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Abstract: Avoiding strong chemical bonding, as indicated by lower heat of adsorption value,
is among the selection criteria for Volatile Organic Compounds adsorbents. In this work, we
highlight a non-calorimetric approach to estimating the energy of adsorption and desorption
based on measurement of involved amounts, under dynamic conditions, with gaseous Fourier
Transform Infrared spectroscopy. The collected data were used for obtaining adsorption heat
values through the application of three different methods, namely, isosteric, temperature
programmed desorption (TPD), and temperature-programmed adsorption equilibrium (TPAE).
The resulting values were compared and discussed with the scope of turning determination of
the heat of adsorption with non-calorimetric methods into a relevant decision making tool for
designing cost-effective and safe operating of adsorption facilities.
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1. Introduction

In the context of current interest in developing low cost and efficient adsorbents for Volatile
Organic Compounds (VOCs)-contaminated effluent treatment, avoiding strong chemical bonding as
indicated by lower heat of adsorption value is of interest with respect to adsorbent and/or adsorbate
recycling [1-3]. This is also of importance for separation processes such as thermal swing adsorption
(TSA) [4] or pressure swing adsorption (PSA) [5]. The involved physical adsorptions are mainly of a
dispersive or electrostatic nature, depending on adsorbate molecules as well as on adsorbent surface
functions and porosity [6]. For such adsorption process, the removal of VOCs-contaminated flow is
usually achieved with adsorbent packed in a fixed bed. Thus, investigating the heat effects evolved
during VOCs’ adsorption/desorption processes under dynamic conditions closer to real situations is of
great importance. Micro-calorimetry, coupled with complementary techniques such as volumetry, IR
spectroscopy, or chromatography, is reported to enable simultaneous determination of
adsorbed/desorbed amounts as well as the evolved heat of adsorption [7]. The latter parameter can be
determined, also, with non-calorimetric procedures through the application of the isosteric method and
the Clausius—Clapeyron equation [8] or temperature-programmed desorption (TPD) [7]. It is worth
noting that different heat values might be found according to calculation methods [1] and/or whether
the experiments were carried out under static or dynamic conditions [9]. The application of the
isosteric method based on the Clausius—Clapeyron equation using adsorption isotherms is known to be
convenient for the assessment of the strength of physical bonding during adsorption [10], whereas for
adsorption involving a significant irreversible fraction, the TPD method was found to be more
appropriate [11]. However, attention has to be paid regarding experimental conditions that ensure
minimal influence of diffusion and readsorption [12].

The aim of this work is to highlight an experimental approach based on measuring adsorbed and
desorbed VOC amounts onto natural clay under dynamic conditions using Fourier transform infrared
spectroscopy (FTIR). The collected data have been used to determine the heat effects during the
adsorption process using isosteric and TPD methods. However, it should be pointed out that a lot of data
need to be acquired in order to extract adsorption heat values. This drawback can be alleviated using the
so-called temperature-programmed adsorption equilibrium (TPAE) method, as reported in [13]. The heat
values are extracted by fitting the experimental curves corresponding to the variation of the
equilibrium coverage with theoretical curves using an appropriate model. The values obtained with
these three methods have been discussed in the case of o-xylene adsorption and desorption onto
bentonite clay in comparison with commercial silica chosen as the reference material. The choice of
these materials rather than activated carbon is mainly due to the exothermic phenomenon associated
with values of VOC adsorption enthalpy, usually ranging between 40 and 90 kJ.mol ! [4,14]. This can
yield to high temperature increases depending on levels of treated VOC concentration and may induce
significant local warming to start combustion of either the adsorbate or the adsorbent itself,
particularly if activated carbon is used [15,16]. Thus additional consideration of safety conditions is
required for appropriate engineering and safe operating of adsorption facilities, which in turn needs
accurate knowledge of the evolved heat effect values. Therefore, the choice of mineral adsorbent such
as clays might be of interest not only with respect to efficiency/cost ratio but also for safety reasons.
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2. Experimental Section
2.1. Materials

The natural material (bentonite) tested in the present work was extracted from deposits located in
the north of Morocco (Nador region). It was used with minimal processing and compared to a
commercial material (Si02 aerosil-200 from Degussa Corp., Diisseldorf, Germany)

2.2. Textural and Chemical Characterization

The textural properties (surface areas and pore volumes) were measured with a Micromeritics
ASAP 2020 apparatus using nitrogen adsorption and desorption isotherms at 77 K.

