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Abstract: The heterogeneity and hydrophilicity of a series of aerogels were studied using adsorption
calorimetry with molecules of different polarity. Four samples of carbon aerogel were synthesized with
different resorcinol/catalytic (R/C) relations: 100, 200, 800 and 1500. The isotherms of N 2 at -196 ◦C
were determined and from these were calculated the textural parameters using the Dubinin–Astakhov
(DA), Barret–Joyner–Halenda (BJH), Non-Local Density Functional Theory (NLDFT) and Quenched
Solid Density Functional Theory (QSDFT) models. The adsorption isotherms of polar and non-polar
molecules: benzene, hexane, methane, methanol and methyl-ethyl-ketone (MEK) were determined, as
well as the differential adsorption enthalpies of these on the aerogel. The results show that the aerogels
samples at low R/C have a fundamental development of micropores and at high R/C values present an
additional development of mesoporosity. Adsorption isotherms of polar and non-polar molecules were
adjusted to the Langmuir–Sips model and In-homogenous DA equation, respectively. Adsorption
calorimetry shows that the carbon aerogels at these relations present heterogeneous surfaces that are
essentially hydrophilic.
Keywords: Aerogels, isotherms, adsorption calorimetry, Langmuir–Sips, In-homogeneous isotherm.
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1. Introduction: Since aerogels were introduced by S. Kister in the 1930s, they have undergone
continuing development. Aerogels refer to those materials obtained through a sol-gel process normally
using hybrid type inorganic-organic compounds, and that involve an appropriate drying technology that
preserves the three-dimensional structure developed during this procedure and a highly porous network
[1, 2] for solid air-filled materials, with almost the same dimensions as the original wet gel. The
progress that has been achieved in the various stages of synthesis of aerogels, particularly in drying,
have allowed us to obtain different types of aerogels, especially of an inorganic nature, such as:
SiO2 resulting from various alkoxysilanes, TiO 2, Al2O3, ZrO2, etc. [3 - 4], and of an organic
nature, including resorcinol-formaldehyde (RF), polyurethane, polyamide, polystyrene, [5, 6], carbon,
carbon nanotubes, graphene [7] and carbon aerogel, among others [8, 9]. With these developments, the
range of applications of aerogels have expanded to various areas due to their properties: low density
(≈0.003 to 0.5 g.cm-3), surface area (≈500-1200 m2.g-1), high porosity (≈80 to 99.8%), and surface
chemistry that can be modified according to the synthesis process employed. On the other hand,
different shapes and sizes can be obtained, providing these materials with a very specific structure,
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which is suitable for different uses in fundamental research and industry [10]. According to these latest
features, aerogels have been applied in catalysis [11], environmental remediation, where strong research
is needed, for the purification of air and water bodies. These materials can be used in the recovery of
lagoons and heavily polluted rivers that are usually present in developing countries [12]. To determine
the applicability of carbon aerogels, it is required to characterize both texturally and chemically, because
these variables are fundamentals in the processes of adsorption and chemisorption in the areas of
environmental protection.
A characterization technique that has been little explored for carbon aerogels is adsorption calorimetry.
This technique provides adsorption energy values that can and, not only gives information on the type of
interaction between the adsorbate and the adsorbent, but also about the properties of the adsorbent. This
technique uses sensors of very high sensitivity. The properties values found with this technique can be
correlated with the traditional techniques of textural characterization of porous solids, such as the
determination of isotherms of adsorption/desorption of N 2 [13]. Therefore, in this research we will
explore the use of adsorption calorimetry as a tool to carry out these correlations according to the
characterization that is made in this type of solid using conventional methodologies.
In this work, we have prepared a series of resorcinol/formaldehyde (R/F) carbon aerogels varying only
the resorcinol/catalytic converter (R/C) relationship, and we compare the effect of this variation on the
textural parameters, surface chemistry and hydrophilicity. This last parameter is investigated by
adsorption calorimetry using test molecules of different polarity.
2. Materials and methods
2.1. Synthesis of organic aerogels
In this work, we synthesized carbon aerogels following the method described by Pekala in the literature
[2, 4] with small variations. For this, the polymerization sol-gel method was employed with resorcinol
and formaldehyde (R and F) as monomers and sodium carbonate as catalyst (C).
