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ABSTRACT:One way of recovering oil is to propagate a co-current feed smoldering front in oil shale. This can be performed either
in situ or as an ex situ process. Smoldering in oil shale semicoke achieves both thermal valorization and carbon release. In both cases,
two phenomena cause CO2 formation and release: the oxidation of fixed carbon and the decarbonation of CaCO3. It is shown in this
work that enriching the gas fed to the front with CO2 significantly impacts both phenomena, potentially in a positive way: (i) the
oxidation of fixed carbon to CO is encouraged, leading to the production of a richer gas and limiting the amount of CO2 formed, and
(ii) the decarbonation of CaCO3 is limited, which also contributes to reducing the formation of CO2.

1. INTRODUCTION

Smoldering combustion can be encountered in many cases,
both naturally and in industry. Energy,1,2 environment science,3,4

and forest management5,6 have stimulated considerable research
in the past few years. Previous studies consider smoldering as a
complex phenomenon encompassing a number of fundamental
processes, including heat and mass transfer in a porous medium,
endothermic pyrolysis of combustible material, and ignition,
propagation, and extinction of heterogeneous exothermic reac-
tions at the solid!gas pore interface.

Ohlemiller7 defines smoldering as a slow, low-temperature,
flameless form of combustion, sustained by the heat provided
when oxygen directly attacks the surface of a condensed fuel (i.e,
solid or liquid). Smoldering is limited by the rate of oxygen
transport to the fuel surface, resulting in a slower and lower tem-
perature reaction than that which occurs with flaming. Smolder-
ing can be self-sustaining (i.e., no energy input is required after
ignition) when the fuel is (or is embedded in) a porous medium.
Self-sustaining smoldering occurs because the solid acts as an
energy sink and then feeds that energy back into the unburnt fuel,
creating a reaction that is highly energy-efficient.8

1.1. Smoldering inOil Shale (OS) andSemicoke (SC).Smolder-
ing is a way to recover the organicmatter contained inOS in the form
of oil, either in situ or ex situ. The oil recovered can be used as a
petroleum-like liquid. Moreover, the flue gas that is produced may
prove to be a useful source of energy.
Today, the primary solid byproduct of OS retorting is called

SC. SC is the main problem of theOS industry. It is considered as
a dangerous waste, which may contain pollutants including sul-
fates, heavy metals, and polycyclic aromatic hydrocarbons, some
of which are toxic and carcinogenic.9 In certain countries, a large
quantity of SC (about 300million tons in Estonia, for example) is
mostly placed into open dumps. The combustion of SC, as dis-
cussed in several papers,10,11 could be a promising concept,
allowing for the use of the high residual energetic potential of this
material. One drawback of this technology is that, at high tem-
peratures, the mineral matter, mainly CaCO3, is decarbonated,
and enormous emissions of CO2 are released. More recently,

several authors12,13 have proposed the use of SC ash, which
contains free CaO andMgO, as a sorbent for CO2mineral seque-
stration.
1.2. Thermochemical Mechanisms Involved in SC Smol-

dering.Recently, Martins et al.14 carried out forward smoldering
experiments in an OS porous medium and proposed a quite
detailed description of the different zones involved during the
propagation of the smoldering front. Four reaction zones, which
propagate throughout the OS porous medium, were identified.
(i) The water evaporation zone: this mechanism was assumed to
be very fast and completed rapidly when the temperature reaches
150 !C. (ii) The devolatilization zone is where the temperature
reaches high values (250!550 !C) allowing for the cracking of
organic matter within the grains. This cracking produces gaseous
species (light hydrocarbons), heavy oil, and a reactive residue
called fixed carbon (FC). The devolatilization process is endo-
thermic.15 In this zone, part of the organic matter is oxidized
simultaneously. This oxidation is called low-temperature oxida-
tion (LTO). (iii) The reaction zone is where the temperature is
higher (more than 550 !C) and where oxygen carried by the fluid
meets the carbon residue (FC) left by devolatilization. This
exothermic oxidation reaction consumes oxygen and produces
carbon monoxide and carbon dioxide. (iv) The CaCO3 decar-
bonation zone (temperature above 750 !C) is possibly located in
the same area as the reaction zone according to ref 15.
With the air flow rate used in experiments, the reaction leading

structure prevails during the front propagation. In this situation,
most of the heat released at FC oxidation is left behind the
reaction zone and only a thin layer is heated downstream of the
front, as illustrated further in the paper (Figure 6). Therefore, the
propagation of the four reaction zones can be considered as a
steady process.
1.3. Literature on Carbon Oxidation. Carbon undoubtedly

