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A B S T R A C T

This work describes the gasification of carbon produced during the pyrolysis of methane. Carbon was deposited
on nonporous 𝛼−Al2O3 at temperatures ranging between 950 and 1150 ◦C. The time 𝛼−Al2O3 was in contact
with methane was varied between 60 and 8400 s. Gasification tests were performed in the range of 1000 to
1100 ◦C and steam, CO2 and air were used as oxidizer.

It was observed that the gasification rate cannot be described by only parameters related to the gasification
conditions (temperature, pressure, gas composition). In fact, it became clear that information about the
carbon is needed in the gasification rate equation. The H/C ratio and the peak oxidation temperature, as
reactivity measures, turned out not to relate uniquely to the gasification rate and are thus not suited as
completing parameters. However, it was possible to relate the gasification reactivity of the carbon to the
pyrolysis conditions (temperature, contact time between 𝛼−Al2O3 and CH4) under which it was produced.
After parameterization of the thus obtained rate equation using data obtained in a single particle reactor, an
adequate prediction on the gasification of carbon deposited by pyrolysis of methane in a fixed could be made.
The developed method is therefore a suitable way of predicting gasification rates for reactor design purposes.
. Introduction

The pyrolysis of methane may be a suitable reaction route towards
arbon efficient syngas production. The pyrolysis of methane produces
ydrogen and solid carbon via reaction (1)

H4 → H2 + C (1)

In previous work the carbon deposition kinetics on unfunctional-
zed, nonporous 𝛼-Al2O3 were reported [1]. This work regards the
asification of the deposited carbon via the following reactions:

+ H2O → CO + H2 (2)

+ CO2 ⇌ 2CO (3)

+ 1
2

O2 → CO (4)

An industrial process using methane pyrolysis is able to produce hy-
rogen and synthesis gas. To produce CO, any of the above gasification
eactions may be used. Depending on the gasification option chosen,
he resulting syngas ratio may be varied between 1 and 3. Hence, the
asification rates of these reactions are investigated.

∗ Corresponding author.
E-mail address: S.R.A.kersten@utwente.nl (S.R.A. Kersten).

On the formation and characteristics of deposited carbon
The characteristics of the carbonaceous material deposited (here-

after denoted as carbon) depend on the pyrolysis conditions such
as pyrolysis temperature, hydrocarbon pressure, gas flow rates and
substrate material. Characteristics of the deposited carbon that may
vary with these parameters are, among others, H/C ratio, crystallinity,
graphite plate size, density, and various mechanical properties [2–7].

Generally, with increasing pyrolysis temperature, the deposited car-
bon increases in crystallinity and decreases in H/C ratio [3,8,9]. At
conditions, comparable to the ones studied in this work, the carbon
is deposited as pyrolytic graphite with a molar H/C ratio of 0.1 after
approximately 4200 s of contact with 50/50 methane/hydrogen at
1200 °C [2]. It is one of the aims of this work to investigate the
correlations between carbon characteristics and pyrolysis conditions.
Carbons produced at different pyrolysis temperature (1000, 1050, 1100
°C) and time (60–8400 s) were used, where pyrolysis time is defined as
the contact time of the 𝛼-Al2O3 particles with methane at elevated tem-
perature. Pyrolysis/Decomposition temperature (Tdec) and time (𝜏dec)
were included in the design of experiments, because they are key design
variables of a process based on CH4 pyrolysis
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Table 1
Properties of particles and packed bed of particles.

Particle 𝐷𝑝 [mm] 𝜌 [kgm−3] Sphericity [–] 𝐴𝑖𝑛𝑡 [m2 kg−1] 𝐴𝑒𝑥 [m2 kg−1]

A 1,5b 3740a 1a 0b 0.88c

aTaken from manufacturer datasheet.
bMeasured.
cCalculated.

On the gasification of the deposited carbon
Gasification of numerous types of carbonaceous materials ranging

from activated carbon to graphite is extensively reported in litera-
ture [10–15], and is generally well understood. In this work, reactions
of carbon with steam, CO2 and air were studied at 1 bar and be-
tween 950 and 1150 °C. Hereafter, all these reactions will be called
gasification.

Typically, the rate equations used to describe the measured data
include a proportionality to the concentration of the gasification agent
and an Arrhenius term. Obviously, the activation energy and pre-
exponential factor of the Arrhenius term are not generic parameters.
They are different for each carbonaceous material considered.

To the best of our knowledge, no kinetics are available on the
gasification of carbon deposited by the pyrolysis of CH4. This paper
presents our attempt to develop a semi-empirical rate equation for the
gasification of such carbon that includes: (1) measurable properties of
the carbon or (2) the conditions under which the carbon was produced.

It was found that the measured carbon characteristics did not corre-
late uniquely to the measured gasification rates, making these carbon
characteristics unsuitable to incorporate in a model. Therefore, a model
predicting the reactivity of the deposited carbon as function of pyrolysis
parameters was developed. This parameterized model was incorporated
into a fixed bed model and the predictions of this model were compared
with experimental data.

2. Materials and methods

2.1. Materials

Nonporous 𝛼-Al2O3 particles were obtained from Saint-Gobain Nor-
pro. The particles were used as received, further information on the
used particles is presented in Table 1. Nitrogen (99.999%) was supplied
by Nippon gases. Methane (99.999%), calibration gases, shielding gas
(95% Ar, 5%H2), CO2 (99.999%) were supplied by Linde. All gases in
his work were used as received. Steam was generated from Milli-Q
ater obtained from a Water Purification System (Merck).

