
ORIGINAL RESEARCH
published: 21 October 2020

doi: 10.3389/fenvc.2020.573402

Frontiers in Environmental Chemistry | www.frontiersin.org 1 October 2020 | Volume 1 | Article 573402

Edited by:

Yacine Benguerba,

University Ferhat Abbas of

Setif, Algeria

Reviewed by:

Diana Paola Vargas,

Universidad del Tolima, Colombia

Xiangke Wang,

North China Electric Power

University, China

Suryadi Ismadji,

Universitas Katolik Widya Mandala

Surabaya, Indonesia

*Correspondence:

Juan Carlos Moreno-Piraján

jumoreno@uniandes.edu.co

Specialty section:

This article was submitted to

Sorption Technologies,

a section of the journal

Frontiers in Environmental Chemistry

Received: 16 June 2020

Accepted: 08 September 2020

Published: 21 October 2020

Citation:

Hernández-Monje D, Giraldo L and

Moreno-Piraján JC (2020)

Comparative Study of Toluene and

Hexane Adsorption on Activated

Carbons From Gas and Liquid Phase.

Enthalpy and Isotherms.

Front. Environ. Chem. 1:573402.

doi: 10.3389/fenvc.2020.573402

Comparative Study of Toluene and
Hexane Adsorption on Activated
Carbons From Gas and Liquid Phase.
Enthalpy and Isotherms
Diana Hernández-Monje 1, Liliana Giraldo 1 and Juan Carlos Moreno-Piraján 2*

1Departamento de Química, Universidad Nacional de Colombia, Bogotá, Colombia, 2Departamento de Química,

Universidad de los Andes, Bogotá, Colombia

Activated carbons with different chemical and textural properties were used to carry

out the adsorption of toluene and hexane from gas phase and from liquid phase for

toluene-hexane solutions where toluene was used as a solute and hexane as the solvent,

complementing the process with the evaluation of the immersion enthalpy for the pure

components and toluene-hexane mixtures at different molar fractions. The adsorption

capacities for the gas phase were between 3.40 and 0.05 mmol g−1, being higher for

toluene because of the π-π interaction with the solid; when evaluating the liquid phase,

the adsorption capacities were 0.24 and 0.74 mmol g−1, where the adsorption of toluene

decreased compared to the gas phase because of the solute-solute, solvent-solvent,

solute-solvent interaction. The immersion enthalpies for the pure solvents were between

−40.87 and −126.10 J g−1 being higher also for toluene confirming a greater interaction

compared to hexane; for the mixtures, immersion enthalpy was higher than hexane

enthalpies, but lower than toluene enthalpies with values between−59.79 and−107.95 J

g−1. It was found that there was a greater interaction between the sample with a

lower content of acid groups and a greater surface area with toluene due to the high

electron density of carbon and London-type as π- π interactions with the aromatic

compound. For mixtures, hexane decreased the adsorption capacity and interaction with

respect to toluene because there was competition for adsorption sites and subsequent

displacement of hexane molecules when the amount of toluene on the surface increased.

Keywords: activated carbon, liquid phase adsorption, gas phase adsorption, toluene, hexane, immersion enthalpy

INTRODUCTION

The adsorption process has been used to remove volatile organic compounds (VOCs), which
are compounds that can easily pass into the vapor phase and they are used in the manufacture
of several products such as waxes, varnishes, paints, detergents, cleaning products, and solvents
(Cheng et al., 2016; Huang et al., 2016; Kamal et al., 2016; Mirzaei et al., 2016; Salar-García et al.,
2017; Zhang et al., 2017; Zhu et al., 2020); however, they cause health damage, mainly to the central
nervous system.

For the removal of VOCs, control mechanisms have emerged that can be divided into recovery
methods and destruction methods; within the first ones are condensation, membrane separation,
and adsorption, with respect to the latter include biodegradation, catalytic oxidation, thermal
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oxidation and plasma catalysis (Lhuissier et al., 2018; He et al.,
2019; Lan et al., 2019; Tomatis et al., 2019; Guo et al., 2020;
Li et al., 2020; Liu et al., 2020; Wang et al., 2020; Zhu et al.,
2020). Regarding destruction methods, they generally convert
VOCs into CO2 and H2O, however, recovery methods are
cheaper, require less energy and are less polluting (Li et al.,
2020; Zhu et al., 2020). Adsorption is a recovery method that
is considered favorable due to its low cost and high efficiency,
for which carbonaceous materials have been widely used due
to their versatility, selectivity, surface area, variety of porous
structure, high capacity, and fast adsorption kinetics, besides
being hydrophobic solids that can be physically or chemically
modified to generate greater selectivity for adsorptives of interest
(Zhang et al., 2017; Zhou et al., 2017; Yang et al., 2019; Abd et al.,
2020; Zhu et al., 2020).

Among the porous materials, activated carbon is used since
it is a hydrophobic solid that can be physically or chemically
modified to generate greater selectivity for adsorptives of interest,
giving rise to interactions type π-π electron donor-acceptor, H-
bonding, pore-filling, Lewis acid-base interactions or electrostatic
attraction, depending of the adsorbate (Chen et al., 2020; Hu
et al., 2020).

Since the volatile compounds are found in both the liquid
phase and the vapor phase, it is interesting to evaluate the
adsorption of these contaminants from the two phases to
determine how the adsorption capacity is modified as well as
some parameters that can describe the process. For this reason,
it is important to fit the data from the experimental isotherms
to certain models in order to characterize the adsorption,
obtaining these parameters together with the appropriation
of the models assumptions, can generate information on the
adsorption mechanism, surface properties and the degree of
affinity adsorbate–adsorbent (Foo and Hameed, 2010; Chen,
2015; Laskar and Hashisho, 2020). There are several models,
however, researchers usually use the adsorption models proposed
by Freundlich and Langmuir to understand the adsorption
(Cheng et al., 2008). Any model fully explains the adsorption
process, but allows an approach to the processes occurring inside
the porous solid when an adsorptive enters to its structure.