plays an important role in many smoldering processes: the



self-heating evident in smoldering is a consequence of the heat
generated during carbon oxidation. Oxidation occurs when the
oxygen in the flowing gas comes into contact with carbon. Classically,
in the case of heterogeneous reactions in a porous medium, the
macro-scale rate of oxidation is controlled in some cases by the
kinetics of the reactions involved and, at other times, the intra-
granular diffusion of the O2 reactant. The oxidation of carbon has
been studied by many investigators (more recently in ref 16). In
general, it undergoes a series of intermediate reactions, and con-
sequently, the products CO and CO2 are formed on the carbon
surface.17,18 Although CO has commonly been accepted as the
primary product of heterogeneous char oxidation, experimental
studies have indicated that some CO2 is also formed.19 Globally,
the combustion mainly produces CO2 and moderate amounts of
CO. This partitioning between CO and CO2 is significant (i)
because of the large difference in reaction heat, which is over
3 times larger for CO2 formation than for the CO formation
reaction and (ii) in terms of the stoichiometry. A given quantity
of oxygen will consume twice as much carbon if CO is produced
as it will when CO2 is produced. This will impact the reaction
front velocity in the same ratio.
Determination of the ratio of produced CO/CO2 requires a

mechanism for the formation of CO and CO2. It is well-known
that the following reactions occur on the surface of a burning
carbon particle:

C þ O2 f CO2 ð1Þ

C þ 1
2
O2 f CO ð2Þ

C þ CO2 f 2CO ð3Þ

and, in the space surrounding the particles, the following homo-
geneous reaction occurs:

CO þ 1
2
O2 T CO2 ð4Þ

Waters et al.19 pointed out that the burning of CO surrounding
carbon particles is very important. Reaction 4 is in equilibrium;
the increase, for example, of the partial pressure of CO2may favor
the production of CO instead of CO2, in accordance with the Le
Chatelier principle. Elayeb20 used a three-equation model at the
local scale to determine the local thermochemical conditions.
These aspects will be important in the present paper.
In the sequel of the paper, the complex chemistry of carbon

oxidation will be described using the very simple stoichiometric
equation

C þ frCO
2

þ ð1! frCOÞ
! "

O2 f frCO CO þ ð1! frCOÞCO2

ð5Þ

where frCO is the fraction of carbon oxidized to CO. This
reaction results from an upscaled kinetic model at the Darcy scale
obtained from the complex local reactive problem. Several
attempts have been made in the past few years to understand
the behavior of solid combustion (see for instance ref 21) or to
determine, in two-dimensional (2D) geometries, some regimes
and reduced kinetic models using a full microscopic model
coupling heat and mass transfer.20

1.4. Literature on Decarbonation of CaCO3 and Carbona-
tion of CaO. The decarbonation of CaCO3 plays a major role in

the SC smoldering process because its high reaction heat impacts
strongly the heat balance of the process and because it produces
large amounts of CO2. Moreover, CaO produced by this reaction
may in turn undergo carbonation to CaCO3. The latter reaction
is strongly exothermic and consumes CO2. A rapid overview of
the state of the art in the decarbonation of CaCO3 to CaO and
the possible carbonation of CaO to CaCO3 is proposed here to
aid interpretation of the experimental results given in this paper.
1.4.1. Decarbonation. The decarbonation reaction of lime-

stone is presented globally as follows:

CaCO3ðsÞ f CaOðsÞ þ CO2ðgÞ
ΔH ¼ 178:4 kJ mol!1 of CaCO3 ð6Þ

This reaction, which has been studied extensively in the litera-
ture, hasmany aspects that are not well-understood. There is thus
no consensus about several fundamental aspects, such as rate-
limiting processes and the influence of CO2 partial pressure on
the reaction rate.
Predicting the behavior of a given limestone in a decarbona-

tion process is difficult and involves large uncertainties. This is
due to the complexity of the decarbonation process, which involves
a five-step mechanism, according to Cheng and Specht:22 heat
transfer to the solid surface of the particle, conduction of heat
from the surface to the interior of the grain, the chemical reaction
itself, diffusion of CO2 to the surface, and then its discharge into
the surrounding system.
Even for small particles, the process is thought to operate as a

reacting front propagating from the particle surface to its center.
Incidentally, such sharp front-like processes at the pore scale are
difficult to describe in terms ofmacro-scalemodels. Three possible
rate-limiting processes involved in the decomposition of carbo-
nates can be distinguished inside the particle: (1) heat transfer
through the particle to the reaction interface, (2) mass transfer of
CO2 released from the reaction surface through the porous
system (pore diffusion), and (3) chemical reaction.23 External
mass transfer could also be a rate-limiting process in some cases.
The relative importance of the different limiting steps on the
observed reaction rate may be largely due to experimental
conditions, experimental setup, and sample size.
The endothermic decarbonation reaction is favored by higher

