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e on the gasification of dodecane
with steam and supercritical water and
consequences for H2 production†

Ana M. Sanchez-Hernandez, Nicolas Martin-Sanchez, M. Jesus Sanchez-
Montero, Carmen Izquierdo and Francisco Salvador *

Supercritical water (SCW) is widely known to be a powerful gasifying agent, but the supercritical gasification

of linear paraffins is a method whose ability to produce H2 has not been studied significantly. Herein, an

analysis of the gasification of dodecane, a representative diesel compound, with steam and SCW and the

ability of the method to produce H2 under different pressures is reported. In this study, the broadest

pressure (1–500 bar) and temperature (550–800 �C) ranges ever studied in this field are covered. We

found that a fraction of the short-chain hydrocarbons generated in the thermal cracking of dodecane

are turned into polycyclic aromatic compounds and phenol, compounds that hinder gasification. These

reactions become more significant as steam at atmospheric pressure is progressively compressed up to

SCW at 500 bar; consequently, steam gasification is faster than supercritical gasification. A gasification

mechanism that gathers all of the possible pathways is proposed. Despite the slow gasification kinetics in

SCW, a pressure slightly above the critical point (250 bar) is the most efficient to produce H2. At this

pressure, the long reaction times related to the high SCW density allow a significant amount of CH4 and

CO to be reformed into H2; however, further compression is not recommended because gasification is

significantly slowed down and H2 production decreases.
1. Introduction

H2 is one of the main alternatives to fossil fuels thanks to its
energetic potential and its environmentally friendly nature.
However, the storage and transport of H2 has resulted in tech-
nical problems. The in situ generation of H2 arises as a solution
to this problem. Besides the use of H2 as a fuel for internal
combustion engines, using H2 in fuel cells is the main appli-
cation of in situ production. These cells are electrochemical
devices able to turn the chemical energy stored in a fuel into
electricity directly.1 This is an attractive way to produce energy
because fuel cells fueled by H2 have high energy efficiencies and
only generate water as a waste product. Proton-exchange
membrane fuel cells (PEMFCs) and solid-oxide fuel cells are
the most common fuel cells that use H2. An efficient H2

production method is required for these applications, and, for
this reason, hydrocarbons with high hydrogen densities are
used as fuels. Some liquid hydrocarbons, such as gasoline and
jet fuel, fulll this requirement, but diesel stands out among
s Qúımicas, Universidad de Salamanca,
nca, Spain. E-mail: anamsh@usal.es;
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tion (ESI) available. See DOI:
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them because of its high hydrogen density. Diesel fuel is
a complex mixture of hydrocarbons that contains sulfur
compounds and a noticeable amount of polycyclic aromatic
hydrocarbons (PAHs), which account for about 18 wt% of the
mixture.2 However, linear paraffins are the main fraction, and
dodecane is the most representative.

Dodecane (or any another hydrocarbon) can be transformed
into H2 through several reforming processes such as steam
reforming, partial oxidation, and autothermal reforming.2

Steam reforming at atmospheric pressure uses metal-based
catalysts, usually Ni. The employed catalysts result in H2

concentrations of up to 70% and the complete gasication of
dodecane;3–9 however, temperatures above 800 �C are required.
The most important drawback related to catalytic steam
reforming is the deactivation of the catalyst because of carbon
deposition, as well as sulfur poisoning, when real diesel is
gasied.1,2,10 The use of noble metals such as Pt, Rh, or Ru and
other catalytic species such as K, Ce, Co, or Sr is a common
solution to avoid these problems. Consequently, the catalysts
consist of a support (e.g., Al2O3) that contains two8–10 or even
three catalytic species.3–6 Despite the use of these expensive
materials, ultimately, the catalysts are deactivated and lose
efficiency. Furthermore, CO is the main product of steam
reforming, and CO poisons the electrodes employed in PEMFC
cells. Hence, CO must be removed from the gas mixture
produced before the H2 can be used as a fuel for these cells.
J. Mater. Chem. A, 2018, 6, 1671–1681 | 1671
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The gasication of dodecane with supercritical water (SCW)
is an attractive alternative to catalytic steam reforming. The
organic compound dodecane turns into gases so SCW will be
able to dissolve all the involved species; the mass transfer
limitations will be lessened because of the presence of a unique
homogeneous phase. In addition, SCW has been shown to be
a more powerful reacting agent than steam in the gasication of
other organic compounds.11 Thanks to the unique properties of
supercritical uids, the reaction rate of gasication in SCWmay
be faster than those in steam; the reaction temperature would
be reduced, catalysts will not be necessary and the idea of in situ
H2 production in small and compact facilities would be
reinforced.

