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ABSTRACT: The upgrading of biosyngas to convert methane into syngas is a necessary step for
hydrogen production from biomass. However, this process is highly energy-demanding. In this
study, a model biosyngas containing H2, CH4, CO, and CO2 were thermally treated between 1200
and 1500 °C. The gas mixture, comprised of H2 (33 vol %), CH4 (12 vol %), CO (28 vol %), CO2
(25 vol %), and He (2 vol %), was diluted with argon and the effect of reaction temperature
(1200−1500 °C), water addition (0−44.3 mol %), and residence time (23, 46, and 76 μs in
corresponding to flow rates of 1500, 2500, and 5000 mL/min at normal temperature and pressure,
respectively) were studied. A possible reaction scheme for the upgrading of the model gas is
proposed based on the kinetic simulation with CHEMKIN. The main reaction pathways involve
dry reforming of methane and reverse water-gas shift (WGS) reactions. The kinetic simulation
explained the finding that CO production was negatively influenced by the water content via the
WGS reaction. The main side reaction is the methane pyrolysis reaction which causes the
formation of carbon. The carbon formed in the reforming was characterized by SEM and Raman
spectroscopy. SiO2 needle-like microdomains are observed at the top of the reactor heating zone, while the central part of the heating
zone was covered by carbon with a disordered, amorphous, low-density soot structure. It is proposed that the SiO2 species formed by
the chemical reaction between the reactor wall material and the reactants act as a support to anchor the carbon formed.

1. INTRODUCTION

To achieve net-zero emission by 2050, the energy supply needs
to be diversified more significantly. In line with this aspect,
energy supply from the abundant biomass, in particular, wood-
based biomass from nature, should be more utilized for
powering the regions with a lack of grid electricity,1,2 which is
particularly critical for the countries with a vast area. Although
the production of biomethane via CO/CO2 methanation from
biosyngas (also known as producer gas) for the transportation
sector is a potential direction,3 hydrogen is considered the
most promising fuel for energy and transport applications to
meet the environmental and economic challenges. Hydrogen
production from water splitting may be constrained by the
weather conditions and the green electricity supply. Therefore,
biomass has recently become a hot topic4 due to its carbon-
neutral nature and as a complement to water splitting. In the
near future, this is expected to grow faster as the main
processing pathway of biosyngas due to the increasing
hydrogen demand.
Biosyngas is produced from the gasification of biomass at the

temperature around 800−900 °C, which usually contains a
mixture of versatile gaseous species including H2, CO, CO2,
CH4, and N2.

5 This energy-containing gas mixture can be
utilized to economically produce hydrogen, which is treated as
a renewable energy carrier, and chemicals such as methane or

methanol, which are directly used as transportation fuel.6 Raw
biosyngas usually contains tar compounds and other impurities
such as ammonia, hydrogen sulfide and chloride, ash, and solid
particles.7 The treatment processes for removing these
impurities are well developed and reviewed previously,5,8

which thus is not the main topic in the present study. The
relative concentrations of the main gaseous components in the
biosyngas depends strongly on the chosen gasification agent,
the type of biomass, and the process parameters used.7,9−12

This gas mixture needs to be converted into syngas (CO + H2)
via the conditioning processes prior to being fed into the
reaction pathway to produce hydrogen, fuel, and chemicals in
the downstream. For example, the hydrogen production from
biosyngas contains two steps: (1) dry- or bi-reforming to
convert CH4 into syngas (CO + H2) and (2) a water-gas shift
(WGS) reaction to convert CO into CO2 + H2. This study
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concentrates on the first step, which using the included CO2
converts CH4 into syngas via dry reforming.
However, the endothermal processing of the biosyngas,

mainly through dry reforming and steam reforming, makes it a
highly energy-demanding process.13 Moreover, the deposition
of carbon in the form of soot is another main concern for the
high-temperature reforming.14 Soot deposition on the wall is
not only a heterogenous phenomenon but also a complicated
gas-phase reaction mechanism. Soot formation and the
complexity of the high-temperature reaction might restrain
the application of hydrogen production from biomass as an
attractive process. Thus, if any improvement on the upgrading
of biosyngas is made, it will greatly enhance the efficiency of
the production of hydrogen from biomass. To achieve this,
various efforts including bireforming or “steam biogas
reforming” have been made.15

Upgrading of biosyngas can be performed on nickel (Ni)-
based catalysts, similar to some typical processes in the
petroleum industry, such as the steam reforming of methane
and naphtha. However, the main drawback of using Ni-based
catalysts is its relatively fast deactivation due to the carbon
formation during the reforming reaction and the presence of
hydrogen sulfide (H2S) in the producer gas mixture.16,17

Therefore, there is a considerable interest to develop optional
approaches for upgrading biosyngas. The noncatalytic thermal
upgrading can withstand the harsh requirement for feed gas
conditions regarding the composition of feed gas and the
activity of catalyst while maintaining a similar reforming
performance. For example, partial oxidation in inert porous
media was researched for a high-temperature biogas con-
version,18 noncatalytic reforming of biogas with steam addition
under the filtration combustion mode,19 and so on.
As reported before for catalytic reforming of biogas in the

presence of syngas (CO, H2), carbon dioxide (CO2), C2
species (C2s), and water (H2O),