temperatures. It will proceed only if the partial pressure of CO2 in
the gas around the solid surface is less than the so-called decom-
position pressure (or equilibrium pressure), which, in turn, is
determined by considerations of equilibrium thermodynamics. A
typical expression for equilibrium pressure in mmHg is given by24

log10 Peq ¼ !8792:3
TðKÞ

þ 10:4022 ð7Þ

Figure 1 plots the phase diagram evolution of this equilibrium pre-
ssure in the temperature space. This figure shows that, for each
temperature, there is a partial pressure of CO2 at which a CaCO3/
CaO system does not undergo any reaction. If the CO2 partial
pressure is higher than the equilibrium pressure, evolution toward
CaCO3 is favored and inversely. At room temperature, the equilib-
rium overwhelmingly favors CaCO3, because the equilibrium CO2
pressure is only a tiny fraction of the partial CO2 pressure in air
(500 ppm). At temperatures above 650 !C, the CO2 equilibrium
pressure begins to exceed the CO2 partial pressure in air (too small of
a value to be plotted in Figure 1) and calcium carbonate begins to
outgas CO2 into air. The temperature at which limestone yields
calcium oxide is usually given as ∼825 !C. At this temperature,



decarbonationwill occur even under CO2 partial pressures as high
as 0.35 atm. If the partial pressure of CO2 is higher than this
equilibrium pressure, the carbonation to CaO is favored.
1.4.2. Carbonation. The carbonation reaction has been the

object of numerous studies, in particular for CO2 capture based
on chemical looping processes. The use of CaO-based solids to
capture CO2 at high temperatures is at the core of several CO2-
capture and zero-emission power plant concepts.25,26 These
processes make use of the following reaction:

CaOðsÞ þ CO2ðgÞ f CaCO3ðsÞ
ΔH ¼ !178:4 kJ mol!1 of CaCO3 ð8Þ

It is well-known that the solid!gas CaO!CO2 reaction, con-
sidering one single particle, proceeds through two rate-controlling
regimes. At the very initial stage of the reaction, the reaction
occurs rapidly by heterogeneous surface chemical reaction kinetics.
Following this initial stage, a compact layer of CaCO3 is deve-
loped, inducing a progressive change in the reaction mechanism:
the rate of the reaction decreases because of the diffusion limi-
tation of reacting species through the layer.27 From the viewpoint
of the intrinsic CaO!CO2 reaction, elevating CO2 partial pres-
sure should enhance the carbonation rate of CaO.
State of the art results show that the carbonation reaction

kinetics for particles principally depends upon the experimental
conditions. The rate of this reaction is affected by the tempera-
ture, CO2 partial pressure, total pressure, and particle diameter.
Literature dealing with the effect of the temperature and CO2
partial pressure on this reaction will be cited in the discussion
later in this paper.
1.4.3. Present Investigation. On the basis of this literature,

CO2 can be expected to have an impact in two co-occurring and
positive ways: (i) an increase in CO production and a decrease in
CO2 production during carbon oxidation and (ii) the limitation
of the extent of CaCO3 decarbonation or the occurrence of some
CaO carbonation, both leading globally to a reduction in CO2
emissions.
An investigation was thus carried out using CO2-enriched air

to feed the smoldering front. Reference cases were first estab-
lished, in which air was used. The following smoldering front
characteristics were observed: temperature, velocity, and produced

gas composition. Interest was more particularly focused on the
fraction of CaCO3 that was decarbonated and the yields in CO
and CO2 resulting from carbon oxidation. It was observed that
adding CO2 significantly impacted the two above-mentioned
phenomena.
1.4.4. Methodology. All of the mechanisms involved in the

process have been well-characterized in a previous work.28

Quantitative results on the extent of each reaction were estab-
lished by varying a number of parameters. The two following
cases will be taken as references in this work. (i) First, a mixture of
SC and sand was used, with an initial weight composition of
50%/50%. This led to contents of 3.5% mass of FC and 22.42%
mass of CaCO3. The observed peak temperature was approxi-
mately 1032 !C. This experiment served as our base high-
temperature test case. It was observed that the propagation of
the smoldering front oxidized almost all FC, decarbonated all
CaCO3 mineral present in the medium, and consumed all
supplied O2. The front velocity was equal to 4.04 mm min!1.
The value of the frCO parameter was about 0.31. This case
corresponds to the classic situation where the smoldering front
temperature is not controlled and results essentially from the
carbon content of the medium and the amount of oxygen in the
feed gas, usually air. The best known example is in situ combus-
tion, where the smoldering front is generated on one side of the
reservoir and is fed by injecting air. (ii) A second case, which
represents the reference low-temperature test for this work, was
obtained with less FC in the medium. The medium contains
2.08% mass of FC and 22.42% mass of CaCO3. The smoldering
front propagates at 4.84 mm min!1, and its peak temperature
is 685 !C. Only 21.2% mass of the initially present CaCO3
was decarbonated after the front passage. The stoichiometric
parameter frCO was found to be equal to 0.21. This situation
corresponds to ex situ applications, in which the medium
composition can be controlled, allowing for a smoldering front
temperature reduction.28