In Langmuir’s model, the surface is considered as a finite set of
defined active centers that have the same probability of adsorbing
a single molecule each. When the molecule reaches the surface, it
collides with one of the active sites, it is adsorbed for a period
of time and then it can return to the gas phase. Although this
process can occur in all the adsorbed layers, Langmuir focused
on the adsorption that takes place in the first layer, since it was
assumed that the adsorption energy is higher for the monolayer,
so more pressure is needed for formation of successive layers
(Sing et al., 2014; Chen, 2015; Kecili and Hussain, 2018; Liu et al.,
2019; Laskar and Hashisho, 2020). The mathematical equation
related to this model is:

n

nm
=

bP

1+ bP
(1)

Where n (mmol g−1) is the amount adsorbed per gram of the
solid at an equilibrium pressure P, nm is themaximum adsorption

capacity in the monolayer (mmol g−1) and b (mbar−1) is the
Langmuir constant which is related to the positive value of the
adsorption energy (Sing et al., 2014).

Freundlich model is an empirical model that describes a non-
ideal and reversible adsorption, contemplating the formation of
multilayer with different energies of adsorption in the active
centers due to the heterogeneity of the surface, where the most
energetic active sites interact first with the adsorbate, then the
adsorption energy decreases exponentially until the process ends
(Sing et al., 2014; Liu et al., 2019; Laskar and Hashisho, 2020).
This model is applied in heterogeneous systems, especially for
organic compounds or fairly similar adsorbates with activated
carbon (Haghseresht and Lu, 1998; Foo and Hameed, 2010).

The mathematical relationship associated with the model is:

n = Kf P
1/n (2)

Where n (mmol g−1) is the amount adsorbed per gram of the
solid at an equilibrium pressure; Kf is the Freundlich constant
(mmol g−1mbar−1), which is associated with the adsorption
capacity; P to the equilibrium pressure and the term 1/n is related
to the intensity of adsorption and the heterogeneity of the surface,
if this parameter is in an interval between 0 and 1 (de Sá et al.,
2017; Mu and Sun, 2019).

Besides to characterize the adsorption of those two
hydrocarbons from gas and liquid phase, it would be interesting
to describe the system evaluating the interaction of the activated
carbon with toluene and hexane at the same time changing
their concentrations to see how the addition of one or another
affects the energetic exchange between the adsorbates and the
adsorbent. This would be possible through the calculation
of a thermodynamic parameter such as immersion enthalpy
(Hi), which is determined by means of a technique called
immersion calorimetry.

In this technique is evaluated the energy required or produced
by the immersion of a liquid into a porous solid and it is quite
adequate to evaluate the energetic effect of the change in the
concentration of the two adsorbates since its sensitivity is high,
between 10 and 100 mJ, useful for determining interactions
produced in solid-gas and solid-liquid interactions. Since this
transfer of energy depends on the adsorbates and adsorbents,
the determination Hi also generates some added value because
it can give an idea of the contribution of the change in
the physicochemical properties of the solid, mainly the effect
of surface chemistry on the adsorption process (Giraldo and
Moreno-Piraján, 2007; Moreno-Piraján et al., 2011; Denoyel
et al., 2014; Giraldo et al., 2018).

Thermodynamically, the immersion enthalpy for a
microporous solid is related to the net differential heat of
adsorption (qnha) and it depends on the micropore volume filling
(θ:V/Vo) and the temperature (T) (Dubinin, 1975; Stoeckli and
Kraehenbuehl, 1981; Stoeckli et al., 1989):

Hi =

∫ 1

0
qnha (θ;T) dθ (3)

As the enthalpy obtained corresponds to an adsorbent–solution
multicomponent type system that depends on the temperature
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and pressure (P), this variable can be expressed as (the process
is carried out at constant pressure and temperature; Hernández-
Monje et al., 2019a):

dH =

(

∂H

∂P

)

T, ni

dP +

(

∂H

∂T

)

P, ni

dT +

(

∂H

∂na

)

T,P, nb , nc

dna +

(

∂H

∂nb

)

T,P, na , nc

dnb +

(

∂H

∂nc

)

T,P, na , nb

dnc, (4)

According to what has been described, this research aims to
evaluate the adsorption from the gas phase of toluene and hexane
on activated carbons of different physicochemical characteristics
and to compare the process with the adsorption from the liquid
phase of toluene in the presence of hexane on these porous
materials, to finally, complete the study with the energetic
characterization of the immersion of the carbonaceous solids in
binary toluene-hexane mixtures varying the concentration of the
components. It will lead to a cross-sectional study between the
adsorbent-adsorbate energy interaction and the adsorption from
the liquid and gas phase of these hydrocarbons.

This will allow determining what happens with the adsorption
of toluene and hexane when they are adsorbed separately from
the gas phase and then when they are adsorbed from the liquid
phase, making toluene the solute, and hexane the solvent; this
will be interestingly complemented with the evaluation of the
energetic effect of modifying the mole fractions of toluene-
hexane binary mixtures in the interaction with the samples of
activated carbon, first evaluating the enthalpy of immersion of
the pure solvent (hexane) to later add toluene to the system to
change its mole fraction until toluene becomes the solvent and
hexane the solute to finally determine the enthalpy of toluene as
a pure solvent.

The work is novel since the adsorption of these hydrocarbons
is generally studied in a single phase (mainly in the gas phase) and
if it is done in the liquid phase, the solvent is water (Wang et al.,
2011; Martínez De Yuso et al., 2013; Sheshdeh et al., 2014; Stofela
et al., 2015), despite the fact that its solubility in this solvent is
very low, instead of using an organic solvent as is done in this
study, so that a comparison of the parameters obtained from the
two phases is already an interesting proposal and even more so
if it is complemented by the correlation with a thermodynamic
parameter that can describe the energy interaction between the
binary mixture and the adsorbate.