7,12 the main issue for
noncatalytic reforming is also the thermal decomposition of

methane (CH4) under a high temperature. The main
parameters enhancing the CH4 conversion were discussed,
and different reaction schemes to predict the methane
conversion9,20 and formation pathway of polycyclic aromatic
hydrocarbons (PAH) were also proposed and evaluated.21,22

Steam addition to the dry reforming process, as the so-called
bireforming, was also well studied to have the effect of
increasing the hydrogen production and restraining the carbon
formation.12,23 When conducting the experiments in the
presence of a catalyst and at a lower temperature, a positive
effect of added water on the methane conversion was
observed.24,25 Such observations agree with the trends
predicted by thermodynamic equilibrium analysis.25 The
observed increase in methane conversion with steam/methane
ratios when using an Rh catalyst26 could also be due to the
reduced carbon formation on the catalyst surface.27 However,
results obtained with Ni or Ru/ZrO2 catalysts were different,
with a zero-order dependence of added water at a higher steam
addition.24 Therefore, the presence of a catalyst makes the
reaction more complex, and the noncatalytic experiments may
more clearly reflect the influence of water addition.
The benefit of water addition to noncatalytic methane

reforming was also realized by Valin et al.9 and Espinoza et
al.19 Espinoza et al.19 studied the filtration combustion of
biogas/air mixtures with steam addition for biosyngas
conversion to syngas and Valin et al.9 studied the biosyngas
thermal upgrading. Both found that the soot formation
decreases with increasing the water content in the feed gas.
However, a precise insight into the fundamental mechanisms
of water-attending reactions and soot formation is still a
popular research topic, and questions such as the position
where the carbon deposits on the wall are still waiting for
clarification.
The main purpose of the present study is to provide an

insight into the behavior of gas-phase reactions, which
investigates the mechanism of water addition in detail under

Figure 1. Configuration of the furnace and the tubular reactor.
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noncatalytic reforming conditions to reveal the effect of water
addition on hydrogen production and carbon formation. This
will be a valuable contribution for the design and optimization
of the thermal upgrading of biosyngas. In addition to methane
conversion, attention is also devoted to CO2 conversion, which
may supply more information about the influence of water
addition to gas-phase chemistry. The experimental data are
compared with results obtained by modeling of the gas-phase
reaction using CHEMKIN Pro, and based on the simulation, a
simplified reaction pathway is drawn. The contribution of the
WGS reaction to gas-phase chemistry is identified via
simulation. Characterization of the carbon formed in the
initial phase of the reforming is also presented here, giving an
insight into carbon properties and its initial growth
mechanism. Moreover, when long-term (up to 4 h) experi-
ments were performed, the periodic removal of carbon was
considered.

2. EXPERIMENTAL SECTION

2.1. Furnace and Reactor. All experiments were
conducted in a sintered α-SiC reactor with an internal
diameter of 6 mm and length of 900 mm; however, the
reaction zone is only 200 mm in length. The reactor tube was
heated by an electric furnace with an upper temperature limit
of 1600 °C, as shown in Figure 1. The furnace was controlled
with LabVIEW program via a rewired multichannel controller
(Deltech) to promptly respond the temperature change in the
chamber of the furnace. There are four thermocouples marked
1 to 4 spaced 50 mm apart. LabVIEW program compares the
highest temperature measured by the four thermocouples and
the set value, and sends a signal to the controller which can be
corrected to get the required temperature.
The preheating zone was controlled at 350 °C to ensure the

evaporation of injected water. The reaction mixture was
immediately cooled down by a chiller using the circulating
water at 10 °C after the reactor to prevent any further
reactions.
2.2. Gas Delivery and Analysis. As stated before, the

composition of biosyngas varies with the origins of the biomass
and the gasification conditions.7,9−12 The premixed dry-base
model biosyngas used in this study contains H2 (32.96 vol %),
CH4 (11.99 vol %), CO (28.01 vol %), CO2 (24.97 vol %), and
He (2.07 vol %) (Coregas Pty. Ltd., Australia), where helium
was used as an internal standard to calculate the conversions
and productions because the sharp peak of helium comes at a
very low residence time in the gas chromatograph detector and
hardly has overlap with other peaks. The dry-base model gas
was diluted in 50 vol % of argon when no steam was added.
When steam concentration was varied from 0 to 44.26 mol %,
argon was decreased to maintain a constant total flow. The
total gas flow rate was varied from 1500 to 5000 mL/min at
normal temperature and pressure (NTP, a temperature of 20

°C and an absolute pressure of 1 atm). The feed gas
composition was listed in Table 1. It is worth noting that for
the gas mixture, vol % at NTP is considered the same as mole
%.
The gas flow rates were controlled by mass flow controllers