New experiments were carried out in similar porous media but
using CO2-enriched air to feed the front. It was decided to
maintain O2 at the same fraction as that of air in reference cases
and in the so-called CO2-enriched air experiments to change only
one parameter (CO2 concentration) at a time. A molar fraction
of 20%CO2 was prepared. This value is high enough to expect an
impact on the process and low enough for potential future
applications, such as in situ oil recovery. We used a mixture of
air, oxygen, and CO2, prepared usingmass flowmeter/controllers.
Because of some uncertainties in the measured values and in the
values identified using the mass balance, experiments were all
repeated 2 or 3 times in each condition.

2. EXPERIMENTAL DEVICES AND PROCEDURES

The same porous medium was used as in the previous work28 and for
the same reasons. Performing experiments with SC instead of OS
facilitates the interpretation of the results, because the LTO reactions
and the devolatilization reaction no longer occur when SC is used. These
two reactions are avoided in SC media because the only organic matter
in the medium is FC, which only undergoes HTO. Furthermore, we
prevent oil formation and, therefore, do not have to take it into account,
which makes it possible to establish a proper mass balance.
2.1. Preparation of SC and Characteristics. The original OS

sample used here is from the same batch as that used in refs 14, 15, and
28. It originates from the deposit of Timahdit in Morocco. It was
received as hard dark-gray blocks, crushed using a rock-grinding device

Figure 1. Equilibrium pressure for the CaCO3!CaO system



and sieved to the experimental samples between 500 and 2000 μm.
The SC was prepared by retorting OS at a pyrolysis temperature of
550 !C in a stainless-steel reactor externally heated by an electric
rig furnace, in an atmospheric environment and using a heating rate
of 5 !C min!1.

An horizontal tube furnace was used to characterize the initial OS, the
prepared SC, and the solid residue after combustion. Details on the
procedures can be found in ref 28. The proximate analysis for the initial
OS and the prepared SC is shown in Table 1.
2.2. Combustion Cell. SC combustion experiments were per-

formed with a fixed-bed reactor (Figure 2). A detailed description of this
reactor was given in refs 14 and 28.

In all experiments, an oxidizer gas flow rate of 8.3 L min!1 at standard
temperature and pressure (STP), which is equivalent to a Darcy velocity
of 0.023 m s!1 at STP, is fed into the top of a vertical cylinder containing
a mixture of crushed OS SC and inert sand. Ignition also takes place at
the top of the sample using a cone heater that irradiates the surface
through a quartz window.

During the experiment, temperatures in the bed were measured by six
type-K thermocouples located along the axis of the cell at different
heights (T1, T2, T3, T10, T11, and T12). The bed mass loss and pre-
ssure drop evolutions were recorded. Gas analyzers were connected to
the sampling device at the axis of the cell, near the bottom, to analyze
gases every 4 min, CO and CO2 by gas chromatography and O2 using a
paramagnetic analyzer in a continuous mode.

To start a uniform front ignition across the whole surface of the bed, a
cone radiant heater was used. A 1 cm layer of pure SC was put at the top
of the bed to guarantee as far as possible a homogeneous ignition. The
time of ignition was 300 s, with a radiative heat flux of 50 kW m!2.

After each experiment, the mass evolution of the system, the tem-
perature evolution of the thermocouples, and gas composition values
were interpreted on the basis of a mass balance for the smoldering front.
Three values were derived from these data: the fraction of FC oxidized to
CO, frCO, the decarbonated fraction, frdecarb, and the smoldering front
velocity, vfrc. Details of the mass balance equations and the parameter
identification procedure are given in ref 28.

The mass balance from which the values of vfrc, frCO, and frdecarb are
derived was established as the front was located approximately two-
thirds away from the top of the cell. In this zone, the front was observed
to propagate at a constant velocity; both the gas species fractions in the
flue gas and the cell mass loss rate were constant along time. It is believed
that buoyancy did not produce a significant effect at this time thanks to
the 100 mm high zone remaining downstream of the front.