MATERIALS AND METHODS

Solids (Hernández-Monje et al., 2019b): two activated carbons.
One is a commercial activated carbon (GS50, from coconut
shell, Carbochem Inc., Philadelphia, USA), this was obtained
by physical activation, later washed (distilled water) and dried
(373.15K, 24 h), it was labeled as CS; the other was obtained by
subjecting a part of CS sample to a modification under thermal
treatment at 1173.15K with a heating ratio of 1.5 Kmin−1 during
9 h and then 1 h at 1173.15K under N2 atmosphere at a rate of
80mL min−1; this sample was labeled as CST.

Characterization of Solids
Nitrogen Adsorption Isotherms

A sample of 80mg of the solid was taken and degassed at a
pressure of 10−5 mbar for 24 h at 473K. Then, the activated
carbon was placed in the adsorption station at a temperature of
77.15K and nitrogen was added in a range of relative pressures
between 7∗10−5 up to approximately 0.99 for the adsorption
branch, also taking desorption points up to ∼= 0.3 p/p◦ with
an equilibrium time of 3min. The measurements were carried
out on an Autosorb 3B, Quantachrome equipment (Hernández-
Monje et al., 2019b, 2020a). Then, the isotherm was used
to determine surface area, pore volume, micropore volume,
mesopore volume, and pore size distribution.

X-Ray Diffraction

The activated carbon was macerated until obtaining a fine
powder, and it was placed on a support to measure the X-ray
spectrum. This spectrum was determined in an XPERT-PRO
diffractometer using Cu Kα radiation source with a wavelength
of 1,541 Å, at an approximate voltage of 45 kV and an intensity
of 40mA with a range between 10 and 90◦ (Tascón, 2007; Omri
and Benzina, 2012; Lee et al., 2013; Lazzarini et al., 2016).

Boehm Titrations

Acidity content: According to what Boehm suggested, the acid
groups of activated carbon are neutralized with a strong base
such as sodium hydroxide. So, a sample of 100mg of the solid
was placed in 25mL of a previously standardized 0.1M NaOH
solution for 5 days under stirring at 293.15K, so the base
reacted with all the acidic groups of the activated carbon. After
that, 10mL of the solution were taken and a potentiometric
titration with 0.1M hydrochloric acid (previously standardized)
was carried out in order to determine how many µmol of
hydroxide remained; Thus, knowing the initial µmol and those
that reacted with hydrochloric acid, it was possible to know how
many µmol reacted with the carbonaceous material, taking into
account the amount of sample used (Boehm, 1994; Kim and Park,
2016; Hernández-Monje et al., 2019b).

For basicity, Boehm mentioned that the basic groups in
carbon were neutralized with a strong acid such as hydrochloric
acid. So, the procedure that was used for acidity is performed
for basicity; HCl (25mL, 0.1M, previously standardized) and
activated carbon were put into contact to interact; then
by potentiometric titration with NaOH (0.1M, previously
standardized) the remaining µmol were determined and then by
difference, the µmol that interacted with the solid (Boehm, 1994;
Kim and Park, 2016; Hernández-Monje et al., 2019b).

Same for lactonic and phenolic groups, since NaHCO3

neutralizes carboxylic groups and Na2CO3 neutralizes carboxylic
and phenolic groups, so both solutions were titrated with
HCl after interacting with carbon following the same process
described above (Boehm, 1994; Kim and Park, 2016; Hernández-
Monje et al., 2019b).

The titrations were performed using a TitroLine alpha plus
titrator from Schott Instruments.
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Determination of Gas Phase Adsorption
Isotherms
The adsorbates were toluene and hexane (analytical reagents,
Merck-brand) and the processes were carried out in a sortometer
that was assembled in the laboratory (Hernández-Monje et al.,
2019b), this equipment shown in Figure 1: the numbers that
are going to be mentioned in parentheses correspond to the
numbered parts in the figure.

It was made of stainless steel and it had a vacuum pump
(Pfeiffer brand) (1) that allowed to reach pressures close to 3 ×

10−2 mbar; in turn, it had five valves that controlled the pressure
and the pass of the adsorbate or the vacuum: venting valve (2),
vacuum valve (3), adsorbate valve (4), and the valves that control
the pass of the adsorbate or vacuum to the sample (5 and 6), the
sortometer also had a digital sensor which showed the pressure
of the system (7). There was a pressure transducer and an Extech
software was used for data collection, this showed the pressure
variation in terms of voltage captured with a multimeter (8) as a
function of time, then with a calibration curve this voltage was
converted to mbar to evaluate the isotherm.

First, 10mL of the adsorbate were placed in a cell assembled
to the equipment (9), then the valve (4) was opened for the
passage of the adsorbate so that it passed to a tank (10) that was
at 393.15K, so as to ensure that it was in the gas phase for the
adsorption. Alternately, 1.000 g of activated carbon was taken in
a glass cell that was assembled to the equipment (11) and it was
degassed (3, 5, 6 opened) at 180◦C during 24 h.

Subsequently, the desired pressure was regulated (4) to carry
out the first point of the isotherm (close to 3 × 10−2 mbar) and
the sample valves were opened (5, 6), capturing the change of
the pressure until it became constant, repeating the process until
the saturation pressure was reached. The adsorption isotherms
were determined at 263.15K with the help of a thermostat (Cole
Parmer) that kept the temperature constant (12).