Gels of resorcinol-formaldehyde were prepared using resorcinol (R) (98 % pure), formaldehyde (F)
(solution to 37 %), Na2CO3 (99.9 % purity) (C), all from Mark Aldrich™, and deionized water (W).
0.1120 moles of resorcinol were dissolved in deionized water to establish a constant ratio (R/W
(0.075)). Na2CO3 was added in different proportions (R/C): 100, 200, 800 and 1500. The formaldehyde
solution was mixed to maintain a ratio of R/F = 0.5. The mixture was then agitated strongly. Afterwards,
the solutions were placed in sealable Pyrex glass molds especially built for this job that can be closed
well (10 cm in length x 1 cm internal diameter). Subsequently, then sample undergoes a curing process
during: 24 hours at 25 °C, 48 hours at 50 °C and 72 hours at 80 °C. Then the gels are washed with
ethanol followed by consecutive washings with acetone, and subsequently dried with CO 2 under
supercritical conditions (38–40 oC, 90–100 atm.), obtaining in this way the respective resorcinolformaldehyde (R/F) aerogel. Afterwards, the organic aerogels were pyrolyzed in a N 2 atmosphere for 3
hours at a heating rate of 5 °C.min-1 up to a temperature of 850 oC for 3 hours and then cooled at
ambient temperature in a Carbolite MFT Type 12/38/400 oven, to obtain the carbon aerogel.
The synthesized samples in this research were labeled as follows (the numbers refer to the R/C ratio):
AeW100, AeW200, AeW800 and AeW1500.
2.2. Porous characterization of R/F carbon aerogels
The samples were previously degassed for 24 hours at 250 ◦C to ultra-high vacuum (10-7 mbar) to
remove all adsorbed species. The adsorption isotherms of N2 at -196 ◦C were performed in an IQ2
sorptometer (Quantachrome Inc., Boynton Beach, Miami, FL). The Brunauer–Emmett–Teller (BET)
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model was applied for the relative pressure ranges (P/P o) of 0.04–0.35 [14, 15], as well as the Dubinin–
Astakhov (DA) [16, 17], BJH [18] and Density Functional Theory (DFT) models were used to analyze
the pore structure of aerogels. The pore size distribution (PSD) was calculated using the Non-local
Density Functional theory (NLDFT) and Quenched Solid Density Functional Theory (QSDFT) models
assuming cylindrical, slit and combined (cylindrical and slit) models for the pores of these materials [19
- 22].
2.3 Measurement of adsorption isotherms of differential heats and test molecules on carbon
aerogels
The vapor adsorption isotherms of the test molecules to establish the hydrophobicity and/or
hydrophilicity, as well as the acidity and basicity of the carbon aerogel prepared in this research, were
measured using a home-made Tian-Calvet adsorption heat flow calorimeter, and the measurement were
conducted following the procedure reported in [23], which allows simultaneous measurement of the
isotherms of adsorption of vapors (residual pressure p ≤ 10-5 Torr) [24] and the adsorption differential
heats for each vapor. A detailed description and a diagram of the employed calorimeter have been
previously reported by [24, 25]. The samples were previously degassed at a rate of 2 ◦C min-1, raising
the temperature from 0 to 250 ◦C where it was maintained for 12 hours, then let to cool at a normal rate.
The experiments were carried out isothermally by gradual dosing of the gas on the solid sample. The
initial dose injected into the system corresponds to 20 mbar, for which it can be considered as a
differential heat of adsorption, from its low value [26]. Afterwards, the dose amount was increased up to
360 mbar and the procedure was repeated until no further pressure drop was observed. Having measured
the heat emitted with each dose added, and the pressure drop in the known volume, it is possible to
obtain the corresponding amount of the test molecule adsorbed. For each dose, thermal balance is
reached before the pressure Pi (initial pressure); the moles of the amount adsorbed (δ nads) and the
integral heat evolved (δQint) were measured. The adsorption experiments were completed when at
relatively high pressures there were no significant effects of heat, and the amount adsorbed to the
respective molecule was practically zero [23 - 26].
Some isotherms have been used on the adsorption of different condensable vapors on porous materials.
These models fit very well at low pressures before the monolayer is formed and at high pressures where
the multilayer is formed when adsorption of condensable vapors occurs. However, not all models
describe adsorption isotherms completely over the entire pressure range with a uniform set of
parameters. Therefore, several models are required to describe the adsorption over the entire range of
adsorption pressures together with the hysteresis loops representing capillary condensation [27].
Isotherm Models
Hybrid Langmuir-Sips Equation
The proposed hybrid isotherm of Langmuir and Sips equations with four isotherm parameters fitted the
isotherm data of nonpolar organic compounds well, is as follows:
(1)

