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Abstract
Temperature Programmed Adsorption Equilibrium (TPAE) procedure was used to determine the heats of 

adsorption of ortho xylene and 1-propanol on activated carbon at 300 K. The evolutions of the surface coverage 
with the adsorption temperature (θe=f(Ta)) were compared to the Temkin model in order to determine the heats of 
adsorption and reveal the affinity to the surface of activated carbon regarding the polarity of each adsorbate. It 
has been shown that the heats of adsorption of ortho xylene were Eθ0=100 kJ/mol and Eθ1=62 kJ/mol at 185 Pa, 
respectively, at low and high surface coverage. Whereas the heats of adsorption of 1-propanol at the adsorption 
equilibrium was found to be dependent to the surface coverage with Eθ0=67 kJ/mol and Eθ1=58 kJ/mol at 475 Pa. It 
was shown that ortho-xylene molecules have more affinity to the activated carbon surface than 1-propanol regarding 
the difference in the heats of adsorption.

Keywords: Adsorption equilibrium; Heat of adsorption; Temkin
model; Langmuir Model; VOCs removal; Adsorption modeling

Introduction
Alcohol and benzene derived compounds among others volatile 

organic compounds (VOCs) are known to participate to the air quality 
alteration. These compounds are generally emitted from petrochemical 
process industries, vehicles and building/construction materials. Their 
abatement constitutes a priority to anticipate their  effects  on  human 
health [1]. The adsorption-desorption/destruction constitutes the 
most processes currently used to prevent the VOCs emission in the 
atmosphere [2-5]. Their severe reduction to lowest level needs sorbents 
with large surface area and pore volume. Zeolites [2], metal-organic 
framework (MOF) [4] and activated carbons [3,6-8], are the most 
frequently utilized adsorbents, having great adsorption capacity for 
VOCs.

Activated carbon has been the subject of several studies for the 
removal of VOCs from air [9] and water [10]. The gas adsorption on 
activated carbon is dominated by the forces of dispersion and repulsion 
of Van Der Waals [11]. The electrical charges on the activated carbon 
are low, which leads to a low potential gradient on surface [12]. The 
existence of small pore sizes plays an important role in the adsorption 
capacity of gases on activated carbons [13]. Furthermore, the surface 
groups have a significant effect in the adsorption of gas polar. Thus, the 
adsorbed amount increases with the existence of oxidic sites on surface 
such as carboxyl, lactone, carbonyl, quinone, phenol, ether, carboxylic 
anhydride, lactol…etc [11-13].

Activated carbon has hydrophilic and hydrophobic adsorption 
sites that promote adsorption of non-polar and polar molecules in the 
micropores [14]. However, condensation can occur in the micropores 
and the mesopores in the adsorption pressure once approaches the 
critical pressure [15]. Dobruskin [16] modeled the adsorption of 
benzene on a microporous activated carbon (BET=805 m2/g, Vmicr=0.42 
cm3/g), he concluded that the inflection point after the saturation of 
the monolayer is obtained at a relative pressure of 0.17. For alcohols, 
Salame and Bandosz [17] studied the adsorption of methanol on several 
microporous activated carbons; they noticed that the methanol begins 
to condense at the relative pressure of 0.3. Pre et al. [11] conducted a 
quantitative study to predict the heat of adsorption and activation energy 
of desorption of VOCs on activated carbon using micro-calorimetry 

technique. They studied several parameters having a relationship with 
charcoal-VOCs interactions, including dipole moment, ionization 
potential, the dielectric constant, polarizability and surface tension. 
They showed linear regression between these variables and that the 
adsorption/desorption varies inversely with the potential of ionization 
and linearly with the polarizability. The heats of adsorption found in the 
range 40-80 kJ/mol.

The goal of the present investigation was to study the kinetic 
parameters (heats of adsorption and surface coverage) involved in the 
adsorption equilibrium of 1-propanol and ortho-xylene on activated 
carbon using temperature programmed adsorption equilibrium 
method (TPAE). Therefore, it is of great scientific and practical interest 
to study the adsorption properties of a commercial activated carbon 
with respect to different adsorbates (polar and/or non-polar). Such 
investigations could provide evidence for the importance of some 
adsorbent parameters including the surface heterogeneity and polarity 
of adsorbate and leading to measure by modeling the interactions in 
the adsorbate/adsorbent system. In addition, discussions about the 
determination the heats of adsorption of alcohol and benzene-derived 
compounds on activated carbon are limited in the open literature.