3. RESULTS AND INTERPRETATIONS

The results for all experiments, before any calculation from a
mass balance, are reported in Table 2.
3.1. At High Temperatures. Let us first examine results

obtained with the medium containing 3.47% FC conditions,
which lead to a high-temperature front.
The front temperature slightly decreased with CO2 addition,

from an average of 1032 to 957 !C. All of the feed oxygen was still
consumed, as in the reference case. Analyzing the solid residue
after combustion indicated that the amount of remaining FC was
less than 0.25%, as observed in the reference case. The fraction of
CO in the flue gas had significantly increased, from 5.4% in the
reference case to 8.9% in the CO2-enriched experiment. Because
CO was the only fuel gas in the flue gas, the calorific value
increased in the same proportion. It is clear that more CO had
been produced during FC oxidation, but this increase in the
molar fraction may also have been due to a decrease in the total
produced gas flow rate, if less CaCO3 was decarbonated. The
produced CO2 fraction, which is equal to 25.4% in the reference
case, decreased to 42.6 ! 20 (injected) ≈ 22.6%. Nevertheless,
because CO2 results from both FC oxidation and CaCO3
decarbonation, this cannot be interpreted directly.
The parameters frCO and frdecarb were then determined for

better interpretation of the experiments. A parameter identifica-
tion procedure was employed using a mass balance as the direct
model. Results, which are reported at the bottom of Table 2, are
interpreted below.
3.1.1. Impact of CO2-EnrichedGas onDecarbonation.Figure 3

plots the decarbonated fraction as a function of the smoldering
front temperature. The decarbonation fraction decreased on
average values from 98 to 68% when feeding the smoldering front
with CO2-enriched air. This is an important result from this work:
30% of the decarbonation of the carbonates can be avoided by
adding 20% CO2 to the feed gas. This may find applications in
both in situ or ex situ contexts.
A first possible explanation is that the presence of CO2 in the

feed air influenced the decarbonation reaction. In the literature, a
large number of expressions of the decarbonation rate as a
function of the CO2 partial pressure (or CO2 concentration)
are proposed. A sharp decrease in the decarbonation rate was
found at the highest CO2 concentrations.

23 Ingraham and Marier29

found that the reaction rate linearly depended upon the differ-
ence between the CO2 partial pressure at the reaction surface and
the equilibrium pressure. Following the same idea, Khinast et al.30

found an exponential decay in the reaction rate constant with the
CO2 partial pressure. Hashimoto

31 reported that the rate depen-
dency upon CO2 partial pressure was linear at lower temperatures

Table 1. Proximate Analysis of the Original OS and the
Prepared SC

proximate analysis (wt %)

component H2O volatile matter FC CaCO3 inert

OS 2.5 14.7 4.70 34.6 43.5

SC 0.70 6.95 44.83 47.52

Figure 2. Cell combustion in porous medium, with continuous gas
sampling at the axis.



and nonlinear at higher temperatures. Rao et al.24 also found a
nonlinear dependency at 953!1148 K, with the degree of non-
linearity dependent upon the temperature. Searcy and Darroudi32

found that, at low CO2 partial pressures, the decarbonation rate
was essentially independent of the partial pressure, whereas at
higher values, there was a parabolic dependency, which changed
to linear for values near the thermodynamic equilibrium. How-
ever, Huckauf et al.33 mentioned that the reaction rate was
inversely proportional to the difference between the CO2 partial
pressure and the equilibrium pressure.
To summarize, the reaction at the CaCO3!CaO interface is

complex, not fully understood, and related to the CO2 partial
pressure in the surrounding gas. However, to evaluate the
potential impact of increasing the CO2 partial pressure on the
decarbonation reaction around 950 !C, we consider here the

classic model of ref 34 that expresses the decarbonation rate as
proportional to

Rd ¼ Kd
Peq ! P
Peq

ð9Þ

where Rd is the rate of decarbonation, Kd is the rate coefficient,
and P is the partial pressure of CO2. We have plotted in Figure 4
the term (Peq ! P)/Peq versus the temperature, for different
values of the ambient partial pressure of CO2.
At 950 !C, the term (Peq ! P)/Peq is equal to 1 under air,

corresponding to the situation where the decarbonation occurs at
the maximum rate. Martins et al.14 have shown that the zone
where the decarbonation occurs is superposed on the zone where
carbon oxidation occurs. Therefore, during the reference case,
the CO2 partial pressure in the reaction zone may vary between