Despite the potential of this technique, only a few studies
have been published about the supercritical gasication of
intermediate-molecular-weight linear12–15 or branched16–19

hydrocarbons or real mixtures (diesel, gasoline or jet-fuel14,20,21);
and, to the best of our knowledge, there exists just one work that
has investigated the supercritical gasication of dodecane.19

These works have focused on the study of the effects of the
temperature, the hydrocarbon–water ratio, and the reaction
time on gasication. Scant attention has been paid to the effect
of pressure on the supercritical gasication of linear hydrocar-
bons. In fact, pressure ranges wider than 70 bar have not been
investigated,12,13 pressures above 250 bar have not been
explored and, as far as we know, no work has compared atmo-
spheric pressure steam and supercritical gasication.

The mechanism that controls the gasication has not been
analyzed in depth either. It is generally accepted that super-
critical gasication follows the same pathways as steam gasi-
cation; that is, hydrocarbons are mainly converted into gas
through two endothermic reactions when steam is the gasifying
agent. The rst reaction is a thermal cracking caused by the
high temperatures employed. The thermal cracking is explained
by the model proposed by Rice and Herzfeld,22 which was later
updated by Benson and De More.23 The model describes
a radical chain process involving the rupture of the original
hydrocarbons and the generation of low-molecular-weight
compounds. The second reaction involved is the direct
reforming of dodecane by water, eqn (1), whose standard reac-
tion enthalpy, DH0

25�C, and standard Gibbs free energy of reac-
tion, DG0

25�C, are +1866.5 and +1047.5 kJ mol�1, respectively.

C12H26 + 12H2O / 12CO + 25H2 (1)

The formed CO can be reformed by steam in the water–gas
shi reaction, eqn (2), whoseDH0

25�C and DG0
25�C are �41.1 and

�28.6 kJ mol�1, respectively.

CO + H2O 4 CO2 + H2 (2)

This work reports the gasication of dodecane, a hydro-
carbon representative of diesel, with steam and SCW in the
widest pressure range ever assayed in this eld, from 1 to 500
bar. The use of such a wide range allows us to highlight the
differences between the gasication with water in different
states of matter. The effects of other parameters on the
1672 | J. Mater. Chem. A, 2018, 6, 1671–1681
gasication (temperature, dodecane–water ratio, and reaction
time) are also analyzed. An in-depth analysis of the gasication
mechanism and a comparison of the viability of H2 production
by supercritical gasication in comparison with the classical
steam gasication are also reported.

2. Experimental section
2.1. Gasication

Fig. 1 shows the schematic of the installation used for the
gasication experiments.

A 17 cm3 internal volume tubular Hastelloy reactor was
introduced into an electric furnace, where it was heated to the
reaction temperature. A stream of water pumped by an HPLC
ChromTech UHP 1500 pump passed through a preheater before
reaching the gasication reactor. Once the desired temperature
was attained, the dodecane began to be pumped by an HPLC
LabAlliance Series 1500 pump and it was mixed with the stream
of water preheated to the gasication temperature at the
entrance of the reactor. Dodecane (purity of >99.8%) was
purchased from Sigma-Aldrich and used as received. The
stream leaving the reactor went through a heat exchanger,
where it was cooled to ambient temperature, and a lter. Next,
the stream was discharged through an Equilibar H10P Series
Precision Back Pressure Regulator, which was used to control
the gasication pressure. Once the stationary regime was
attained, the process was maintained for 60 min to assess the
stability of the reaction. Aer that period of time, the dodecane
ow was stopped and the water ow was maintained for 30 min
to remove any pollutant deposited on the reactor. The reaction
time of each assay was calculated by approaching the density of
the mixture to that of pure water at the same pressure and
temperature. All the assays were carried out under laminar
regime conditions (70 < Re < 880). The analyzed pressure and
temperature ranges spread from 1 to 500 bar and 550 to 800 �C,
respectively.

wt% is dened as follows, eqn (3):

wt%

¼
�

dodecane mass flow feeding

dodecane mass flow feeding þ water mass flow feeding

�

� 100

(3)

The analyzed wt% range spread from 0.3 to 3.0%.

2.2. Analysis of the produced gaseous stream

The ow, composition and concentration of the produced gases
were analyzed. The gases were separated using a liquid–gas
separator and passed through a cool trap at�20 �C, to retain the
remaining humidity, and a thermostat at 30 �C, until they
reached two six-way valves connected in series. The rst valve
was used to analyze the H2, CO, CO2 and CH4 concentrations in
an Omnistar GSD 300 mass spectrometer. A Teknokroma
permanent gases & light hydrocarbons TR-GC1102010 (length¼
1 m; OD ¼ 1/800; tube wall thickness ¼ 2.1 mm)
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Schematic of the installation used for the gasification experiments.
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chromatographic column was placed between the six-way valve
and the mass spectrometer. The column separated the light
species from hydrocarbons, thus avoiding that hydrocarbons
bigger than CH4 interfered in the analysis of CO (m/z¼ 28), CO2

