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Abstract Thermodynamic chemical equilibrium analy-
sis of steam reforming of glycerol (SRG) for selective
hydrogen production was performed based on the Gibbs
free energy minimisation method. The ideal SRG
reaction (C3HgOs+ 3H,O — 3CO,+ 7H,) and a compre-
hensive set of side reactions during SRG are considered for
the formation of a wide range of products. Specifically, this
work focused on the analysis of formation of H, CO,, CO
and CHy4 in the gas phase and determination of the carbon
free region in SRG under the conditions at atmospheric
pressure, 600 K-1100K and 1.013 x 10°-1.013 x 10° Pa
with the steam-to-glycerol feed ratios (SGFR) of 1:5-10.
The reaction conditions which favoured SRG for H,
production with minimum coke formation were identifies
as: atmospheric pressure, temperatures of 900 K—1050 K
and SGFR of 10:1. The influence of using the inert carrier
gas (i.e., N,) in SRG was studied as well at atmospheric
pressure. Although the presence of N, in the stream
decreased the partial pressure of reactants, it was beneficial
to improve the equilibrium yield of H,. Under both
conditions of SRG (with/without inert gas), the CHy
production is minimised, and carbon formation was
thermodynamically unfavoured at steam rich conditions
of SGFR > 5:1.
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1 Introduction

The quest for alternatives to dwindling conventional
energy sources has made biomass resources as potential
raw materials for the generation of sustainable platform
chemicals, fuels and energies. Nowadays, biomass used for
conversion technologies (to produce value-added energy
carriers such as bio-oils and H,) is primarily produced
from wastes (such as wood waste, agricultural waste and
municipal solid waste), which would otherwise be
disposed via landfill disposal, having environmental
impact. Among the mature conversion technologies, the
production of biodiesel via the transesterification of
various oils/fats has been adopted by industry to produce
sustainabale fuel to increase the energy security of the
society. The main by-product from the transesterification
process for biodiesel production is glycerol (C3HgO3, i.e.,
100 kg of glycerol per ton biodiesel produced), which is an
oxygenated hydrocarbon having a hydroxyl group on each
carbon atom [1]. The current disposal method of surplus
glycerol from biodiesel production is primarily incinera-
tion (at million metric tons scale per year in Europe), which
brings significant environmental impact on the biodiesel
manufacture and the biofuel supply chain. Therefore,
finding suitable alternative solutions to capitalise on the
surplus glycerol can not only mitigate the associated
environmental impact (due to incineration) but also
increase the economic viability of biodiesel manufacture.
To answer this challenge, various catalytic routes, such as
reforming, oxidation, dehydration and esterification, have
been proposed to transform glycerol into value-added
chemicals and fuels [2].

Among the proposed catalytic transformations, the
catalytic reforming of glycerol is attractive due to the
production of H, which, as the zero-emission fuel, can be
used in fuel cells and internal combustion engines. The
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major technologies of H, production via glycerol conver-
sion are steam reforming (SR) [3], partial oxidation
reforming (POXR) [4] and oxidative steam reforming
(OSR) [5]. Although POXR and OSR processes have the
advantage of fast start-up time due to the exothermic nature
of the oxidation reactions, the steam reforming of glycerol
(SRG) is relatively more attractive. Theoretically, SR
produces seven moles of H, for every mole of glycerol fed
into the reaction. Conversely, (i) in conventional SR of
non-renewable sources, such as methane (CH,), only three
moles of H, is obtained from one mole of CH4 (Egs. (1)
and (2)) and (ii) four and five moles of H, were extracted
via POXR and OSR, respectively (Egs. (3) and (4)) [5].
More importantly, glycerol can potentially be used as the
renewable feed or co-feed to the current industrial
processes of conventional steam reforming without the
significant change of the relevant infrastructure [1,6].