Table 2. Synthesis of the Experimental Results

(a) High-Temperature Case

high-temperature FC = 3.47 mass %

air (reference) CO2-enriched air

raw results

front temperature (!C) 1037 1004 1056 918 950.5 1003

residual O2 (vol %) <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

CO (vol %) 5.38 4.94 5.95 6.98 9.12 10.6

CO2 (vol %) 25.9 25.6 24.9 42.4 41.2 43.5

identified parameters

vfrc 4.02 4.03 4.07 4.43 4.57 4.7

frCO 0.32 0.29 0.34 0.35 0.43 0.44

frdecarb 1.065 0.937 0.952 0.71 0.72 0.6

(b) Low-Temperature Case

low-temperature FC = 2.09 mass %

air (reference) CO2-enriched air

raw results

front temperature (!C) 727 685 685 733

residual O2 (vol %) <0.05 4.72 3.16 0.82

CO (vol %) 3.22 2.85 3.21 3.83

CO2 (vol %) 14.5 14.4 36.0 41.1

identified parameters

vfrc 5.82 4.84 4.66 5.85

frCO 0.22 0.22 0.16 0.16

frdecarb 0.14 0.2 0.001 0.021

Figure 3. Decarbonated fraction versus the front temperature: (9)
reference experiments and (0) experiments with CO2-enriched air.

Figure 4. Ratio (Peq! P)/Peq versus the temperature for different CO2
pressures.



0.05 (in air) and 25%, as measured at the exit of the cell, whereas
in CO2-enriched air experiments, it varies between 20 (feed gas)
and 42.6%, as measured at the exit of the cell.
Taking 900 !C as the average temperature for the decarbona-

tion zone, Figure 4 indicates that the increase in the partial
pressure of CO2 to 20 or 40% involves the decrease in of the term
(Peq! P)/Peq from 1 to 0.8 and 0.6, respectively; decarbonation
is slowed in the same ratio. It is clear that the quantitative values
determined here should not be considered because of the uncertainly
remaining in the calculation of the (Peq ! P)/Peq term, which is
strongly dependent upon the temperature. Nevertheless, this
simple modeling indicates that an increase in the CO2 partial
pressure by 20% can impact significantly and slow decarbonation.
This is the probable explanation for the decrease in the progress
of decarbonation from 98 to 68%, observed experimentally when
adding 20% CO2 in the feed gas.
Another possible explanation could be that some carbonation

of CaO to CaCO3 occurred, leading to finally observed lower
decarbonation degrees. From the literature, elevating the CO2
partial pressure may enhance the carbonation rate of CaO.
Oakson and Cutler35 considered that the carbonation rate was
a function of the CO2 partial pressure and temperature based on
the carbonation at 850!1044 !C with a CO2 partial pressure of
245!2487 kPa. Bhatia and Perlmutter36 found that the initial fast
carbonation reaction correlated with reversible first-order ki-
netics when the carbonation was conducted at 400!725 !C with
a CO2 partial pressure of 10!42 kPa. Later, Grasa et al.37

conducted the cyclic carbonation at 650 !C for 20min by varying
the CO2 partial pressure from 0.002 to 0.1 MPa and found
that the fast carbonation reaction period was strongly affected
by the concentration of the reactant during the multiple cycles.
The first-order reaction of CaO with respect to CO2 was
verified, consistent with the results from ref 36. Sun et al.38

detected a variable order reaction of CaO with respect to the
CO2 partial pressure, from the first-order reaction to the zero-
order dependence when the CO2 partial pressure exceeded
∼10 kPa.
Finally, the works from the literature reflect the fact that the

multi-scale elementary mechanisms involved in the CaO carbo-
nation process are not well-understood. To support interpreta-
tion of the present results, the works of Bhatia and Perlmutter36

will be used. These authors distinguished the chemical control

regime and the diffusional control regime; the carbonation reaction
rate can be expressed as

Rc ¼ kcðPeq ! PÞ ð10Þ

where Rc is the rate of carbonation, kc is the rate coefficient, and P
is the partial pressure of CO2. Figure 5 gives the rate coefficient of
the carbonation reaction in both regimes versus the temperature,
according to these authors. The term that appears in the
expression of the reaction rate was also plotted on this figure
for several values of the CO2 partial pressure between 0.05 (air)
and 40%.
The figure shows that the term is positive only for tempera-

tures lower than 800 !C, regardless of the CO2 partial pressure
between 5 and 40%. Carbonation may occur only in the front
zone corresponding to these temperatures. At 700 !C, for
instance, the results show that an increase in the CO2 partial
pressure (P) from 5 to 20% results in an increase by 1 decade of
the term Peq! P, and, consequently, of the carbonation kinetics.
Around this temperature, both the term Peq! P and kc may vary
in the range from 10!2 to 10!1, leading to a product between
10!4 and 10!2 s!1. Considering the value of 10!2 s!1, some
carbonation may occur because the medium remains at such
temperatures for several minutes, while for the value of 10!4 s!1,
carbonation is not likely to occur because it is too slow. There-
fore, it is difficult, given the uncertainties in the values for the
kinetic parameters in the literature, to establish whether carbona-
tion may occur or not.
With regard to the present experimental results, it is also very

difficult to verify if carbonation took place or not. When the
temperature curve shape in the reference case is compared to the
experiment with CO2 as shown in Figure 6, we observe that the
peak becomes wider by adding CO2. This may be explained by
the fact that some carbonation (an exothermic reaction) occurs
just downstream of the decarbonation reaction, which leads to a
temperature rise and, hence, this peak shape. Nevertheless, the
lack of experimental evidence does not enable us to conclude on
this point. The difference in the peak shape was nevertheless
systematically observed and confirms the impact of CO2-enriched
air on the smoldering process.