(m/z ¼ 44) and CH4 (m/z ¼ 16). The column was introduced in
an oven and the following temperature program was used: an
initial temperature of 175 �Cmaintained for 10min, followed by
a heating at 25 �C min�1 to 325 �C, which was nally main-
tained for 10 min. Ar was used as carrier gas. The second valve
was used to analyze CH4, ethane, ethylene, acetylene, propane,
propylene, and butane concentrations in a Shimadzu GC-2010
Plus gas chromatograph with a H2 ame ionization detector.
An Agilent HP-Plot/Q (length ¼ 30 m; ID ¼ 0.32 mm; thick layer
of 20 micron) chromatographic column was used, with He as
carrier gas. The column was introduced in an oven and the
following temperature program was used: an initial tempera-
ture of 60 �C maintained for 3 min, followed by a heating at
20 �C min�1 to 210 �C, which was nally maintained for
9.5 min.

The sum of ethane, ethylene, and acetylene concentrations is
shown as C2. The sum of propane and propylene concentrations
is shown as C3. The simultaneous analysis of CH4 concentra-
tions in the mass spectrometer and the chromatograph allow
using CH4 as a pattern to calculate the relative concentration of
all of the species in the global mixture. The gas concentrations
were measured twice in each assay. In all of the assays, the
concentration did not change once the stationary regime had
been attained.

The exit of the second valve was connected to a Resteck Pro-
Flow 6000 electronic owmeter to measure the gas ow gener-
ated continuously.

The carbon gasication efficiency (CGE), eqn (4), is calcu-
lated from the characterization of the gaseous effluent:
This journal is © The Royal Society of Chemistry 2018
CGE ð%Þ ¼
�

carbon moles in the gas effluent

carbon moles in the reactor feeding

�
� 100 (4)

where the carbon moles in the gas effluent are calculated
using the molar ows of CO, CO2, CH4, C2, C3 and butane. The
carbon moles in the reactor feeding are calculated based on the
molar ow of dodecane fed to the reactor.

The efficiency of H2 production is evaluated through H2 gas
yield, which is dened as follows, eqn (5):

H2 gas yield ¼ H2 moles in the gas effluent

dodecane moles in the reactor feeding
(5)

The same denition is used for the rest of species contained
in the gas effluent.
2.3. Analysis of the produced liquid stream

In each assay, a liquid sample was taken from the separator to
subsequently analyze its composition. These samples were
analyzed by gas chromatography coupled to mass spectrometry
(GC-MS). More details related to this procedure are described in
the ESI.†
3. Results

Three different types of products were generated in the experi-
ments: gaseous products, products contained in the aqueous
reactor effluent, and other products that formed a carbonized
solid residue or char. The presence of char was observed during
the periodic cleaning of the reactor as small carbonized parti-
cles retained in the lter. The installation used herein hindered
the measurement of the amounts of char formed under
J. Mater. Chem. A, 2018, 6, 1671–1681 | 1673
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different reaction conditions although a greater formation of
char was observed as wt% and pressure were increased.

Two types of compounds were detected in the GC-MS anal-
ysis of the aqueous effluent: phenol and PAHs (naphthalene,
phenanthrene, uoranthene, and indene). The areas of the
peaks associated with PAHs have been integrated in a unique
area to make the interpretation of the results easier. The GC-MS
analysis did not detect the presence of dodecane. The m/z
spectra and the chromatographic analysis revealed that, besides
H2, CO, CO2, CH4, and low molecular-weight hydrocarbons,
phenol was also contained in the gaseous effluent. This result
meant that phenol was distributed between the gaseous and
liquid effluents. The amount of phenol contained in the
gaseous effluent was analyzed from its peak area in the chro-
matographic analysis. The amount of phenol contained in the
gas was not signicant compared to that in the liquid. Thus,
phenol was not included in the calculation of the relative
concentrations of the species contained in the gas either in the
calculation of CGE.
3.1. Effect of temperature on gasication

Fig. 2 shows the effect of temperature on CGE in the gasication
of a 0.75 wt% dodecane–water mixture at 50 bar for 5 s.

CGE rose noticeably as the mixture was heated from 500
(about 9%) to 600–650 �C (about 55%). CGE continued to rise
above 650 �C, but the acceleration of the gasication was milder
than at low temperatures. It was necessary to increase the
gasication temperature to 800 �C to convert 90% of the
dodecane into gas in this brief reaction time. This trend is
explained by the effect of the Gibbs free energy, DG0, on the
equilibrium constant of reactions, K, eqn (6):

KðTÞ ¼ exp

�
� DG0ðTÞ

RT

�
(6)

According to eqn (6), K of endothermic reactions (DH0 > 0)
increases when the reaction temperature is increased. Further
information about this dependence can be found in the ESI.†
The achieved CGEs increased as the gasifying uid was heated
Fig. 2 Effect of temperature on CGE in the gasification of a 0.75 wt%
dodecane–water mixture at 50 bar for 5 s.

