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Abstract – Thanks to infrared thermography, we have studied the mechanisms of CO2 capture by solid
adsorbents (CO2 capture via gas adsorption on various types of porous substrates) to better understand
the physico-chemical mechanisms that control CO2 -surface interactions. In order to develop in the future
an eﬃcient process for post-combustion CO2 capture, it is necessary to quantify the energy of adsorption of
the gas on the adsorbent (exothermic process). The released heat (heat of adsorption) is a key parameter
for the choice of materials and for the design of capture processes. Infrared thermography is used, at
ﬁrst approach, to detect the temperature ﬁelds on a thin-layer of adsorbent during CO2 adsorption. An
analytical heat transfer model was developed to evaluate the adsorption heat ﬂux and to estimate, via an
inverse technique, the heat of adsorption. The main originality of our method is to estimate heat losses
directly from the heat generated during the adsorption process. Then, the estimated heat loss is taken for
an a posteriori calculation of the adsorption heat ﬂux. Finally, the heat of adsorption may be estimated.
The interest in using infrared thermography is also its ability to quickly change the experimental setup, for
example, to switch from the adsorbent thin-layer to the adsorbent bed conﬁguration. We present the ﬁrst
results tempting to link the thin-layer data to the propagation speed of the thermal front in a milliﬂuidics
adsorption bed, also observed by IR thermography.
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1 Introduction
According to the Climate Change 2007: Synthesis Report [1] from the Intergovernmental Panel on Climate
Change (IPCC), the greenhouse gas (GHG) emissions due
to human activities have considerably grown since preindustrial times. It was also found that carbon dioxide
(CO2 ) is the most important anthropogenic GHG, representing 77% of total GHG emissions. The largest growth
in GHG emissions has come from energy supply, transport and industry. The report states that most of the
observed increase in global average temperatures since
the mid 20th century is very likely due to the observed
increase in anthropogenic GHG concentrations. Extensive eﬀorts have been devoted to reducing CO2 emissions,
especially to the development of CO2 capture technologies [2]. CO2 capture by solid adsorbents (CO2 capture
via gas adsorption on porous materials) is one of the
most promising capture technology due to its high selectivity and low energy penalties [3]. The study of the
a
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physicochemical mechanisms that control CO2 -adsorbent
interactions is essential when we are looking for eﬃcient
CO2 capture concerning the adsorbent and the design of
capture processes. The adsorption of a gas on an adsorbent is exothermic. The study of the energy released during the interaction CO2 -substrate (heat of adsorption),
leads to a better understanding of these physicochemical mechanisms. The estimation of adsorption heats is
thus crucial. A high heat of adsorption leads to a high
CO2 -adsorbent interaction. This means that the material has a good aﬃnity with the CO2 molecules, allowing favorable CO2 capture. However, energetic interactions may impede the material regeneration (desorption
of CO2 from adsorbent). Therefore, the heat of adsorption is a key parameter for the selection of materials. The
heat of adsorption may be measured by calorimetric techniques [4] or estimated via adsorption isotherms [5]. Both
methods are widely used, but high cost equipments and
time-consuming experiments are necessary, hindering the
use of high-throughput methodologies. In most adsorption processes, the adsorbent is in contact with ﬂuid in a
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Fig. 1. (a) Experimental device. (b) Scheme of adsorption cup. (c) IR image of adsorption/desorption.

packed bed. The analysis and rational design of such processes therefore require an understanding of the dynamic
behavior of such systems [6]. Until recently, many authors
have utilized the simultaneous solution of a set of coupled
nonlinear partial diﬀerential equations (PDEs) based on
heat and mass balances to predict the adsorption column
(adsorber) dynamics [7–9]. The balance equations take
into account complex phenomena (e.g. diﬀusion, dispersion. . . ) and many parameters have to be used as inputs
in the model. Moreover, these parameters are hardly measured or estimated. A direct methodology is used by these
authors, which consists in ﬁtting experimental results (adsorbent temperature and gas-phase concentration) with
the mentioned PDEs. The disadvantage of this method is
the use of adjustable parameters. The experimental data
are usually recorded by thermocouples and gas-phase analyzer along the model adsorber. The intrusiveness and
the inﬂuence of thermocouple thermal inertia may be a
limitation for transient measurements such as adsorption
processes [10].
Taking notice of these inconveniences, this work
presents two high throughput devices based on infrared
thermography for the estimation of adsorption heat via
thin-layer approach, and of the propagation speed of thermal front in a milliﬂuidic adsorption column. Simpliﬁed
heat transfer model is then developed and the heat of
adsorption is estimated using an inverse technique. The
thin-layer approach allowed the prediction of the thermal
front rate in the milliﬂuidic adsorber, which is proportional to breakthrough time.