Figure 5. Value for the term Peq ! P at different CO2 partial pressures
and the rate coefficient kc

36 appearing in the expression of the reaction
rate for CaO carbonation at different pressures of CO2.

Figure 6. Temperature profile around the peak temperature in the (/)
reference case and (+) CO2-enriched air experiment.



3.1.2. Impact of CO2-Enriched Gas on Carbon Oxidation.
Figure 7 plots the fraction of carbon oxidized to CO (frCO) as a
function of the peak temperature. At high temperatures, the frCO
increases from 0.3 on average in the reference case to 0.4 when
adding 20% CO2 to the incoming air. This result is very in-
teresting in two ways: (i) The produced gas contains more CO,
which increases its calorific value. (ii) An increase of frCO theo-
retically induces a decrease in the temperature of the front28 and,
thus, favors a decrease in the decarbonation rate.
In the literature, it is generally observed that oxidation of char

releases predominantly CO2 at relatively lower temperatures. As
the temperature increases, more CO is produced, while CO2
diminishes sharply. The Arrhenius-type equation is usually em-
ployed to describe the effect of the temperature on the ratio CO/
CO2. Several expressions have been given in the literature.39,40

Other authors studied the effect of the partial pressure of oxygen
and temperature on CO/CO2 and obtained expressions as
functions of these two parameters.18,41 Monson et al.42 have con-
ducted experiments in char combustion at atmospheric and
elevated pressures. They suggest an exponential correlation for
the ratio CO/CO2, in which the product of surface reactions is
predominantly carbon dioxide at temperatures lower than 1500 K;
the ratio equals 1 when the reaction temperature is about 1700 K.
To illustrate this, we have plotted in Figure 7 the evolution of
frCO according to ref 39. Large differences exist between this
curve and the present experimental results, which may be ex-
plained by numerous factors, as discussed above. Nevertheless,
the frCO evolution with temperature observed in this work
remains compatible with the literature.
The addition of CO2 provokes a change in the partial pressure

of CO2 in the surrounding gas of the medium particles. This
change may shift the equilibrium of some reactions, according to
the Le Chatelier principle. Among these reactions, the oxidation
of CO into CO2 (reaction 4), which takes place in the space
surrounding the particles likely to be impacted, and the increase
in the partial pressure of CO2 may have favored the carbon
oxidation reaction toward the production of CO.
Some elements of interpretation can be found by observing

Figure 8. This figure plots the theoretical and experimental values
of the front velocities versus frCO. When experiments at high
temperatures are considered (around the bottom curve), the
average values obtained show that adding CO2 causes a noteworthy

increase in the front velocity from 4.04 to 4.56 mm min!1. The
theoretical velocity was calculated by stoichiometric calculations
for the carbon oxidation reaction following equation 5, taking
into account the fact that all FC is oxidized and assuming that all
of the feed O2 is consumed. At high temperatures, a very good
agreement between theoretical and experimental values of front
velocity is obtained. This attests to the quality of measurements
and the parameter identification procedure for frCO, frdecarb, and
vfrc. The experimental front acceleration is in agreement with the
fact that frCO increases.
At this stage, it is possible to discuss further the fact that the

front temperature appeared unchanged when adding CO2 to the
feed air. With reference to an energy balance as detailed in ref 28,
the decrease in the decarbonation degree from 98 to 68% theo-
retically induces a front temperature increase of 225 !C. On the
other hand, the increase of frCO from 0.32 to 0.41 theoretically
induces a front temperature decrease of 235 !C. It is known from
the literature that a thermal balance gives poor estimates of the
front temperature. Our previous work nevertheless indicated
reasonable prediction. Therefore, it is thought that the appar-
ently unchanged front temperature observed here is the result of
two antagonist impacts that occurred simultaneously.
3.2. At Low Temperatures. Let us now consider the results

obtained at low temperatures, using a solid medium containing
2.08% FC. The front temperature remained around 700 !C with
CO2 addition, as in the reference case (Table 2). The amount of
oxygen in the flue gas varied when repeating this experiment
(Table 2), which is explained by instability of the front at low
temperatures. Oxygen is only partially consumed: on average,
1.0% O2 is found in the produced gas in the experiments with
CO2-enriched air, while 2.4%O2 was present in the reference cases.
A slight increase of the CO concentration in the produced gas