Determination of Liquid Phase Adsorption
Isotherms
Toluene-hexane solutions were prepared at concentrations of 20,
40, 60, 100, 250, and 500mg L−1 where toluene was the solute
and hexane was the solvent. Then, 0.100 g of activated carbon
were placed in a vessel; later, 10mL of one of the solutions
were added and left under stirring with the activated carbon
at constant temperature (273.15K) for the time necessary to
reach equilibrium; After, the solution was filtered to remove the
solid and to determine the final concentration of the solution
after the adsorption process with a GC-2010 gas chromatograph
that had a column VF-624ms (6% cyanopropylphenyl, 94%
dimethylpolysiloxane) with dimensions of 0.32mm × 30m ×

1.8µm using a flame ionization detector (FID). Helium was used
as the carrier gas with a flow of 3mLmin−1. The injection volume
was 1 µL and the injector was at 493.15K in split mode and
the temperature of the oven was initially held at 318.15K for
10min and then the temperature started to increase at a rate of
3 K min−1 up to 473.15K and it was held for 5min. The FID
temperature was 523.15K (Assadi et al., 2010; Venkatachalam
and Chavare, 2010; Fu et al., 2020).

Evaluation of the Immersion Enthalpy of
the Activated Carbons Into the Pure
Components and the Mixtures by
Immersion Calorimetry
A microcalorimeter of heat conduction Tian-Calved type was
used to carry out the immersion of the solids into the liquids at
293.15K (Moreno-Piraján et al., 2011).

For the pure components, a 10mL aliquot of toluene or
hexane was taken in a cell that was assembled to the calorimeter;
in turn, 0.100 g of activated carbon were weighed in a glass cell
with a fragile peak at the bottom and it was also adjusted to the
calorimeter. After having the liquid and solid arranged in the
equipment, the change in potential was captured as a function
of time until it became constant to perform the immersion, this
process consisted of breaking the fragile peak of the cell that
contained the sample so that the liquid entered and the solid was
immersed into the liquid, this interaction generated an increase
in the potential that then decreased until a new equilibrium
state was reached, so a new baseline was obtained, waiting a few
minutes to confirm this equilibrium state; after, the equipment
was calibrated to determine the constant of the calorimeter that
together with the immersion peak allowed the calculation of the
immersion enthalpy (Hernández-Monje et al., 2019a).

The same procedure was performed to the
toluene-hexane mixtures.

Three mole fractions were chosen: 0.3mol toluene/0.7mol
hexane (solute: toluene/solvent: hexane), 0.5mol toluene/0.5mol
hexane (equal amounts), and 0.7mol toluene/0.3mol hexane
(solute: hexane/solvent: toluene).

RESULTS AND DISCUSSION

Regarding the physical characteristics: The N2 adsorption
isotherms at 77K are shown in Figure 2 (Hernández-Monje
et al., 2020a). These had a similar shape and corresponded to 1a
isotherms type according to the classification of the International
Union of Pure and Applied Chemistry (IUPAC), this indicated
that they were microporous solids with small external surface
where the quantity adsorbed was associated to the micropore
volume of the materials (Thommes et al., 2015), being higher
for the CST sample than for CS; it was also evidenced that
the hysteresis loops were quite closed and could be classified as
type H4 with respect to the IUPAC classification, corresponding
to micro-mesoporous carbonaceous materials (Thommes et al.,
2015).

Later, the surface area was determined by means of the
Brunauer–Emmett–Teller (BET) model, the total pore volume
was determined at P/P◦ 0.99, the micropore volume by the
Dubinin-Radushkevich equation (DR), as well as the mesopore
volume that was obtained by the difference between the
total volume and the micropore, whose values for CS were,
respectively: 851 m2g−1, 0.39 cm3g−1, 0.34 cm3g−1, y 0.05
cm3g−1, while for CST they had a slight increase: 934m2g−1, 0.41
cm3g−1, 0.38 cm3g−1, y 0.03 cm3g−1. This could be generated
because selective removal of functional groups could give rise
to access to pores that were blocked and widening of porous
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FIGURE 1 | Diagram of the sortometer used in the gas adsorption phase determinations. Adapted and modified from Hernández-Monje et al. (2020a).

FIGURE 2 | Isotherms of gas phase N2 adsorption for CS and CST at 77.15K.

structures (Nguyen and Bhatia, 2012; Zhou et al., 2018). This
removal was related to the thermal stability of the surface groups,
since at temperatures higher than 673K the carboxylic groups are
removed, at 923K the lactonic groups and 973K the phenolics
(Figueiredo et al., 1999), which are the groups that can be
evaluated by Boehm titrations and whose results are shown in
Figure 5 where a decrease in the content of these functional
groups was indeed evidenced, which was corroborated by the
pore size distribution (PSD) presented in Figure 3, since the PSD
showed higher pore volumes for CST than for CS.

Figure 3 illustrates the variation of the pore volume as a
function of the pore width up to 200 Å and in the upper
right part, there is this distribution only for micropores (up to

20 Å; Hernández-Monje et al., 2020b), it was performed for
the combined slit–cylinder pore geometry, since it was the one
that presented the lowest percentage of error with respect to
the fit with the experimental isotherm (CS: 0.25% and CST:
0.06%); there is shown that the highest content of pore volumes
is found in sizes lower than 20 Å, being higher for the CST
sample, which is in accordance with the textural parameters
mentioned in the previous paragraph; this distribution is suitable
for the adsorption of the study compounds since the molecular
dimensions of hexane are x = 10.344 Å, y = 4.536 Å, z = 4.014
Å and of toluene are: x = 6.625 Å, y = 4.012 Å, z = 8.252 Å
(Webster et al., 1998).

To complement the information regarding the change in the
structure of the activated carbon due to thermal modification, the
XRD determinations corresponding to the CS and CST samples
are shown in Figure 4. There were shown the bands obtained
between 20 and 30◦ corresponding to the reflection of graphite
in the mentioned plane, which were similar for the evaluated
samples and according to references they were related to the
stacked structure of the aromatic layers (Rodríguez et al., 2007;
Liu et al., 2010); these bands showed widening, which indicated
a low degree of ordering of the material (Tascón, 2007). On
the other hand, it could be seen that the band became a little
sharper close to 27◦ for the CST sample, which indicated that
the thermal modification could slightly favor the increase in the
crystalline structure due to the increase in temperature, since it
was mentioned in the literature that thermal treatment could
increase the ordering of the structure due to the fact that high
temperatures favored the grouping of sheets of polyaromatic
compounds arranged in parallel by means of van der Waals type
forces (Tascón, 2007; Biniak et al., 2010).

