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Abstract: The enthalpy of immersion for five activated carbons (with different surface chemistry)
in cyclohexane and hexane was determined in order to observe the intensity of the solid-liquid
interaction. The enthalpy of immersion was related to the properties of activated carbons, such as
micropore volume, total basic groups content, and the E;W, product, that characterized each
solid-liquid system. The values for the immersion enthalpy were between —21.2 and —91.7J g~! for
cyclohexane and between —16.4 and —66.1 ] g~ ! for hexane. It showed greater interaction between
the cyclohexane and the activated carbons and it was related to the properties of this adsorbate,
such as molecular size and molecular arrangement. The difference in the enthalpy of immersion
between the solvents per unit of micropore volume for the set of activated carbons was calculated

obtaining a value of —487 J cm .
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1. Introduction

The activities of daily life make most people spend much of their time in enclosed spaces, if the
air quality is not in optimal, it can affect the health of those who remain in these places. Actually,
the European Environment Agency (EEA) classifies this situation as one of the risk factors of high
priority for general population health [1].

The pollutants have different origins: they are derived from combustion, agents and biological
processes, gases and volatile organic compounds (VOCs). VOCs are a large and diverse class of
chemical pollutants, so between 50 and 300 compounds can be found in indoor air environments [2].

With the persistent increase of volatile organic compounds and their harmful effects on human
health and the environment, the development of effective techniques that allow the removal of these
is of great importance. Control mechanisms have emerged, and they can generally be divided into
methods of recovery and methods of destruction. Recovery methods include adsorption, condensation,
absorption, and separation by membranes, while destruction techniques include incineration, catalytic
oxidation and biological degradation. In comparison with destruction methods, which convert mainly
VOCs into CO, and H,O, recovery methods are more economical. In addition, incineration and most
other methods of destruction, expend enormous amounts of energy to produce high temperatures
that allow carrying out the reactions, and in turn, generate some toxic products, such as NOx, O3,
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OH radicals and secondary organic aerosols. Among the methods of recovery, adsorption is considered
one of the most favorable methods 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 rapid adsorption kinetics [3-9]. Characterizing activated carbons with the
ability to adsorb VOCs allows knowing the interaction between these adsorbents and the adsorbent
material [10].

It was proposed to study the interaction between the activated carbons with hexane and
cyclohexane, since at the industrial level they have been widely used in a large number of household
products, such as paints, varnishes, waxes, solvents, detergents or cleaning products [11]. In terms of
their chemical structure, they were chosen because they are molecules with six carbon atoms that differ
in their molecular size and arrangement, cyclohexane is a closed chain aliphatic compound while
hexane is an open chain aliphatic compound.

The interaction activated carbon-VOCs can be studied by determining the isotherm of adsorption
of the compound from the vapor phase on the solid and the enthalpy of immersion of the solid in the
compound from the liquid phase [8]. Although the study of isotherms of adsorption is interesting,
it is not discussed in this document, because it is intended to describe how the other technique,
the immersion calorimetry, can generate information regarding the interaction between the solvent
and the porous solid and relate the intensity of that interaction with the characteristics of the adsorbent
and the adsorbate. The immersion enthalpy is a characterization parameter derived from the contact
between a solid and a liquid, and this parameter varies, as said before, according to the textural and
chemical characteristics of the solid and the properties of the liquid [12-15].

The thermal effects resulting from submerging a solid in a solvent, of non-polar type, can be
related to the surface area of the solid through the models developed by Dubinin and Stoeckli [16].
The enthalpy of immersion for microporous solids, AHjy,, is related to the net heat of adsorption,
according to the following expression:

1
_ AH,, = / g do )
0

The net heat of adsorption can be expressed as a function of the adsorption parameters, where
0 is the degree of micropore filling, W/W,, and for n, which is the term that is related to surface
heterogeneity, the above equation is transformed:

= %)+ () 05) ®

where o is the coefficient of thermal expansion of the adsorbate, a represents the amount adsorbed to
the relative pressure P/P°, 4, corresponds to the adsorption limit value, E, is the characteristic energy
for the adsorption of the vapor.