(Brooks 5850E) that were regularly calibrated with a Bios
Definer 220 flow meter (DryCal Tech, USA) before each run.
Water was fed using a syringe pump (100 HLX, ISCO) and
injected into the preheating zone which was constantly kept at
350 °C. The reaction pressure was kept at 100 kPa. When the
pressure went up to a certain level (170 kPa in this
experiment), mainly due to the reactor blockage caused by
the carbon formation under some experimental conditions, the
reaction was stopped automatically by LabVIEW program.
The effluent stream from the reactor passed through a quartz

filter before entering the cooling water trap systems, as shown
in Figure 1. Solid particles in the stream, if any, were removed
via two porous metal filters (15 and 7 μm, Swagelok) prior to
its analysis using an in-line Agilent microgas chromatograph
(Agilent 490, bought from Varian, Australia), in which a 10 m
long PoraPLOT U column and a 10 m long Molsieve 5 Å
column were equipped with thermal conductivity detectors.
Argon was used as the carrier gas. The concentration of water
in the product stream was calculated based on the mass
balance of oxygen.

2.3. Carbon Deposition Experiments. To understand
the reaction mechanism, a set of 16 ceramic wafers (α-SiC,
Ceramatec Inc., USA) were used as the substrate on which
carbon was subject to be deposited. The silicon carbide wafer
has the same composition and structure as the reactor which
was also supplied by Ceramatec Inc. The wafers were vertically
stacked in the reactor tube starting from the bottom of the
reactor after cleaning using isopropanol and drying, as reported
elsewhere.28,29 The thermal upgrading for investigating carbon
deposition was performed at 1500 °C, at which the total flow
rate of 2500 mL/min was employed with a water content of
11.07 mol %. After exposure to this condition for the desired
period (30 min), the reactor was cooled down to an ambient
condition, after which the wafers were removed from the
reactor for analysis (referred to F11.1T1500R2500t30 in Table S1d,
where F refers to the water content (mol %) in the feed
mixture, T represents the temperature in °C, R is the flow rate
in mL/min, and t is the reaction time in minutes). The
carbonaceous solids formed on the wafers were characterized
by means of scanning electron microscopy (SEM, JEOL
7001F) combined with energy dispersive X-ray spectroscopy
(EDX). Raman spectroscopy was performed on Renishaw
Invia instrument using a laser excitation source of 514.5 nm.

3. SIMULATION METHODS

3.1. Thermodynamic Simulation. Thermodynamic equi-
librium data were calculated by minimizing the Gibbs energy

Table 1. Feed Compositions (mol %)

feed no. premixture F0 F5 F5.5 F11.1 F22.1 F33.2 F44.3

H2 32.96 16.48 16.48 16.48 16.48 16.48 16.48 16.48
He 2.07 1.04 1.04 1.04 1.04 1.04 1.04 1.04
CH4 11.99 6.00 6.00 6.00 6.00 6.00 6.00 6.00
CO 28.01 14.01 14.01 14.01 14.01 14.01 14.01 14.01
CO2 24.97 12.49 12.49 12.49 12.49 12.49 12.49 12.49
Ar 0.00 50.00 44.96 44.47 38.93 27.87 16.80 5.74
H2O 0.00 0.00 5.04 5.53 11.07 22.13 33.20 44.26
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using HSC CHEMISTRY 5.1 software. Activity coefficients of
the species were set to unity. The conversion of feed
component i (Covti) and the production of product
component j (Prodj) corresponding to the feed component i
were calculated using the following relations20

F F

F
100Covt (%)i

i i

i

,in ,out

,in
=

−
×

(1)

N F F

NF
100Prod (%)

( )
j

i j j

j i

,out ,in

,in

=
−

×
(2)

where Fi,in and Fi,out represent the molar flows of a compound i
in the feed and in the product, Fj,in and Fj,out represent the
molar flows of a compound j in the feed and in the product,
and Ni and Nj are the stoichiometric coefficients of
components i and j in the stoichiometrically balanced reaction
equation, respectively.
3.2. Kinetic Simulation. The kinetic simulations were

carried out using the commercial kinetic modeling software
package, CHEMKIN Pro. A plug flow reactor model with fixed
temperature profiles was applied. In all simulations, a constant
pressure of 100 kPa was applied. A CH4 oxidative pyrolysis
mechanism developed by Skjøth-Rasmussen and Glarborg et
al.,30 which consists of 159 species and 773 fundamental
chemical reactions, was applied in this modeling. This
mechanism was proved more suitable for the prediction of
soot precursors, especially PAHs.9

In such a high temperature and high flow of reactants, the
actual gas temperature within the reactor is difficult to assess
with reference to temperatures measured with thermocouples
alone. The temperature profile can refer the measurement
under a static condition or with the inert gas flow. This
problem was addressed in detail by the application of
computational fluid dynamic (CFD) modeling.31 In this
work, we just simply assume that the temperature profile
along the reactor follows the same pattern except for the
difference at the peak temperature, and the temperature profile
varies linearly, with the total flow rate changing from 0 to 5 L/
min.