SRG refers to the reaction between glycerol and water,
both as vapours, to produce H, and CO,, as shown in
Eq. (1). However, since glycerol is a carbohydrate, SRG
has a relatively more complex reaction network in
comparison with SR of hydrocarbons [2]. Reactions
during SRG may include steam CH4 reforming (Eq. (2)),
thermal decomposition of glycerol into CO and H,
(Eq. (5)), water-gas shift reaction (WGSR) of converting
CO into CO, along with H, (Eq. (6)) and CO and CO,
methanation reactions as shown in Egs. 7(a) and 7(b),
respectively. Subsequently, the process is accompanied by
CH,4 dry reforming (Eq. (8)), and other side reactions
which lead to carbon deposition, as shown in Egs. (9-12)
[7]. Glycerol decomposition and WGSR are primary
reactions in SRG. Due to the highly endothermic nature
of thermal decomposition of glycerol (Eq. (5)), the overall
process of SRG is endothermic (Eq. (1)). Consequently, as
shown in Eq. (1), high temperatures, atmospheric pressure
and high steam-to-glycerol reactant ratios can theoretically
benefit the yield of H,. However, the simultaneous
occurrence of multiple side reactions in SRG, with
different thermodynamic natures, results in thermal
inefficiencies of the system, and hence the by-products
generation, affecting the selectivity and overall yield of H,.
Generally, although high temperatures are beneficial to H,
production, they increase the operating cost and energy
consumption, while lower temperatures promote the
production of CH,4 with reduced selectivity to H,. There-
fore, efficient catalysts which would be selective for H,
production at relatively on reaction temperatures are highly
desired for the rational and sustainable utilisation of
glycerol.

H, production via SRG is beneficial from the point of
view of using a by-product from the biofuel manufacture
for value-added clean fuel. However, as stated above, the
reaction network of SRG is complex with the simultaneous
production of several undesirable by-products, affecting
the H, purity with significant cost implications (i.e.,
uneconomic multiple separation and purification processes

are needed for H, purification). In addition, yield of H,
also depends strongly on different process variables such
as temperature, pressure and steam-to-glycerol feed molar
ratio (SGFR). Therefore, to make H, production via SRG
viable and selective, in addition to the catalyst design for
improving the selectivity to H,, research into the
exploration of optimum operation windows to suppress
the formation of by-products is also necessary.
SR reactions:

C3H803 + 3H20—’3C02 + 7H2
AH,gg = 127.7kJ-mol !, 1)

CH, + H,0 = CO, + 3H AH,o5 = 205.8kJ-mol . (2)
Partial oxidation reaction:
C3H803 + 15024>3C02 + 4H2
AH 95 = —603.0kJ-mol !, 3)
C3H803 + 02 + HZO*’:‘;COZ + 5H2
AH o5 = —269.0kJ-mol . 4)
Decomposition reaction:
C3HgO3—>CO 4 4H, AH,gq =251.2kI 'mol ', (5)
Water gas shift reaction:
CO + H,0CO, +Hy AHygg = —41.2kJ-mol ', (6)
Methanation reactions:
CO + 3H, — CH, + H,0 AH,o5 = —205.8kJ-mol !,
(7a)
C02 + 4H2 <—>(:H4 + 2H20 AH298 = —-164.6 kJ : mOlil.
(7b)
CH,4 dry reforming reaction:

CO, + CH, —2CO + 2H, AH,o3 = 247.0kJ mol .
®)

Coke formation reactions:
CH;—2H, +C AHygg = 74.5kI-mol ', (9)
2C0—CO, 4+ C AHyg = —172.4kI 'mol !, (10)
CO 4+ Hy = H,0 4+ C AH,93 = —131.3kJ-mol !, (11)

CO, + 2H, = 2H,0 + C AH,93 = —90.1kJ-mol .
(12)

The primary objective of SRG is to produce renewable
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hydrogen, however, the selectivity to H, of SRG remains
challenging due to the multiple side reactions existed in the
gas phase. Also, it is challenging to extract the compre-
hensive information of the complex chemistry in SRG via
experimental studies. The recent reviews provide an
overview of SRG chemistry and catalysts development
for SRG, as well as the theoretical feasibility and its
potential application for value-added chemicals and H,
production [8-10]. In addition, new reactor systems such
as membrane reactor (MR), sorption-enhanced reactor and
sorption-enhanced membrane reactor are proposed to
achieved high-purity H, and remove CO, from the reaction
zone by means of a H, selective membrane and CO,
selective sorbent [11-13]. The use of such alternative
technologies, such as MRs can be beneficial regarding the
production of high-purity H, from SRG [9]. In particular,
MRs can be operated at relatively low temperatures with
comparable or improved glycerol conversions in compar-
ison with conventional reactors (CR). For example, Lin
et al. [13] have investigated the SRG reaction over
Ni/CeO,/Al,03 catalyst in CR and MR operated at
723 K-1073 K and 673 K-723K, respectively. It was
found that the Pd-Ag membrane can effectively purify
H, from the reaction side and subsequently enhance the
reaction rate in a single compact unit. Similarly, SRG with
the improved performance regarding glycerol conversion
(~60%) and a CO-free H, recovery (~60%) was also
reported by Iulianelli et al. [14] with a Pd-Ag MR.
However, it is worth mentioning that MRs require
relatively high pressures to operate which do not favor
the thermodynamics of SRG. And research on catalyst
development, thermodynamics and kinetics, as well as the
optimisation of operational parameters of SRG is still
needed for developing practical SRG at large scales.
Although thermodynamic analysis does not include the
effect of catalysts, chemical equilibrium analysis is
necessary and imperative to obtain the information on
operational windows which are suitable for H, selective
SRG. Thermodynamic equilibrium analysis is commonly
used to estimate the products composition of reforming
processes and identify operating windows for target
reactions and coke formation [15]. The complex chemistry
and the effect of operational conditions on the equilibrium
composition are usually solved using the combined
stoichiometric thermodynamic methods, in which the
system is described by a set of stoichiometrically
independent reactions chosen arbitrarily by the modeller
[16]. Conversely, in a non-stoichiometric method, the
specification of defined reactions in a system is not
necessary since the equilibrium composition of a reacting
system is established by minimising the Gibbs free energy
for the defined species in the system. This is advantageous
over the stoichiometric-thermodynamic method since the
knowledge of independent chemical reactions in the
complex system and the values of corresponding