where N is the adsorption amount, P is the pressure, and m, b1, b2, and s are the fourth isotherm
parameters that depend of temperature and enthalpies values.
Inhomogeneous Dubinin-Astakhov Equation
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The inhomogeneous DA isotherm with five isotherm parameters correlated those of polar organics
rather well. This model is superior to other hybrid models. The inhomogeneous DA equation can be
described using the following form:
(2)
(3)
(4)

where N is the adsorption amount, P is the pressure, P0 is the saturation pressure, T is the temperature, R
is the gas constant, and W, E1, E2, n1, and n2 are the isotherm parameters. W is the maximum adsorption
amount, A is the adsorption potential, E is the characteristic energy, and n is the parameter describing
the surface heterogeneity. is the affinity coefficient (where =1 for reference vapor) and
is the
molar volume of the vapor reference.
The differential heats of adsorption were assessed based on the data obtained by adsorption calorimetry
by data integration; the number of molecules adsorbed was calculated using the pressure data collected
for each dose was divided by the enthalpy measured. The quantities adsorbed were expressed in
mmol.g-1 in samples degassed to 250 ◦C.
Calorimetric data is reported here as heat differentials, q diff = δQint / δnads, but they can also be reported
as the global heat of adsorption, Qint [23-26].
3. Results and discussion
3.1. Analysis of adsorption isotherms of N2 at -196 °C
Figure (1) as well as Tables (1) and (2) show adsorption-desorption isotherms of N 2 at -196 °C of the
carbon aerogels to analyze possible structural changes generated in the aerogel during the change of the
R/C. The results showed two distinctive behaviors. A series of aerogels (AeW100 and AeW200), which
we will from now on refer to as Series I, has a predominant development of micropores, while in a
second series of aerogels, hereinafter called Series II (AeW800 and AeW1500), present a development
of mesoporosity. This shows the evident effect of the R/C ratio on the development of porosity. The
adsorption–desorption isotherms of N2 at -196°C corresponding to Series I are shown in Figure
(1a); these isotherms show a type I behavior according to IUPAC [22], characterized by a porous welldeveloped system at low pressures and particularly by the good presence of micropores. It is
characterized by having a well-defined plateau and has no hysteresis loop. A small gap was present in
the AeW100 and AeW200 samples, without this being considered a hysteresis loop. It is likely that
these small differences are due to the early development of mesoporosity, given the increased R/C ratio,
and are associated with the reaction between resorcinol and Na2CO3, particularly in the first stage
corresponding to polymerization.
According to extensive reports in scientific literature [2, 4], there is initially an additional reaction
between the resorcinol and formaldehyde. In phase I, the resorcinol (1,3-dihydroxybenzene) can add
formaldehyde in three of its positions (2, 4, 6) on the aromatic ring. This phase of the synthesis favors
an alkaline pH, because it allows the generation of resorcinol anions that promote the formation of
hydroxylmethylic monomers. From the thermodynamics point of view, resorcinol anions are much more
active than the uncharged resorcinol molecules which allow the subsequent formation of
the hydroxylmethylic compounds that will generate the monomers that polymerize to give the final
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organic gel. In Phase II there is a condensation reaction of the hydroxylmethylic derivatives formed
in Phase I. In this condensation, a reaction takes place forming methylenic and ether type bonds between
the various hydroxylmethylic derivatives that originate the polymer. With the advance of the reaction,
there is a crossing of the aggregates to form a completely interconnected structure. When using high
concentrations of catalyst, very basic pH, Phase I of adding or nucleation is more favored, producing
polymeric particles that are smaller and more interconnected among themselves. This is consistent with
the results found in this research and in the reaction proposed in the literature [28]. As can be seen in
Table 1, when the R/C ratio increases the specific surface areas, the ratios and volumes of pores in
general increase. This is directly related with the structure previously generated during the
polymerization process [1].
The isotherms for Series II correspond in the first stage at very low P/P o to microporous solids, type I
isotherms, and at high P/Po the isotherm is very similar like type IV isotherms that are given by
mesoporous adsorbents that is characteristic with capillary condensation accompanied by a clear and
well defined hysteresis loop type H4 that are found in micro-mesoporous materials. This evidence the
development of mesoporosity in samples of Series II.

Aerogel N2 isotherm
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Figure (1): Adsorption isotherms of nitrogen on carbon aerogels at -196 ◦C and PSD (DA and QSDFT
using cylinder-slit model). (a) Isotherms AeW100, AeW200, AeW800 and AeW1500 with N 2 at 196 ◦C; (b) PSD with applied DA model: AeW100, AeW200, AeW800 and AeW1500; (c) PSD with
applied QSDFT cylinder-slit pore: AeW100, AeW200, AeW800 and AeW1500.
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The micropore volumes calculated from the DA equation increases as a function of the R/C ratio, while
the radius of pores is approximately constant in each of the samples at the relations prepared (Series I
and Series II). This is around 7 Å, while n is constant for Series I (2.2) and for Series II the value of n
is (1.8 and 2.4) for samples AeW800 and AeW1500 respectively; these values are associated with
carbonaceous materials, which shows that the aerogels have a porous network system that conforms to
those presented in the activated carbons. The characteristic energy values obtained are approximately
8.0 kJ.mol-1, and it can be deducing from the order of magnitude that the aerogels synthesized have a
provision for adsorption toward nitrogen molecules.
As mentioned previously, Table (2) presents the results obtained by performing the analysis of the PSD
using the NLDFT (Non-Local Density Functional Theory) and QSDFT (Quenched Solid Density
Functional Theory) algorithms; only the QSDFT is presented Figure (1c), as this is adjusted better, as
can be seen in Table (1). A unimodal curve is characteristic with a pore width around 7 Å calculated
using the DA model, while when using the QSDFT model the average pore width is approximately 4 Å,
which is also within the range of microporous materials. These results are consistent with the shape of
the N2 adsorption isotherms obtained for this series which, as mentioned, correspond to fundamentally
microporous materials. Additionally, Table (1) shows the mesoporous volumes (V mes) calculated from
the BJH method [18] and Table (2) shows the volumes assuming cylindrical, slit and cylindrical-slit
pores using the NLDFT and QSDFT models [21, 22]. The calculated errors expressed as % thereof
(E%) are also presented.
Table (1): Analysis of DA and BJH methods
D-A
Carbon
Aerogels