The particle internal area was measured using gas physisorption
easurements. The particle outer diameter was measured using calipers

Mitutoyo, accuracy 0.01 mm).

.2. Experimental setup

The experimental setup is presented in Fig. 1(a). It consists of a
eating unit and the gas management system. The heating unit has
een described in detail in previous work [1]. The heating control
hermocouples for each of the two heating coils present in the heating
nit were placed in the axial middle of each heating coil. Within the
eating unit a reactor tube (11 mm ID, 99.9% Al2O3, Haldewanger) was
laced. Within this tube, the conically shaped single particle reactor
SPR, Fig. 1c) was placed. The axial location of the SPR cone was
he middle of the second heating coil, at the height of the controlling
hermocouple.

To deposit carbon on the particles, methane was pyrolyzed. For
asification, either steam, CO2 or air was used. For steam, the exper-
mental setup and procedure were slightly different than when either
ethane, air or CO2 was used. Therefore, these two cases are discussed

eparately. The experimental procedure was identical for CH4, CO2 and
ir experiments.
2

i

2.2.1. Setup modifications for steam gasification
The measurement procedure for steam gasification experiments was

modified from the CO2 and air gasification experiments. This was to
prevent condensation of steam in the feed and outflow lines of the
reactor tube. For this, the feed and outflow lines were heated to 120
°C using a tracing heater (Horst). Controlling thermocouples for (Type
K, RS Components) were placed on the outside of the bottom and
top valves, respectively for either tracing. Steam was generated by
pumping milli-Q water through a steam generator (T = 250 °C, in house
constructed) using a HPLC pump (Instrument Solutions). The tracings
and steam drum were controlled with Eurotherm P116 controllers
individually. A condensation drum was placed at the outlet of the
reactor, where condensed liquid water was separated from the gaseous
part of the reactor outflow. Afterwards the liquid water was discarded.
The gaseous products were vented. In all cases the used gas was not
diluted with another gas during single particle experiments. All other
parts of the experimental procedure were identical to CH4, CO2 and air
experiments.

2.2.2. Modification for fixed bed experiments
For verification of the obtained reactivity model a fixed bed con-

figuration was used. It was operated and configured identically as
presented in earlier work [1]. For this, the single particle reactor was
removed from the reactor tube. The same reactor tube was used for
fixed bed experiments. The bed consisted of the same particle A. The
bed had a total length of approximately 30 cm and was placed along
the second heater. It was kept in place by two Al2O3 inserts. The fixed
bed configuration is presented in Fig. 1a. All other parts of the setup
were unchanged when a fixed bed measurement was performed.

2.2.3. Mass and energy transport in the single particle reactor
Knowledge on the mass and energy transport characteristics of the

reactor is required to accurately measure reaction kinetics. It has been
shown that mass and energy transfer are not limiting the deposition of
carbon in the used single particle reactor, see appendix C. In this work,
steam and CO2 gasification are shown not to be mass transfer limited as
measured air gasification rates were over 1 order of magnitude higher.
Air gasification was of the same order of magnitude as the mass transfer
rate. Therefore it is concluded that the gasification of carbon in air
is mass transfer limited. Because of the extremely fast mass transfer
in the cone (𝑘𝑚 = 2.2 ms−1, Sh ≈ 20), it is safe to conclude that
arbon gasification using air will be mass transfer limited in almost all
onventional reactor types.

Additionally, the assumption is made that the temperature of the
article is constant during its residence time in the reactor. The heating
ime of the particle is in the order of 1 s, as verified by IR measure-
ents. The particle residence times during CO2 and steam gasification

experiments are in the order of minutes, therefore, this assumption is
justified.

2.3. Experimental method

2.3.1. Experimental procedure for particle loading and gasification of car-
bon using CO2 or air

The experimental procedure is identical for particle loading using
methane and for carbon gasification using air or CO2. The heating
unit was brought up to the desired temperature with a heating rate
of 10 Kmin−1. CO2 or CH4 was taken from a gas cylinder, air and
itrogen were taken from the laboratory utility system. Gas flow was
ontrolled using mass flow controller (brooks). Over all experiments,
he superficial gas velocity was kept constant at approximately 16
s−1 at the bottom of the cone. Therefore, the flow rates of the gases
ere altered depending on temperature. Gas flow rates ranged between
600–2200 NmLmin−1.

Particles with a known diameter were weighed before each exper-
ment, and introduced to the SPR by opening the top valve. After the
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Fig. 1. Overview of experimental setup.
desired time had passed, the gas flow was turned off. The particle fell
out of the cone and was collected at the bottom sample glass. Via the
weight difference a reaction rate could be obtained. To increase output
of data from the system, three particles were introduced simultane-
ously. It has been confirmed in previous work that the measured results
are not affected when three or fewer particles are used [1].

2.3.2. Experimental procedure modification for steam gasification
In addition to the method presented in the previous section, for

steam the following procedure was followed. To prevent steam con-
densation the in- and outgoing feed lines were heated using tracing set
at 120 °C. On the HPLC pump a liquid flow was set, depending on the
temperature. The superficial steam velocity on the cone was set to be
identical to the superficial gas flow speeds, at identical temperature.
Steam was condensed in the latter parts of the outgoing reactor line,
here it was collected in a condensation drum. No active cooling was
required. Periodically the condensation and liquid water feed drums
had to be emptied or filled, respectively. No further gases were used
during steam experiments.