When the net heat of adsorption is replaced in Equation (1), the expression is integrated, and it
is considered that the microporous solid is activated carbon, with microporous volume W,, which is
immersed in a solvent with molar volume, Vyy, the ratio for the enthalpy of immersion, AHjy, is obtained:

 BWoEoy/7t(1+aT)
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The determination of the immersion enthalpy of the activated carbon in solvents allows to quantify
the liquid—solid interaction and it indicates for which solvent the interaction is greater. It leads to
establishing a correlation with the energetic influence of the structure of the adsorbate.

Therefore, the enthalpy of immersion of five activated carbons with different textural and chemical
properties in hexane and cyclohexane is determined in this work. Furthermore, the relationship
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between the immersion enthalpy with the micropore volume, the content of basic groups (that
favor the solid—solvent interaction), the surface area and the E,W,, product that is calculated from
Equation (3) [10]. The change of the enthalpy in the solid-liquid interaction is calculated taking into
account the structure of the solvents, and it is even more interesting because those are C¢ hydrocarbon
compounds but they differ in their size and the arrangement of the molecules and this affects the
affinity with the solid, the interaction, the entrance to the pores and hence, the adsorption process.
This is a solid-liquid interaction process where the intensity of this interaction between the adsorbent
and the adsorbate is evaluated in energetic terms. This manuscript not only describes the interaction
between two organic molecules (cyclohexane and hexane) and activated carbons modified in their
chemical and textural properties but also how the system is affected according to the properties of its
components: as for adsorbates, one is a closed chain aliphatic compound (cyclohexane), while the other
is an open chain aliphatic compound (hexane). With respect to the adsorbents, they have different
content of surface groups (lactonic, carboxylic and phenolic) that, in turn, modify the dispersive type
interactions that may exist between this type of molecules and activated carbon. Further, the difference
between the immersion enthalpy cyclohexane and hexane was calculated to indicate the contribution
of the chemical structure of the two solvents in the solid-liquid interaction. In turn, a correlation
between the immersion enthalpy, the adsorption energy and the microporous structure of the solid
was established.

2. Materials and Methods

2.1. Preparation of Activated Carbons with Differences in Their Surface Chemistry

The starting sample was granular activated carbon prepared from coconut shell (CAG). A fraction
of CAG was subjected to an oxidation process with a solution of nitric acid 6 M to obtain an oxidized
activated carbon (CAN). Two fractions of CAN were exposed to thermal treatment at 723 K (5 h at
a rate of 1.5 °C min~!, and then one hour at 723 K) and 1023 K (8 h at a rate of 1.5 °C min~—!, and then
one hour at 1023 K) under nitrogen atmosphere: CAN723 and CAN1023. A final sample was obtained
by subjecting activated carbon GAC to a thermal treatment in N, atmosphere, at 1173 K (10 h at a rate
of 1.5 °C min~!, and then one hour at 1173 K), CAG1173 [17].

2.2. Nitrogen Adsorption Isotherms at 77 K

The textural parameters of the activated carbons: surface area and pore volume were
evaluated by physical adsorption of nitrogen at 77 K in an Autosorb 3B, Quantachrome equipment.
Micropore volume and apparent surface areas were determined by the Dubinin—-Radushkevich and
Brunauer-Emmett-Teller (BET) models, respectively [18].

2.3. Determination of the Content of Total Acidic and Basic Groups

The determination of the content of acidic and basic groups was performed according to the
method proposed by Boehm [19] in which volumetric titrations were carried out. We weighed 0.5 g of
the activated carbon and mixed with 50 mL of a solution of NaOH or HC1 0.1 M.

Subsequently, the mixtures were maintained at a constant temperature (298 K) and constant
agitation for five days. Finally, a sample of 10 mL of each of the solutions in contact with the activated
carbon was titrated with the corresponding titrant solutions previously standardized. The titrations
were carried out using a CG 840B Shott potentiometer [19,20].