SBET
[m2.g-1]

AeW100
AeW200
AeW800
AeW1500

295
478
876
990

Vmicropore
[cm3.g-1]

Eo
[kJ.mol-1]

0.11
0.18
0.34
0.36

8.1
8.0
8.3
8.2

B-J-H
n

Pore
ratio
[Å]

Vmeso
[cm3.g-1]

Pore
ratio
[Å]

2.2
2.2
1.8
2.4

7
7
7
7

0.02
0.02
1.28
0.31

18
18
79
18

In Table (1) it is observed that at low R/C ratios the textural parameters evidenced a microporosity
development without mesoporosity occurring, this is explained by the formation of clusters in the first
stage of synthesis that is the addition, where by the reaction between resorcinol and sodium carbonate
results in the formation of the enolate ion and the subsequent hydroxymethyl ion which allow
condensation of these groups to form methylene and methylene-ether groups, the basic catalyst is
important for the initial formation of the anions Resorcinol. This mechanism produces highly crosslinked clusters as the R/C ratio increases, which increases the development of microporosity. At high
R/C ratios in the samples AeW800 and AeW1500, the micropore volume almost doubles and a
significant mesoporosity development is evidenced. This is due, to the fact that there are more
monomeric units and they begin to form larger aggregates since the particles of polymer are added to an
interconnected structure which occupies the initial volume of the solution. In all cases, there is an
increase in the development of the surface area generated more by the thermal effect process in the
aerogel pyrolysis, increasing the number of micro and mesopores.
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Table (2): Analysis of the PSD using NLDFT (Non-Local Density Functional Theory) and
QSDFT (Quenched Solid Density Functional Theory) algorithms.

Pore
Average
volume width of E
cyl
pore cyl [%]
[cm3.g-1]
[Å]
0.13
5.8
0.27
AeW100
0.21
5.8
0.26
AeW200
1.32
7.4
4.00
AeW800
0.62
5.8
1.02
AeW1500
Carbon
Aerogels

AeW100
AeW200
AeW800
AeW1500

0.13
0.20
1.36
0.61

5.7
5.7
5.3
5.5

0.05
0.04
0.73
0.22

NLDFT
Pore
Average
volume width of
cyl-slit pore cyl[cm3.g-1] slit [Å]
0.13
3.1
0.21
3.1
1.31
3.5
0.61
3.1
QSDFT
0.13
4.3
0.19
4.3
1.35
3.2
0.61
3.2

E
[%]
0.15
0.10
3.89
1.07
0.04
0.03
0.74
0.17

Pore
Average
volume width of E
slit
pore slit [%]
[cm3.g-1]
[Å]
0.13
3.6
0.679
0.19
3.6
0.730
1.33
3.6
1,142
0.60
3.6
0.700
0.13
0.20
1.32
0.60