equilibrium constants are not required in simulation.

Thermodynamic studies of SRG were performed to
understand the distribution of H,, CH,, CO, CO,, solid C,
H,O and unreacted C3HgO3 [4,5,17-20]. Adhikari et al.
showed that H, production from SRG was favoured
at > 898 K and a molar ratio of water to glycerol of 9:1, in
which CH,4 production is surepressed and carbon formation
is thermodynamically inhibited [17]. Li et al. studied the
thermodynamics of SR of oxygenate fuels such as
methanol, ethanol, ethylene glycol and glycerol, and
optimal temperature window for H, production from
SRG was estimated at 873-973 K [20]. It was also found
that, under the optimal conditions, SRG is limited by
equilibrium regarding H, yield. Considering the system
pressure of SRG, relatively low pressures are beneficial to
H, production under equilibrium conditions (whilst higher
pressures are favourable for CH4 formation instead) [21].
Since negative pressure (< the atmospheric pressure)
operation is challenging in practice, the use of inert carrier
gas, such as N, which is commonly used in the
experimental studies of SRG, to reduce the partial pressure
of gaseous species could be a possible alternative for
improving H, production from SRG. However, this aspect
has been overlooked by previous studies.

Herein, thermodynamic modelling of SRG was per-
formed, based on a direct Gibbs free energy minimisation
method using CHEMCAD v.6.5 software, for selective H,
production at various conditions. Attention was focused on
the calculation of equilibrium compositions for SRG
considering comprehensive side reactions at different
operational regime of temperatures, pressures, SGFR,
feeding reactant to inert gas ratio. The reforming
performance of SRG was assessed with respect to the
glycerol conversion, selectivity to H, and H, molar
fraction and yield. More importantly, simulation practice
in this work explores the relevant operating windows and
the effect of using inert carrier gas for minimising carbon
formation and enhancing H, production in SRG.

2 Experimental

Thermodynamic equilibrium analysis of SRG was carried
out to evaluate the feasibility of occurrence of relevant
reactions such as SR, decomposition and coke formation
reaction in SRG (as in Egs. (1), (2) and (5-12)) by
calculating equilibrium constants (K.q) and determine the
equilibrium compositions under different conditions,
respectively. The values of AH® and AG{® for each of the
component species were adopted from the literature [22].
The reference temperature of 298 K was used and K4 in
form of In K., was evaluated at temperatures of 600 K to
1100 K with 50 K increment. The Gibbs free energy
change of each reaction (AG,°) was calculated at different
temperatures using Eq. (13).
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AG? = ZyiAGg, (13)
~AG?
K = ! 14
exr>< RT > (14)
K AH? (11
In— = -—L(=-— 1
4 R <T T’)’ (1)
AH? (1 1
InK = ——- (=—— | +InK, (16)
R \T T

where y; is the stoichiometric coefficient of species i and
AG? is the Gibbs free energy of the formation of species i.
The AH,® is given as the standard enthalpy of the reaction,
T' is the reference temperature, 7 is the reaction
temperature, and K' is the equilibrium constant at the
reference temperature. Additionally, the equilibrium con-
stant is usually determined by either Eq. (14) or Van’t-Hoff
Eq. (15) [22]. For each reaction considered, the values of
K.q in form of InK, were calculated and plotted according
to the modified Eq. (16) to predict the values of InK,4 as a
function of reaction temperature 7. Key process parameters
such as glycerol conversion and hydrogen yield used to
assess the process efficiency are defined as in Table 1.