Experimental
Materials

Activated carbon (denoted AC) from Prolabo has been selected for 
two main interests: (a) it is a micro-porous solid and (b) it has non-
reactivity with OX or PrOH excepted the adsorption. The AC samples 
were pretreated before each adsorption in order to remove eventual 
trace of adsorbates, as follow: 
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He, 300 K  He, 723 K (2 h)  He, 300 K.

For the adsorption experiments, ortho di-methyl benzene (Alfa 
Aesar, 99%) and 1-Propanol (VWR BDH Prolabo, 99%) were used as 
adsorbates. Dry helium was used as carrier gas with purity greater than 
99.999%.

Sorbent characterization 

The textural properties (specific surface area and pores volume) of 
AC were determined by exploiting the isotherm data of the nitrogen 
physisorption at 77 K. The adsorption of nitrogen was performed on 
an automated Micrometrics ASAP 2010 V5.02H analyzer after out 
degassing the samples at 873 K in a vacuum of a relative pressure <10−7 
to ensure a dry clean surface and free sites of adspecies.

Figure 1 shows the nitrogen adsorption and desorption isotherms 
of the AC sample. It is obvious that the adsorption isotherm of N2 on 
the AC is of typical type-I profile with secondary uptakes, which implies 
the presence of micro and mesopores. The BET and Langmuir surface 
areas and pores volume are given in the table 1.

Analytical procedures

The temperature programmed adsorption equilibrium (TPAE), 
previously developed for hydrogen chemisorption on Pt/Al2O3 catalysts 
[18], was used in the present work in order to determine the kinetic 
parameters (heats of adsorption and surface coverage) involved in the 
adsorption equilibrium of heavy molecules such as PrOH and OX on 
AC, and to evaluate its efficiency of VOCs removing from bulk stream. 
TPAE experiments were performed in dynamic conditions using a 
purpose-built device described above. In brief, it consisted of a gas 
chromatography (GC) with flame ionization detector (FID) for transient 
experiments. The assembly permitted (i) to prepare gas mixture in the 
reactor inlet and to control feeding flow rate, (ii) to perform in-situ pre-
treatment, adsorption and desorption steps in quartz micro reactor (1 
cm3) and (iii) to monitor OX and PrOH molar fractions in the reactor 
outlet by mean of GC-FID system.

TPAE experiments

The principle of the TPAE experiments was reported elsewhere 
[5,19]. Briefly, around 0.100 g of AC was treated as described above and 

cooled down under helium to 300 K in order to remove moisture and 
adspecies from the surface. Afterward, under atmospheric pressure, 
a switch He x% PrOH/He or y% OX/He (x and y fixed by saturator/
condenser system using the well-known coefficient table of Antoine 
Equation) was performed to start the adsorption step and the mixture 
in the reactor outlet was analyzed by GC-FID at the frequency of 1/180 
Hz. Once molar fractions at the reactor inlet and outlet are equal, the 
adsorption equilibrium was considered established. The adsorption 
temperature (Ta) was slightly increased (0.5-1 K/min) under quasi-
constant partial pressure of the adsorbate (PrOH or OX) leading to 
desorption of the adspecies associated to positive peaks. An isothermal 
desorption is carried out under helium to verify the total desorption of 
adspecies once the molar fractions are again equal at high temperature. 
Finally, the AC was cooled down to the room temperature. The 
experimental data was presented as breakthrough curves showing the 
evolution of molar fractions with time.