3.1
3.1
3.1
3.1

0.120
0.105
1.575
0.572

For the two models applied NLDFT and QSDFT, the studies were conducted using the algorithms
corresponding to each method. In Table (2), we observe the parameters found using the kernel for
different geometries and thus to be able to determine which is the best model that describes the type of
pore that have the structures of the synthesized solids. The choice criterion was based on the smallest
error found; to test this, cylindrical type geometries, slit and a combination of the two cylinder-slit
geometries were applied.
The difference obtained in the results can be explained by considering the thermodynamic postulates on
which each of the models was developed. The NLDFT model was designed for solids organized, and it
is necessary to consider the heterogeneity, energy and geometry that such materials possess. The
NLDFT model works with fluids within pores with different geometry, being a one-dimensional
character model. This model assumes a thermodynamic potential in the solid-liquid interface and the
density of the liquid, which varies only in direction to the wall of the pore. However, in disordered
carbonaceous materials, as is the case of the carbon aerogels studied in this research, the transition
between layers occurs due to heterogeneities and geometry energetics of real surfaces. This model
assumes the walls of the pores with graphitic structure.
On the other hand, the QSDFT model, the adsorption takes places on heterogeneous materials based on
surface roughness parameter. QSDFT is a model of DFT (Density Functional Theory) multicomponent,
where the solid is treated as one of the components of the adsorbate-adsorbent system. model the solids
is modelled using the distribution of solids atoms instead of the external surface potential. Thus,
the QSDFT model considers the effect of the surface heterogeneity where this heterogeneity is
characterized by an only roughness parameter that represents the scale of the undulation characteristic of
the surface. This model considers that solid-fluid and fluid-fluid interactions are divided into areas that
are repelled and which parts are attracted to the surface. The strong interactions are eliminitaded
between the layers of fluid near the walls while, the effect of the microporosity of the pore walls can be
naturally incorporated in the model using a reduced density solid. The roughness parameter can be
determined by comparison of theoretical and experimental isotherm adsorption of a reference surface
and can be calculated for a specific type of material [21]. The best method that describes the porous
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system for the synthesized samples due to its lower error is the QSDFT for the combination of the
cylindrical-slit geometries.
DA method, BJH method, NLDFT and QSDFT models, show that there is a coherence between these
models for Series I, where no mesoporosity is present. There is also discussion for Series II, where the
R/C ratio increases strongly the volume of mesopores, 1.28 cm 3.g-1 for sample AeW800 and 0.31 cm3.g1
for sample AeW1500.
3.2. Analysis of adsorption-desorption isotherms in vapor phase
Five molecules with different properties were used as adsorbates to analyze their behavior during
adsorption and desorption. The different adsorption heats of each one were determined in the aerogels
synthesized in this work and the effect of the change in the R/C at low and high concentrations of
catalyst. In Table (3) shows the physicochemical characteristics of each molecule.
Table (3): Properties of the molecules used in this research
Molecule
Properties
Dipole moment (D)
Surface tension (mN/m at 25 °C)
Density (g.cm-3)
Vapor pressure (mmHg at 20 °C)
Boiling temp (°C)
Heat condensation (- kJ.mol-1)

Benzene
0
28.88
0.885
104.1
80.1
33.8

Hexane
0
17.90
0.659
185.3
68.7
31.6

Methane
0
14.00
0.656
4.66x10+5
-161.5
8.2

Methanol
1.69
22.50
0.791
155.7
65.9
37.3

Methyl ethyl ketone
2.76
23.97
0.805
71.2
80.0
34.6

Figure (2) shows the adsorption–desorption isotherms of the test molecules used in this research to
analyze the structure and variation of aerogels synthesized by varying the R/C ratio.

(a)

(b)

Continued on next page
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(c)

(d)

(e)
Figure (2): Adsorption-desorption isotherms of test molecules in vapor phase on aerogels synthesized:
(a) Benzene (b) Hexane (c) Methane (d) Methanol (e) MEK. Filled circles (AeW1500-Adsorption),
open circles (AeW1500-Desorption); filled triangles (AeW800-Adsorption), open triangles (AeW800Desorption); filled squares (AeW200-Adsorption), open squares (AeW200-Desorption); filled diamonds
(AeW100-Adsorption), open diamonds (AeW100-Desorption).
The molecules used as adsorbents in this study on the synthesized aerogel and according to the results
reported in Figure (2) show adsorption isotherms that are type IV (for polar molecules of methanol,
MEK), type V (for non-polar-benzene, hexane molecules) and type I(b) for (methane molecule)
according to the IUPAC classification [22, 26]. This behavior has been described in the scientific
literature using similar molecules, as well as in recently published work [23, 25, 27]. However, it
should be emphasized that the results shown here correspond to quasi-organized systems such as
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aerogels and the differences found in this research are associated with the polarity of each test molecule
used and the polarity of the synthesized aerogels structures.
This polarity is associated, as shown by the results reported in Figure (2), with changes in the R/C ratio
made during the process of synthesis, which is an innovative finding of the results of this research. It
will be interesting to make more detailed studies of this result [27], where careful analysis is presented
of the adsorption isotherms obtained to study the adsorbate-adsorbent interactions. This is because they
are important in various studies at the level of fundamental chemistry, as well as in applied fields, and
especially in engineering, for example, in the design and study of processes based on adsorption, where
the fundamental objective is to eliminate waste containing volatile and non-volatile organic compounds
and in processes of modeling catalytic oxidation. In addition, it is important to study the adsorption of
molecules in the vapor phase, especially those that may become a source of alternative energy, such as
methane storage, or separation of hydrocarbon mixtures into pure components [29]. For some decades,
different mathematical models have been correlated with the thermodynamic balance data of various
fundamental experimental organic compounds on some special solid. Recently, different authors [27]
reported a model that is interesting for simulating the adsorption isotherm in a combined or hybrid way,
called Langmuir–Sips (combination is based on the original models that carry these names). The Inhomogeneous DA models describe the uncommon phenomena of adsorption equilibrium, and that
additionally have a surface at low pressure and capillary condensation presented at high pressures.
Recent publications have widely discussed that the hybrid Langmuir–Sips equation usually
correlates satisfactorily the results of the isotherms of non-polar organic compounds, while the Inhomogeneous DA model turns out to be more suitable for the simulation when using polar systems,
although the physical meaning and the thermodynamic analysis of the hybrid isotherm used is still
unclear and is much debated by the authors in the literature [25, 30 - 33]. Therefore, and to make
comparisons in this part of the study, was followed the same methodology proposed by several authors
to investigate this effect [25, 27, 30 - 33], and used both types of models of the adsorption
equilibrium mentioned above.
Additionally, with the purpose of finding the optimal parameters was used the Nelder–Mead simplex
method [25, 27, 30] in addition to using the minimization of the sum of the residuals, i.e., the difference
between the amount of experimental adsorption and the estimated amount. The adjustment comparison
of the model data is based on the least square difference (SQR), which is defined in the following
manner:
(5)
where
and
correspond to the experimental and calculated adsorbed quantities respectively.
is an absolute value whose magnitude depends on the accuracy of the fit as well as the amount of
experimental data [26, 30].
The parameters of the adsorption isotherms obtained using both the hybrid Langmuir–Sips (Lang–Sips)
and the In-homogenous DA are presented in Tables (4a) and (4b). The results obtained in this research
are in good agreement with those obtained and reported by other authors [25, 27, 30]; the models of the
adsorption isotherms of balance proposed are evenly matched with the adsorption data of balance.
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Table (4a): In-homogeneous DA isotherm parameters of methanol
and MEK in aerogels synthesized in this work.