On the other hand, regarding the changes in surface
chemistry, Figure 5 shows the total acidity and basicity content
for each sample (Figure 5A) and the content of phenolic,
carboxylic and lactonic groups (Figure 5B) based on the Boehm
tirations. In the CST sample, the heat treatment substantially
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FIGURE 3 | Variation of the pore volume as a function of the pore width obtained by the QSDFT model (slit-cylinder pore geometry) for the activated carbon samples

with a magnification window in the area of the micropores (upper right).

decreased the content of acid groups almost five times its
magnitude and tripled the content of basic groups. In turn,
subjecting the starting sample to 1173.15K removed practically
all the carboxylic groups and reduced to a third the concentration
of phenolic and lactonic groups, where the phenolic > lactonic
groups. This occurred because the thermal stability of these
groups was <1173.15K, so that they could be removed as
the temperature increases, since the thermal stability is of the
order: carboxylic groups (373–673K) < lactonic (463–923K)
< phenolic (873–973K) (Figueiredo et al., 1999), which is why
the carboxylic groups were not detected after treatment at
this temperature and phenolic groups were found in a higher
proportion than lactonic ones.

According to the above, the starting sample showed high
heterogeneity in the content of the surface groups with a
predominance of acid character and a smaller surface area
compared to CST, on the other hand, the sample modified with
temperature had a greater surface area and a lower concentration
of surface groups, practically null content of carboxylic groups
and predominance of basic character.

Figure 6 contains the isotherms from the toluene and hexane
gas phase on the CS and CST samples.

With respect to adsorbates, toluene was adsorbed in a greater
proportion in both samples compared to hexane; with respect
to samples, CST adsorbed a greater amount of contaminant
than CS. For the toluene-CST system most of the adsorbed
amount occurred at low relative pressures, as in the hexane-
CS system, with the difference that this last isotherm reached
a plateau at very low relative pressures (<0.2), making the

FIGURE 4 | Diffractograms for CST and CS samples.

amount adsorbed very low too, so much so that the most
efficient adsorption system was with the heat-treated sample
used as an adsorbent and toluene as the adsorbate, while
the least amount adsorbed occurred when the starting sample
was used for the aliphatic molecule. Regarding the systems of
intermediate adsorbed amounts (toluene-CS and hexane CST),
most of the amount wasn’t adsorbed at low relative pressures, but
the concentration of the hydrocarbon on the solid increased at
medium relative pressures.
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FIGURE 5 | Surface chemistry of the samples: total acidity and basicity (A); concentration of phenolic, carboxylic, and lactonic groups (B).

FIGURE 6 | Gas phase adsorption isotherms of toluene and hexane on CS and CST.

The aforementioned is complemented by the research carried
out by Zhou et al. (2019) and Hossein Tehrani et al. (2020),
who through DFT calculations suggested that the interaction
between toluene and the carbonaceous material was related to
the fact that both contained aromatic structures, which led to
π-π stacking interaction between them, increasing dispersion
forces among the adsorbate and the adsorbent, even more when
the CH3 group increased the density of π electrons in the ring
and it provided a CH-π type interaction (Thongsai et al., 2019),

giving rise to a physisorption process where toluene showed a
flat orientation parallel to the solid with a distance of 3.211 Å
between the hydrogen of the methyl and the carbon structure
(Zhou et al., 2019).

While for a study with respect to hexane (Thongsai et al.,
2019) it was found that this molecule was aligned in a parallel
way to carbon with seven hydrogen atoms pointing to the surface
at a distance of 3.69 Å showing interactions CH-π type; this
helped to explain why the amount of C6H14 adsorbed was lower
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FIGURE 7 | Top view of the possible interaction between an activated carbon and toluene (A: left image) and hexane (B: right image). Adapted and modified from

Zhou et al. (2019) and Thongsai et al. (2019).

FIGURE 8 | Gas phase adsorption isotherms of toluene and hexane on CS and CST adjusted to the Langmuir and Freundlich models.

compared to toluene: its molecular arrangement and because it
only showed CH-π interaction; while toluene not only gave rise
to CH-π interactions but also π-π interactions. According to the
references mentioned above and what was discussed, a top view
of the possible interaction between toluene and hexane is shown
in Figure 7; black spheres are for C atoms and white for H, the
gray shaded area represents the π-electron density of the toluene
and the basal plane, and the value in angstroms corresponds to
the distance between the hydrogen atom of the molecule and
the surface.

To characterize the adsorption process, these isotherms were
adjusted to Langmuir and Freundlich models (Figure 8) and the
results of this characterization are in Table 1.

According to the values obtained by adjusting to the models,
toluene was adsorbed in a greater proportion than hexane. With
respect to the Langmuir model, nm for toluene/CST (4.524 mmol

g−1) > toluene/CS (2.023 mmol g−1) > hexane/CST (0.269
mmol g−1) > hexane/CS (0.052 mmol g−1) where for the first
adsorbate, the amount of toluene adsorbed decreased by 55% if
it was adsorbed on the starting sample instead of on CST; on the
other hand, the amount of hexane adsorbed on CST decreased to
about a quarter if it was adsorbed on CS. This same correlation
was corroborated with Kf, the parameter of Freundlich model
associated to the adsorbed quantity, which followed the next
order: Kf for toluene / CST (4.580 mmol g−1mbar−1) >

toluene/CS (0.241 mmol g−1mbar−1) > hexane/CST (0.172
mmol g−1mbar−1) > hexane/CS (0.053 mmol g−1mbar−1), in
turn, parameter 1/n is < 1 for all systems, indicating that these
are heterogeneous samples.