was observed, from an average of 3.03 to 3.52%. Produced CO2,
whichwas equal to 14.4% in the reference cases, increased slightly to
38.5 ! 20 ≈ 18.5%. The values of frCO, frdecarb, and vfrc were
derived again from the parameter identification procedure and
enable further interpretation, as discussed below.
3.2.1. Impact of CO2-Enriched Gas on Decarbonation. The

values of the decarbonated fraction at low temperatures are also
reported in Table 2 and plotted in Figure 3. The decarbonated
fraction decreased from 21% in the reference case to about 0% by
adding CO2. The decarbonation reaction was totally suppressed.
This is one of themajor results of this work, because it demonstrates

Figure 7. Fraction of carbon oxidized to CO versus the front tempera-
ture: (—) theoretical evolution, (9) reference experiments, and (0)
experiments with CO2-enriched air.

Figure 8. Front velocity versus the fraction of carbon oxidized to CO:
(9) reference experiments, (0) experiments with CO2-enriched gas,
(—) theoretical value for high-temperature experiments (3.47% FC), and
(- - -) theoretical value for low-temperature experiments (2.09% FC).



that combining fuel preparation by mixing with an inert medium
and enriching the feed gas into CO2 causes full oxidation of the
FC in SC without inducing any decarbonation of the medium.
The first element of interpretation can be found by returning

to Figure 4. Under air, the term (Peq! P)/Peq is equal to 1 at the
temperature ∼700 !C and the decarbonation operates at max-
imum velocity. When the partial pressure of CO2 increases to
20 or 40%, the term (Peq ! P)/Peq becomes negative; the de-
carbonation reaction is stopped. This shows that the presence of
CO2 in larger amounts during experiments with CO2-enriched
gas is very likely responsible for the non-decarbonation of
CaCO3.
With regard to the possible occurrence of some carbonation of

CaO back to CaCO3, the same approach as that used for high-
temperature experiments can be considered. However, it remains
impossible here to establish whether CaO carbonation did occur
or not.
3.2.2. Impact of CO2-Enriched Air on Carbon Oxidation. An

analysis of experiments at low temperatures shown in Figure 7
reveals that the CO2-enriched air affected frCO in the opposite
way compared to experiments at high temperatures. Here, the
addition of CO2 in the feed air led to a slight decrease in frCO.
No explanation can be found for this decrease. Returning to
Figure 8, some elements can be confirmed. Considering the
theoretical front velocity (dashed line) and the experimental
results (4 points at the top of the figure), it can be seen that, for
two experiments, the values are close to the theoretical values.
For these two experiments, the remaining oxygen in the flue
gas was at <0.05 and 0.82%, indicating that all of the feed O2
was consumed. This explains that the mass balance theory is
almost satisfied. The two points further from theory corre-
spond to experiments where 4.72 and 3.16%O2 were left in the
flue gas, which explains the experimentally observed slowing of
the front.

4. CONCLUSION

The effect of adding CO2 to the oxidizer air feeding the
smoldering front in OS SC porous medium was experimentally
investigated. The effect of CO2 on the decarbonation of carbo-
nates and the carbon oxidation reaction, which represent the
main reactions for such smoldering processes, were investigated
quantitatively.

At high temperatures, illustrating a situation where the front
temperature is not controlled (in situ combustion, for example),
adding 20%CO2 limits the decarbonated fraction at 68%, instead
of 98% when using air. The production of CO during FC
oxidation increases by about 40%. Together with the decrease
in the progress of decarbonation, this results in an increase in the
CO fraction in the flue gas from 5.4 to 8.9%.

The calorific value of the flue gas increases in the same
proportion. The velocity of the front increased from 4.04 to
4.56 mm min!1 (12%). This confirms the control of the front
velocity by FC oxidation stoichiometry and corresponds quanti-
tatively with the rise in CO production.

The front temperature appears to be unchanged, but it is
strongly suggested that this resulted from two antagonistic
phenomena: the decrease in the decarbonated fraction would
increase the temperature, while the increase in the fraction of FC
oxidized to CO (frCO) would decrease this temperature.

At low temperatures, illustrating a situation where the front
temperature is controlled by fuel dilution with an inert medium

(such as in ex situ combustion), the decarbonation reaction was
totally suppressed.

It is thought that, in both cases, the reason for lower global
decarbonation is the slowing of the decarbonation reaction
because of the increase in the CO2 partial pressure. Evidence is
lacking to establish whether CaO carbonation occurs or not. It is
shown that adding 20% CO2 to the feed air affects the tempera-
ture profile around the peak temperature, leading to a larger and
smoother shape.
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