The chemical composition analysis has been carried out with an X-ray fluorescence spectrometer
(Brucker S4 Pionner).

2.3. Measurement of Dynamical Adsorption and Desorption Amounts

Dynamic adsorption/desorption experiments have been carried out under atmospheric pressure
using the experimental apparatus as reported elsewhere [17,18]. Prior to adsorption, a model gaseous
mixture with a given concentration of o-xylene vapor has been prepared by injection, using a syringe
pump, into a controlled nitrogen flow. All lines and valves of the experimental devices have been
permanently heated. The resulting o-xylene concentration is expressed as molar fraction Cin,
corresponding to P/Pam, where P is the vapor pressure of o-xylene and Pam the atmospheric pressure
with Pam= 760 torr. Note that in order to avoid vapor condensation, o-xylene partial pressure has been
always maintained lower than its vapor pressure value at adsorption temperature. The studied sample
(1g of bentonite or 0.3 g of silica) contained in quartz micro-reactor (U-type) was first pre-treated
under 100 cm?®min™! of pure nitrogen at atmospheric pressure and 473 K for 2 h, then cooled to
adsorption temperature 7». The same samples have been used for several experiments and pretreated
before each testing. Adsorption has been carried out under o-xylene/N2 mixture until saturation, followed
by isothermal desorption under pure N2 flow until o-xylene concentration in N2 flow at the reactor outlet
reached zero. Subsequent linear heating has been carried out under nitrogen flow in order to achieve
complete desorption of the remaining adsorbed species according to the temperature-programmed
desorption (TPD) method.

Another type of experiment, the so-called temperature-programmed adsorption equilibrium (TPAE)
method, has been carried out following the procedure reported in details in previous work [13]. It
should be pointed out that TPAE experiments were performed using the above operating procedure and
conditions to reach adsorption equilibrium. Afterwards, the samples were subjected to heating with
different rate (0.5 K/min) under an o-xylene/N2 mixture, which is different from TPD protocol. This
approach allows us to maintain quasi-constant adsorption pressure during desorption o-xylene while
yielding to progressive lowering of adsorption equilibrium coverage. Finally, total removal of
o-xylene adsorbed species is completed at higher temperature by switching o-xylene/N2 to pure N2 flow.

During all these experiments, the o-xylene concentration in the gas stream at the reactor outlet has
been monitored by FTIR Jasco 410 spectrometer (resolution of 4 cm™') using a homemade Pyrex gas
cell equipped with CaF2 windows. This technique conveys multiple advantages offered by FTIR
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instrumentation, such as rapid spectra acquisition and easy quantitative analysis, especially when there
are no IR bands overlapping [19,20]. The molar fraction of o-xylene has been obtained by integration
of its IR bands located between 2700 and 3200 cm™!, according to the Beer—Lambert law relating IR
bands area to concentration [21,22]. Preliminary calibration with o-xylene/N2 mixtures of known
composition has been carried out using reactor bypass. The FTIR detector response has been found to
produce a linear plot in the studied concentration range, permitting correlation of IR bands area with
o-xylene concentration. On the other hand, the use of FTIR has an additional advantage associated
with eventual detection of new IR bands, corresponding to the formation of eventual new species in
the gas stream indicating adsorbate degradation during the adsorption or desorption steps.