4. EXPERIMENTAL RESULTS

4.1. Temperature Profile. A controlling program was
written with LabVIEW to prevent overheating and to increase
the heat efficiency. The synchronization of the output signal,
the furnace current, and the temperature of the furnace during
the exothermal reaction of the feed gas are shown as Figure S1.
It is no surprise that the middle positions of the furnace as
shown with the thermocouples 2 and 3 have higher
temperatures, and the temperatures at both ends as shown
with the thermocouples 1 and 4 are lower.
The temperature of the gas phase was measured by the

thermocouple 5 with the tip located in the middle of the
furnace in Figure 1. To test the suitability of the reactor design
and to map the relationship between the gas phase and the
furnace temperatures, a couple of experiments were conducted
to measure the temperature profile within the reactor with and
without argon flow, as shown in Figure S2. During the test, the
preheater was set at 350 °C, and the furnace was controlled at
927 °C. A 1 m-long thermocouple, inserted from below, was
used to determine the temperature along the reactor at 20 mm

intervals. Axial positions along the reactor tube are quoted
relative to the inlet (0 cm).
On inspection of the temperature profiles within the reactor

it was clear that at the flow of argon the peak shifts slightly
downstream and the peak temperature was lower than the
reactor at static condition. The small shoulder at around 250
mm position represents the preheating zone to evaporate the
injected water.

4.2. Choice of Model Biosyngas and Reaction
Conditions. The relative concentrations of the species
contained in biosyngas depend greatly on the gasification
technology used, that is, the type of feedstock, reactor, and
gasification agent. For the model gas used in this study, a
composition resembling the producer gas from an air-blown
biomass gasifier was selected,7 except for the residual oxygen
content, which is not safe to be premixed into the gas mixture.
The relative concentrations of the species present decrease in
the order of H2 > CO ≈ CO2 > CH4. Inert gas argon was used
as a diluent in place of nitrogen that would otherwise originate
from the air used in the gasification process. Concentrations of
added water were chosen within the range that is expected
when using air as a gasifying agent. The water concentrations
are significantly lower than the cases when steam or steam/O2
are used as gasifying agents. The model producer gas is,
therefore, considered a relatively dry one.
CO2 and H2O are present in excess with respect to the

possible thermal upgrading reactions of methane occurring at
high temperatures (reactions R1 and R2).

HCH CO 2CO 2H 247 kJ/mol4 2 2 298+ → + Δ ° =
(R1)

HCH H O CO 3H 206 kJ/ mol4 2 2 298+ → + Δ ° =
(R2)

For the experiments with the highest concentration of water
(44.26 mol %), water is the most abundant species available for
the reaction with CH4, while for the low water concentration
experiments (0 and 5 mol %), CO2 is present in larger
quantities.

4.3. Biosyngas Thermal Processing Results. Thermal
upgrading experiments of the model gas were carried out in a
tubular reactor. During the experiments, steam concentrations
were chosen from 0 to 44.26 mol % and balanced with argon.
The total gas flow at the reactor inlet was varied from 1500 to
5000 mL/min. The reaction temperature was controlled at a
constant temperature from 1200 to 1500 °C. Generally, the
GC analysis under each reaction condition was taken after 30
min unless for the purpose to track the production changes
during the operation.
The biosyngas thermal processing results, including repeated

experimental results, were summed in Table S1. Mass balances
were calculated according to the GC analysis. The concen-
tration of water in the product stream was calculated by the
mass balance of oxygen. The production of species heavier
than C2, including PAH and deposited carbon, was calculated
by the mas balance of carbon. In some experiments, the
production of hydrogen is negative because the reversed WGS
reaction occurs, which will be discussed in the section of
kinetic studies.
As shown in Table S1, the processing results slightly differ

with the processing time. The time-on-steam conversion for
the gas mixture with a water content of 5.04 mol % reacting at
1500 °C under the flow of 2500 mL/min from 10 to 240 min
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(F5T1500R2500t10−F5T1500R2500t240) was tracked and plotted in
Figure S2. We can find that the conversion before 30 min does
not reach a steady state, and the constant decline after 30 min
might be caused by the carbon formation. For the purpose of
investigating the optimization of reaction parameters, we
simply compared the analysis data of the sample at 30 min.

5. RESULTS AND DISCUSSION
5.1. Effect of Reaction Temperature on Gas-phase

Chemistry. Conversions of CO2 and CH4 and productions of
H2 and CO under different water additions as functions of
reaction temperature are presented in Figures 2 and 3,
respectively. The corresponding values based on thermody-
namic equilibrium calculations are also included for compar-

ison. Please note that the feed conversion and syngas
production at thermodynamic equilibrium states are inde-
pendent of residence times corresponding to different flow
rates.
Inspection of Figure 2 shows that the experimental values for

the CO2 conversion under different water additions increase
with the reaction temperature, following the same trend
predicted by the thermodynamic calculations. Equilibrium
conversion was, however, not achieved under most of the
reaction conditions studied. The CO2 conversion for the
feedstock with water addition of 44.26 mol % at 1500 °C and
2500 mL/min almost reached the thermodynamic equilibrium
value. Like CO2, the methane conversion increases with the
reaction temperature. The thermodynamic analysis for these

Figure 2. CH4 and CO2 conversions increase with the reaction temperatures for the feeds with water additions of (a) 0, (b) 11.07, and (c) 44.26
mol % at the flow rates of 5000 and 2500 mL/min, respectively; (d,e) are the thermodynamic simulation results after each water addition.
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sets of conditions predicts a complete CH4 conversion
regardless of the reaction temperature and the amount of
water addition. The conversion also did not reach equilibrium
under the experimental conditions tested, although they follow
the same trend. At 1200 °C, the lowest temperature tested, the
methane conversion was very low, as was the CO2 conversion.
When comparing the actual conversions of CO2 and CH4, both
are rather close when no steam is added to the system (Figure
2a). Generally, temperature plays a more significant role than
water addition in the overall conversations of methane and
CO2.