2.4. Determination of the Immersion Enthalpy in Cyclohexane and Hexane

For the calorimetric characterization, the immersion enthalpy of the activated carbons in cyclohexane
and hexane was determined using a local microcalorimeter of heat conduction [21]. This calorimeter had
thermopiles of semiconductor materials as thermal sensors and a stainless steel cell with capacity for
10 mL for the solvent.
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We weighed 100 mg of the activated carbon and placed in a glass ampoule (with a capacity of
approximately 2 mL and a fragile peak in the bottom to ensure its breaking at the time of the immersion
of the activated carbon in the solvent) inside the calorimetric cell and the electric potential of the
thermopiles was captured for approximately 40 min until the stable baseline was obtained. Later,
the sample was immersed, the potential increased due to the wetting of the solid and it was registered
until it returned to the baseline again. Finally, the electrical calibration was carried out [22-26].

3. Results

In Table 1, the textural and chemical characteristics of the activated carbons determined from
the isotherms of N; at 77 K and the volumetric titrations [27] were presented. The surface area was
determined by the Brunauer-Emmett-Teller (BET) model. The total volume (V) corresponded
to the volume adsorbed at P/P° of 0.99 and the micropore volume (W,) was evaluated by the
Dubinin-Radushkevich (D-R) model. The pore size distribution (PSD) was also determined using
the quenched solid density functional theory (QSDFT) for mixed slit pore/cylindrical pore geometry
(hybrid slit-cylindrical equilibrium kernel), this PSD is shown in Figure 1. This pore shape was chosen
because the determination was also made for the other geometries of the pore and this showed a lower
percentage of error (between 0.753% and 0.902%).

Table 1. Textural and chemical characteristics of activated carbons.

N, Adsorption Surface Chemical Groups
Sample
BET area Wo Viotal Total Acidity Total Basicity
(ng_l) (cmsg_l) (cm3g_1) (mol g_l) (mol g_l)
CAG 841 0.34 0.38 0.20 0.08
CAN 810 0.32 0.37 0.39 0.05
CAG1173 996 0.36 0.42 0.05 0.31
CAN1023 935 0.35 0.41 0.06 0.26
CAN723 903 0.35 0.40 0.28 0.11
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Figure 1. Pore size distribution (PSD) for oxidized activated carbon (CAN), CAN723, and CAN1023
according to the quenched solid density functional theory (QSDFT) model.

In order to show the effect of the oxidation modification and the thermal treatment, the PSD of
the three oxidized samples CAN, CAN723, and CAN1023 are shown in Figure 1. It was evidenced that
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the oxidized sample began to increase its pore volume proportionally with the increase in temperature,
so that at 723 K, it increased approximately by 40%, and for CAN1023 increased again to approximately
60% with respect to the initial value of CAN, this could be due to the thermal stability of the oxygenated
groups present on the surface, so that at a higher temperature there was greater removal of heteroatoms
in the porous solid [28-31].

It was observed that the apparent surface area BET, presented variations with the chemical and
thermal modifications: for the sample that is oxidized without thermal treatment, the surface area
presents a slight detriment of 4% with respect to CAG, it was generated by the addition of surface
groups derived from the interaction of the CAG with the nitric acid solution. On the other hand,
the thermal modification of the samples for all cases (oxidized: CAN723, CAN1023, and non-oxidized
CAG1173) presents a proportionality relationship between the increase in surface area and temperature,
so that activated carbon subjected to higher temperature (1173 K) generated an increase of more than
18% [30]. The surface chemistry of the activated carbons is also an important factor in the solid-liquid
interaction, so the total acidity and basicity of the solids were determined. Table 1 shows different
contents of acidic and basic groups. It was observed that CAN and CAG1173 showed extreme values
with basic group contents of 0.05 and 0.31 mol g, respectively [32].

Once the activated carbons were characterized, their immersion enthalpy in hexane and
cyclohexane was determined to appreciate the difference in the value of the enthalpy due to the
change in the surface characteristics of the solids and the change in the structure of the liquids that
interacted with each solid. Then, the contribution to the enthalpy of immersion that was produced
by the change in the structure of the solvent was calculated. Figures 2 and 3 show the graphs of the
change of the electric potential as a function of time resulting from the immersion of the activated
carbons in cyclohexane and hexane.