2.3.3. Experimental procedure modification for fixed bed measurements
Some fixed bed measurements were performed. The method used

was identical to one described earlier [1]. Approximately 35 g of
particle A was loaded into the bed so that 30 cm of bed was present
centered around the second heater. The bed diameter was 1.1 cm.
Controlling thermocouples were present at identical locations as the
single particle experiments. The heating rate and operation was also
identical to the single particle experiments.

Carbon was deposited by contacting a 300 NmLmin−1 flow with
the bed at set point temperature. After a set time, the methane flow
3

was turned off. Gasification experiments were then done by contacting
the carbon loaded bed with either CO2 or steam for a desired time.
A 20–100 NmLmin−1 nitrogen flow was added during gasification
experiments. Gaseous outflow was analyzed periodically using gas chro-
matography. Samples were taken by syringe from the manual sample
point at the reactor outlet.

The heater was then turned down so that the cooling rate did not
exceed 10 Kmin−1. The reactor was cooled down overnight. The reactor
tube was removed, and carbon samples were taken layer-by-layer. The
carbon mass fraction was measured using a LECO carbon analyzer. The
reactor tube was cleaned using a steel brush and placed back into the
reactor.

2.3.4. Reproducibility of experiments
To test reproducibility of obtained data, a set of particles was

subjected to multiple carbon loading–gasification cycles. Four particles
were selected at random. These particles were loaded with carbon for
1200 s at 1100 °C. After this, they were gasified with steam at 1050 °C
for 10 min. After this the carbon was removed by air at 1100 °C for 600
s. During each run the mass loss during steam gasification was noted.
This was repeated 5 times for all the particles.

In Fig. 2, results of the reproducibility test are presented. It is
concluded that the gasification measurement is reproducible, although
some variation is observed. The absolute amounts of carbon gasified
are small, approximately 0.05–0.08 mg for all the tested samples. The
used balance has a sensitivity of 0.01 mg. The variance observed in
the repeated result of the reproducibility test falls within this value
for all individual particles. Concluding, the experimental error on all
measurements is dominated by the accuracy of the balance. This is
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Fig. 2. Reproducibility of steam gasification test on 4 particles, Tdec = 1100 °C, 𝜏dec
= 1200 s, Tgas = 1050 °C, particle A.

ore pronounced for samples with a lower absolute amount of C
eposited. For more on this see appendix B.

Another take on the measured data is to look not at the absolute
mount of carbon gasified, but at the measured rate, unit (g𝑐 m−2

p,ex s
−1).

here the absolute amount of carbon gasified per particle is influenced
y the total surface area, and therefore the particle radius, the mea-
ured rate takes this into account. This also explains why the variation
n total absolute carbon loading [mg] between the samples exceeds
.01 mg. This is caused by the difference in particle surface area. In
ig. 2 the measured rates are also presented. One can see the rate varies
ignificantly between the particles (standard deviation on measurement
ean 5%). This has been observed before during the carbon deposition

ests. It is speculated that some characteristic of the particle affects the
asification rate.

To exclude the assumed effect of this particle characteristics and
ind a representative value for a gasification rate, each experiment was
epeated 12 times per datapoint, and averaged. The experimental error
as in almost all cases still dominated by the accuracy of the balance,
owever.

.4. Analysis methods

In this work, the deposited carbon was analyzed for several char-
cteristics. The H/C ratio was investigated using ToF-SIMS (IONTOF).
asification mass loss over time and temperature in oxygen was mea-

ured via TGA coupled to a DSC (NETZSCH STA 449F3). Specific
rea was measured via surface adsorption measurements (Gemini VII
390 Surface Area Analyzer, Micrometrics). A Raman measurement
as performed on a SENTERRA instrument (figure A.10 in appendix
). Gas was analyzed using a GC (Varian 450-GC). Carbon mass frac-

ions were measured using a LECO A200 carbon analyzer, for selected
ingle particle experiments and all the fixed bed experiments. XPS was
ttempted (PHI Quantera XPS) but yielded no additional information.
his analysis was greatly complicated by the noncrystallinity of the
eposited carbon.

. Results and discussion

.1. Gasification

Air, steam and CO2 gasification was studied in the single particle
eactor at gasification temperatures T ranging from 950 to 1150
4

gas
C. For all data in this section, particle A was used, unless mentioned
therwise. In Fig. 3 the measured carbon loading over time is presented.
he carbon loading was calculated using Eq. (5), in which 𝛥𝑚 is the
ass change measured before and after loading with carbon [g] and 𝑟𝑝

s the particle radius [m].