It was also seen that toluene–CST and hexane-CS systems
showed a better fit to the Langmuir model. This indicates that in
both systems the adsorbate starts to be adsorbed until it forms
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TABLE 1 | Parameters obtained from the fit to the Langmuir and Freundlich models for the gas phase adsorption isotherms of toluene and hexane on CS and CST.

Adsorbate-

adsorbent

Langmuir Freundlich

nm

(mmol g−1)

b

(mbar−1)

R2 1/n Kf

(mmol g−1mbar−1)

R2

Toluene-CST 4.524 4.580 0.895 0.458 3.908 0.763

Toluene-CS 2.023 0.134 0.995 0.930 0.241 0.995

Hexane-CST 0.269 1.596 0.981 0.589 0.172 0.982

Hexane-CS 0.052 11.448 0.982 0.309 0.053 0.967

a monolayer, due to two different behaviors: in the toluene–
CST system, due to the high basicity and a high percentage
of microporosity, toluene can be arranged in the micropores
of the activated carbon, generating π-π-type interactions (Goto
et al., 2015), having sites with which to generate van der Waals-
type interactions and the sufficient amount of micropores to be
arranged in a monolayer until reaching the saturation pressure,
retaining a high amount of adsorbate.

While in the case of hexane-CS, this sample is the one
that presents the greatest heterogeneity with respect to surface
chemistry and the lowest values of surface area and micropore
volume, due to this and added to the fact that hexane tends to
be arranged as an elongated cylinder (Wang et al., 2015), the
formation of a monolayer can be reached at low relative pressures
with amuch lower amount of this adsorbate compared to toluene,
which is evidenced in the adsorption isotherms since the amount
adsorbed in the monolayer for toluene is 4.524 mmol g−1, while
for hexane is 0.052 mmol g−1.

For the other systems, toluene–CS and hexane–CST that had
a similar adjustment for Freundlich and Langmuir model could
occur that, for the first case, due to toluene molecules can be
stacked (Živković et al., 2019) and CS sample has a high content
of phenolic groups, the interaction of the π electrons of these
functional groups of activated carbon with those of C7H8 can be
increased, as well as CH-π interactions with the aromatic part
(Nishio et al., 2009; Živković et al., 2019), so that the adsorbate
molecules can stack on the phenolic groups, causing that the
amount adsorbed increases throughout all the pressure range.
While in the case of hexane with the CST sample, as there is
a greater volume of pores, mainly <10 Å, there is a greater
adsorbed amount of this hydrocarbon with respect to CS, leading
to a monolayer formation at much higher pressures (close to
0.6 P/P◦).

On the other hand, for nm and Kf the effect of both the
adsorbent and the adsorbate can be seen, regarding the influence
of the adsorbent, the increase in the surface area and the
low content of surface groups increased the interaction with
hydrocarbons; with respect to the adsorbate, the dimensions and
orientation of the molecule for its entry into the porous structure,
as well as the presence of delocalized π electrons could favor
the adsorption and the interaction with surface groups, since the
molecular dimensions of toluene were: x = 6.625 Å, y = 4.012,
z = 8.252 Å, while those for hexane were: x = 10.344 Å, y =

4.536, z = 4.014 Å (Webster et al., 1998), so that in the x and y
dimensions hexane had a highermolecular size, so if themolecule

FIGURE 9 | Liquid phase adsorption isotherms of toluene/hexane (toluene:

solute; hexane: solvent) on CS and CST fitted to the Langmuir and Freundlich

models.

was oriented in this way would have greater restrictions to enter
the porous structure with respect to toluene, which would make
fewer molecules enter the surface of the solid, generating lower
values of the quantity adsorbed.

After evaluating adsorption from the gas phase, Figure 9
shows the adsorption isotherms from the liquid phase of toluene
/ hexane (toluene: solute; hexane: solvent) on CS and CST fitted
to the Langmuir and Freundlich models, to see the effect of
adding a solvent to toluene and carrying out the process in the
liquid phase, as well as the influence of the sample used in the
adsorption process. Likewise, the results of the values obtained
are shown in Table 2.

The effect of the samples remained the same, which showed
that the sample subjected to heat treatment at 1173.15K adsorbed
more of the substances of interest, regardless of whether the
phase was liquid or gas, or if another adsorbate was added to
the system. For the liquid phase, the adsorbed amount tripled
if the CST sample was used instead of CS and it could also
be seen that when hexane was used as a solvent for toluene,
the adsorbed amount of toluene decreased to one fifth for the
sample CST and it was reduced practically eight times for the CS
sample. What might be happening was that by affinity, size and
orientation, asmentioned above, initially toluene was adsorbed in
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a greater proportion while the filling of the micropores occurred,
but then part of the adsorbed toluene was displaced by hexane,
which made the amount adsorbed less for the liquid phase than
for the gas phase, since for the liquid phase toluene competed
with hexane for adsorption sites, these adsorption sites were
heterogeneous according to what was obtained by the Freundlich
model since the parameter 1/n is still less than one, as in the gas
phase (Golomeova and Zendelska, 2016; de Sá et al., 2017; Mu
and Sun, 2019).

There was also an effect of the structure and the size of the
porosity in the adsorption process, since according to the pore
size distribution the solid showed a porosity of combined slit-
cylinder geometry, which is quite suitable for adsorbates since
toluene has a planar arrangement and hexane an elongated
cylinder shape; so, what could happen in the adsorption process
was that toluene, due to its molecular arrangement, could be
more easily located in a slit pore while hexane in cylinder-type
ones and if the pores were smaller than 10 Å (as is the case
for most of the pore volume according to PSD) both adsorbates
would be oriented parallel to the surface because the pores are
too small to maintain another orientation (Hofmann et al., 2012;
Klomkliang et al., 2012); on the other hand, when the pore size
was close to 10 Å, as suggested by Diao et al. (2019), toluene
could be oriented perpendicular to the surface and if the pore size
was>12 Å, two layers of adsorbate molecules could be generated,
both with parallel orientation; while when the pore size had sizes
equal to or >14 Å, it was mentioned that two layers of toluene
molecules would be generated, one with a parallel orientation
and the other with a perpendicular orientation (Diao et al., 2019);
regarding the cylindrical pores, it was proposed that with a linear
configuration of the adsorbate in small pores, a high positional
ordering could be achieved inside the cylinder, where it was
shown a greater adsorption for ring-like compounds than for
linear ones (Cárdenas and Müller, 2019).