is associated with adsorbed-phase evolution during CO2
adsorption/desorption. The IR camera allows the detection of the thermal radiation (from 7.5 to 13 μm) coming
from the adsorbent surface, and the temperature values
can be directly measured through calibration parameters.
A diﬀerential temperature measurement is recorded (sampling rate = 11 Hz) by using the same material as a reference to take into account the material emissivity and
room temperature variation during the experiment. The
precision balance measures the sample mass, and thanks
to home-made Labview interface, the sample mass evolution is recorded (sampling rate = 1 Hz). Two ﬁltering cartridges (made of insulating material) ﬁlled with a
thin-layer of adsorbent (approximately 3 mm) are placed
on the balance scale pan (Fig. 1: number 3) and one of
them is connected with a gas injection system (Fig. 1:
number 4). The injection system (multi-position valve,
mass ﬂow meters and 3-way valves) allows the switch
on either CO2 gas or N2 gas (inert gas used to study
CO2 desorption) with a controlled injection time (homemade Labview interface). The 3-way valves are used to
prevent excessive pressure between gas switching, thus
the ﬂow rate can be controlled without variation during
adsorption/desorption cycles. The two mass ﬂow metres
Bronkhorst EL-FLOW are calibrated to take into account
the gas temperature and density, thus allowing high accuracy (standard: ±0.5% Rd) measurement and control
of gas ﬂow rate. Moreover, thanks to controlled temperature of experiment room, the gas ﬂow temperature is kept
constant. Therefore, the temperature and ﬂow rate of gas
injected through thin-layer of adsorbent, consequently the
related thermal exchanges, are mastered.

2 Thinlayer approach
The IR camera FLIR System A20M (Fig. 1: number 1) was coupled with an analytical balance METTLER
TOLEDO XS204 DeltaRange (Fig. 1: number 2) to record
the average temperature and mass variation of a thinlayer of adsorbent during CO2 adsorptions and desorptions at room temperature. The sample mass variation

2.1 Simpliﬁed analysis of the rough signal through
a lumped body model
As our experimental device leads to CO2 adsorption
on a thin-layer of adsorbent, we assumed that there is
no temperature gradient in the layer thickness direction
(Bi ≈ 10−4 ). Concerning the heat transfer between the
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Fig. 2. (a) Recorded average temperature and adsorbed-phase evolution of adsorbent thin-layer during CO2 adsorption. (b) Plot
of time derivative of temperature versus temperature at every time step.

gas-phase and adsorbent grains, the internal resistance
(adsorbent grain) is negligible compared to the external
resistance (gas-phase) and the grain temperature is thus
assumed as isothermal (Bi ≈ 10−5 ). Moreover, an average
temperature of the thin-layer surface is recorded by the
IR camera. The physical properties of the adsorbent are
considered constant, CO2 is considered as an ideal gas,
and the accumulation of energy in the gas-phase is negligible [11]. With these assumptions, the thermal problem
can be written as a lumped body model:


d (ms Cps + ms Cpa q(t)) T (t)
=
φ(t)

dt



heat generated by the
accumulation of heat
adsorption

− ho (t)Aeﬀ T (t) − T∞
(1)



heat losses

with the initial condition at:
t = 0, T (t) = T∞

(2)

where ms is the adsorbent mass (kg), Cps the adsorbent
heat capacity (J.kg−1 .K−1 ), Cpa the adsorbed-phase heat
capacity (J.mol−1 .K−1 ), q(t) the amount of molecules adsorbed (mol.kg−1 ), T (t) the average temperature of thinlayer (K), φ(t) the adsorption heat ﬂux (W), h0 (t) the
overall heat transfer coeﬃcient (W.m−2 .K−1 ), Aeﬀ the
eﬀective surface area (m2 ) and T∞ the room temperature (K).
Considering a diﬀerential temperature measurement
(T (t) = T (t) − T∞ ), equation (1) can be rewritten as
follows:
dT (t)
(3)
= α(t) − H(t)T (t)
dt
with:
φ(t)
(4)
α(t) =
(ms Cps + ms Cpa q(t))
ho (t)Aeﬀ
H(t) =
(5)
(ms Cps + ms Cpa q(t))
dq(t)
ms Cpa
(6)
+
(ms Cps + ms Cpa q(t)) dt