3. Results and Discussion
3.1. Textural and Chemical Characterization
3.1.1. BET Surface Area and Porosity

The N2 adsorption/desorption isotherms obtained at 77 K with bentonite and silica samples (Figure 1)
can be considered as type II according to Rouquerol et al. [23]. In the case of silica the Type II
character seems to be associated with adsorption on both external surface as well as some interparticles
capillary condensation [24]. As for bentonite clay, the displayed hysteresis loop is characteristic of the
mesopore network, corresponding more likely to pseudo-Type II (Type 1Ib), according to Gregg and
Sing [25], rather than Type IV, as also reported in the literature [26—28]. The specific surface area Sser
has been calculated according to the BET equation using the linear part in the range of
0.05 < P/Pam < 0.3, while the total porous volume Fihas been estimated from the adsorption at P/Patm
= 0.98. The resulting BET surface area has been found to be 201.7 cm*/g and 83.5 cm?/g, respectively,
for silica and bentonite. The microporous volume Vmic values have been extracted from the interception
of t-plot line and the mesopore volume (Vmeso) value has been obtained by subtracting the microporous
volume from the total porous volume (/i). The obtained values, as summarized in Table 1, are
consistent with aforementioned features confirming the presence of negligible microporosity and
hysteresis loop associated with some interparticles’ capillary condensation. Note that in the case of
isotherms obtained with bentonite, the Type IIb is characteristic of platy particles assemblage such as

that usually present in clay mineral.

Table 1. Textural parameters of bentonite and silica adsorbents.

Solids Seer(m?/g)  Vi*(em>(STP)/g)  Vineso P(em*(STP)/g)  Vic ‘(em*(STP)/g)  Sextd(m?/g)  Smic {(m?/g)

Bentonite 83.5 0.213 0.2113 0.0017 81.02 2.469
SiO2 201.7 0.430 0.4298 0.0002 198.53 1.47

Total pore volume; ® Mesoporous volume; ¢ Microporous volume; ¢ External specific surface and © Specific micropore surface area.
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Figure 1. Nitrogen adsorption/desorption isotherms obtained with bentonite and silica at 77 K.
3.1.2. Chemical Composition

The chemical composition of studied bentonite clay as revealed by X-ray fluorescence (Brucker S4
Piooner spectrometer) indicated a higher content of SiO2 in bentonite (about 74%) in addition to the
presence of magnesium oxide with traces of sodium, copper, titanium, and zinc oxides (in Table 2).
This justifies the choice of silica as a reference material for comparison with natural clay in the context
of investigating a VOC adsorbent associating lower cost and efficiency, which is a challenging issue
for Volatile Organic Compounds (VOCs) removal by adsorption.

Table 2. Chemical composition (wt. %) of bentonite and commercial silica samples

Solids SiO: ALOs CaO MgO  Fe2Os  Na:O K>O SOs Cl CuO TiO2 ZnO
Bentonite 74 13.1 5.36 29 1.88 1.1 0.52 0.38 0.32 0.13 0.12 0.1
SiO2 99.4 0.053 0.025 0.017 0.023 0.2 0.059 - - -

3.2. Dynamic Adsorption/Desorption
3.2.1. Determination of Adsorbed and Desorbed Amounts

The evolution of o-xylene concentration at the reactor outlet (Cout) obtained from FTIR spectra
enabled the monitoring of adsorbent loading as function of time during adsorption (i.e., breakthrough
curve) and desorption. Figure 2 shows the variation profile of the of o-xylene concentration in the gas
flow at the reactor outlet, represented as relative values (Cou/Cin) during the aforementioned cycle
(adsorption at 300K until saturation (A), followed by isothermal desorption (B) then TPD (C)). The
adsorbed amounts corresponding to saturation have been determined by the numerical integration of
the breakthrough curve area (part A of Figure 2) according to Equation (1), where F is the gas flow
rate (cm>.min""), Cinand Cou correspond to the inlet and outlet concentrations of VOC in flow gas, Vm
is the molar volume, m is the weight of solid in the reactor (g), and ta is the time at adsorption