The total Gibbs free energy of a reacting system reaches
a minimum value at equilibrium, and the Gibbs energy of a
chemical system is a function of temperature, pressure and
number of moles of species. If the temperature and
pressure of a given system are fixed, its total Gibbs free
energy function (G') is given by Eq. (17) [18,22].

Table 1 Definition of various parameters used in the analysis of SRG

Parameter Formula
Glycerol conversion Xg]ycero](% ) = F lg?ycc;iln*F gll)l/tcerol % 100
glycerol
. out
Hydrogen yield Yiy, (%) = flln % 100
7 XF, glycerol
Yield of C taini duct i Hept
i -containing pro &
eld of C-¢ g product i Yi(%):WXIOO
glycerol
out
Molar fraction _
MF = n(;ul
total
.. out
Product selectivity S; (%) = i % 100
! 3 Z F_out
i
t
CO, ratio CO, Feo,

o, — Fgs +Feg

Note: where F refers to the relevant molar flowrate (mole/h); superscripts in and
out represent the inflow and outflow of the reactor. X refers to the glycerol
conversion calculated based on the glycerol molar inflow and outflow of the
reactor. #C represents the number of carbon atoms in particular specie. MF refers
to the molar fraction calculated based on the ratio of an individual product to the
total molar flow of all products leaving the reactor. Product selectivity is
calculated based on product distribution, while F; excludes unconverted glycerol,
water and nitrogen. CO,/CO, is the molar ratio of CO, to the sum of CO, and
CO.

N N
G = Zn[Gi = Z”i/ii
i=1 i=1

N N f
= G} +RTY njn’g, (17)
i=1 i=1 i
Yi$;P
AG}Z + RTn 0 + Z,lka[k =0, (18)
k
S 0 P
> o (AGﬁ + RTIn ’P{) +) kay ) =0, (19)
i=1 Ik
N
> may =4y (for k=1,2,3,...M),  (20)
i=1
Gelg) = Gegy) = Ay =0, @1
N-1
YipiP
o (AG_}} + RTINS+ > Akaik>
i=1 k
+<nCAG})C(S>> —0. 22)

For reaction equilibria in gas phase, f; - y;¢;P, in which f;
is the fugacity of species 7, y; is the molar fraction of
species 7 and ¢ is the fugacity coefficient of species i in the
gaseous phase, respectively. Since the standard state is
defined as the pure ideal gas state at atmospheric pressure,
fP=P°=1.013 x 10° Pa. Similarly, since G is set equal
to zero for each chemical element in its standard state, AG,°
= AG’ for each component species is assumed. Therefore,
substituting these into Eq. (17), the minimum Gibbs free
energy of each gaseous species and that of the total system
can be expressed by Egs. (18) and (19), respectively, with
the incorporation of Lagrange multiplier method. How-
ever, to find the set of n; that minimise the value of Gibbs
free energy at the constant temperature and pressure, the
constraint of elemental mass balances, as shown in
Eq. (20), must be satisfied. Similarly, when the solid
carbon is considered in the reaction system, the Gibbs-free
energy of carbon is usually considered using Eq. (21), and
the minimisation function of Gibbs free energy of Eq. (22)
is obtained by substituting Eq. (17) by Eq. (18) for gaseous
species and by Eq. (21) for solid species according to the
literature [19,23]. N—1 is the number of substances which
are present only in the gas phase while carbon is present as
the solid species using the same constraint in Eq. (18). The
equilibrium compositions for SRG were determined using
the Gibbs free energy reactor (GIBS) model in CHEM-
CAD by solving heat and mass balances while minimising
the free energy of component species produced during
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SRG. According to the equilibrium compositions of SRG,
the main possible species are considered; H,, CHy4, CO,
CO,, H,0, C5HgO5 and solid carbon. Elements of C, H and
O are present in relevant species and are used for elemental
mass balance. Furthermore, all species involved were input
in the feed stream at a reference temperature of 298 K. In
addition, for all simulations, the feed stream was main-
tained as a gas mixture (presumably by a preheater), and
the temperature of the reactants was maintained at 583 K.
The isothermal condition was applied to the GIBS reactor
in the simulation. The Soave-Redlich-Kwong equation of
state was used to calculate the fugacity coefficient of each
component in the gas mixture. The physical properties and
ideal gas standard Gibbs free energy of formations of all
the components are obtained from the pure component
library database in CHEMCAD [24]. Similarly, in
flowsheeting, reactant species with their respective propor-
tions are identified, and the minimisation is performed to
calculate the chemical equilibrium concentrations of the
product stream.