where α(t) and H(t) are grouping parameters describing
the heat source and heat losses respectively.
The presented lumped body model allowed a simpliﬁed analysis of the rough signal. In order to present the
analysis, the recorded average temperature and adsorbedphase evolution of an adsorbent thin-layer (about 3 mm)
during CO2 adsorption is shown in Figure 2a, and the plot
of time derivative of temperature versus temperature at
every adsorption time step is shown in Figure 2b. These
data have been obtained with a commercial activated carbon (ms = 144 mg) which was subjected to continuous
ﬂow rate of pure CO2 (40 ml.min−1 ) during an injection
time equals to 600 s.
Note: The smoothed data in Figure 2b were obtained
by ﬁrst-order ﬁnite diﬀerence method.
The results show two adsorption-time behaviors. In
short-time adsorption period (ST), from t0 = 0 s to
tf = 14 s (see Fig. 2a), a high non-linear behavior between
dT (t) dt and T (t) was observed. In long-time adsorption
period (LT), from tf = 14 s to t∞ = 600 s, there is a quasilinear behavior between dT (t) dt and T (t). Thanks to the
lumped body model (Eq. (3)) we can propose an interpretation of results. At short-time, the non-linear behavior
is related to the heat released during the adsorption process. This means that the heat source is on. However,
at long-time, the results suggest that the energy released
by the adsorption is negligible and that the heat source
is oﬀ α (tf → t∞ ) = 0. Therefore, a quasi-linear behavior is observed and can be interpreted as an evolution of
the heat losses during CO2 adsorption. This evolution is
due to adsorbed-phase loading during CO2 capture and
to probable variation of overall heat transfer coeﬃcient
h0 (see Eq. (5)).
The results suggest that the main release of heat is
due to the ﬁrst interactions between CO2 molecules and
adsorbent surface during the formation of a monolayer of
adsorbed-phase. The adsorbates occupy the most energetically favorable positions and adsorbent-adsorbate interactions dominate. The evolution of adsorbed-phase after
the short-time adsorption can be explained by the formation of a multilayer of adsorbate on adsorbent surface,
which is intensiﬁed during the cooling of the adsorbent.
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In the multilayer, the main interactions are adsorbateadsorbate, which are less energetic, and the heat ﬂux becomes negligible.
2.2 Heat of adsorption estimation
From the lumped body model (Eq. (3)), an inverse
thermal model can be written as follows:
φ(t) =

dT (t)
+ H(t)T (t) (ms Cps + ms Cpa q(t)) (7)
dt

The integral heat of adsorption could be estimated by the
equations below:
Q
Nmol

Fig. 3. (a) Milliﬂuidic adsorption column. (b) Temperature
ﬁeld during CO2 adsorption.

3 Milliﬂuidic adsorption column:
temperature ﬁeld processing

bed) on thermal behavior of adsorbers can be achieved by
coupling a milliﬂuidic adsorption column with an IR camera. The cylindrical adsorber is connected to a gas injection system and placed in an aluminum support (Fig. 3a).
The milli-adsorber has internal diameter d2 = 5 mm, external diameter D2 = 8 mm, wall thickness ew = 1.5 mm
and adjustable length L. It was made in thermoplastic
polymer (insulating material, λ = 0.1–0.22 W.m−1 .K−1 )
to reduce the heat losses with surroundings and thus
maximize the thermal signal received by the IR camera. The aluminum support (high thermal conductivity,
λ = 237 W.m−1 .K−1 ) was painted in black, to avoid reﬂections and to homogenize the surface emissivity. The
CO2 adsorption occurs thus in isoperibolic conditions, in
other words, the temperature around the milli-adsorber
is constant and uniform. The heat losses are thus mastered [17]. In order to illustrate some applications of the
device, a commercial activated carbon (the same adsorbent used in thin-layer approach) was employed to run
an experiment, which consisted in recording the temperature ﬁeld during CO2 adsorption for diﬀerent ﬂow rates
(30, 40, 50, 60 and 70 ml.min−1 ) of pure CO2 injected
into the adsorber. The milli-adsorber and its temperature
ﬁeld during CO2 adsorption (ﬂow rate = 40 ml.min−1 ) at
t = 60 s, is shown in Figure 3. The maximum observed
temperatures were lower than in thin-layer approach. This
can be explained by the semi-transparent behavior of adsorber wall in the infrared region. The IR signal detected
by IR camera was thus weaker than in thin-layer approach. A thermal front with constant speed was observed
during CO2 capture. The analysis of thermal images and
temperature evolutions (Fig. 4a), allowed the estimation
of the propagation speed of the thermal front (TFR) in
the milli-adsorber for each injected ﬂow rate. Speciﬁcally,
the TFR was estimated by the time it takes the thermal
wave to pass through a section of the milliﬂuidic adsorber.
For a same ﬂow rate traversing an identical volume
of both thin-layer and milliﬂuidic bed of adsorbent, a
correlation between short-time adsorption (in thin-layer
approach) and the thermal front rate (TFR) can be
written as:

2
eﬂ d1/d2
TFR =
(10)
τST

High throughput studies of the inﬂuence of operating
conditions (e.g. ﬂow rate of injected gas into adsorption

where eﬂ is the thin-layer thickness (mm), τST the
breakthrough time (s) (temporal window of short-time

ΔHads =

(J.mol−1 )

(8)

with:
tf

tf

φ(t)dt

Q=
ti

and Nmol = ms
ti

dq(t)
dt
dt

(9)

where Q is the integral adsorption energy (J), Nmol the
total amount of adsorbed CO2 (mol), dq(t)/dt the adsorption rate (mol.s−1 ) and ti , tf the time window where
the heat source is active (s).
Therefore, to estimate the integral heat of adsorption,
it is necessary at ﬁrst, to estimate the heat ﬂux φ(t). The
main diﬃculty was thus the estimation of the heat losses.
The heat losses were estimated at long-time adsorption,
when the heat source is oﬀ. To strictly distinguish when
the heat source is inactive, the coeﬃcient of correlation
(ρFt ) was studied [12]. This coeﬃcient represents the normalized measure of the strength of linear relationship
between variables (in our case, the average surface temperature of thin layer and its time derivative). If such
correlation coeﬃcient is close to −1, it is a proof that the
thermal model has a linear behavior. It means that the
heat source is oﬀ and the heat losses can be estimated.
Therefore, heat losses values (H) have been estimated
within the range of −0.99 > ρFt > −1. The maximum
value of H = 0.049 s−1 was used for posteriori estimations. After heat losses estimation, we can calculate the
heat ﬂux using equation (6). In order to estimate the integral heat of adsorption, the ﬁnal step was the integration
of heat ﬂux curve from ti = 5 to tf = 14 s (for the estimation of integral adsorption energy Q) and then estimate,
in the same time interval, the total amount of adsorbed
CO2 (Nmol ) from the adsorbed mass data. Finally, applying equation (7), ΔHads = 28 kj.mol−1 was estimated
for the interaction CO2 -adsorbent. The result is in good
agreement with the values found in the literature for activated carbons: ΔHads = (20–30) kj.mol−1 [13–15]. For
more information about our method see [16].
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Fig. 4. (a) Average temperature in diﬀerent sections of adsorber, from L0 = 0 to Lf = 15 mm (see Fig. 3b) as a function of
adsorption time. (b) Propagation speed of thermal front as a function of CO2 ﬂow rate.

adsorption, from ti to tf ) and d1 , d2 the inner diameter
of adsorption cup and milliﬂuidic adsorber, respectively.
For example, the presented experiment in thin-layer
approach (CO2 injection of 40 ml.min−1 through adsorbent thin-layer with eﬂ = 3 mm) has led to a breakthrough time of τST = 9 s. Applying equation (9) to the
found breakthrough time (with eﬂ = 3 mm, d1 = 8 mm
and d2 = 5 mm), a thermal front rate of T F R =
0.85 mm.s−1 was calculated. This result is in good agreement with the estimated TFR in the milliﬂuidic adsorption column for a same injection ﬂow rate of 40 ml.min−1 :
T F R = 0.86 mm.s−1 (see Fig. 4b).

4 Conclusions and prospects
In order to study the mechanisms of CO2 capture
by solid adsorbents, we have developed two experimental devices based on IR thermography. The ﬁrst device
consists in coupling IR thermography and gravimetric
techniques for simultaneous recording temperature and
adsorbed mass evolution during CO2 adsorption on adsorbent thin-layer. The second device consists in a milliﬂuidic
adsorption column in which the temperature ﬁeld during
adsorption process is also detected by IR thermography.
The thin-layer approach allows the identiﬁcation and
estimation of main parameters inﬂuencing CO2 capture.
These inﬂuent parameters, such as the heat of adsorption,
can be used as key parameters for high throughput selection and overall comparison of materials. The milliﬂuidic
adsorber allows a high throughput study of operational
conditions inﬂuencing temperature evolution and the estimation of thermal front rate, which is related to bed saturation. Moreover, a multi-scale analysis from thin-layer
to adsorbent bed can be achieved.
The developed systems will be applied to perform systematic studies to better understand complex phenomena
such as heat diﬀusion and transport.

Finally, thanks to its rapidity, the presented approach
is interesting for preliminary design of processes to be
used at industrial scale.
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