The H2 production was found to increase with the reaction
temperature and enrich the biosyngas (Figure 3). As the
experiments were run at conditions where the equilibrium was
not reached, the highest possible H2 productions were not
achieved. In contrast to the H2, the CO production was
significantly higher under the same condition. A maximum CO
production of nearly 90% was achieved under the most
favorable conditions (experiment of F0T1500R2500t30 in Figure
3a). Note that the thermodynamically predicted CO
production was more than 100% under some conditions
(Figure 3d). This value represents a percentage net increase
relative to the CO concentration in the feed. Higher CO

Figure 3. CO and H2 productions increase with the reaction temperatures for the feeds with water additions of (a) 0, (b) 11.07, and (c) 44.26 mol
% at the flow rates of 5000 and 2500 mL/min, respectively; (d) are the thermodynamic simulation results.

Figure 4. Thermodynamic simulation and experimental results of (a) CH4 and CO2 conversions and (b) CO and H2 productions for biosyngas
thermal upgrading at 1500 °C at the flow rates of 5000 and 2500 mL/min under different water additions.
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production relative to H2 is in accordance with the
thermodynamic prediction.
Thermal upgrading reactions (reactions R1 and R2) are

enhanced at elevated temperatures. However, the high
temperature of over 1200 °C in thermal upgrading of the
biosyngas might be a concern to the commercialization of this
process. It might be compensated by increasing the recycling
ratio, enlengthening the residence time, and/or introducing the
catalysts as reported by this group in a separate research.12

However, it is beyond the scope of this paper.
5.2. Effect of Water Addition on Gas-Phase Chem-

istry. The effect of water concentration on gas-phase
chemistry can also be reflected in Figures 2 and 3. For
comparison, the feed conversion and syngas production against
water addition are plotted in Figure 4.
The increase of CO2 conversion within the temperature in

thermal processing was also observed experimentally by
others;9 however, to the best of our knowledge, the experiment
for the effect of added water has not been fully studied except
the reaction under catalysis.12,32 As shown in Figure 4a, the
CO2 conversion at equilibrium gradually decreases with the
amount of added water. The CO2 conversion drops as
expected with water addition in comparison with pure dry
reforming when water addition is zero, and this trend for
experiments generally agrees with the thermodynamic
simulation. However, when further increasing the steam
content, the CO2 conversion goes up instead, especially
when the flow rate equals 5000 mL/min. This might be
because the production of the hydrogen from methane
reforming promotes the reverse WGS reaction (reaction R3).

HCO H CO H O 41.2 kJ/ mol2 2 2 298+ ↔ + Δ ° =
(R3)

For the conversion of methane, the thermodynamic analysis
for these sets of conditions predicts a complete CH4
conversion regardless of the reaction temperature and the
amount of water added. The CH4 conversion for the
experiments under the flow rate of 5000 mL/min showed an
increase with the water addition. However, the addition of
water to the reaction system under the flow rate of 2500 mL/
min has very little effect on the methane conversion. Although
data presented in this study suggest that the effect of added
water on the CH4 conversion is negligible at higher
conversions in comparison to the observed effect of water on
the CO2 conversion, the effect of water addition is complicated

and is the competition result of a few reactions, which will be
discussed in detail in the section on kinetic studies (Section
5.4).
Considering the stoichiometry of the equimolar reaction

(reaction R1), it is apparent that CO2 is mainly consumed in
this methane dry reforming reaction. It is also apparent that
increasing the amount of water in the reaction system has little
effect on the methane conversion, whereas the CO2 conversion
is reduced. However, CO2 conversion continues even when a
significant excess of H2O is fed into the reaction system.
Like the methane and CO2 conversions, temperature is more

important than water addition to the productions of hydrogen
and CO. Clearly, the H2 production was also influenced by the
amount of added water (Figure 4b). On increasing the water
concentration, the H2 production was found to slightly
increase but remain rather low. This behavior is in accordance
with the thermodynamic calculations that predicted rather low
H2 productions. As the experiments were run at conditions
where the equilibrium was not reached, the highest possible H2
productions were not achieved.
The amount of added water to the reaction system has a