𝑐 =
𝛥𝑚
4𝜋𝑟2𝑝

[

g m−2
p,ex

]

(5)

Over time the surface decrease from carbon loss is negligible (as
he radius of the particle does not change significantly), which means
ass transfer characteristics remain the same during gasification. Over

ime the mass decreases, as carbon is gasified. It is observed that the
ass decrease over time is linear and is therefore not dependent on

he carbon loading. Two plausible explanations for this observation
re presented (1) a gasification rate that is zeroth order in carbon
oading or (2) complete external mass transfer control. The latter was
iscussed in Section 2.2.3, and can be excluded, because the observed
ir gasification rates are over 1 order of magnitude faster than the
team gasification rate in Fig. 3. Moreover, no correlation between
article diameter or mass loss flux [g𝑐 m−2

p,ex s
−1 ] was observed. Hence,

t is concluded that the steam gasification rate is zeroth order in carbon.
his zeroth order dependence is explained via the constant availability
f surface covered with carbon. As neither gas phase characteristics nor
ass transfer characteristics change over time a constant mass loss rate

s observed. Additionally, the linear mass decrease also implies that the
arbonaceous material does not undergo changes significantly affecting
he gasification rate, during the gasification step.

For all measured data, Arrhenius plots are presented in Fig. 4.
or this, the rate constant was assumed to be described by Eq. (6).
he first order dependence on oxidant concentration was based on

iterature [16–18].

𝑔𝑎𝑠 = 𝑘𝑔𝑎𝑠𝐶𝑜𝑥

[

mol m−2
p,ex s−1

]

(6)

𝑔𝑎𝑠 =
𝛥𝑚

𝜏𝑔𝑎𝑠4𝜋𝑟2𝑝𝑢𝑐𝐶𝑜𝑥

[

m3
g m−2

p,ex s−1
]

(7)

From the measured data, 𝑘𝑔𝑎𝑠 was then calculated via Eq. (7). It is
observed that for all the used oxidants, a large spread, approximately a
factor 10, is found in the rate constants at fixed temperature. However,
when a random particle is subjected to several loading–gasification cy-
cles the measured values are reproducible (see Section 2.3.4). It is noted
that this occurs at all temperatures, and cannot be caused by a different
order in oxidant. Within the set of measurements performed at each
Tgas, samples of various pyrolysis temperatures Tdec and pyrolysis time
𝜏dec were used. It is known that the pyrolysis parameters affect some
unknown characteristic(s) of the deposited carbonaceous material, and
it is assumed that this in turn affect(s) the gasification rate measured.
The next section shows our attempt of measuring such characteristics,
and subsequently correlating this to the measured gasification rates.

Because of this large spread it is speculated that a pre-exponential
factor and activation energy obtained from these Arrhenius plots are
unable to predict gasification correctly. This is verified (see Section 3.5
for the method used to verify this), by fitting these constants to the
steam gasification data obtained in the single particle reactor The
predicted result for the fixed bed reactor (Fig. 10) did not agree
with the measured data. Concluding, the gasification of this type of
carbon cannot be described by gasification parameters only. Additional
information is required to correctly describe the gasification rates. Note
that this result can be expected, as it is known that the characteristics
of the deposited carbon are affected by the conditions under which it
is deposited [2–7].

The gasification rates of steam and CO2 differ by a factor 5, approx-
imately. This is good agreement with literature [19–21]. The obtained
reaction rates are significantly lower than reported values for char [22],
but significantly higher than values reported for pure graphite [23].
Therefore, it is speculated that the carbon deposited in this work has a
degree of graphitization in between these two types of carbon found in

literature.



Chemical Engineering Journal 440 (2022) 135487T. Kreuger et al.
Fig. 3. Measured carbon loading in the single particle reactor as function of time under
steam 𝜏dec = 1100 °C, Tgas = 1000 °C, various 𝜏dec, particle A.

3.1.1. Notes on air gasification
Although a large spread is present in the measured air gasification

rate, the highest measured mass loss rates were in the order of 5
gm−2

p,ex s
−1. This is comparable to the calculated maximum flux, es-

tablished from mass transfer experiments [1]. This is over 1 order of
magnitude faster than steam and CO2 gasification, proving that both of
these are not mass transfer limited.

No kinetic model is developed for air gasification. This is justified
by the fact that, if the air gasification is mass transfer limited in the
single particle reactor, it will be mass transfer limited in (almost) all
other reactor systems. Therefore, the air gasification rate of this carbon
is dictated exclusively by oxygen feed rate and mass and energy within
the reactor. No further depth was added to this part of the study.

3.2. Carbon analysis

In this section, the carbon characteristics H/C ratio and peak ox-
idation temperature are discussed. It is aimed to investigate whether
the pyrolysis temperature Tdec and/or pyrolysis time 𝜏dec affect the
properties of the carbon.

3.2.1. SIMS
The H/C ratio was investigated using ToF-SIMS. This analysis tech-

nique has been used numerous times to analyze the composition of
carbonaceous materials. For pyrolytic graphite, analyses reported in
literature comparable [24–28] or identical [29–31] to the analysis
performed in this work are well established. As is the case in literature,
the presented data in this work denotes the ratio in intensity of the CH−

over the C− signal. This is not a measure of the absolute molar H/C
ratio but is a linear function of the H/C ratio [25,30]. Therefore, in this
work, the terms CH−/C− signal intensity and H/C ratio are used inter-
changeably. The H/C ratio is a measure of the relative amount of edges
present in the carbon. However numerous graphite plates can be drawn,
satisfying the same H/C ratio [9]. Therefore, it is speculated that the
average plate geometry is influenced by the decomposition/pyrolysis
temperature.