3 Results and discussion

3.1 Equilibrium constants of possible reactions

The equilibrium rate constant of SRG reaction and other
relevant possible reactions (as shown in the Electronic
Supplementary Material, ESM) were included in thermo-
dynamic analysis to identify the extent of the reactions.
This analysis would be helpful to determine whether the
reaction proceeds spontaneously (i.e., the reaction has a
negative value of AG,°) or it is thermodynamically limited
(i.e., the reaction has a positive value of AG,° which
requires specific conditions to occur). Conversely, when
the value of InK.q (Eq. (16)) is much larger than 1, the
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reaction equilibrium cannot be shifted by changing the
feed ratio of the reactant (for example, decomposition
reaction of glycerol, Eq. (5)). But for the value of InK.q
close to unity, variation of the feed ratio of the reactants
influences the distribution of the products. Furthermore,
the larger the values of InK (Eq. (16), i.e., the reaction has
a negative value of AG? and its absolute value of AG is
relatively large), the more likely for the reactions are to
occur spontaneously [25]. The equilibrium constants of all
feasible reactions in SRG as a function of the process
temperature are shown in Fig. 1. One can see that the
glycerol reforming and decomposition reaction (Egs. (1)
and (5), which consumes glycerol, Fig. 1(a)) possess the
relatively large InK., values in comparison with other
reactions. In a system with multiple reactions, the reactions
with comparatively large equilibrium constants determine
the product distribution [18]. Accordingly, the simulation
predicted that, at atmospheric pressure, 100% conversion
of glycerol was achieved over the range of temperatures
and SGFR considered by this work (Fig. S1, cf. ESM),
producing mainly H,, CO, and CO.

Figure 1(b) shows the competition between various side
reactions during SRG. The equilibrium constant of WGSR
(Eq. (6)) decreases with an increase of the temperature,
suggesting the WGSR reaction is feasible and spontaneous
at temperatures of < 1000 K but limited by the equilibrium
at temperatures above 1000 K. The formation of CH, via
CO/CO, methanation (Egs. 7(a) and 7(b)) is exothermic,
and therefore is likely to occur at temperatures of < 950 K
with positive values of InK. In contrast, the dry reforming
(Eq. (8)) and SR of CH4 (Eq. (2)) reactions, which
consume CH,, are favoured at high temperatures
(i.e.,>950 K), as indicated by their InK,, values of > 1.
Accooridngly, in order to suppress the formation of CH, in
SRG, high temperatures of >950 K are recommended
based on the findings of the simulation, which agree well

20

(b)

—a—Eq.(2) —e-Eq.(6) —— Eq.(72)
-v— Eq. (7b) —+—Eq.(8) —< Eq.(9)
—— Eq. (10) —e— Eq. (11) =~ Eq. (12)
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Temperature/K

0 1
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Fig. 1 Equilibrium constants of reactions occurred in SRG as a function of the process temperature as described by (a) Egs. (1) and (5)

and (b) Egs. (2-12).
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with the previous results [26].

Carbon formation in SRG, may be formed via CHy
decomposition (Eq. (9)), CO disproportionation (Eq. (10)),
CO reduction (Eq. (11)) and CO, reduction (Eq. (12)),
respectively. CHy decomposition (Eq. (9)) is prone to
encourage carbon formation at relatively high tempera-
tures, whereas the reactions of Egs. (10-12) are likely to
generate carbon at low temperatures of < 950 K and can be
influenced by equilibrium limitations at relatively high
temperatures. Therefore, to minimise carbon formation
from these reactions, SRG at temperature > 950 K may be
benefitial due to the low values of equilibrium constants of
the reactions shown in Fig. 1(b). Additionally, reforming
reaction at high temperatures may promote the removal of
carbon via reverse reactions (Egs. (10-12)) [25].

3.2 SGFR on product distribution

At atmospheric pressure, the effect of operating tempera-
ture and SGFR (of the feed) on H, production at

equilibrium was studied (Fig. 2). As shown in Fig. 2(a),
The molar fraction of H, steadily decreases with an
increase in SGFR from 3:1 to 10:1 under steam rich
condition which is due to the presence of significant
amount of unreacted steam in the product stream, diluting
the molar fraction of H,, but not necessarily its quantity.
This is evidenced by findings presented in Fig. 2(b),
showing the absolute yield of hydrogen being produced at
different SGFRs as a function of reaction temperature.
Steam rich conditions with high SGFR values are
beneficial to promote H, production. Accordingly, under
these conditions, optimum temperatures were predicted for
each SGFR condition from 3:1 to 10:1. For example, at
SGFR = 10:1, the optimum range of temperatures for
maximising H, production was estimated to be at 900 K—
1050 K, being comparable with the experimental data over
supported Ni catalysts with SGFR= 9:1 which were
measured as at 973 K-1023 K [27]. By increasing the
operation temperature beyond 1050 K, the temperature
shows the adverse effect on the yield of hydrogen due to
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Fig. 2 Thermodynamic equilibrium analysis of SRG at atmospheric pressure: effect of temperature and SGFR on (a) molar fraction of