positive influence on the extent of the methane conversion, but
it also influences the CO or H2 production and the CO2 level
through the reversible WGS reaction. The WGS reaction (the
reverse reaction of reaction R3) is important for understanding
the behavior of the gas mixture. The equilibrium constant Keq
decreases with an increasing temperature due to the
exothermic nature of the reaction, and consequently, the
forward WGS is thermodynamically favored at low temper-
atures (below 400 °C).33 At the temperatures of this study the
reverse WGS reaction is favored; therefore, the H2 production
is negative under some reaction conditions. The relatively
faster reverse WGS typically occurs simultaneously with the
reforming reactions and influences the product equilibration.
Equilibrium production of H2, as presented here, decreases
with an increasing temperature (Figure 3d) and a decreasing
water concentration in the feed (Figure 4b), presumably
because of the reverse WGS. Similarly, the production of CO is
negatively influenced by the water content as there is a
tendency to produce H2 via WGS. Consequently, the H2/CO
ratio of less than unity is obtained for the methane dry
reforming reaction equilibrium.25

5.3. Effect of Residence Time on Gas-Phase Chem-
istry. To identify conditions that enhanced the conversions
and productions, a series of experiments were performed where

Figure 5. (a) CH4 and CO2 conversions and (b) CO and H2 productions vary with the flow rates for biosyngas thermal upgrading at 1500 °C with
water additions at 11.07 and 44.26 mol %, respectively.
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the total gas flow corresponding to different residence times
was systematically varied. The experiments were performed
with the total flows of 1500, 2500, and 5000 mL/min at the
constant temperature of 1500 °C with different levels of steam.
The results presented in Table S1 show an influence of the
total flow and water content on the conversions and
productions measured at the temperature of 1500 °C. The
residence time refers to the real residence time in the reaction
zone above 1100 °C; the calculation method was described in
detail in the study done by Wang et al.34 Corresponding
residence times for the total flows of 5000, 2500, and 1500
mL/min are approximately 23, 46, and 76 μs, respectively.
Both conversions of CH4 and CO2 and both productions of
CO and H2 decrease when increasing the flow rate, as shown in
Figure 5, which can be explained by the change in residence
time corresponding to different flow rates. This observation is
also consistent with the thermodynamic predictions. However,
the effect of water addition is complex, as discussed in the
sections above.
In general, the experimental data collected under different

flows show identical trends, an increase in conversions and
productions with the increasing residence time. Water added
to the reaction system also affects the conversions and
productions in a consistent way for all the three flow rates
used. The CO2 conversion decreases when increasing the water
content in the feed, while the CH4 conversion remains rather
unaffected by the increasing water content. Water has a slightly
positive effect on H2 production, but CO production decreases
with an increasing water amount in the system.
5.4. Kinetic Studies. As discussed above, the effect of

water addition is a competition result of a series of reactions.
To better understand the thermal processing of biosyngas,
kinetic studies were performed using CHEMKIN Pro and the
mechanism developed by Skjøth-Rasmussen and Glarborg et
al.30 The main fundamental reactions attended by the
components inside the feedstock were summed in Table S2
from reactions 4−43. The reaction rates in centimeter−mole−
seconds for the feedstock having water addition of 0 and 22.1
mol % under 1500 °C and 2500 mL/min of flow rates at the
positions of the top (36.1 cm from the inlet of the reactor,
marked as L36.1) and middle (52.0 cm from the inlet of the
reactor, marked as L52.0) of the heating zone are plotted in
Figure S4.
There is no surprise for the reactions with CH4, CO2, and

CO. The reaction of methane is dominated by reaction R4,
and the reactions of CO2 and CO are dominated by reaction
R11, regardless of water addition and position along the
reactor tube (reflecting different temperature zones).

CH H CH H4 3 2+ → + (R4)

CO H CO OH2 + → + (R11)

Generally, water is produced mainly via reactions R6 and
R14, corresponding to dry reforming and reverse WGS
reaction, respectively

CH OH CH H O4 3 2+ → + (R6)

H OH H H O2 2+ → + (R14)

However, when 22.1 mol % of water was added to the
feedstock at a higher temperature, water attends the reaction
mainly via reactions R16r, R20r, and R22

CH (S) H O CH OH2 2 3+ → + (R16r)

C H H O C H OH2 2 2 2+ → + (R20r)

CHCO H O CH CO OH2 2+ → + (R22)

where CH2(S) represents singlet methylene; R16r and R20r
represent the reverse reactions of R16 and R20, respectively.
The reaction of hydrogen is the most complicated.

Generally, it is the competition between reactions R4 and
R14. However, when 22.1 mol % of water was added to the
feedstock at a higher temperature, the reaction rates of
reactions 37 and 38 almost identically increase but towards
different directions

CHCOH H CHCO H2+ → + (R37)

CHCO H CH CO H2 2+ → + (R38)

This can explain why the apparent conversion of hydrogen is
low.
In combination with all fundamental reactions, the overall

reaction includes the dry reforming (R1), steam reforming
(R2), WGS reaction (R3), and the pyrolysis of methane to
produce higher hydrocarbons

2CH C H H4 2 6 2+ → + (R44)

2CH C H 2H4 2 4 2+ → + (R45)

2CH C H 3H4 2 2 2+ → + (R46)