saturation:
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Accordingly, the studied concentration of o-xylene in N2 corresponding to 0.395% yields to Quads
values of 395 and 823 pumol/g, respectively, for bentonite and silica. Note that the bentonite loading
capacity was lower than that of silica due to its lower BET surface area and total pore volume. These
values are therefore higher than those reported in the literature for adsorbents of silicate type; e.g., 111,
61, 80, and 165umol/g obtained for the adsorption of 3 torr of o-xylene (corresponds to 0.395%
o-xylene/N2) at 298 K respectively for zeolite of MCM-22 type [29], Webster soil (2.6 m?/g) [30], the
kaolinite (13.6 m?/g) [30] and Webster HP (33 m?/g) [30]. In the case of higher surface area adsorbents
such as activated carbons—AC40 (1300 m*/g) [31] and CA (990 m?/g) [32]—and zeolite types—
Al-Meso 100 (915 m%/g) [33], UL-ZSM5-100-2 (840 m?/g) [33], and AIPO4-5 [34]—, the reported
o-xylene loading capacities are 4666, 1000, 2800, 1800, and 1166 umol/g, respectively, which are
higher than those obtained with bentonite and silica. Nevertheless, the expression of these values in
pmol/m?, considering their higher specific surface areas, yields to 3.5, 1, 3, and 2.6 umol/m? for AC40,
CA, zeolite types Al-Meso 100, UL-ZSM5-100-2, and AIPO4-5, respectively, which are lower when
compared to the adsorption capacities obtained for bentonite (4.7 pmol/m?) and silica (4.1 pmol/m?).
Furthermore, taking into account the apparent density values of 550 and 50 kg/m?, respectively, for
bentonite and silica [3], the expression of adsorptive capacity values in pmol/m® becomes even better
by a factor of 7 in favor of bentonite as compared to silica, which permits significant reduction in
terms of adsorbent bed volume.

On the other hand, the amount involved in desorption were determined first during the isothermal
desorption step conducted following the sorbent saturation by switching the o-xylene/N2 mixture to
pure nitrogen flow. This led to a gradual decrease of the o-xylene IR bands as a result of its
concentration decrease at the reactor outlet, following the profile showed in part B of Figure 2. The
application of Equation (2) determined Qdes values of 351 and 777 umol/g, respectively, for bentonite
and silica, corresponding to the weakly adsorbed fraction released during isothermal desorption:

Qdes = F ( COutdtJ ’ (2)

V,xmi:

Here, fa and # correspond to the starting and ending times of isothermal desorption. It is to be noted
that although the o-xylene concentration reached zero, the calculated desorbed fraction represents only
88% and 94% of the total adsorbed amount, respectively, for bentonite and silica. The remaining
adsorbed o-xylene is likely more strongly retained and requires subsequent heating under N> flow
according to TPD method. The integration of the resulting TPD curve area (part C in Figure 2) using
Equation (3) permits us to obtain Qbtp values of 50 and 39 pmol/g, respectively, for bentonite silica:

Oy = LU CoutdzJ , 3)

V. oxm ;

These adsorbed amounts are apparently associated with slow diffusion; the o-xylene fraction was
adsorbed in the less accessible porosity of the inner interparticle space, as discussed in our previous
work [9]. Therefore, the data corresponding to the total adsorbed amount (Qads) have been found to fit
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the mass balance equation (Qads=~ Qdes + OptP) With a precision around 2% (Figure 3). On the other
hand, it should be pointed out that the repetition of the cycles of adsorption/desorption under N2 flow,
at least during three successive regeneration cycles, yields to reproducible results without significant

alteration of the adsorptive properties.
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Figure 2. Profile of o-xylene concentration variation at reactor outlet obtained with
bentonite clay during the different experiment steps: isothermal adsorption then desorption
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The same experimental device has been used to determine the adsorbed and desorbed amounts
following the TPAE methodology previously reported [12,29]. Note that the design of the TPAE
experiments is simpler than TPD, particularly in terms of the required number of experiments [35].

Furthermore, there is no need for perquisite of assumption concerning the validity of experimental
conditions with minimal contribution of diffusion and readsorption. The TPAE experiments were
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conducted with a mixture of 0.395% o-xylene/N2 at 300 K until reaching adsorption equilibrium, then
the adsorption temperature (7a) was slightly increased, with a ramp of 0.5 K/min with bentonite and
I K/min in the case of silica, in order to allow a quasi-constant partial pressure of o-xylene (Pa).
Finally, isothermal desorption is carried out under nitrogen flow to ensure whether o-xylene is fully
desorbed. Figure 4 shows the o-xylene evolution profile at the reactor outlet during different steps of
the TPAE experiment conducted with bentonite (a similar profile was obtained with silica and not
shown here). The desorbed amount as indicated by a positive peak is determined using Equation (4):

o | (C ¢, )

V. xm
Accordingly, the numerical integration of the peak area indicated in part B of Figure 4 yields Orpar
values of 358.81 umol/g and 705.75 umol/g, respectively, for bentonite and silica.
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Figure 4. Evolution of o-xylene concentration at the reactor outlet obtained with bentonite
clay during TPAE experiments using a 0.395% o-xylene/N2 mixture.