1674 | J. Mater. Chem. A, 2018, 6, 1671–1681
because both the thermal cracking reaction and the reforming
reaction are endothermic.

Fig. 3 shows how the concentration of the species contained
in the gaseous effluent evolved as dodecane was gasied at
different temperatures.

At the lowest temperature investigated (550 �C), dodecane
was already being gasied, but the gaseous effluent was exclu-
sively formed of hydrocarbons. C2 and C3 hydrocarbons were
found to be the most abundant. Fig. 3 points that the water
reforming reaction did not occur at 550 �C (i.e., CO, CO2, and H2

were not produced) because of its strong endothermic nature.
Despite not being the aim of this investigation, Fig. 2 and 3
show that other alternatives exist for the upgrading of dodec-
ane. The long-chain liquid hydrocarbons can be turned into low
molecular-weight gaseous hydrocarbons with a greater caloric
power than dodecane. Despite the energy savings that low-
temperature gasication provides, this alternative has two
drawbacks. First, those hydrocarbons are mainly obtained at
550–600 �C, and CGE is not very high at these temperatures;
consequently, the production of hydrocarbons will be low.
Secondly, olens, especially ethylene, have been proven to be
promoters of char formation.24–27 The formation of char not only
implies a reduction in the amount of hydrocarbons generated
but also hinders the technical viability of the process.

C2, C3, and butane concentrations diminished as the system
was heated, until they nally disappeared. The heavier hydro-
carbons disappeared at lower temperatures. CH4 concentration
increased with gasication temperature when heating from 550
to 650 �C, then remained almost constant, describing a plateau
between 650 and 750 �C, and nally decreased above 750 �C.
This trend conrms that the hydrocarbons generated in the
thermal cracking are intermediate compounds of a reaction
mechanism with several consecutive steps. Dodecane was
progressively cracked into further light hydrocarbons as the
temperature increased. Once a high enough temperature had
been attained, the produced hydrocarbons began to be
reformed. Fig. 3 shows that this temperature was about 600–
650 �C for these specic reaction conditions. The concentra-
tions of the reforming products (CO, CO2, and H2) increased as
the gasifying uid was heated above that temperature.

If the evolution of gas yields is analyzed instead of concen-
trations (see ESI†), CH4 gas yield is observed to increase with
temperature over the whole temperature range, as reported by
other authors who have explored narrower ranges than us.16,19

This trend may be attributed to the production of CH4 in the
methanation equilibrium, eqn (7), whose DH0

25�C and DG0
25�C are

�206.2 and �141.2 kJ mol�1, respectively.

CO + 3H2 4 CH4 + H2O (7)

However, it does not seem probable that CO is hydrogenated
to produce CH4 and water at high temperatures. According to
eqn (6), K of exothermic reactions decreases with temperature.
Furthermore, there is a large excess of water (which acts as
a product in eqn (7)) in the system.

This result must be caused by the acceleration of the gasi-
cation process with temperature. That is, as the temperature
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Evolution of the concentrations of the species contained in the gaseous effluent with the reaction temperature.
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was increased, the production of gas increased, and the CH4 gas
yield also increased. The gas yield of a species will only decrease
with temperature when its concentration in the gas phase
diminishes noticeably, as happened in our study with butane,
C3, and C2 (see ESI†).

Fig. 4 shows the inuence of temperature on the amounts of
phenol contained in the liquid and gaseous effluents and the
PAHs contained in the liquid effluent.

The amounts of phenol contained in the liquid and gaseous
effluents were closely related. Both increased with temperature,
reaching a maximum at 700–725 �C and then they decreased.
The PAHs show the same trend. Phenol and PAHs seem to be
progressively formed as both the temperature and CGE
increased, but a temperature was reached above which the
formed products began to be consumed, until they almost
disappeared at 800 �C. More information about this topic is
collected in the following section.
3.2. Effect of reaction time and pressure on gasication

Fig. 5a shows the effect of reaction time and pressure on CGE in
the gasication of a 0.5 wt% dodecane–water mixture at 750 �C.
Fig. 4 Effect of temperature on the amounts of phenol and PAHs
contained in the gaseous and liquid effluents.