__________________________________________________________________________________________________________________
Parameter

Methanol
MEK
AeW100 AeW200
AeW800
AeW1500
AeW100
AeW200
AeW800 AeW1500
__________________________________________________________________________________________________________
W (mmol.g-1)
5.7645
8.3295
10.0432
15.3498
9.8756
12.6587
16.6784
18.3218
E1 (J.mol-1)
3.956x103
4.532x103 4.876x103
4.453x103
4.324x103 5.768x103 6.634x103 7.925x103
E2 (J.mol-1)
1.932x104
2.013x104 2.869x104
3.012x104
4.098x104 3.665x104 3.218x104 3.012x104
n1
3.012
3.385
3.799
4.012
3.456
3.893
4.012
4.345
n2
2.123
2.456
2.354
2.895
2.543
2.754
2.548
2.975
0.005
SQR
0.011
0.017
0.006
0.003
0.101
0.018
0.008

Table 4b. Langmuir–Sips isotherm parameters of benzene, hexane and
methane in aerogels synthesized in this work.
Samples
m/(mmol.g-1)
AeW100
6.4321
AeW200
8.3295
AeW800 10.0432
AeW1500 15.3498

Parameter (benzene)
b10/kPa1-

b20/kPa1-

2.983x101
3.389x101
3.912x101
4.034x101

1.765x101
2.834x101
3.164x101
3.764x101

s
4.8741
5.1023
5.8342
6.4321

Parameter (hexane)

SQR

m/(mmol.g-1)

0.134
0.273
0.453
0.211

9.8765
10.3541
12.8723
14.4834

Parameter (methane)