3.2.2. Adsorption Isotherms

This section is devoted to the investigation of isotherms obtained at temperatures ranging between
300 and 348 K using data corresponding to the adsorption equilibrium loading data obtained as
described in Section 3.2.1. The used data has been collected under partial pressures of o-xylene
ranging between 0.5 and 9 torr permitted by the available instrumentation used to generate partial
pressure of o-xylene vapor in the N2 flow. Note that considerable experimental effort has been devoted
in order to collect the saturation capacity data needed for the adsorption isotherms shown in Figure 5,
which constitutes the major drawback of the adopted approach. The resulting isotherms have been
fitted by Langmuir, Freundlich, and Temkin models according to the nonlinear regression method
using Mathcad software. In the case of the Langmuir model [36], two parameters have been used as
expressed by Equation (5):

O .bP

Q 1+bP "’

()
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where Q is the adsorbed loading (umol/g), Qm is the adsorbed amount corresponding to
monolayer(umol/g), P is the adsorbate pressure (torr), and b is the empirical isotherm parameter
(torr !). The values of the constant b and Qm have been obtained, respectively, from the intercepts and

the slopes.
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Figure 5. (a) Experimental and modeled adsorption isotherms obtained with bentonite clay
at different temperatures. (b) Experimental and Modeled adsorption isotherms obtained
with silica at different temperatures.

Concerning the Freundlich model [37], the empirical expression (Equation 6) has been used:



Catalysts 2015, 5 662

1

QZkP; (6)

where Q is the adsorbed amount, & is the equilibrium constant ,and » is an empirical constant (with
n>1).Whereas for the Temkin model [38], the following equation has been used:

O=a.lnP+c, (7)

where a is a constant depending on Temperature 7 and b is a constant related to the heat of adsorption.

Table 3. Langmuir, Freundlich, and Temkin parameters for adsorption of natural and

commercial adsorbents.

Adsorption Adsorption . . .
Langmuir parameters Freundlich parameters Temkin parameters
Solids Temperatures amounts
T(K) Omexp Om b R? k N R a ¢ R
300 831 1261 029 0999 256 055 0997 296 167  0.991
313 385 526 0.285  0.998 143 0.459  0.993 128 100 0.998
Bentonite
323 292 408 0.281  0.998 110 0.453  0.985 95 80 0.997
348 192 264 0.276  0.998 70 0474  0.99 65 47 0.998
300 1298 2807 031 0990 851.50 0.713 0.978 857.66 1044  0.996
308 971 2387 029 0997 500.70 0.694 0.986 493.71  581.1  0.993
SiO,
318 633 1132 028 0994 23090 0.690 0.986 22580 267.42 0.990
328 402 631 0267 0.994 13045 0.679 0991 127.49 149  0.986

Qexp(pmol/g); Om(pmol/g); b (torr™1); k (torr.pmol/g); n (torr '.umol.g™"), a (torr!. umol. g™!), and ¢ in umol/g.

Table 3 summaries the fitted parameter b at different 7 as well as Om and Omexp values
corresponding to adsorbent loading at monolayer and at saturation measured using an experimental
break-through curve. Qm has been determined using the linearzed form of the Langmuir equation and
values of adsorbed o-xylene monolayer has been extracted using the best fitted experimental data. As
shown, the resulting values remain lower than those corresponding to the measured maximal adsorption
capacity, meaning that the monolayer is not reached at the studied experimental conditions. On the other
hand, the fittings parameters reported in Table 3 show relative deviations less than 3%, suggesting that
the Langmuir model yields a better fit of o-xylene adsorption on bentonite and silica [36].

3.3. Heat of Adsorption Determination
3.3.1. Application of the Isosteric Heat Method

One of the classical non-calorimetric methods for determining the adsorption heat (AHads) is based
on the application of Clausius—Clapeyron equation, seen here as Equation (8):

OlnP (8)

AH 4 =-R g(%) >



Catalysts 2015, 5 663

where R is the perfect gas constant and P and 7 correspond to the partial pressure and temperature at
equilibrium, respectively.