This journal is © The Royal Society of Chemistry 2018
At intermediate pressures of 50 and 150 bar, CGE increased
rapidly and followed an almost linear trend as the reaction
progressed. At 500 bar, the reaction behaved in the same way for
the rst reaction times investigated. However, as the reaction
progressed, the slope decreased and the curve nally described
a plateau with a CGE value lower than 100%. At 250 bar, the
slope of the curve also decreased for the nal reaction times
investigated and it also described a plateau, although the
reached CGE was slightly higher than at 500 bar.

CGE decreased with pressure over the whole range assayed,
1–500 bar. Almost complete gasication was observed at 50 and
150 bar aer 0.33 and 0.56 min, respectively; however, CGE did
not reach 95% at 500 bar even aer 2 min reaction. CGEs greater
than 87% could not be attained at atmospheric pressure,
although this pressure led to the fastest kinetics; from a prac-
tical point of view, the low density of the steam at 1 bar makes
the lengthening of the reaction time extremely difficult.

SCW is more reactive than steam because of the changes that
water undergoes as it is compressed. The highly ordered
structure of liquid water is the result of an innite network of
hydrogen bonds; at the critical point, just a small fraction of the
network is preserved, but the number of bonds increases with
pressure. The changes in the number of hydrogen bonds lead to
variations in the dielectric constant of water. This phenomenon
implies that the interactions that exist among the water mole-
cules and the diluted species suffer considerable changes with
pressure. These interactions affect the rate constant by modi-
fying the free energy of activation and the transmission coeffi-
cient.28 The interactions that SCW establishes with certain
reactants like phenol11 modify the free energy of activation and
the mass transmission coefficient in such a way that the reac-
tions at supercritical conditions are faster than at steam
conditions. However, Fig. 5 shows the opposite trend. To verify
this behavior, the whole study was repeated at a lower temper-
ature of 725 �C (Fig. 5b). At 725 �C and 0.1 min, the CGEs
achieved at 50, 150, and 250 bar were almost the same.
However, as gasication progressed, it was observed that the
CGEs were lower as the gasication uid was progressively
compressed. Gasication at 500 bar was slower than gasica-
tion at lower pressures throughout the whole range of reaction
J. Mater. Chem. A, 2018, 6, 1671–1681 | 1675
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Fig. 5 Effect of reaction time and pressure on CGE at 750 �C and 725 �C.
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time investigated. Consequently, we came to the same conclu-
sion for the two temperatures investigated. The negative inu-
ence of pressure has already been suggested by the only work
that has studied this topic in the gasication of a linear long-
chain hydrocarbon, although the studied hydrocarbon was
hexadecane and the pressure range (150–220 bar) was seven
times narrower than the range studied herein.13 However, the
authors did not give a clear explanation for this unusual result.

The effect of pressure is the opposite of that observed when
other organic compounds, such as phenol, are gasied.11 The
different effect of pressure on gasication may depend on the
characteristics of the gasied compound, a phenomenon that
has not been considered so far. This concept may explain the
lack of agreement observed in several works when the effect of
pressure on the gasication of organic compounds must be
determined. The disagreement is especially notable when
complex mixtures, such as different kinds of biomass or heavy
oils, are gasied.

The analysis of the phenol and the PAHs contained in the
effluents generated in gasication at 750 �C provides more
information about this point, as shown in Fig. 6.

The amounts of phenol contained in the gaseous and liquid
effluents were related again; both varied in the same way as the
pressure changed or the reaction time increased. No phenol was
generated during gasication at atmospheric pressure. At other
pressures, the prole of phenol was typical of an intermediate
product. This trend was quite evident at 250 and 500 bar. The
concentration of phenol rst increased with reaction time,
suggesting that it was a reaction product. Subsequently, the
phenol concentration reached a maximum and then decreased,
indicating that it was consumed as a reagent in other reactions.
1676 | J. Mater. Chem. A, 2018, 6, 1671–1681
At 50–150 bar, the amount of generated phenol was not signif-
icant, and almost all of the formed phenol was consumed in the
longest reaction times investigated. The formation of phenol
increased noticeably when SCW was used as the gasifying uid
and, once inside the supercritical region, greater amounts of
phenol were formed as the SCW was compressed. Phenol was
not completely consumed at 250 and 500 bar because large
amounts of it were formed and because of its resistance to
degradation.

The PAHs contained in the liquid effluent behaved in
a similar way. PAHs were formed during atmospheric pressure
gasication, although the amounts were smaller than at other
pressures. Their evolution with reaction time is also character-
istic of intermediate compounds, and they were also further
formed as the pressure increased; nevertheless, the PAHs were
completely consumed at all pressures investigated. For the
gasication carried out at 725 �C, similar effects of pressure and
reaction time to those observed in Fig. 6 were observed (see
ESI†).

