glyoxylic acid (GLYX) 2/3C3H8O3 + H2O - 8/3H2 + C2H2O3 16/3
Oxalic acid (OXAC) 2/3C3H8O3 + 2H2O - 11/3H2 + C2H2O4 22/3
Formic acid (FAC) 1/3C3H8O3 + H2O - 4/3H2 + CH2O2 8/3
Carbon dioxide (CO2) 1/3C3H8O3 + H2O - 7/3H2 + CH2O2 14/3
Oxygen (O2) 2H2O - 2H2 + O2 4
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potential (Erev) based on the DRG; n is the number of electrons
transferred in the reaction and F is the Faraday constant
(96 485 C mol�1). For the sake of simplicity and ease of compar-
ison between the different products, we only calculated DRG and
Erev for the direct conversion of glycerol to the selected products,
without considering possible intermediates in the process.

DRG Tð Þ ¼
XN

i¼1
niDfGi Tð Þ (3)

Erev Tð Þ ¼ DRG Tð Þ
nF

(4)

Fig. 2 shows the calculated Erev values for the different GOR
products at various temperatures. The results indicate that most of
the reactions are endergonic, requiring an energy input to sustain
them. Nonetheless, all required Erev values are significantly lower
than that for the oxygen evolution reaction (OER). The production
of GCAD requires the highest Erev. However, even in this scenario,
a 62% reduction in Erev compared to the OER is achievable. The
decrease in Erev to produce other GOR products is between 86–97%
that of OER. Indeed, the lower energy requirement of GOR has
facilitated the development of unassisted PV-hybrid electrolyzers14

and bias-free photoelectrochemical reactors,15 achieving higher
current densities and figures of merit compared to those of water-
splitting electrolyzers.

Notably, the conversion processes of GLY to LAC and AcOH
are spontaneous, suggesting that no energy input energy would
be required for the reactions to occur. However, even though the
formation of these molecules is thermodynamically favourable

(exergonic), they are rarely reported as products in experimental
studies, and the processes likely require an external energy input
due to sluggish kinetics. In this context, it is important to note
that the reported data are purely thermodynamic, and the electro-
kinetics of each process are not considered. A competition
between thermodynamic and kinetic control over the reaction
likely plays a major role in defining the selectivity of the reaction.
Additionally, other factors are not taken into account, for
instance the electrolyte-solute interaction (reported to affect
selectivity and activity9,16), the effect of the double layer on the
electrocatalytic activity,17 the mass transport and hydrodynamics
around the working electrode (known to affect the selectivity18),
and the interaction/adsorption modes (which plays a role in
selectivity13). Despite the limitations of our model, the thermo-
dynamic data reported in this work provide general trends that
are reflected in experimental results and can be used to study the
effect of different reaction conditions on selectivity.

When considering the effect of temperature, the gradual
decrease in Erev with increasing temperature reflects the endergo-
nic nature of most reactions, except for LAC and AcOH (see DRH in
Table S6, ESI†). By Le Chatelier’s principle, the reaction equili-
brium will be displaced toward products at higher temperatures
and the magnitude of the change is directly proportional to the
DRH. Thus, at higher temperatures a lower applied bias is needed
to achieve the same current density and conversion rate of glycerol.
However, our calculations show that the relative difference in Erev

for the different products scales by about the same factor with
temperature, and thus does not favour the formation of one
product over the other. Consequently, from the thermodynamic
perspective, temperature has no significant effect on selectivity.
Notably, the oxidation of glycerol to CO2 becomes spontaneous at
80 1C, which may account for the experimental observations of
increased CO2 production at elevated temperatures.1

In addition to temperature, the applied potential (Eapp) is
another crucial parameter that can be adjusted to tune the
selectivity of the GOR. The relation between potential and
product concentrations is described by the Nernst equation
(eqn (6)). When an external potential is applied to an electro-
chemical cell, the system is swept away from its equilibrium

Fig. 1 Reaction pathway for the possible products of electrochemical
glycerol oxidation, including the standard Gibbs free energy of formation
(DfG1) calculated at 298.15 K and 1 bar at infinite dilution in water.

Fig. 2 Reversible potential (Erev) at different temperatures for the oxida-
tion of glycerol to different products (values can be found in Table S5,
ESI†).
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conditions and a new composition is achieved. This new
composition will be dictated by the reaction quotient (Q): the
smaller the value of Q, the higher the concentration of oxida-
tion products (eqn (5) and (7)). To study the effect of different
potentials on selectivity, we calculated Q using the Nernst
equation and the number electrons necessary to produce
1 mol of oxidation product. For ease of interpretation, the
natural logarithm of Q (ln Q) is displayed for the different
products at different potentials in Fig. S1 (ESI†).

Ox + ne� 2 Red (5)

E ¼ E� � RT

nF
lnQ (6)

Q ¼ Red½ �
Ox½ � ¼

GLY½ �
products½ � (7)

The results suggest that product selectivity is influenced
more by Eapp than T. When no potential is applied (Eapp = 0) i.e. at
chemical equilibrium, most of the reactions are non-spontaneous
and Q (in this case Keq) is displaced towards the reactants (ln Keq 4
0), except for the case of LAC and AcOH. At more positive
potentials all the reactions shift toward the formation of products
(ln Q o 0, Fig. S2, ESI†), but the extent of the shift is strongly
influenced by the number of electrons involved in the reaction.
The value of ln Q decreases by a proportionality constant of �nF/
RT (or �n/0.0257 V�1) per volt of applied potential to the anode.
For DHA, GLAD, LAC, GCAD, and AcOH, the shift to products is
small compared to other molecules because only 1–2 electrons are
involved in the reaction (Fig. S1 and S2, ESI†). In contrast, when
more electrons are involved in the reaction, such as in the
production of more oxidized molecules, Q is largely shifted toward
the products with applied potential (Fig. S1 and S2, ESI†). This is
the case of C3 products going from DHA to MESAC, C2 products
from GCAD to OXAC, and even C1 products comparing FAC with
CO2. These results may help to rationalize many experimental
results where there is a selectivity shift or the formation of more
oxidized molecules at higher applied potentials.19

In conclusion, we found that the temperature has only a
limited effect on the thermodynamics of the reaction, although
a higher temperature help reducing the external energy input (i.e.
the applied bias). However, this comes at the expense of the
selectivity, since the complete mineralization of glycerol to CO2 is
favoured by higher reaction temperatures. On the other hand, the
effect of the applied potential on selectivity is significantly larger:
as expected, increasing the applied bias favours the production of
highly oxidized molecules due to the more efficient transfer of a
higher number of electrons. Note that our calculations take into
account only the thermodynamic aspect of GOR. However, the
selectivity reported in experimental reports is likely due to the
combination of the reaction thermodynamics and kinetics over
the selected (photo)catalytic system.

The thermodynamic data reported in this study can be used
in multiphysics modelling of hybrid (photo)electrolyzers in
which the GOR constitutes the anodic process. For this reason,
solution properties of glycerol and the different GOR products

considered in this work have been calculated as a function of
temperature and are available in Supplementary note 1 (ESI†)
(viscosities and densities) and Supplementary note 2 (ESI†)
(diffusion coefficients). Our calculation method is applicable
to the investigation of other biomass oxidation reactions where
the molecular structure of the products is known.

This work was supported by the European Innovation Coun-
cil (EIC) via OHPERA (grant agreement 101071010) and
PH2OTOGEN (grant agreement 101137889) projects.
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the ESI.† Additionally, the calculated values for viscosity, den-
sity, and diffusion coefficient of glycerol and GOR products as a
function of temperature can be downloaded as spreadsheets
(.xlsx files).
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