The obtained signal intensities are presented as function of pyrolysis
time 𝜏dec. In Fig. 5 the obtained CH−/C− signal is presented for various
samples. For a pyrolysis temperature of 1100 °C several pyrolysis times
5

were tested. One can see the decrease of H/C ratio over time. This
indicates that the material becomes more graphitic over time. This
must mean that the average crystal size or graphite plate size increases
over time, which is in good agreement with observations reported in
literature [3,8,9]. The data suggests that the H/C value at long 𝜏dec
approaches an asymptote. It is speculated that this is some kind of
equilibrium H/C characteristic for the used pyrolysis temperature. The
effect of Tdec is also visible from the table in Fig. 5, for the samples
at 𝜏dec = 1800 s. Again as expected it is observed that at higher
temperature a more graphitic carbon is deposited.

Literature values on the real values of H/C of graphite deposited
from methane is sparse. Blackmann et al. report a H/C value of 0.00045
for carbon deposited at 1600 °C [8]. Gueret reports a H/C value of
0.1 at temperatures comparable to this work, albeit with a 1:1 CH4:H2
in the feed [2]. This gives an upper and a lower range of real H/C
for the carbon in this work. Without additional data a more accurate
estimation is unfortunately not obtainable.

In the table of Fig. 5, a separate sample created at Tdec = 1100 °C
for 600 s under methane is included. After this it was contacted with
nitrogen for 1200 s at 1100 °C, also in the single particle reactor. It
was aimed to investigate whether this particle had the characteristics
of a 600 s particle or a 1800 s particle in a CH4-rich atmosphere. It is
observed that the H/C ratio did not change significantly under nitrogen,
compared to the original 600 s sample. This means that the decrease
in H/C is not an effect of temperature and residence time exclusively.
It is speculated that the exchange of hydrogen towards the gas phase
atmosphere, leading to a decrease in H/C, is only possible when a
hydrocarbon is present in a certain fraction.

In Fig. 6 the obtained H/C ratio from Fig. 5 is plotted over the
measured steam gasification rate. It is observed that the gasification
rate measured is a monotonic function of the H/C rate for the Tdec =
1100 °C. A lower H/C rate corresponds to a lower gasification rate. This
can be expected as a more graphitic material is more stable, and less
prone to gasification by any oxidant [22,23].

However, when including more pyrolysis temperatures in the anal-
ysis it turns out that the gasification rate is not a (unique) function of
the H/C ratio. For the same H/C of approximately 0.1, different rates
were found. Since the H/C ratio is not a unique parameter to describe
the gasification rate, kinetics cannot be based on this parameter alone.

3.2.2. TGA-QMS
A set of particles coated with carbon under identical conditions as

the SIMS set was analyzed in a TGA-QMS. The trends observed in the
measured results were strongly comparable to the results presented in
the previous section. For brevity, the TGA-QMS results are included in
appendix A.

3.3. Gasification rate as function of pyrolysis parameters

In the previous two sections, it was shown that the gasification of
carbon deposited by methane pyrolysis is not described by simple first
order kinetics. It was also shown that two measured characteristics of
the carbon are unsuitable parameters to describe the measured gasifica-
tion rate. In this section, the calculated gasification rate is presented as
function of the pyrolysis parameters. In Fig. 7 the measured gasification
rates for steam and CO2 in the single particle reactor are presented.
Three series were tested, varying the decomposition temperature be-
tween 1000 and 1100 °C. The contact time of the deposited carbon
with oxidant 𝜏gas ranged from 60 s to 600 s, increasing in length with
the respective pyrolysis time. Additional data on gasification rates for
steam and CO2 is included in appendix A.

The measured reactivity has an initial sharp decrease with pyrolysis
time, which then approaches a constant value for the longer 𝜏dec. Even
though the experimental error is larger for the lower pyrolysis times,
the observed increase in reactivity is significant. This effect is mostly
visible for the T = 1100 °C series presented in Fig. 7, however
dec
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Fig. 4. Arrhenius plots of measured gasification rate [mol m−2
p,ex s−1] constants for (a) air, (b) steam and (c) CO2 gasification. Tgas ranged between 950 and 1150 °C, various

Tdec, various 𝜏dec, Particle A.
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Fig. 5. Measured intensity ratio CH−/C− as function of 𝜏dec. Various decomposition
emperatures.

his has also been observed for other gasification temperatures, see
.4–A.8 in appendix A. A porous particle was also tested using the
ame method, (figure A.9). The similar shape was obtained, albeit at
different absolute gasification rate. These observations support the

heory that this gasification phenomena is caused by properties of the
arbon and not by a particle characteristic. The utilization of porous
edia will be studied in detail in upcoming work.

To further test the effect of pyrolysis time, a particle was loaded
ith carbon at 1100 °C for 600 s. Afterwards this particle was placed
ack into the single particle reactor and contacted with pure nitrogen
or 1200 s. It was aimed to investigate what effect this had on carbon
haracteristics and gasification rates. This data point is presented in
able 2. The gasification rate is comparable to the 600 s sample.
herefore it is concluded that this carbon was not affected by the high
emperature nitrogen. The same observation was made in Section 3.2.
dditionally, a particle was loaded with carbon at 1100 °C for 600 s and
6

p

Fig. 6. Measured steam gasification rate as function of measured dimensionless H/C
ratio.

subsequently contacted with a 9:1 N2:CH4 flow for 1200 s. It was found
that the gasification rate of this particle had decreased slightly and
approached the gasification rate of the conventional 1800 s particle.
This supports the theory that a hydrocarbon needs to be present in
some fraction in the atmosphere for this carbon to undergo changes
in reactivity.