When an organic molecule is contained in the bulk of SCW,
the supercritical uid can behave as a solvent or reaction
medium, reagent, or, even, catalyst. Some of the reactions that
organic molecules undergo when they are solved in SCW are
condensation, coupling, or cyclization reactions.29,30 These
reactions are favored by the hydrophobic effect. The water
molecules tend to bind to each other instead of binding to
a hydrocarbon surface. As a consequence, nonpolar species
tend to aggregate in water solution so as to decrease the
hydrocarbon-water interfacial area.31 This phenomenon reects
the large cohesive energy of water. Studies concerning the
supercritical and subcritical gasication of different kinds of
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Effect of pressure and reaction time on phenol and PAHs
contained in the effluents generated at 750 �C.
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biomass have concluded that phenols and different PAHs are
formed in these reaction media as a consequence of these
reactions.32–34 These compounds are the main hurdle for gasi-
fying biomass. Phenol is rather inert, and it hinders complete
gasication because its degradation is difficult.35 The degrada-
tion of PAHs is not as difficult as the degradation of phenol but,
similar to ethylene, they are precursors for the formation of
char.36,37

To date, a few works have studied in depth the compounds
contained in the liquid effluents from the gasication of
intermediate-molecular-weight paraffins. Depeyre et al.
This journal is © The Royal Society of Chemistry 2018
detected the formation of monoaromatic (benzene, toluene,
and styrene) and polyaromatic (naphthalene, phenanthrene,
anthracene, and uorene) compounds in the thermal steam
cracking of n-hexadecane at atmospheric pressure and 700 �C.38

They stated that these compounds could be formed (i) from the
condensation of short olens, (ii) from the addition of a diene
and an olen, or (iii) from the addition of a diene and a ben-
zenic ring by Diels–Alder reaction followed by dehydrogenation.
In fact, the Diels–Alder reaction is a very important synthetic
method for the production of polycyclic ring systems.30 Susanti
et al. found phenol and different PAHs (uoranthene and
phenanthrene) in the gasication of isooctane at 763 �C and 250
bar,18 but they did not explain the formation of these
compounds. Alshammari and Hellgardt only detected linear
paraffins and olens in the gasication of n-hexadecane at 150–
220 bar and 565–605 �C, with no mention of possible cyclization
reactions.13

Our data suggest that the thermal cracking of dodecane
yielded short-chain hydrocarbons (C2, C3, and butane) in the
reaction medium, and these could act as reagents in cyclization
or condensation reactions before being reformed to CO, CO2,
and H2. In fact, the polymerization of liquid intermediates to
cross-linked large molecules is a process that mostly occurs
under high-temperature conditions, like those of SCW gasi-
cation.39 Fig. 6 proves that these reactions were more relevant at
high pressures. Greater amounts of difficult-to-degrade cyclic
compounds were formed at supercritical pressures than at low
pressures. As previously described, the number of hydrogen
bonds established among the water molecules and, conse-
quently, the cohesive energy of water, increased with pressure.
The hydrophobic effect was more intense and greater fractions
of short-chain hydrocarbons underwent cyclization and
condensation reactions in highly pressurized SCW. These
compounds slowed down the gasication, and the achieved
CGEs at high pressures were low, thus explaining the results of
Fig. 5. The formation of char from the olens and PAHs, and the
inability of SCW to degrade all of the formed phenol explain the
incomplete gasication of dodecane under supercritical
conditions. The formation of phenol and PAHs must be
included when explaining the pathways involved in the gasi-
cation of dodecane. The main pathways involved in the gasi-
cation of dodecane are collected in Fig. 7.

Dodecane undergoes subsequent thermal cracking stages
that progressively convert it into smaller hydrocarbons. The
formed compounds become lighter as the temperature and
reaction time increase. The hydrocarbons can react with water
to generate the so-called reforming products, CO, CO2, and H2.
The hydrocarbons can also participate in cyclization and
condensation reactions that convert them into phenol and
PAHs (which are precursors for char formation). Char can also
be formed from the olens contained in the reaction medium.
The formed cyclic compounds can be later reformed by water.
Once CO is formed, it can react with a water molecule (the
water–gas shi reaction) to produce further CO2 and H2. The
rate and the conversion of all of these pathways depend on the
gasication temperature and pressure.
J. Mater. Chem. A, 2018, 6, 1671–1681 | 1677
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Fig. 7 Reaction pathways involved in the gasification of dodecane
with steam and SCW.
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The last stages of the thermal cracking produce small volatile
hydrocarbons. The mixture of these hydrocarbons and the
reforming products forms the gaseous effluent. Fig. 8 shows
how the pressure and reaction time inuence the concentration
of the species contained in the gaseous effluents produced in
gasication at 750 �C.