As the parameter 1/n is also associated with the intensity of
the interaction between the adsorbent and the adsorbate (de Sá
et al., 2017; Mu and Sun, 2019), Figure 10 shows the relationship
between nm and 1/n obtained for the liquid and gas phase and
the trend of a directly proportional relationship between both
parameters was seen, this occurred because the adsorption on
the micropores was associated with their potential of adsorption,
which is high due to the superposition of the fields existing
in those pores (Dubinin, 1980) and by increasing the amount
adsorbed increased the number of molecules that interacted with
the microporous structure and therefore with these adsorption
potentials, which made higher the intensity of the adsorbent-
adsorbate interaction.

After evaluating the adsorption from liquid and gas phase,
the immersion enthalpies of binary mixtures of toluene–hexane
were determined, where it started from hexane as a pure solvent
and 1Hi(h) was evaluated, then 0.3 moles of toluene were taken
and they were mixed with 0.7mol of hexane to find 1Hi(0.3 : t−h),
later the immersion enthalpy of the mixture of 0.5mol of toluene
and 0.5mol of hexane 1Hi(0.5 : t−h) was determined, after the
immersion enthalpy of the mixture of 0.7mol of toluene with
0.3mol of hexane 1Hi(0.7 : t−h) and finally the immersion of

toluene was carried out as a pure solvent to find 1Hi(t); the
determinations were made on both samples, CS and CST.

The results are found in Table 3 and the relationship between
the molar fractions of toluene and 1Hi is shown in Figure 11.
The calorimetric determinations were carried out in triplicate
with standard deviation values between 0.68 and 1.91 Jg−1.

Figure 11 corresponds to the immersion enthalpies of pure
solvents or toluene-hexane mixtures in function of the molar
fraction of toluene in the mixture. This showed the region of
the mixtures (center of the figure, dark green square) and the
edges where the pure solvents were. For the pure solvents, the
intensity of the interaction was greater with toluene than hexane
(it increased 2.5 times for CS and it doubled for CST); this
occurred because both showed London dispersion interactions,
which were originated between an adjacent pair of atoms or
molecules when they were in close proximity and they were
attractive forces between non-polar organic molecules (Mantri
et al., 2017), such as hexane and toluene; but toluene, in
addition to causing this type of forces, generatedπ-π interactions
between its aromatic ring and the delocalized π electrons of the
graphene layers of the activated carbon (Rehman et al., 2019;
Rubahamya et al., 2019). Besides, the methyl group of toluene is
an electron-donating group which also contributed to increasing
the electronic density of the ring (Bazzini and Wermuth, 2015)
and then, the interaction with the π ē of the graphitic surface of
the porous solid.

As for the mixtures, the above was confirmed, since by
adding 0.3mol of toluene to hexane the enthalpy increased
considerably (it doubled for CS and increased 1.5 times for
CST), this increase was due to the fact that by immersing the
solids in the two compounds, by orientation (Webster et al.,
1998) and affinity (Rehman et al., 2019; Rubahamya et al., 2019)
there was probably a higher entry of toluene molecules than
hexane into the porous structure and since there were more
interactions with C7H8 [London forces (Mantri et al., 2017), π-
π interactions (Rehman et al., 2019; Rubahamya et al., 2019)]
than with C6H14 (London forces; Mantri et al., 2017) more
energy was released in the process becoming more exothermic;
however, as the concentration of toluene increased, the enthalpy
of immersion decreased, this inversely proportional relationship
occurred because as the amount of toluene increased, there
was greater displacement of hexane molecules, which implied a
higher energy consumption since this process was endothermic
(Unnikrishnan and Srinivas, 2016), which is reflected in a
decrease in the enthalpy of the mixture when it was compared
to 1Hi for pure toluene.

Regarding to the samples, electron density of the adsorbent
depended on its type of surface chemistry: electron withdrawing
groups (like oxygen surface groups) reduced the adsorptive
potential of the material whereas donating functional groups
favored the electron density and then the adsorptive potential of
the carbonaceous solid (Montes-Morán et al., 2012; Rubahamya
et al., 2019). This is why enthalpies for CS were lower than
for CST, since CS contained higher concentration of acidic
oxygen groups, which reduced the electron density and the
potential adsorptive of activated carbon, as well as the adsorption
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TABLE 2 | Parameters obtained from the fit to the Langmuir and Freundlich models for the liquid phase adsorption isotherms of toluene/hexane on CS and CST.

Adsorbates-

adsorbent

Langmuir Freundlich

nm

(mmol g−1)

b

(mbar−1)

R2 1/n Kf

(mmol g−1mbar−1)

R2

Toluene/Hexane-CST 0.742 0.003 0.978 0.6699 0.01 0.994

Toluene/Hexane-CS 0.238 0.015 0.969 0.3817 0.02 0.858

FIGURE 10 | Correlation between the nm and 1/n for the adsorption of toluene

and hexane on CS and CST.

TABLE 3 | Immersion enthalpies of CS and CST into hexane, toluene, and

mixtures toluene-hexane.

Solvent or mixture 1Hi (J g−1)

CS CST

Hexane −40.87 −66.14

0.3mol Toluene/0.7mol Hexane (0.3: t-h) −76.60 −104.05

0.5mol Toluene/0.5mol Hexane (0.5: t-h) −70.74 −103.68

0.7mol Toluene/ 0.3mol Hexane (0.7: t-h) −59.79 −77.09

Toluene −104.73 −126.10

affinity by π – π interactions (Goto et al., 2015), generating less
adsorbate-adsorbent interaction, mainly with toluene.