The measured reactivity of the carbon decreases with increasing
pyrolysis temperature. The measurements performed at 𝜏dec = 1800
and 3600 s are presented in Fig. 8. Due to this observation, carbon
samples at 1150 °C were added to the data set. It was aimed to obtain
arbon deposited at 1200 °C, however this was not possible in the single
article reactor. At temperatures above 1150 °C a carbon dust appeared
n the reactor, blocking the tubing. An interesting case arises at this
emperature, where the reactivity of the carbon further decreases. It
s not known whether the reactivity of this carbon reaches zero or

lateaus at a non-zero value.
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Fig. 7. Measured steam (a) and CO2 (b) gasification rate in the single particle reactor as function of decomposition 𝜏dec, Tgas = 1100 °C (steam), 1050 °C (CO2), various Tdec,
article A. Lines denote gasification model predictions (Section 3.5).
Table 2
Overview of gasification experiments. Steam, Tgas = 1100 °C.

Tdec 𝜏dec Gasification rate [g𝑐 m−2
p,ex s

−1 ]

1100 600 s CH4 0.055
1100 1800 s CH4 0.026
1100 600 s CH4 + 1200 s N2 0.080
1100 600 s CH4 + 1200 s N2:CH4 9:1 0.035

Fig. 8. Measured steam gasification rate as function of Tdec in the single particle
reactor, Tgas = 1100 °C, various 𝜏dec, particle A.

The measured reactivity for CO2 is much lower than for steam, in
agreement with literature consensus for the used temperatures. The ob-
servation that the same two phenomena are present for CO2 and steam
supports the theory that the gasification rate is influenced by some
characteristic(s) of the carbon. When comparing the steam and the CO2
et, the gasified carbon has been deposited at identical conditions and
hould therefore have the same characteristics. Therefore, one could
xpect similar gasification behavior from these two carbon sets.
7

3.4. Predicting the gasification rate

This section presents our attempt to develop a method to de-
scribe the gasification rate during steam and CO2 gasification for
a given gasification temperature. It has been shown previously that
neither a conventional first order nor carbon characteristics are suitable
pathways towards description of the measured gasification rates. In
this section an attempt is made to use the pyrolysis parameters in a
gasification model.

From Section 3.3 it is known that several phenomena were observed
during gasification measurements. As these phenomena should also be
included in a model describing gasification, they are summarized here:

• The gasification rate is initially high for short 𝜏dec carbon deposi-
tion. With increasing 𝜏dec this gasification rate rapidly decreases.
Here, the pyrolysis time is defined as the time the particle is in
contact with CH4 at pyrolysis temperature Tdec.

• After a set 𝜏dec the gasification rate approaches a constant value.
• With increasing Tdec, the gasification rate decreases.
• The observed phenomena occur for steam and CO2.

The available process parameters are temperature, solids residence
time, gas composition and pressure, all of those for both the pyrol-
ysis as for the gasification step. In this and previous work [1], the
effects of pyrolysis & decomposition temperature and residence time
was investigated in detail. In this work, the effect of decomposition
gas composition on reactivity was touched upon briefly. No effects of
pressure have been investigated. Because by far the largest amount of
data is available for the parameters Tdec, 𝜏dec, Tgas and 𝜏gas, these will
be used in the gasification model.

Model outline and assumptions made
The model can be considered to be merely a mathematical tool,

derived from measured observations, useful for the engineering purpose
to design a reactor. Though, some parts of the model might be linked
to mechanistic aspects, as will be discussed later.

The following assumptions are made:

• The data presented in Section 3.3 suggests that the decrease in
gasification rate with 𝜏dec is present and of comparable shape
for both CO2 and steam. Therefore, it is attempted to use the
same model equations for both gasification gases. The numerical
values of the fitted parameters will differ between the two gases,

however.
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• The observed decrease in gasification rate with 𝜏dec for Tdec =
1100 °C is also present at lower Tdec. This could not be measured
using the SPR for nonporous particles, see appendix B for further
details on this. This effect was observed at 1050 °C for a porous
particle.

• All the gasification rates are taken to be first order in oxidation
concentration, based on literature [16–18].

From Fig. 7 it is known that the gasification rate at long 𝜏dec
pproaches a constant value. This value appears pyrolysis temperature
ependent. The gasification rate of this carbon is then given by:

𝑔𝑎𝑠 = 𝑘′0(𝑇𝑑𝑒𝑐 ) ⋅ exp
(−𝐸𝑎,𝑔𝑎𝑠

𝑅𝑇𝑔𝑎𝑠

)

𝐶𝑜𝑥

[

gc m−2
p,ex s−1

]

(8)

Eq. (8) only describes the gasification rate for long 𝜏dec. In Fig. 7
it can be seen that the measured gasification rate increases for shorter
𝜏dec carbon. This means the rate constant 𝑘0 is also a function of 𝜏dec.
The simplest function describing the increase at lower 𝜏dec is given as
an extra component for 𝑘0:

𝑘0(𝑇𝑑𝑒𝑐 , 𝜏𝑑𝑒𝑐 ) = 𝑘′0(𝑇𝑑𝑒𝑐 ) + 𝑘′′0 (𝜏𝑑𝑒𝑐 ) (9)