The enthalpy of immersion, AHjy,, was calculated from the area under the curve of the graphs that
were generated by contacting the activated carbons with the solvents (Figures 2 and 3): Cyclohexane
(CAG: —55.34] g~1; CAN: —21.23] g~1; CAN723: —76.66 ] g~!; CAN1023: —69.66 ] g~!; CAG1173:
—99.71), Hexane (CAG: —40.90] g~ 1; CAN: —16.40] g~1; CAN723: —57.60] g~1; CAN1023: —53.40] g~ 1;
CAG1173: —66.10). It was observed that the lowest energy effect is shown for CAN and the highest
energy effect corresponded to the activated carbon obtained by thermal treatment at 1173 K. Similar
results are obtained for the immersion enthalpy of carbonaceous solids in a non-polar solvent, such as
benzene [27].

0.00016

« CAGI173
0.00014 . CAN1023
« CAN723
0.00012 « CAG
0.00010 * CAN
S 0.00008
=
T 0.00006
2
=]
A~ 0.00004
0.00002
0.00000
0 100 200 300 400 500 600 700 800
-0.00002
Time (s)

Figure 2. Curves of electric potential as a function of the immersion time of activated carbons
in cyclohexane.
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Figure 3. Curves of electric potential as a function of the immersion time of activated carbons in hexane.

It is known that the solid —liquid interaction, which is manifested in the immersion enthalpy,
AHjp,, increases when the liquid molecules reach the micropores and this depends both on the size of
the adsorbate and on the size distribution of the pores [33]. For this reason, the relationship between
AHjp, of the activated carbons in the solvents and the micropore volume, W, (obtained from the N,

adsorption isotherm), is shown in Figure 4.
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Figure 4. Immersion enthalpy as a function of the micropore volume.

The result obtained when establishing the relationship was a directly proportional linear trend
between the variables for the case of the immersion of the solids in the two solvents. However, since the
values of the enthalpy of immersion in cyclohexane were greater than in hexane, the slope of the line
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presented for the immersion in this solvent was greater. It was also observed that for CAN the difference
in the enthalpy of immersion was lower than for the other activated carbons, which indicates that as
the volume of micropore decreased, the liquid—solid interaction became similar [34-36]. The linear
trend described by the experimental data was in agreement with Equation (3), which represented the
relationship between AHj, and W, for microporous activated carbons [16].

The difference between the values of the enthalpy of immersion in cyclohexane and hexane was
calculated for each of the activated carbons to obtain the contribution that the structure of the solvent
had in the solid—liquid interaction. Due to the AHj,, values that were obtained, it was observed that
the interaction was greater between the activated carbons and the cyclohexane, therefore, one of the
causes for the decrease in the value of the enthalpy of immersion was the change in the structure for
two organic compounds with six carbons from cyclic shape to linear shape. In Figure 5 the difference
in the immersion enthalpy was related to the micropore volume.
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Figure 5. Difference between the immersion enthalpy cyclohexane and hexane in function of the

micropore volume.

The difference in AH;y, with respect to the micropore volume was also linear and it increased with
increasing W, the highest value of 25.6 ] g~! was obtained for the activated carbon CAG1173 which
was the one with the highest micropore volume value and the highest interaction, which indicated
that the cyclohexane molecules due to their shape fitted better on the surface of the solid, presenting
a higher value of the immersion enthalpy [37]. Figure 5 also allowed to calculate an average enthalpy
change per unit volume for the set of activated carbons, it had a value of —487 J cm~3.

The other characteristic of the surface of an activated carbon that had a favorable influence on the
energy interaction was the content of basic groups, since the thermal treatments carried out in this
work increased the content of these groups due to the decomposition of the oxygenated groups that
were removed from the surface and made it more hydrophobic, facilitating the interaction of non-polar
solvents with the surface [32,38,39]. Figure 6 shows the relationship between AH;y, of activated carbons
in cyclohexane and hexane and the content of total basic groups.
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Figure 6. Immersion enthalpy in function of the total basic groups content.