Neither butane nor C3 were detected in the gas because CGEs
at 750 �C were already higher than 70%. As expected, C2

concentration decreased with time and, nally, disappeared. C2

concentration was observed to be slightly higher as the gasifying
uid was compressed, but the differences among the tested
pressures were not large. CH4 is the last and the smallest
hydrocarbon generated in the thermal cracking. As opposed to
C2, the pressure strongly inuenced the CH4 concentration. It
was high for the highest pressure (500 bar) and diminished with
pressure throughout the whole range investigated. As com-
mented in the previous section, CH4 is also an intermediate
product; it is rst formed in cracking reactions and later
consumed in reforming reactions. Fig. 8 suggests that CH4

reforming is also faster at low pressures. Nevertheless, as far as
we know, no work has been published that deals with the
supercritical reforming of CH4 or the analysis of the effect of
pressure on this reaction. Hence, this trend cannot be
conrmed. Studies that have investigated the reforming of CH4

have focused on the synthesis of catalysts to carry out this
reaction at atmospheric pressure.40,41

The effect of pressure on CO and CO2 concentrations was
neither remarkable: the CO2 concentration decreased with
pressure, but only slightly. CO concentration decreased with
time, whereas CO2 concentration increased. This trend shows
that CO, a reforming product, took part in other reactions as
a reagent. It is possible that CO was consumed in reactions such
as the Boudouard reaction or methanation equilibrium, but the
evolution of CO2 concentration inside a system in which CO is
1678 | J. Mater. Chem. A, 2018, 6, 1671–1681
in contact with a strong excess of water clearly points to the
water–gas shi reaction. Direct CO2 formation from the
reforming of hydrocarbons, phenol, and PAHs is also a possi-
bility, especially at high pressures. Studies concerning the
gasication of carbonaceous solids with SCW demonstrate the
ability of the supercritical uid to completely oxidize carbon to
CO2.42,43 This complete oxidation may also occur in this system;
hence, a fraction of the CO2 may be directly generated from the
reforming of short-chain hydrocarbons.

H2 concentration increased almost linearly with reaction
time, as expected from one of the nal products of the
reforming reactions. H2 concentration decreased with pressure,
and its increase with time at 500 bar was slower than at lower
pressures. It is noteworthy that CH4 and H2 concentrations
seem to be closely related.

Fig. 5 and 8 conrm the existing relationship between CGE
and the concentrations of the species contained in the gaseous
effluent. As CGE increased, the concentrations of hydrocarbons
decreased, and H2 and CO2 concentrations in the gas increased.
The trends of the concentrations of the gases generated at
725 �C agree with those in Fig. 8 (see ESI†).

The measurement of H2 concentration allows the calculation
of the H2 yield for the different conditions investigated, as listed
in Table 1. This parameter clearly shows the real efficiency of
the method to produce H2. All of the experiments collected in
Table 1 were carried out by pumping the same ow of water and
hydrocarbon: 1 cm3 min�1 of water and 0.007 cm3 min�1 of
dodecane.

The highest H2 yield was attained at 250 bar, although this
pressure did not show the fastest gasication kinetics. Dodec-
ane was not completely gasied at that pressure, but the long
reaction times achieved thanks to the high density of the
supercritical uid allowed the reforming of greater amounts of
CH4 and CO, and the consequent production of more H2, than
at 50–150 bar. Furthermore, the greater conversions achieved by
the water–gas shi reactions under supercritical conditions (its
mechanism changes from an ionic to a radical nature when
compressing from steam to SCW)44–46 must also be considered.
The over-compression to 500 bar noticeably slowed down the
gasication and reduced the H2 yield. Notably, the greatest H2

production achieved in the current investigation was just 25%
of the theoretical maximum if eqn (1) and (2) are considered,
that is, 37 molH2

/molC12H26
. Longer reaction times and/or higher

temperatures than those employed herein would be needed to
get closer to that optimal production. SCW gasication also
provides other advantages in relation to steam gasication.
Fig. 8 shows that almost all of the CO can be reformed at 250 bar
(nal CO concentration 1.5%), whereas CO concentrations of
20% and 9% were measured at 1 and 50 bar, respectively. The
use of catalysts in atmospheric pressure gasication neither
reduces the CO contained in the gas; CO concentrations of
about 15–20% have been reported.5,7,9 The small amounts of CO
generated by supercritical gasication are especially interesting
because its removal and reforming will be easier, thus meeting
one of the requirements for the use of the generated H2 as a fuel
for PEMFCs.
This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Evolution of the concentrations of species contained in the gaseous effluent with pressure and reaction time.
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On the other hand, it must be noted that the real mixture,
diesel, contains an aromatic fraction.2 The current work indi-
cates that steam gasies linear hydrocarbons faster than SCW,
Table 1 H2 gas yields for the gasification of dodecane at 750 �C

Pressure (bar)
Reaction time
(min)

H2 gas
yield (molH2

/molC12H26)

1 0.007 5.75
50 0.17 3.15
150 0.56 8.61
250 0.91 9.72
500 2.01 9.38

This journal is © The Royal Society of Chemistry 2018
but the effect of pressure on the gasication of aromatics has
been shown to be the opposite.11,36 Consequently, the effect that
pressure has on the gasication of real mixtures cannot be
accurately predicted. This topic will be analyzed in future
investigations.