𝑘′′0 (𝜏𝑑𝑒𝑐 ) =
𝑘1
𝜏𝑑𝑒𝑐

(10)

The effect of Tdec may be seen in Figs. 7 and 8. From this, a decrease
with Tgas is clearly visible. The equation describing this is chosen so
that no negative gasification rate could be obtained. One simple form
describing this is given by

𝑘′0(𝑇𝑑𝑒𝑐 ) = 𝑘2 ⋅ exp(−𝑘3 ⋅ (𝑇𝑑𝑒𝑐 − 1373)) (11)

Combination of Eqs. (8)–(11) yields the corresponding overall gasi-
fication equation:

𝑅𝑔𝑎𝑠 =
(

𝑘1
𝜏𝑑𝑒𝑐

+ 𝑘2 exp(−𝑘3 ⋅ (𝑇𝑑𝑒𝑐 − 1373))
)

⋅ exp
(−𝐸𝑎,𝑔𝑎𝑠

𝑅𝑇𝑔𝑎𝑠

)

𝐶𝑜𝑥 (12)

A mechanistic interpretation of this equation is as follows. The low-
est reactivity for any given gasification temperature, which is obtained
at high pyrolysis time, corresponds to the reactivity of equilibrated
carbon at the used pyrolysis temperature. Equilibrated is meant here as
having achieved a final composition (see Fig. 5 in which the H/C ratio
of the carbon is shown versus the pyrolysis time) which corresponds to
the lowest reactivity.

The equations are fitted to the measured data by minimization
of Eq. (13) using MATLABs nlinfit routine. 𝜖𝑖 denotes the experimental
error of data point 𝑖. 95% Confidence intervals and cross correlation
coefficients were obtained using the nlparci function.

𝛥 =
𝑁
∑

𝑖=1

(𝑅𝑔𝑎𝑠,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑,𝑖 − 𝑅𝑔𝑎𝑠,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑,𝑖

𝜖𝑖

)2

(13)

otes on cross correlation
Some notes are made on parameter estimation using rate equations

escribed by the Arrhenius equation, or more generally exponential
unctions. The mathematical form of these equations dictate that the
xponent in some form is present in the derivative of these functions.
he derivatives are used in the estimation of the correlation coefficients
uring parameterization. Hence, usually a high correlation between
arameters is observed.

To reduce this correlation, numerous other forms of the Arrhenius
quation can be used in the fitting process [32–35]. All of these
ariations use a reference temperature in the equation. Analogies are
oted between these and the reference temperature proposed by Svante
rrhenius [36]. In this work, the cross correlation is reduced via the
ethod proposed in [35].
8

Table 3
Fitted parameter values for steam and CO2 gasification.

Parameter Steam CO2

Value 95% CI Value 95% CI

𝑘1 2.40 ⋅ 1012 1.75 ⋅ 1011 2.30 ⋅ 1012 3.68 ⋅ 1011

𝑘2 1.25 ⋅ 109 8.00 ⋅ 107 3.90 ⋅ 108 2.73 ⋅ 107

𝑘3 1.83 ⋅ 10−2 1.83 ⋅ 10−3 2.80 ⋅ 10−2 7.28 ⋅ 10−3

𝐸𝑎 2.90 ⋅ 105 1.02 ⋅ 104 3.01 ⋅ 105 1.57 ⋅ 104

Fig. 9. Measured and predicted steam and CO2 gasification rate in the single particle
reactor. Tgas range from 1000 to 1100 °C, 𝜏dec between 60 and 8100 s, Tdec between
000 and 1100 °C, particle A.

itting results and discussion
The parameters were fitted on the complete data sets of CO2 and

team gasification, spanning 260 points for steam and 143 for CO2.
he obtained fit (Fig. 7, Fig. 9 and Table 3) approaches the measured
ata within the confidence interval of the experimental data. The
resented model shows that, using 4 parameters, 3 of which are fitted
n the decomposition process conditions, it is possible to accurately
redict gasification behavior. In this work, the model was tested only
n the used particle. To extend this, the equations will need to be
eparameterized for other particles. The obtained numerical values for
he activation energy indicate that indeed no mass transfer control
xists.

Calculated correlation coefficients indicate a weak correlation be-
ween the fitted parameters, ranging from 0.0001 to 0.1. One exception
o this is a correlation of 0.5 between 𝑘1 and 𝑘3. The weak correlation
ndicates that the data suffices to make an independent fit for each
f the incorporated phenomena. However, it should be mentioned
hat the presented values cannot be interpreted as (a) meaningful rate
onstant(s). The overall rate constant is now incorporated into the
arameters in Eq. (9). The fitting functions were chosen by the shapes
f the data presented in Figs. 7(a) and 8. It is speculated that numerous
ther equations will yield a comparable or even better fit. This model
as developed to investigate whether it is possible to describe gasi-

ication rates using only parameters from the decomposition step. The
btained results indicate this is possible. In the next section, this model
s verified using a fixed bed setup. The predictive capability of this
odel will be tested against a separate experimentally obtained data

et (see Fig. 9).
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3.5. Verification of both gasification models

To verify the applicability and test the predictive power of the
developed gasification model, a test was performed in a fixed bed setup.
This separate data set is used only to test the model, it has not been
used for the fitting process. A fixed bed was filled with particle A. Over
the bed length, an axial temperature gradient caused an axial carbon
profile to be formed. This carbon profile is a measure of the reaction
rates at temperatures ranging between 850 and 1100 °C. An example
f the temperature profile is presented in Fig. 10, note that this was
ot the exact temperature profile at which these carbon profiles were
eposited.