Regarding to the samples, Figure 12 shows the immersion
enthalpies of pure solvents and toluene-hexane mixtures in
function of the molar fraction of toluene and the total acidity and
basicity of samples. It can be seen that the immersion enthalpies
increased with basicity and decrease with the total acidity of the
samples, this occurred because according to other investigations
the electron density of the adsorbent depended on its type of
surface chemistry: electron withdrawing groups (like oxygen
surface groups) reduced the adsorptive potential of the material
whereas donating functional groups favored the electron density
and then the adsorptive potential of the carbonaceous solid

FIGURE 11 | Immersion enthalpies of pure solvents and toluene-hexane

mixtures in function of the molar fraction of toluene in the mixture.

(Montes-Morán et al., 2012; Rubahamya et al., 2019). This is why
enthalpies for CS were lower than for CST, since CS contained
higher concentration of acidic oxygen groups, which reduced the
electron density and the potential adsorptive of activated carbon,
as well as the adsorption affinity byπ –π interactions (Goto et al.,
2015), generating less adsorbate-adsorbent interaction, mainly
with toluene; the opposite occurred with CST since when it was
subjected to high temperature, electron withdrawing groups were
removed and at the same time the concentration of aromatic
rings in the solid structure was intensified (Contescu et al., 2018),
increasing its electron density and therefore, the intensity of the
interaction adsorbent–adsorbate was higher.

This figure also shows that the greatest adsorbent-adsorbate
interaction occurred when there were fewer acid groups, greater
presence of basic groups, and higher toluene content, while less
energy was released when the sample contained higher content of
acid groups, lower basicity and only hexane as adsorbate, showing
that the extreme values of highest and lowest immersion enthalpy
values corresponded to single-component systems (toluene or
hexane as the only immersion liquid), this happened because
when the starting sample was subjected to heat treatment, it
was generated an unsaturated surface because of the desorption
of acid-type functional groups, increasing the basicity, and at
the same time, the lower content of oxygenated groups made
the surface more akin to non-polar adsorbates as the studied
hydrocarbons, but the interaction with toluene was higher since
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FIGURE 12 | Immersion enthalpies of pure solvents and toluene-hexane mixtures in function of the molar fraction of toluene and the total acidity (A) and basicity (B).

in addition to the aromatic ring generating π-π interactions
with the activated carbon (greater in CST because having a
higher content of basicity increased the amount of πē available to
interact with the adsorbate), C7H8 contained an electron-donor
methyl group that increased the ring electronegativity, causing
stronger attractions with the nucleophilic basal plane of the
carbonaceous material (Daud and Houshamnd, 2010; Shafeeyan
et al., 2010; Montes-Morán et al., 2012; Bhatnagar et al., 2013;
Anuradha et al., 2014; Bedolla et al., 2014; Lo et al., 2014; da Costa
Lopes et al., 2015; Abdulrasheed et al., 2018).

Whereas, if binary mixtures of these adsorbates were
evaluated assuming that the process started with hexane as
a pure component and different amounts of toluene were
added, energetically more energy was released when the system
was bicomponent regardless of the molar fraction, since the
immersion enthalpies of the mixtures toluene-hexane at 0.3, 0.5,
and 0.7 were higher than the immersion enthalpy of hexane
as a pure solvent and this occurred in both samples because
regardless of whether a displacement of hexane molecules by
toluene molecules was occurring (as previously stated), between
the solid and the binary mixture there was also another energetic
contribution derived from the sum of the energy released by the
toluene-surface interaction and the hexane-surface interaction,
making the process more exothermic for the mixtures than for
the aliphatic hydrocarbon as the only adsorbate.

Finally, comparing the adsorption processes from the gas and
liquid phase, it was found that the amount adsorbed was greater
in the gas phase because the particles in this phase (considered
as ideal gases) did not present adsorptive-adsorptive interaction;
while in the liquid phase there was not only adsorptive-adsorptive
interaction (both for hexane and toluene) but also solute-solvent
interaction, as well as a competition between the solute and
the solvent to enter the porous structure, which made difficult
the entrance of the adsorbate to the porous solid; on the other
hand, the high hydrophobicity of toluene generated a high

affinity with hexane, so that it hindered the adsorption of the
aromatic compound (Goto et al., 2015). This was corroborated
with the immersion enthalpies, because it was found that the
energy released was greater when toluene was the immersion
liquid (compared to hexane), but when toluene and hexane were
together, it was seen that as toluene concentration increased, the
immersion enthalpy of the mixture decreased, which probably
occurred because there was displacement of hexane molecules
by toluene molecules, which would require energy, causing the
magnitude of the exothermic process to decrease (Unnikrishnan
and Srinivas, 2016), showing that there is a competition for the
adsorption sites.

CONCLUSION

Submitting the starting sample to thermal modification at
1173.15K increased the textural parameters and the total
basicity but decreased the total acidity, this caused the electron
withdrawing groups to decrease and the electronic density of
the solid to increase, favoring interactions with the adsorbates,
mainly with toluene since it not only generated London forces
but also π- π interactions. When hexane was added as a solvent
to the toluene adsorption process, the adsorption of the aromatic
compound decreased because both molecules competed for the
adsorption sites, and as the amount of C7H8 increased, a possible
displacement of the hexane molecules was generated, making
that the energy released decreased its magnitude because the
displacement of a molecule of hexane by one of toluene required
energy, leading to the adsorbed toluene amount was smaller for
the liquid phase than for gas phase due to the fact that in the
liquid phase there was not only adsorbent-adsorbate interaction,
but also solute-solute, solute-solvent and solvent-solvent, added
to the fact that the high affinity between toluene and hexane
hindered the adsorption of the aromatic compound.
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