Results and Discussion
Mathematique models

Surface coverage (θ) variation with temperature (Ta) and pressure 
(Pa) of adsorption allows measuring the interaction strengths implied 
in the adsorbate/adsorbent systems. The heats of adsorption (denoted 
by Eθ) of the adspecies and their evolutions with the surface coverage 
θ (with 0 ≤ θ ≤ 1) constitute a fundamental characterization of the 
adsorbate/adsorbent systems. Temkin model [20] among numerous 
mathematical models describes the curve of θ = f (Ta) using statistical 
thermodynamics. This model assumes that (i) the adspecies are 
localized, (ii) the heat of adsorption linearly decreases with increase in 
surface coverage, (iii) heterogeneous surface sites and (iv) and indirect 
interactions between adspecies. The Temkin model is given by the 
following equation:
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and 0 1E E Eθ θ∆ = − Where Eθ0 and Eθ1 are the heats of adsorption 
respectively at low (θ = 0) and high (θ = 1) coverage. The heats of 
adsorption (Eθ = Ea-Ed) are the difference between the activation energy 
of adsorption (Ea) and desorption (Ed) at the adsorption equilibrium.

The theoretical curve obtained from Eq. 1 provides the evolution of 
the surface coverage with the adsorption temperature (Ta) by supposing 
Eθ0 and Eθ1, and its comparison with the experimental surface coverage 
variation permits the determination of the adsorption heats (Eθ0 and 
Eθ1). It could be noted that during TPAE step, the slight perturbation 
of the equilibrium by increasing the temperature of adsorption leads 
to a slight variation of adsorption pressure of about 20% that conducts 
to the variation of heat of adsorption of around 3 kJ/mol. This value 
was considered as the measurement error of the heat of adsorption 
determined by TPAE.
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Figure 1: N2 sorption isotherms at 77 K of the AC. P/Po is the ratio of gas 
pressure (P) to saturation pressure (Po=101325 Pa).

Reference of 
AC

Particles
Size (mm)

SBET
(m2/g)

Sext
(m2/g) Smeso (m2/g) Smicr (m2/g) Vmicr

(cm3/g) Vmeso (cm3/g) Vp (cm3/g) Dp
(A˚)

N˚89067 1 to 5 1055 125 250 680 0.36 0.13 0.56 10.6

Table 1: Measured Textural parameters of activated carbon with particle diameter (Dp), volumes: total pore (Vp), mesopores (Vmeso), micropores (Vmicr), surfaces: BET (SBET), 
external (Sext), microporous (Smicr) and mesoporous (Smeso).
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20% during the TPAE step. At the equilibrium, the surface coverage 
evolution, during TPAE step, can be determined using the following 
equations:
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Where: Qa is the amount (mol/g) of an adsorbate at Ta and Pa. 
F is the flow rate (cm3/min) of adsorbate/He. W is the weight (g) of 
the adsorbent. Ct0, Cteq and Ct are the adsorbate’s molar fraction at the 
reactor outlet, respectively, at the start time of the adsorption (t0), at the 
time at which equilibrium is established (teq) and at any time during 
TPAE experiment (t > teq). QML is the amount (mol/g) of an adsorbate 
forming monolayer.

Characterization of the OX adsorption equilibrium on AC

The breakthrough curve  permitted the monitoring of adsorbate 
loading on adsorbent as function of time. Figure 2 shows the evolution 
of molar fractions of the 0.183%OX/He mixture at the reactor outlet in 
presence (curve (b)) and absence of 0.100 g of AC (curve (a)) during the 
TPAE experiment steps. The adsorption step of OX on AC was carried 
out using an isobaric (Pa=185 Pa) of OX at Ta=300 K. The equilibrium 
was established after 100 minutes with AC in the reactor whereas 
the breakthrough time for the empty reactor is less than minute. The 
amount of adsorbed OX was determined using Eq. 5. The subtraction 
of the area of (curve (b)) from the area of the empty reactor (curve (a)) 
permitted to assess the adsorbed amount of OX. This later was found to 
be 4160 µmol/g corresponding to θe=114% of the AC surface coverage. 
This result can be explained by the fact that, at 185 Pa and 300 K, the 
pores were partially filled with OX molecules because of the formation 
of multilayers on the surface of AC [22]. This assumption could be 
verified with comparing the adsorbed volume with the total pores 
volume. Indeed, such result is consistent since the total pores volume 
of the AC is 0.56 cm3/g which is close to the corresponding adsorbed 
volume of OX (0.51 cm3/g) even though the adsorption pressure (185 
Pa) is lower than the OX saturation pressure at 300 K (970 Pa) with a 
relative adsorption pressure of 0.19. This result is consistent with the 
work of Dobruskin [16]. The author [16] has modeled the adsorption of 
benzene on a microporous activated carbon (BET = 805 m2/g, Vmicr=0.42 
cm3/g), he concluded that the inflection point after the saturation of the 
monolayer is obtained at a relative pressure of 0.17.