CH C 2H4 2+ → + (R47)

where C represents all species above C2, including PAH and
solid carbon. Then, CH4 and CO2 conversions under 1500 °C
regarding different reactions can be calculated from the mass
balance simulated by kinetics, as shown in Table 2. From these
results, we can find that both CH4 and CO2 conversions

Table 2. CH4 and CO2 Conversions (mol %) under 1500 °C Responding to Different Reactions Simulated by Kinetics

flow rate (mL/min) 5000 2500 1500

water addition (mol %) 0.00 5.53 22.13 33.20 0.00 5.53 22.13 33.20 0.00 5.53 22.13 33.20
CH4 conversion (mol %) 27.00 29.43 34.43 36.63 92.10 91.15 88.64 87.44 94.47 93.06 90.26 89.19
R1 0.31 0.66 1.95 2.91 7.29 12.53 27.05 35.51 14.25 22.07 40.92 52.02
R2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
R44 0.08 0.08 0.07 0.06 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02
R45 2.29 2.15 1.92 1.86 2.18 2.25 2.29 2.23 2.66 2.66 2.44 2.17
R46 22.83 24.95 28.79 30.08 79.17 73.49 57.63 48.54 74.74 66.16 45.88 34.44
R47 1.49 1.59 1.71 1.71 3.45 2.87 1.65 1.14 2.80 2.16 0.99 0.54
CO2 conversion (mol %) 14.40 13.35 9.34 6.36 64.04 57.81 41.08 31.44 72.09 64.23 45.53 33.98
R1 0.15 0.32 0.94 1.40 3.50 6.02 12.99 17.05 6.84 10.60 19.65 24.98
R3 14.26 13.03 8.41 4.96 60.54 51.80 28.09 14.39 65.24 53.64 25.88 9.01
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increase with the reaction temperature but decline with the
water addition, except that the methane conversion increases
with water addition when the flow rate is retained at 5000 mL/
min. The kinetic simulation perfectly matches the experimental
results and follows the same trend as the thermodynamic
simulation results.
If one look at individual reactions, steam reforming does not

occur within all tested conditions based on the kinetic
modeling, as shown in Table 2. The dry reforming rate
increases with the temperature and water addition; produc-
tions of ethane, ethylene, and higher hydrocarbons are at a low
level which is almost within the experimental error, and the
production of acetylene is quite high with a linear response to
water addition depending on the flow rates. In the case of CO2,
the dry reforming ratio increases, and the reverse WGS
reaction ratio decreases with water addition, which is
understandable as the presence of water inhibits the reverse
WGS reaction.35

5.5. Carbon Deposits on Internal Reactor Surfaces.
Formation of carbon during the thermal upgrading causes a
serious problem due to the buildup of carbon on internal
reactor surfaces. Such deposition can cause a significant drop
in the heat transfer that may lead to a local overheating or
underheating of reactor zones, which has been confirmed by
the time-on-steam conversion of the gas mixture with a water
content of 5.04 mol % reacting at 1500 °C under the flow of
2500 mL/min from 10 to 240 min (F5T1500R2500t10−
F5T1500R2500t240), as shown in Table S1 and Figure S3. This
is caused the conversion reaching a peak and then steadily
declining on time, which is the so-called transient phenomena.
In that case, the simulation will have deviation as the heat
transferring rate between the furnace and the gas stream inside
the reactor changes due to the carbon deposition on the
reactor wall. When the thermal upgrading of the biosyngas is
performed, several strategies may be applied to deal with
possible carbon formation and, thus, to minimize the transient
phenomena on conversions. For example, the solid carbon can
be periodically removed from the reactor and utilized in some
other application. It can alternatively be periodically burned or
gasified,34 or its formation can be minimized by choosing a

specific reaction condition, possibly with a controlled amount
of steam presented in the system.
Figure 6 shows SEM images of wafer surfaces placed on the

top (Figure 6b) and in the middle (Figure 6c) of the reactor
heating zone, respectively, in comparison with the wafer
outside the heating zone (Figure 6a). The corresponding
wafers were analyzed by EDX analysis and Raman spectros-
copy. Raman spectra are presented in Figure 7.

Only the structure of α-SiC is found in Figure 6a, and a
microsized species with a needle-like structure appears in
Figure 6b. Raman spectra collected from the same area show
peaks corresponding to Si−O and SiC. D and G bands are
characteristics of the carbon formed and are also observed
(SiOx nanowires area data line, Figure 7), where D represents
the vibrations out-of-plane attributed to the presence of
structural defects, and G represents in-plane vibrations of SP2-
bonded carbon atoms of the graphene structure in Raman
spectra. The silica structure with peaks detected at 230 and

Figure 6. SEM image of the SiC wafer surface placed (a) outside, (b) on the top, and (c) in the middle of reactor’s heating zone after 30 min of the
reaction at 1500 °C at the flow of 2500 mL/min with a water content of 11.1 mol % (F11.1T1500R2500t30).