b10/kPa1-

b20/kPa1-

s

SQR

1.546x101
1.954x101
2.543x101
3.432x101

1.058x101
1.134x101
1.765x101
2.875x101

3.8764
4.6543
5.3187
5.9854

0.231
0.346
0.654
0.543

m/(mmol.g-1)
3.4983
4.8765
5.3241
6.8761

b10/kPa1-

b20/kPa1-

1.054x100 1.002x100
1.498x100 1.112x100
1.876x100 1.276x100
2.090x100 1.876x100

s

SQR

2.9895
3.2345
4.9731
5.8432

0.432
0.765
0.654
0.987

In analyzing the results obtained from the adsorption studies of the test molecules on aerogels, it was
found that the polar molecules (methanol and MEK) have an adsorption which is favored at relatively
low pressures, compared with the adsorption of non-polar molecules (benzene, hexane and methane). As
mentioned before, this leads to different types of isotherms. Even though, some authors have reported
similar results, such results refer to other types of materials and molecules, and do not even establish
clear reason for this behavior [34].
In spite of the fact that the adsorption of the test molecules is favored for both Series I and Series II
aerogels synthesized here, there is a difference when compare the adsorption capacity of each of the
molecules into the surfaces of the adsorbent prepared. The results of this investigation show that for the
two series of aerogels there is a proportional relationship between the polarity of the organic compounds
adsorbed and the hydrophilicity; these results are consistent with those found in other published works
which used materials that were highly structured and mesoporous in character [25, 35].
Figure (2a) to (2)e show the isotherms corresponding to the adsorption of benzene, hexane, methane,
methanol and MEK on AeW100, AeW200, AeW800 and AeW1500 respectively, and in each one of
them the respective settings are plotted by applying the Langmuir–Sips (continuous line) and Inhomogeneous DA (dotted line) models. The results indicate that there is a very pronounced increase at
relative pressures ranging from 0.18 to 0.5 for the polar organic compounds and from 0.20 to 0.60 for
the non-polar compounds studied, as shown in Figure (2a) to (2e). The capillary condensation occurs at
different levels of relative pressure (P/Po) for both the non-polar (benzene: 0.18 to 0.60; hexane: 0.20 to
0.55; and methane: steady increase of the pressure studied) and the polar (methanol: 0.05 to 0.40; and
MEK: 0.15 to 0.65) compounds, which is probably due to the differences in the surface tension and the
molecular volume of the adsorbents employed, as has been discussed by other authors [27, 30]. To
compare in detail, the adsorption isotherms obtained for the adsorbents employed, it is noted that the
isotherms corresponding to the polar organic compounds investigated are more pronounced at lowpressure gradients compared with the isotherms of the non-polar compounds.
In summary, the adsorption isotherms of each of the test molecules on the aerogels synthesized
(AeW100, AeW200, AeW800 and AeW1500) have different forms. The adsorption of the non-polar
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molecules varies linearly at low pressures (which shows that they are weakly favorable or show their
hydrophobicity). Subsequently capillary condensation occurs at moderate pressures adjusted better to
the hybrid Lang–Sips model. Polar molecules presented a variation with a slight "shoulder" at low
pressures (which shows the favorability during the process of adsorption or hydrophilicity), to
subsequently generate capillary condensation, where these isotherms conform better to the Inhomogeneous DA model.
3.3. Analysis of adsorption calorimetry
It is necessary to perform thermodynamic studies to examine the types of interactions that occur when a
gas or a liquid comes into contact with a solid, particularly solute–adsorbent interactions that are very
useful because they allow another type of alternating characterization of the surface of the adsorbent to
be performed, as well as the adsorbate–adsorbate interactions. Given the fundamental thermodynamics,
it is well known that the change in the Gibbs energy during adsorption is related to the adsorption
equilibrium constant, the change of entropy, and the heat of adsorption at a constant temperature.
Research has been conducted and published on the importance of the determination of the isosteric heat
during adsorption to assess the nature of the adsorbent surface and the adsorbate phase [34], in addition
to the adsorbate–adsorbate interactions.
Although, these heats are still widely used to study and characterize interactions in the gas phase on a
solid. The isosteric heat of adsorption is also a critical design variable to estimate how the performance
of a component separation process is performed using the adsorption method. The isosteric adsorption
heat is also a critical design variable to estimate how the performance of a component separation
process is performed using the adsorption method [36].
It is necessary to consider that the isosteric heat is calculated indirectly by measuring a series of
isotherms of excess using a broad range of temperatures, and then given a covering on the surface
derived from the equation of Van't Hoff [37]:
(6)
If the results obtained by this method were compared with those obtained by the direct method
used in adsorption calorimetry, errors of up to 5 % can be found. Therefore, in this research we use the
determination of these heats via the direct method.
During adsorption calorimetry, molecules adsorb initially on the more energetic sites and then on
low energy sites. There are also energy effects due to the adsorbate–adsorbate interactions, which
increase with the coverage of the area. This is usually not recorded at high coverage, because in
comparison to adsorbate-adsorbent interactions are very weak, but can be recorded. Therefore, the
adsorption enthalpy corresponds to the sum of these two types of interactions and can be seen reflected
in the shape of the graphs of coverage based on the differential enthalpy of adsorption. As shown in
Figure (3a) to (3e), the adsorption on a heterogeneous surface is characterized by a sharp decline in the
adsorption enthalpy at very low filling, while this value is constant in the homogeneous part of the
surface. An increase of the adsorption enthalpy indicates the presence of adsorbate–adsorbate
interactions, as can be seen in some of them.
In all cases, at saturation, when the adsorption process is complete, the adsorption enthalpy tends to the
enthalpy of liquefaction. It is not possible to distinguish between the adsorbate–adsorbent and
adsorbate–adsorbate interactions of the adsorption enthalpy.
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Figure (3a) to (3e) shows the corresponding graphs of differential heat of adsorption depending on the
coverage of the test molecules used in this work (benzene, hexane, methane, methanol and MEK).

(a)

`

(c)

(b)

(d)