H,; (b) H; yield; (c) H, selectivity.
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the reverse WGSR which forms CO and H,O. This is
confirmed by data on CO formation, that is, CO yield is
promoted at high temperatures (to be discussed later).
Under steam deficit conditions (SGFR = 1:1, 1:3 and 1:5),
at various temperatures, SGFR shows insignificant effect
on the molar fraction and yield of hydrogen. However, the
hydrogenation reactions (of CO/CO,) are favourable at the
specified SGFR. For example, at SGFR= 1:5, the
formation of carbon is thermodynamically feasible espe-
cially at temperatures < 1050 K (to be discussed in detail
later), consuming the hydrogen produced. Selectivity to
hydrogen (product moles of hydrogen/sum of moles of all
products except water) is shown Fig. 2(c). In general, with
SGFR above 5:1, SRG shows relatively high selectivity to
H; over the range of temperatures under study. This can be
ascribed to glycerol reforming (Eq. (1)) which is favoured
at high SGFR. The selectivity to H, plateaued at high
temperatures of >900 K-1050 K, as well as for the
selectivity to CO, (Fig. S2(a), cf. ESM), suggesting the
consumption of H, and CO, via reverse WGSR (Eq. (6))
and reverse methanation reaction (Eq. 7(a)). This is also
confirmed by the selectivity to CO and CH,4 over the range
of temperatures considered (Figs. S2(b) and S2(c), cf.
ESM), which will be discussed later.

SR processes target the production of syngas (H, + CO).
However, CH4 is also a common product of the
conventional reforming process, which is not a desirable
product in SRG due to side reactions which consume H,
and carbon atoms in the product stream. Figure 3 depicts
the molar fraction (Fig. 3(a)) and yield of CH, (Fig. 3(b))
as a function of temperature and SGFR at atmospheric
pressure. Under all conditions investigated, the formation
of CHy is obviously suppressed by an increase in reaction
temperature. At relatively low temperatures, methanation
reactions (Egs.7(a) and 7(b)) are very likely to dominate,
and hence the improved production of CH,, being

0.25

(@) —a SGFR=1:1
—e— SGFR=3:1
—— SGFR =5:1
—¥ SGFR=7:1

Molar fraction of CH,

0.05

0.00 & L
60 700

800 900
Temperature/K

1000

1100

consistent with the literature [28]. Temperature variation
changes the reaction thermodynamics, being able to either
generate the products spontaneously or limit the reactions
thermodynamically. Under steam rich conditions, high
SGEFR values can suppress the formation of CH,. With the
SGFR > 7:1 and 7> 950 K, CH, yields can be minimised
to a large extent, as shown in Fig. 3(b). This can be due to
the steam CH,4 reforming reactions of Eq. (2) (the steam
CH,4 reforming is favoured at high temperatures) and
reverse methanation reaction (Eq. 7(b)). Under steam
deficit conditions, SGFR again shows insignificant effect
on the yield of CHy. The unfavourable formation of CHy
under steam deficit conditions could be due to the thermal
decomposition of CH, via Eq. (9), which is feasible at
temperatures higher than 973 K [29].

Figure 4 shows the influence of temperature and SGFR
on equilibrium CO and CO, production at atmospheric
pressure. Molar fractions of CO and CO, produced in SRG
as a function of temperature and SGFR are illustrated in
Figs. 5(a) and 5(b), respectively. The molar fraction of CO
increases with an increase in the temperature but decreases
with an increase in SGFR. Similarly, the molar fraction of
CO, decreases as SGFR rises with temperature above
800 K. However, as shown in Fig. 4(c), the yield of CO is
low at a high SGFR = 10:1, but it gradually increases with
an increase in temperature, suggesting that the production
of syngas (CO and H,) is favourable at atmospheric
pressure and relatively high temperatures. Again, this can
be ascribed to the decomposition of glycerol (Eq. (5)) and
steam CH, reforming (Eq. (2)) reactions which are
favourable at high temperatures. Figure 4(d) shows that
the yield of CO, increases with an increase in SGFR and
temperatures up to 900 K. Relative high SGFR tends to
produce more CO, which is related to glycerol reforming
with steam (Eq. (1)). However, as the production of CO,
attains the maximum at 850 K, it starts to decrease
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Fig. 3 Thermodynamic equilibrium analysis of SRG at atmospheric pressure: effect of temperature and SGFR on (a) molar fraction of