Figure 7. Raman spectra of SiC wafers placed in the middle of reactor
zone (top) and on the top of heating zone (middle) after 30 min of
the reaction at 1500 °C at the flow of 2500 mL/min with a water
content of 11.1 mol % (F11.1T1500R2500t30), and a reference SiC wafer
that was not exposed to the reaction environment (bottom).
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414 cm−1 is attributed to cristobalite.36 D and G bands
characterizing the carbon deposits are observed at 1350 and
1580 cm−1, respectively. Based on these observations, it is
likely that the reactor material (SiC) undergoes a chemical
reaction with the oxygen-containing species, possibly formed
by the decomposition of CO2 or H2O. The overall reaction
(reaction R48) includes the formation of SiO2 and carbon.
Formed SiO2 precipitates on the reactor walls and forms
needle-like microdomains, while carbon is carried away by the
gas stream and precipitates further.

SiC 2O SiO C2+ → + (R48)

The heated reactor zone represented by the SEM image in
Figure 6c is significantly different from what was observed for
the upper part of the reactor, and so does the corresponding
Raman spectrum (Figure 7). The Raman spectrum from this
zone shows exclusive peaks corresponding to carbon, possibly
due to a low penetration depth of the laser excitation source
used. Considering the relative intensity of the carbon bands
(D, G) and in line with the previous work,36 it can be
concluded that carbon formed has a disordered, amorphous
structure of a low density.
The combination of the results obtained from the top and

the middle of the reactor hot zone allows us to speculate that
the SiO2 nanowires may act as a support to anchor the carbon
formed during the reforming under the condition where the
temperature is high enough to render the reaction between the
reactor surface and oxygen source. At the same time, the SiO2
nanowires enlarge the contact surface area between the reactor
wall and the gas phase, which may consequently influence the
surface reactions.
It is noted that the carbon deposition mechanism has been

studied by this team in previous researches.21,22,37,38 In this
paper, we only concentrate on the effects of reaction
parameters on carbon deposition rather than on the carbon
deposition mechanism itself. Moreover, the silicon carbide
wafers were believed to only affect the temperature distribution
versus radius and the intersection area of the reactor, thereafter
affecting the actual reaction temperature profile and the
residence time of the reactants in the reaction zone instead of
the reaction mechanism.28,29,34

6. CONCLUSIONS
Thermal processing to upgrade biosyngas was studied with an
aim to convert the present CH4 to H2 and CO. In this
approach a heat treatment promoting the noncatalytic thermal
upgrading reactions are applied on the producer gas at
conditions where full equilibration is not obtained. The
reaction parameters such as the reaction temperature, the
amount of added water, and residence time have been
investigated, and their influences on conversions and
productions of relevant components in the gas mixture were
discussed. Obtained results are also discussed in the light of
thermodynamic prediction and kinetic simulation. The detailed
reaction mechanism is investigated as based on the simulation
of the experimental results. The CO2 conversion for the
feedstock with water addition of 44.26 mol % at 1500 °C and
2500 mL/min was found at the similar level with the
thermodynamic equilibrium value. The formation of carbon
was proved to be caused by the methane pyrolysis, and the
water addition can be applied to restrain the carbon formation.
The main reaction pathways involve dry reforming of methane
and reverse WGS reactions, while the steam reforming does

not occur within all tested conditions. The dry reforming rate
increases with the temperature and water addition. Water
addition was proved to have benefit in reducing the reverse
WGS reaction ratio.
A tubular reactor incorporating an electric furnace was

operated for the thermal upgrading of biosyngas. The furnace
provides a more effective and well-controlled heating method,
which responds to the rapid changes in temperature to
maintain the reaction at a steady state. The temperature profile
was measured, and the furnace was evaluated by different
reaction feedstock and conditions.
Experimental data show that a considerable enrichment of

the producer gas with CO and H2 occurs at a high temperature
and a relatively long residence time. Under these conditions,
the carbon formed in the reactor may represent a serious
drawback of the novel concept. Several strategies are proposed
to deal with the carbon formation; however, a significant
lowering of the reaction temperature would require the use of a
catalyst. In the last section, the carbon formed during the
thermal upgrading is characterized, and its properties depend-
ing on the position within the reactor are described by SEM
and Raman spectroscopy. The characterization results suggest
a possible degradation of the reactor material (SiC) at the
reaction conditions due to an interaction of SiC with the
oxygen species present.
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■ NOMENCLATURE

CFD computational fluid dynamic modeling
Covti conversions of component i
D out-of-plane vibrations in Raman spectrum

attributed to the presence of structural
defects

ΔH°298 enthalpy changes at room temperature
EDX energy-dispersive X-ray
F11.1T1500R2500t30 experiment with water addition = 11.1 mol

%, at the temperature of 1500 °C, under the
flow rate of 2500 mL/min, and when the
reaction time = 30 min

Fi,in molar flow of compound i in the feed
Fi,out molar flow of compound i in the product
G in-plane vibrations of SP2 bonded carbon

atoms of graphene structure in Raman
spectrum

L36.1 at the position of 36.1 cm from the inlet of
the reactor

Ni the stoichiometric coefficients of component
i in the stoichiometrically balanced reaction
equation

PAH polycyclic aromatic hydrocarbon
Prodi production of component i
SEM scanning electron microscopy
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