Continued on next page
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(e)
Figure (3): Differential heats of adsorption as a function of coverage of each molecule.
a) benzene, b) hexane, c) methane, d) methanol, and e) MEK.
The results show that in all cases, with the advance of the adsorption of each molecule used on the
aerogel with respect to the different R/C ratios, the value of the adsorption differential enthalpy
decreases until it reaches a stable value, which is characteristic of behavior in a system where the
surface is of a heterogeneous type.
By performing a more detailed analysis for each of the enthalpy curves it is possible to associate these
behaviors with the individual energies between the adsorbate–adsorbate and adsorbate–adsorbent
interactions. It is worth mentioning that in Figure (3a) to (3e) the enthalpy curves present heat
differentials that change in intensity for each of the aerogels synthesized in this work, which vary in the
order: AeW1500 > AeW800 > AeW200 > AeW100 for all test molecules used. This result is quite
interesting and is associated with the chemical and textural properties of the aerogels synthesized;
Figure (3) shows that the non-polar molecules generated lower values of adsorption heat differentials in
comparison with the polar molecules, which relates to the hydrophilicity of the molecules as well as the
heterogeneity of their surfaces.
The results obtained for benzene and hexane Figure (3a) and (3c) show a similar behavior in terms of
their form, where four zones were distinguished: zone 1 show a decay of the differential enthalpy and
corresponds to interactions between molecules (benzene, hexane and methane). Also, the surface show a
saturation of the surface, this area has a surface of a heterogeneous character. Zone 2 shows a
stabilization of the differential enthalpy and the energy interactions do not vary because they are located
in a homogeneous part of the surface. Zone 3 presents a slight decrease in the enthalpy that may be due
to small interactions between the respective molecules in each case (benzene-benzene, hexane-hexane
and methane-methane). Finaly, in zone 4 enthalpy values are kept constant due to saturation in the
surface.
Curves of Figure (3d) and (3e) corresponding to polar molecules (methanol and the MEK) presented the
highest values of adsorption differential enthalpies. This is associated with the physicochemical
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properties of the molecules and the energy characteristics of the surface of the aerogels synthesized in
this work. In Figure (3d), wich corresponds to the adsorption of methanol, the curves have different
areas that are shown in this work, and are identified in both figures thus, from 1 to 4: zone 1 corresponds
to a strong fall covering a range between 84.5 kJ.mol-1 until stabilizing at values of 70.3 kJ.mol-1 (for
AeW1500 and AeW100 respectively) to a coating between 1.95 mmol.g -1 and 2.00 mmol.g-1. This drop
corresponds to interactions of high-energy content and is presented in heterogeneous surfaces, which is
in good with according the textural analysis. According to the coverage in this range, the adsorption
enthalpy stabilizes (between 70.5–82.5 kJ.mol-1) in a small range up to 2.9 mmol.g-1 that corresponds
to a zone of weaker interactions between the adsorbate and the adsorbent, and is located in a part with a
slightly homogeneous surface (zone 2). In moving forward with the coverage, it is interesting to observe
the slight increase in the enthalpy values (74.5– 82.5 kJ.mol -1) between the coating of 2.7 to 4.5 mmol.g1
(zone 3), where this area is characterized by interactions between molecules of methanol adsorbed, and
then at higher values of 4.5 mmol.g-1 the adsorption enthalpies decrease (zone 4), which corresponds to
the saturation of the adsorbent, and stabilize close to those of the adsorbate liquefaction.
The curve corresponding to the adsorption of MEK Figure (3e) is seen to have the same behavior as
methanol. The differences lie in the enthalpy values reached, since the observed values for the
adsorption of MEK are higher than those obtained when methanol was used. It is likely that the higher
values are associated with the relative sizes of the two molecules and their ability to spread to the inside
of the porous system of the carbon aerogel.
It is interesting to analyze the small changes in each graph as a function of each aerogel synthesized. In
the case of methanol adsorption, (zone 3) is the one that shows more representative changes. For the
samples of series, I (AeW100 and AeW200), (zone 3) is slightly less pronounced than for the aerogel
Series II (AeW800 and AeW1500), where it is highest. This effect is very interesting, and has not been
reported before using this technique, and is probably due to the porous distribution of the aerogels
prepared in this investigation. For Series II, the pores are more extensive and present a slight
mesoporosity that allows for an interaction between the molecules which adsorb, but which is less
pronounced. On the other hand, the adsorption enthalpy differentials are higher, because they are
associated with the hydrophilic factor between the surface of the aerogels synthesized and the methanol
and MEK. These molecules are of polar character, as was reported in the characteristics of Table (3)
where the dipole moments for the methanol and MEK are 1.69 and 2.76 D respectively.
4. Conclusions
In this work carbon aerogels were prepared, and the effect of the R/C ratio was studied through
adsorption calorimetry using polar and non-polar molecules. This was initially characterized texturally
through the isotherms of nitrogen to -196 °C where the results show that the increase in
the R/C ratio generated aerogels with a mesoporous system (AeW800 and AeW1500), the latter having
a higher specific surface area. The specific surface areas obtained were 295 to 990 m 2.g-1 and the pore
volume calculated from the DA models ranged from 0.11 to 0.36 cm 3.g-1.
From the isotherms obtained for the five test molecules, the result was that the hybrid Langmuir–
Sips model adjusted the isotherms of non-polar organic compounds better, while the In-homogeneous
DA model adjusted the polar systems better. Finally, the results of the adsorption calorimetry show that
the synthesized aerogels correspond to solids with fundamentally heterogeneous surfaces and
hydrophilic character.
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