CH, and (b) CH, yield.
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afterwards due to dry reforming of CH, with CO, to
improve the production of syngas (Eq. (8)). On the other
hand, oxygenated carbons occurs in the form of CO and
CO, products obtained from SRG, which could potentially
lead to coke formation. The formation of CO, and CO are
favoured via Egs. (1) and (5), respectively. In this study, we
have evaluated CO, distribution using the CO,/CO, ratio
under different reaction conditions of temperature and
SGFR (at atmospheric pressure). For equimolar feed, (for
example SGFR = 1:1), nearly equal molar amounts of CO
and CO, are predicted at 900 K as shown in Fig. 5. Under
the steam rich conditions, the production of CO, is
favoured. This is due to the fact that the SRG reaction,
which produces CO,, is favoured by increasing SGFR of
the feed. Under the steam deficit conditions, the variation
of SGFR has insignificant effect on the CO,/CO, ratio.
Carbon formation/deposition is undesirable in SRG,
especially under the consideration of the possibility of
employing catalysts to increase the efficiency of SRG for
H, production, because carbon deposition can deactivate
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Fig. 5 Effect of temperature and SGFR on the distribution of

CO,/CO, in SRG at atmospheric pressure.
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the catalyst over the course of SRG. Therefore, conditions
with respect to carbon formation are investigated in this
work by equilibrium thermodynamic analysis. Solid
carbon formation could be the consequence of the side
reactions specified by Egs. (9-12) due to the decomposi-
tion of CH4 and CO and the reduction of CO and COs,.
However, these reactions can be easily influenced by
changing the operational parameters due to their low
values of equilibrium constants at 700 K—-1000 K. SGFR of
the feed is the key parameter to determine the H,
production and possibility of carbon formation under
reforming conditions [19]. In reforming of alcohols, the
production of CO and CO, could potentially lead to carbon
formation. The molar fraction and yield of carbon at
different temperatures and SGFR are shown in Fig. 6.
Carbon formation can be inhibited to a large extent when
high SGFR values of > 5:1 is used, being consistent with
the experimental results measured using supported Ru
catalysts [30,31]. Thermodynamic equilibrium shows that
at SGFR of >5:1, the molar fraction of carbon is
insignificant, suppressing carbon deposition to a large
extent within the entire range of temperatures studied. The
formation of carbon is also a function of temperature, by
increasing the temperature from 800 K to 950 K, the molar
fraction of C is estimated to decrease from 0.15 and 0.034
to 0 for SGFR of 1:1 and 3:1, respectively. Therefore, at
relatively high SGFR, an increase in the availability of
steam favours the reverse methanation reaction due to the
equilibrium shift to the opposite direction which results in
the improved H, production. Conversely, in steam deficit
regions, it is found that glycerol molar composition values
of > 1:1 increases the chance of carbon deposition. As
discussed previously, the relatively high yields of H, are
feasible at SGFR values of > 3:1. Therefore, carbon-free
region can be identified and, theoretically, achieved during
SRG@G at high SGFRs, favouring both H, production and the
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suppression of carbon formation. Under steam rich
conditions, the selectivity to Hy, CO and CO,, can be
much higher than that to CH4 and C (Figs. S2(c) and S2(d),
cf. ESM).

3.3 Effect of temperature on glycerol conversion at
atmospheric pressure and SGFR of 10:1

Based on the analysis and discussion above, we identified
the condition of atmospheric pressure and SGFR of 10:1 as
the optimum condition for SRG, which was further
analysised in detail. Figure 7 shows the simulated results
of glycerol conversion, selectivity and yield of the main
gaseous products under thermodynamic equilibria at
different temperatures. It can be seen that the conversion
of glycerol is not thermodynamically limited over the
range of temperatures investigated in this study. Since
glycerol is the limiting reactant in the overall reaction of
SRG, the excess steam was further consumed due to the
equilibrium limitation which triggered the reverse metha-
nation reaction at relatively high temperatures. However,
methanation reaction is an exothermic reaction which is
favoured predominantly at low temperatures of < 900 K.
This agrees well with the finding presented in Fig. 1. The
selectivity results obtained with respect to the formation of
H,, CO,, CO and CHy4 in the gas phase is compared based
on the product distribution from SRG. The selectivity to H,
and CO increases with an increase in temperature, whereas
the selectivity to CO, decreases. As shown in Fig. 7, it can
be seen that SR of CH, to CO, and H, is favoured, and
consequently, the yield of CH4 in the product stream
decreases at elevated temperatures (Fig. 3(b)). However, at
900 K-1000 K, reverse WGSR (of CO, with H, to produce
CO and H,0) is favoured, leading to an increase of the
selectivity to CO (Fig. 8).
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Fig. 6 Thermodynamic equilibrium analysis of SRG at atmospheric pressure: effect of temperature and SGFR on (a) molar fraction of