The method consists of converting isotherm data (Figure 5) into isosteres by plotting In P = f{(1/T) at
constant loading and the value of isosteric heat AHads is extracted from the slope of the obtained
straight line. This approach does not require assumptions concerning fitting the experimental data with
any model. However, it is necessary to observe very cautiously whether the resulting isosteres match
with straight lines, which relies strongly on the experimental conditions’ accuracy. As reported, an
error of £ 2K on temperature measurement may result in incertitude of + 8 kJ/mol for isosteric heat
value [39]. On the other hand, the application of this procedure for different coverage permits us to
follow the o-xylene isosteric heat variation adsorption as a function of 0 (0 = Qads/Om), where Qads is the
adsorbed amount for a given adsorption pressure and Omis the loading capacity at monolayer calculated
as previously indicated. Thus, heat of adsorption values ranging from 45.67 to 41.57 kJ/mol and 49.39 to
47.97 kJ/mol have been found for bentonite and silica, respectively, for the corresponding surface
coverage indicated in Table 4. These values are slightly higher than the heat of vaporization for o-xylene
(43.43 kJ/mol) [9] and characteristic of weaker bonding, which is considered as an important
advantage in terms of easier regeneration. Note that the small decrease observed for increased
adsorbate coverage, illustrated in Table 4, is usually attributed to the effect of repulsive interactions
between the adsorbed molecules, so-called “adsorbat—adsorbate interaction” [3].

Table 4. Isosteric heats of adsorption at different recovery rates of bentonite and silica.

Surface coverage Bentonite Silica
Recovery rate Isosteric heat (kJ/mol) Isosteric heat (kJ/mol)
6=0.15 45.672 49.395
0=0.17 43.475 48.572
6=0.22 42.73 48.057
0=0.27 41.567 47.974

3.3.2. Application of the Temperature-Programmed Desorption (TPD) Method

In the present work, it has been found that about 12% and 6% of o-xylene, on bentonite and silica,
respectively, remained adsorbed although the isothermal desorption curve reached zero. This
adsorptive behavior suggests the use of the Temperature-Programmed Desorption (TPD) method for
determination of desorption energy Ed value, as firstly reported by Cvetanovic, then by several authors
[1,9,40—42]. The method is based on measuring the desorption profile with temperature increase,
which goes through a maximum and finally back to zero, indicating that the surface is cleared of
adsorbate. Thus, the energy of desorption Ed value is derived from the line slope obtained from
Cvetanovic Equation (9) by following the shift of temperature at desorption peak maximum 7m as a
function of linear heating rate (3):

E
2LnT, — Lnf =—<+ Const , 9)
RT

m

where Tm is the desorption temperature at peak maximum (X), B is the linear rate of temperature rise
(K/min), Eq is the desorption energy (kJ/mol), and R is the perfect gas constant (kJ/mol.K ).
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Note that in order to obtain exploitable data, the TPD curves need to show clearly detectable 7Tm
positions. This was the case in our experiments; the profile displayed in part C of Figure 2 was
reproducible for all the sets of adsorption/desorption cycles using different linear heating rates . The
plot slope representing 2In7m — Inf as a function of 1/7m yielded Ea values of 76.46 kJ/mol and
74.01 kJ/mol for bentonite and silica, respectively. Nevertheless, diffusion and re-adsorption
phenomena need to be taken into account, particularly for a microporous adsorbent. Otherwise, the
resulting apparent energy values might not be able to be systematically correlated with the heat of
adsorption, which is a thermodynamic parameter relevant to the adsorption equilibrium. Therefore, if
correctly reliable, these data are of interest from the viewpoint of adsorbent and adsorbat regeneration.

3.3.3. Application of Temperature-Programmed Adsorption Equilibrium (TPAE) Method

As previously reported [13], the application of the TPAE method is based on determining the
surface coverage evolution 6. with adsorption temperature 7a and pressure Pa at equilibrium according
to Equation (10).

F\'t
Qm—[mj flc, ~Cu i (10)

0&: (Ta ): tthl >

where Qads i1s the measured adsorbed loading, Om is the amount corresponding to the monolayer, F is

the gaseous flow rate (cm® min'), m is the adsorbent weight (g), #o is the time at the beginning of
increasing adsorption at temperature 7, feq is the time at which equilibrium is established (with ¢ > zeq),
and Ciw and Cieq correspond to the inlet and outlet o-xylene concentrations in N2 flow.