Once the equilibrium established (OX molar fractions are equal 
at reactor inlet and outlet), the temperature programmed (1 K/min) 
was performed under 0.183%OX/He mixture resulting a positive and 
asymmetric peak of desorbed OX adspecies. The amount of the OX 
adspecies desorbed during TPAE was determined using the Eq. 5 by 
subtracting areas of the curve (b) from the curve (a) in the temperature 
range 300-550 K and found to be 4130 µmol/g. While the amount of 
OX desorbed during the isotherm at high temperature, was 30 µmol/g. 

Similar results were obtained by applying high adsorption pressure 
(680 Pa) until equilibrium using 0.100 g of AC and under 0.68% OX/
He mixture at 300 K. The amount of OX adsorbed was around 4655 
µmol/g which corresponds to the adsorbed OX volume of 0.56 cm3/g 
that matches with the total pores volume of AC and then the saturation 
of AC. However, the adsorption potential depends not only on the 
characteristics of the adsorbent but also on those of the adsorbate. 
Materials having narrow micropores adsorb more than those with 

At the equilibrium, the surface coverage (θe (Ta, Pa)) can be 
determined by the ratio of the adsorbed amount (Qa) at Ta and Pa and 
the amount forming the monolayer (QML): 
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The QML can be calculated considering surface area of the solid 
(S = 1055 m2/g) and the cross-section area σ  (m2/molecule) of an 
adsorbed molecule (Eq. 3):
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Where NA is the Avogadro number (NA= 6.0221023 molecule.
mol-1), S is the surface area (m2/g) and σ(m2) is the cross-section 
between a molecule and an adsorbent. This later has been determined 
experimentally by McCLellan and Harnsberger [21]. They found that 
the cross-section of PrOH and OX is around 31 and 48 (Å2/molecule), 
respectively. Considering Eq. 3 the QML was determined to around 
5650 and 3650 µmol/g, respectively, for PrOH and OX. The adsorption 
pressures were chosen to be significantly less than those obtained by 
the vapor at the saturation at the temperature of adsorption (Ta=300 
K), 0.75% and 2.3%, respectively, for OX and PrOH. Those values 
were calculated considering the molar fractions at the peaks of TPAE, 
which are linked to the adsorbate partial pressure that increases with 
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Figure 2: Molar fractions evolutions of OX (185 Pa) adsorption at 300 K and 
105 Pa, TPAE and isothermal desorption processes in the reactor outlet with 
and without activated carbon inside.
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Figure 3: Molar fractions evolutions of PrOH (475 Pa) during the adsorption 
at 300 K and 105 Pa, TPAE and isothermal desorption processes in the 
reactor outlet with and without activated carbon inside.
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wide or non-porous. The adsorption capacity of AC for OX could be 
compared with those given for the adsorption of xylene on activated 
carbon AC40 (1300 m2/g) [23] and much higher than those obtained 
for non-porous silica (220 m2/g) [5].

Characterization of the PrOH adsorption equilibrium on AC
Similar experiments to the adsorption of OX were carried out on 