carbon and (b) carbon yield.
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Fig. 7 Product distribution from SRG as a fucntions of reaction
temperatures (at atmospheric pressure, SGFR = 10:1).

3.4 Effect of feed dilution using inert gas on hydrogen yield

The effect of dilution of the feed using inert gas in H,
production from SRG at equilibrium is analysed. N, is use
as an inert gas in SRG for H, production. The inert gas
does not directly get involved in the generation of H,.
However, the presence of inert N, decreases the partial
pressure of the reactants, and hence shifting the equili-
brium. According to the Le Chatelier’s principle, if a
chemical system at equilibrium experiences a change in
concentration, temperature, volume or partial pressure, the
equilibrium shifts to counteract the imposed change. When
an inert gas is introduced into the feed into SRG at a
constant pressure, the partial pressure of reactive gases
decreasees (due to the dilution effect), and hence resulting

in a shift towards the direction with a relatively large
number of moles of gaseous products [22]. Figure 8 shows
the effect of feed dilution with N, on H, production from
SRG at equilibrium. The introduction of N, as a carrier gas
increases the equilibrium yield of H, at relatively low
temperatures ( < 1000 K), but being less significant at high
temperatures. The presence of inert N, decreases the partial
pressure of the reactants, and hence shifting the equili-
brium. Using Eq. (1) as an example, by reducing the partial
pressure of the reactants, H, production in the SRG system
is improved. As discussed previously, the maximum
amount of H, yield is obtained at SGFR= 10:1 and
temperatures between 900 K and 1050 K (Fig. 2(b)).
However, when inert gas is considered at the specified ratio
(25:10:1), the amount of H, production increases, and the
maximum yield of hydrogen was obtained at temperatures
between 800 K and 1050 K at shown in Fig. 8(a).
Furthermore, as the inert gas dilution ratio increases to
50:10:1, a similar trend of H, production was obtained
(Fig. 8(a)). In general, an increase in the dilution ratio from
25:10:1 to 50:10:1 enhanced H, production. Conversly, as
shown in Fig. 8(b), CH4 yield decreases in an opposite
trend due to reverse methanation reaction (Eq. (7)) with an
increase of reaction temperature.

4 Conclusions

The thermodynamic equilibrium analysis of SRG for H,
production was performed using Gibbs free energy
minimisation method. Specifically, (i) the effect of reaction
temperature under steam rich and deficit (by varying
SGFR) on the performance of SRG was investigated and
(ii) the influence of inert gas in the feed on SRG was also
proposed and studied. SGFR and reaction temperatures
were found to have the considerable influence on the
equilibrium composition of the products and solid carbon
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Fig. 8 Effect of N, dilution of the feed on (a) H, yield and (b) CH, yield as a function of reaction temperature at equilibrium.
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formation. An increase in temperature favoured H,
production, however, operating at temperatures < 900 K,
CO, and CH4 production prevailed due to the exothermic
nature of WGS and methanation reactions, alongside SRG
reaction. Furthermore, as the amount of SGFR increases
the selectivity of H, is favoured under steam rich
conditions. Reactions regarding carbon formation were
considered; decomposition of CH; and CO and the
reduction of CO and CO,. As the decomposition of CHy
is much involved in carbon deposition at high temperature
(>950 K) and low SGFR (<5:1) during SRG, the
carbon-free region can be achieved at high SGFR (10:1).
The optimised equilibrium conditions which favoured
SRG for H, production are within the temperature range of
900 K-1050 K, SGFR 10:1 and atmospheric pressure,
respectively. At these reforming conditions, CH4 produc-
tion (as the major competing reaction against the H,
formation) is minimised and carbon formation is thermo-
dynamically inhibited. Regarding the introduction of inert
gas to dilute the reactant partial pressure, when N, gas is
used at a specified ratio (25:10:1), the equilibrium yield of
H, was improved under steam rich condition.
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