For both solvents it was observed that increasing the content of total basic groups increased
the enthalpy of immersion, also, the experimental data were arranged in two trends. Likewise,
the difference in the enthalpy of immersion in the two solvents was plotted according to the content
of total basic groups, in order to observe more clearly the behavior of the set of solids. This result is
presented in Figure 7.
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Figure 7. Difference between the immersion enthalpy in cyclohexane and hexane in function of the
total basic groups content.
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Figure 7 corroborated the directly proportional behavior between the difference of AH;y, and the
content of total basic groups of the surface of the solids, and that the set of activated carbons presented
two different tendencies that were marked in the figure with an orange line for activated carbons with
lower content of basic groups (showing a greater slope) and in blue for activated carbons with higher
contents of basic groups (with lower slope). The difference in the enthalpy of immersion between the
two solvents showed a total effect that included the interactions with the functional groups and with
the surface. The relationship between AHjy, and the content of total acid groups was also observed,
in which there was a tendency to decrease the enthalpy of immersion when increasing the content of
acid groups, but the dispersion of the experimental values was high, and it did not allow obtaining
clear information as in the case of the relationship with the total basic groups.

Figure 8 shows the relationship between AHjy,, and the surface area of the activated carbons
because the interaction between the solvent and the surface of the solid increases if there is a larger
contact surface.
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Figure 8. Immersion enthalpy in function of the surface area of the activated carbons.

It was observed for the two solvents that there was a directly proportional relationship between
the variables, however the experimental values showed a greater dispersion with respect to the
trend line than when the values of the enthalpy of immersion were related to the micropore volume
indicating that the latter best represented the interaction between the solid and the liquid that was
manifested energetically in the system. Likewise, it can be seen that the interaction is greater among
all activated carbons and cyclohexane and that from this ratio the average surface enthalpy for the
cyclohexane can be calculated: 332 mJ m~2 and for hexane: 238 mJ m 2.

Finally, the product between the characteristic adsorption energy, E,, and the micropore volume,
W,, obtained from Equation (3) was calculated. These two parameters were specific to the adsorption
system and could be obtained from the immersion enthalpy of microporous solids in liquids in which
the solids did not react. The E,W,, product was related to the difference in the enthalpy of immersion
between the cyclohexane and hexane for each activated carbon, then Figure 8 was obtained.

For the two solvents, directly proportional linear tendencies were obtained with a better
adjustment for the case of the cyclohexane that had a cyclic structure, probably because this molecule
could be located more easily on the surface of the activated carbon. It was also observed that the
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activated carbons with a lower content of oxygenated groups (which showed one of the highest values
of difference in the enthalpy of immersion) presented a greater ordering.

Also, in Figure 9, CAN had points close to the two solvents showing less influence of the structure
of the molecules of the liquids, which could be related to the lower microporosity and the presence of
more oxygenated groups on the surface that interfered with the solid —liquid interaction.
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Figure 9. E,W,, obtained from the enthalpy of immersion of activated carbons into the solvents in
function of the immersion enthalpy of the solvents.

4. Conclusions

The enthalpy of immersion of five activated carbons with different surface chemistry in
cyclohexane showed values between —21.2 and —91.7 ] g~!. For the same solids, the enthalpy
of immersion in hexane, the values were between —16.4 and —66.1 ] g_l.

The difference between the immersion enthalpy of the activated carbons in the two solvents was
calculated, with values between —4.80 and —25.6 ] g’l, it indicated the contribution of the chemical
structure of the two solvents in the solid—liquid interaction.

It was established that the properties of activated carbons with the greatest influence on the
solid —liquid interaction (evidenced by immersion enthalpy) were the micropore volume and the
content of total basic groups. The average enthalpy per unit of micropore volume was calculated with
a value of —487] g~ 1.

For the activated carbons with the lower content of oxygenated groups, a linear relationship was
established between the E,W,, product and the difference between the immersion enthalpy of the
solids in the two solvents.
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