the adsorption of PrOH on AC (Figure 3). The adsorption equilibrium 
was obtained during 70 min using 0.147 g of AC and 0.46% PrOH/
He at 300 K. Same methods were used for determination of the PrOH 
adsorbed amounts as for OX on AC. The amounts of the PrOH uptake 
during the adsorption, TPAE and desorption under helium steps 
were, 6050, 5950 and 100 µmol/g, respectively. The adsorbed amount 
corresponds to 0.45 cm3/g which represents 80 vol. % of pores filling 
and θe=112 % of the surface coverage at the relative pressure of 0.16 
at 300 K. The effect of the adsorption pressure was studied in order 
to reveal the saturation limit of the AC. The experiment revealed that 
the amount of PrOH adsorbed on AC increases with the adsorption 
pressure. In fact, at the saturation pressure and Ta=300 K, the uptake 
amount was found to be 7550 µmol/g which corresponds to the volume 
of 0.56 cm3/g of PrOH adsorbed. These results can be explained by 
formation of multilayers on the surface and condensation of PrOH 
molecules in the pores of AC. However. These results are unlike to those 
found by Salame and Bandosz [17]. They noticed in similar studies that 
the adsorption of methanol on several microporous activated carbons 
leads to the interparticulate and the pores capillary condensation that 
starts with applying relative pressure from 0.3. The difference, in the 
condensation at relative pressure, could be linked to the chemical 
properties of the adsorbents used in both studies. On the other hand, 
the AC was completely regenerated at 420 K and 550 K for PrOH and 
OX, respectively; unlikely to that found in a previous work performing 
similar studies on non-porous silica sorbent [5]. This later was found 
readily regenerated at around 400 K for both adsorbates.

Heats of adsorption of OX and PrOH on AC under adsorption 
equilibrium 

The experimental curves in Figure 4, show the plot of θe=f (Ta) 
obtained from the data in Figure 2 by using (Eq. 4) and (Eq. 5) and 
provides the evolution of OX surface coverage on AC for Ta > 300 K 
and Pa=185 Pa (OX) during TPAE experiment. The equilibrium surface 

coverage was obtained using the ratio of the amount of desorbed 
molecules at a given Ta and Pa during TPAE step to the amount of OX 
necessary for the formation of monolayer on the AC surface (Eq. 4). At 
300 K and 185 Pa, the equilibrium surface coverage was θe=1.14 and its 
variation θe=f (Ta) (experimental curve, Figure 4) was modeled using 
Temkin model (Eq. 1) taking into account that the heats of adsorption 
depend to the surface coverage with Eθ0 = 100 kJ/mol, Eθ1 = 62 kJ/mol 
and Pa=185 Pa.

It could be noticed that the experimental data deviates of the 
theoretical model in the temperature range 300-360 °C. In fact, at 
this temperature range the surface coverage drops from 1.14 to 0.73 
because of desorption of the OX adspecies forming multilayers and/
or probably from the evaporation of condensed OX molecules into 
AC pores [24]. However, at Ta>360 °C, the model Temkin fitted 
perfectly the experimental data curve. This result can be explained by 
desorption of the OX adspecies forming the monolayer of AC surface; 
in agreement with Hill [24] work in which the author reported that the 
multilayer formation occurred at surface coverage θ>0.70. On the other 
hand, the heats of adsorption of OX on AC determined using Temkin 
model parameters at high and low surface coverage under adsorption 
equilibrium found to be close to those found by Pre et al. [11] for the 
adsorption of toluene on activated carbon (63 to 71 kJ/mol), and to those 
found by Dollimore et al. [25] using micro-calorimetric technique and 
isosteric heats of adsorption for meta-xylene on non-porous graphite 
(60 kJ/mol). The authors [25] showed that at low surface coverage the 
heats of adsorption were much higher than at high surface coverage; 
they explained their results by the fact that the graphite surface was 
heterogeneous and the high values of the heats of adsorption at low 
surface coverage were associated to the oxygen chemisorbed on the 
surface. Hockey and Pethica [26] studied the adsorption of benzene 
on silica in various forms, and they have shown that micro porosity 
and lateral interactions increases the heats of adsorption at low surface 
coverage of silica. If their theory is correct, the high values of the heats 
of adsorption found at low surface coverage (Eθ0=100 kJ/mol) are due to 
the presence of micropores in AC, and at high surface coverage (Eθ1=62 
kJ/mol) are due to the hydrogen physisorption on sites with low energy. 
The very first molecules adsorbed will be onto highly energetic sites 
and the molecules will remain fixed. Molecules arriving at high surface 
coverage will release less energy upon adsorption and may form a dilute 
mobile film due to the condensation.