By measuring the amount of carbon present in the bed, before and
fter gasification, the gasification rate as function of reactor length
as obtained. By incorporating the gasification kinetics obtained in the

ingle particle reactor in a numerical fixed bed model, a prediction for
he resulting carbon profile was made. The numerical model uses the
ethod of lines to solve the carbon mass fraction in the bed as function

f location and time. This model is comparable to the model used in
revious work, it has been modified only to include gasification. In this
ork we showed that this model is able to predict carbon growth over

ime and location [1].
Carbon was deposited at 1100 °C set point, and a total decompo-

sition time on stream of 1800 s. A 300 NmLmin−1 CH4 flow was used
during carbon deposition. After this 100 NmLmin−1 nitrogen and a 0.1
mLmin−1 liquid H2O were fed into the reactor for a set time. After this
the water flow was turned off and the bed was cooled down over night.

The measured and modeled carbon profiles are presented in Fig. 10.
The first half of the carbon profile could not be measured experimen-
tally, as it was not possible to retrieve layer-by-layer samples without
mixing the solids. Therefore this data was omitted. Additionally, it was
not possible to obtain usable carbon samples for beds that were gasified
to lower carbon weight fractions, also due to mixing during retrieval.

It is observed that the predicted carbon profile agrees well with the
measured carbon profile. This means that the gasification kinetics satis-
factorily predict gasification rates across the entire temperature range
of 850 to 1100 °C. This temperature range might seem a significant
extension of the single particle data used to fit the kinetics. However,
at these lower temperatures a relatively small amount of carbon is
deposited, and therefore are not of large importance for this case.

In Fig. 11 the results of a test performed at shorter decomposition
time is presented. In Fig. 12 CO2 was used. The predictions made by
the model agree with experimental data for both cases. The prediction
can take into account the effects of 𝜏dec and is also suitable for CO2. It
s noted however, that in Fig. 10 the deviation for relatively unreactive
arbon under CO2 has a large deviation.

The kinetic models were developed under negligible gas phase
onversion conditions in the single particle reactor. In the fixed bed, the
as phase steam conversion was approximately 12%. This is a relatively
ow conversion, it is therefore expected that a higher concentration will
ffect the accuracy of the prediction negatively. The kinetics should be
xpanded to take this into account.

. Industrial scale design considerations

Although the focus of this work is not process or reactor design ori-
nted, several implications of the results are noted. These are discussed
riefly in this section.

The initial decrease of gasification reactivity with pyrolysis time is
elatively large. From a process development perspective, for a higher
olumetric gasification rate [mol𝑐 m𝑟

−3 s−1], more reactive carbon is
esired over the relatively nonreactive obtained at higher pyrolysis
imes. Perhaps more importantly, from Fig. 7(a), one can conclude
hat carbon produced at long pyrolysis time is difficult to gasify using
team (or CO2). Therefore, should these gases be used to gasify the
arbon, the residence time of the solids during pyrolysis cannot be
9

Fig. 10. Carbon and temperature profile measured in fixed bed reactor. Setpoint 1100
°C, total runtime 1800 s, Gas residence time 0.6 s, Inlet fraction CH4 = 0.5, particle
A.

Fig. 11. Measured and predicted carbon profiles in the fixed bed reactor. Carbon
deposition: Tdec = 1100 °C, 𝜏dec = 1200 s. Gasification: Steam, Tgas = 1100 °C, 𝜏gas =
300 s. Note that the used methane flow used in this experiment is 1 order of magnitude
higher than the one used in Fig. 10.

too long. This also means that the solid residence time should be
controllable, (e.g. little solids residence time distribution should occur
during pyrolysis). Therefore one can conclude that the solids phase
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Fig. 12. Measured and predicted carbon profiles in the fixed bed reactor. Carbon
deposition: Tdec = 1050 °C, 𝜏dec = 1800 s. Gasification: CO2, Tgas = 1050 °C, 𝜏gas

1800 s.

hould have low mixing and behave like a PFR as much as possible,
uring decomposition, should either steam or CO2 be used as an
xidant exclusively. Note that this statement is only valid for CO2 and
team gasification. Should air be used, no effect of 𝜏dec is present.

The selection and conceptual design of an optimal reactor and
rocess is beyond the scope of this paper. The observation that a
igh gasification rate can be realized using a low solids residence
ime during decomposition is only part of the process optimization.
he highest overall productivity, regardless how this productivity is
efined, will have both a gasification and a decomposition component.
his will be studied further in upcoming work.

. Conclusion

In this work, the gasification of carbon deposited on non-porous
−Al2O3 particles by the pyrolysis of methane was studied. Using a
ingle particle reactor, carbon was deposited on nonporous 𝛼-Al2O3
nd subsequently gasified. It is concluded that the pyrolysis conditions
ffect both the characteristics of the carbon as well as the subsequent
asification rate of this carbon. Hence, information on the pyroly-
is conditions is required to describe the gasification rate. Measured
asification rates were used to formulate a rate equation. In this rate
quation, components describing the carbon reactivity as function of
he pyrolysis residence time and temperature were required. This pa-
ameterized equation was then used to successfully predict carbon
asification in a fixed bed system.
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