The obtained curves showing the surface coverage profile 0. variation as a function of adsorption
temperature 7., presented in Figure 6a,b, have been modeled in order to extract the adsorption
coefficients and heat of adsorption values through best fit with the theoretical curves. As previously
pointed out, particular attention must be paid to experiment design in order to select appropriate
experimental temperature 72 and pressure Pa of adsorption values that permit us to obtain an amount of
adsorbed o-xylene species significantly lower than Om at monolayer. This avoids the formation of
multi-layers and consideration of related models such as BET. On the other hand, although Langmuir’s
model was found to reasonably fit the experimental data, the application of the Temkin model seems to
be more realistic considering sorbate—sorbate interaction assumed based on isosteric method data.
Accordingly, the variation of surface coverage 0 as a function of Tahas been modeled using Equation
(11) following the Temkin model:

1+K, .P
ee:R-T;ln 60" a ,
AE | 1+K,.P,

where R is the gas constant and Koo and Ko are the adsorption coefficients at low (0 = 0) and high (8 = 1)

(11)

coverage, respectively, calculated based on statistical thermodynamics consideration as detailed
elsewhere, [13]:
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3 E 3 E
K%: }i < exp[ % J,annglz }i 5 exp( ] J,

(2IIM)2 (k.T,)? e (2IIM)2 (k.T,)? R1,

(12)

AE = Eoo — Eo1 where Eoo and FEe1 are, respectively, the heats of adsorption at low and high loading
(6 =0 and 6 = 1). Thus, the best fitting permitted extraction of the heats of adsorption values are Eo-0 =
63 kJ/mol and Ee-1 = 61 kJ/mol for bentonite, and quite similar values are obtained for silica.
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Figure 6. Confrontation of the evolution of o-xylene equilibrium coverage with the Temkin
model during a TPAE experiment carried out with bentonite (a) and (b) with silica.

Figure 7 shows a graphical illustration comparing the heat values given by the three methods. As
mentioned above, the isosteric method yields values ranging from 45.67 to 41.57 k/mol and from
49.39 to 47.97 kJ/mol, respectively, for bentonite and silica and for surface coverage (0) ranging
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between 0.15 and 0.27. However, slightly higher values are obtained with the TPAE method at both
lower and higher coverage: Eo-0 = 63 kJ/mol and Ee=1= 61 kJ/mol. Note that the application of this
method is based on mathematical formalism, taking into account adsorption equilibrium conditions,
whereas the TPD method yields even higher values such as 76.46 kJ/mol and 74.01 klJ/mol,
respectively, for bentonite and for silica.
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Figure 7. Graphical illustration of the heat of adsorption values obtained using isosteric,
TPD, and TPAE methods with bentonite and silica.

4. Conclusions

The present work is devoted to the investigation of the heat of o-xylene vapor adsorption under
dynamic conditions onto natural clay (bentonite) and commercial silica. The adopted approach is based
on the use of FTIR spectroscopy for the measurement of adsorbed and desorbed amounts. The
collected data have been used to extract heat of adsorption values following three different methods
namely isosteric, TPAE, and TPD. Note that a great number of experiments were required in order to
obtain the adsorption heat values, which constitutes a major drawback of these methods. Nevertheless,
this can be alleviated using a simpler TPAE method that allows simultaneous determination of
adsorbed/desorbed amounts and adsorption heat values.

Therefore, this study highlights the following aspects:

The first one is related to the significant difference that could be found between values of the heat
of adsorption depending on the adopted method. This issue requires particular attention because the
knowledge of accurate values of the heat effect involved during adsorption is important for the
engineering and operating of adsorption facilities, particularly with respect to safety considerations as
well as adsorbent/adsorbat regeneration and recycling.

The second aspect is related to the promising potential revealed by clay mineral with interesting
adsorptive properties allowing significant reduction in terms of adsorbent bed volume. The obtained
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result may help local sustainable development through valorization of available local resources such as
clays with significant value-added application in environmental control and engineering technologies.
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