On the other hand, similar results were obtained during the 
adsorption of PrOH on AC. Figure 5 depicts the variation of the surface 
coverage of PrOH on AC at 475 Pa with the adsorption temperature 
(Ta>300 K). The fitting of the Temkin model on the experimental curve 
permitted determination of the heats of adsorption. These later were 
found to be Eθ0=67 kJ/mol, Eθ1=58 kJ/mol at low and high surface 
coverage, respectively. Same remark could be noted on deviation of 
the experimental curve at high coverage. This could be related to the 
PrOH desorption that adsorbed physically on sites with low energy. 
However, it could be noticed that the heats of adsorption for polar 
molecules (PrOH) were found to be lower than those for non-polar 
molecules (OX), and the large difference in the heats of adsorption 
between low and high surface coverage for OX (100 kJ/mol) against 
that for PrOH (67 kJ/mol) let’s assume that the heats of adsorption of 
OX could not be associated in major part to the microporosity of AC 
but to the chemisorption phenomena on specific sites in contrast to 
the PrOH adsorbate. The difference in the interactions between both 
adsorbates and AC can be associated to the difference in their dipolar 
moments. Indeed, the OX and PrOH molecules are characterized by 
different dipole moment 0.64 D and 1.68 D, respectively [27,28]. This 
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characteristic may lead to different affinities to the AC surface sites and 
subsequently promotes their adsorption.

The heats of adsorption of PrOH on activated carbon obtained by 
using the Temkin model and adsorption equilibrium that were found 
to be consistent with the isosteric heats obtained for the adsorption of 
alcohol compounds on AC. Herry et al. [29] have found similar heats of 
adsorption for ethanol (54.78 kJ/mol), 1-propanol (59.47 kJ/mol) and 
butanol (76.87 kJ/mol), while Nastaj et al. [30] and Salame Bandosz 
[17] have found, 60.08 kJ/mol for the adsorption of 2-propanol and 55 
kJ/mol for ethanol on AC. However, the heats of adsorption determined 
by microcalorimetric analysis which is an accurate tool were found to 
be close to those fond by TPAE method. Pre et al. [11] have found, in 
similar investigation on AC, that of the adsorption of ethanol (54.7 kJ 
/ mol) and isopropanol (55 kJ / mol) whereas Popescu et al. [31] found 
similar results for butanol (63 kJ / mol).

Note that heats of adsorption given in literature seem to be an 
average values and did not take into account the surface coverage factor; 
in contrast, TPAE method gives variation of the heats of adsorption of 
PrOH with the surface coverage of AC.

In the present investigation, the heat of adsorption obtained 
indicates that weak interactions between PrOH and AC surface that 
may be due to the nonspecific interactions (Van Der Waals forces, 
London forces) and present good agreement with the fact that the 
PrOH adsorption is reversible.

Conclusions
The main objective of the present work was to demonstrate the interest 
of an easy and efficient method to determine to heats of adsorption. 
Polar (Propanol) and non- polar (ortho xylene) molecules were 
selected for the adsorption on a microporous adsorbent (activated 
carbon). The adsorption capacities for OX and PrOH showed that 
both adsorbates were condensed into the micropores of AC at 300 K 
at relative adsorption pressures of 0.16 and 0.19, respectively, of PrOH 
and OX. The evolutions of the surface coverage (θe) at the equilibrium 
of adspecies with the temperature of adsorption (Ta) have been 
determined by using temperature programmed adsorption equilibrium 
(TPAE) method. The heats of adsorption have been determined by 
modeling the experimental curves (θe=f(Ta)) with the theoretical 

model of Temkin considering that PrOH and OX adspecies were 
localized and the heats of adsorption found to depend to the surface 
coverage. The heats of adsorption of OX on AC found to be Eθ0=100 kJ/
mol at low coverage and Eθ1=62 kJ/mol at high coverage. Whereas, the 
heats of adsorption of PrOH on AC were found to be lower than for OX 
with Eθ0=67 kJ/mol, Eθ1=58 kJ/mol at low and high surface coverage, 
respectively. It was concluded that OX molecules have more affinity 
to the AC surface than PrOH regarding the difference in the heats of 
adsorption. It could be concluded that TPAE experiment could be used 
into the characterization of the interactions involved in the adsorption 
of polar or non-polar molecules on microporous adsorbents.
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