The data in Table 1 can be compared to the only data
concerning the gasication of dodecane. Susanti et al.19 re-
ported a 12.2 molH2

/molC12H26
H2 gas yield for the gasication

of a 10 wt% dodecane–water mixture at 250 bar and 740 �C
for 60 s. This data agrees reasonably well with our
conclusions.
J. Mater. Chem. A, 2018, 6, 1671–1681 | 1679
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3.3. Effect of concentration under different gasication
conditions

The mechanism in Fig. 7 shows the importance of phenol and
PAHs on gasication. The previous results prove that the reac-
tions that generate these products are promoted by high pres-
sures. The formation of cyclic compounds may also be promoted
by increasing the concentration of dodecane in the mixture,
i.e., wt%. Fig. 9 shows the inuence of wt% on gasication at
725 �C and different pressure and reaction time conditions.

A high pressure (500 bar) and a low pressure (50 bar) were
chosen to carry out this study. Fig. 9a shows that CGE of gasi-
cation at 50 bar for 0.18 min varied little with changing wt%.
However, CGE clearly decreased with wt% in gasication at 500
bar for 1.05 min. The concentrations of the species contained in
the gas evolved as expected when analyzing the evolution of
CGE (see ESI†).
Fig. 9 Effect of wt% on gasification at 725 �C.

1680 | J. Mater. Chem. A, 2018, 6, 1671–1681
Fig. 9b and c show that the amounts of phenol and PAHs
contained in the liquid effluent increased noticeably with
increasing wt% at 500 bar. These results conrm that high
pressures promoted the cyclization and condensation of linear
hydrocarbons. PAHs also increased at 50 bar but this fact does
not seem to affect the proportion of gasied dodecane. On the
other hand, the amount of phenol in the liquid effluent aer
gasication at 50 bar increased slightly when the mixture con-
tained a high concentration of dodecane. Similar conclusions
were obtained when the phenol in the gas effluent was analyzed
(see ESI†). That is to say, the most remarkable differences
between both pressures are observed for phenol. Consequently,
the formation and later consumption of phenol seem to be the
factors having the strongest inuence on CGE. As previously
commented, the degradation of phenol is difficult and its
formation as by-product in the gasication of other carbon-
based materials such as lignite or glucose has been demon-
strated to hinder gasication.33,34 Herein, the formation of great
amounts of phenol at high pressures also hinders the gasica-
tion of dodecane. The amounts of phenol formed at low pres-
sures are small and, thus, the gasication kinetics at 50–150 bar
are faster than at 250–500 bar.

4. Conclusions

This work shows the ability of non-catalyzed gasication with
steam, subcritical water, and SCW to upgrade long-chain linear
hydrocarbons. Depending on the reaction conditions some
undesirable compounds such as PAHs, phenol, and char are
formed. However, the selection of the gasication conditions
allows (i) the complete gasication of the hydrocarbon and (ii)
the maximization of H2 production.

The effect of pressure on the gasication of intermediate-
weight linear paraffins is reported for the rst time. The
lowest CGEs are attained for the highest pressures investigated.
This trend is the opposite of what may be predicted according to
the properties of steam and SCW. The analysis of the liquid
effluent reveals that the short-chain hydrocarbons generated in
the process undergo condensation and cyclization reactions,
thus generating phenol and PAHs. Phenol is difficult to degrade
and is the main hurdle to the complete gasication of dodec-
ane. The formation of large amounts of phenol at high pres-
sures makes the supercritical gasication kinetics slower than
the steam gasication kinetics.

Although steam gasies dodecane faster than SCW, low
pressures do not lead to the production of the greatest amounts
of H2. The long reaction times achieved in the supercritical
gasication thanks to the high density of SCW allow the
reforming of a high percentage of CH4 and CO into H2 and CO2.
The over-compression of SCW to 500 bar noticeably slows down
the gasication process and reduces H2 production. In
summary, for the conditions used in this work, a pressure
slightly above the critical pressure (250 bar) leads to optimal H2

production.
The effect of pressure shown herein is the opposite of that

observed for the gasication of other organic compounds with
different structures. This conclusion encourages continuing the
This journal is © The Royal Society of Chemistry 2018
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investigation in this eld, focusing on different types of
compounds (linear, cyclic, branched, saturated, and unsatu-
rated) to obtain in-depth knowledge of the true effect of pres-
sure on the gasication and upgrading of biomass.
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