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ABSTRACT

This work reports an experimental and modelling analysis of benzene/toluene adsorption from model
groundwater on a commercial activated carbon in single-compound and binary systems. Single-
compound results show that toluene is more adsorbed than benzene and an increase in its adsorption
capacity gives rise to lateral interactions between the adsorbed molecules. This is likely to be due to the
presence of electron-donor methyl groups in the toluene molecule, which determines an increase in
the electronegativity of the aromatic ring and, consequently, stronger attractions with the nucleophilic
basal plane of activated carbon. Binary results indicate that toluene has the highest adsorption capac-
ity, but some competitive effects arise for both the analytes. A modelling analysis of the binary system
shows that the ideal adsorbed solution theory model can provide a very good prediction of adsorption
data for both compounds, over the whole range of concentration investigated.

Keywords: Groundwater; Benzene; Toluene; Competitive adsorption; Ideal adsorbed solution theory

1. Introduction

Organic micropollutants, such as benzene and toluene,
are typical groundwater contaminants and their occurrence
is mainly due to accidental leakages and illegal discharges
of gasoline or petrol derivatives [1]. These compounds are
toxic and benzene, in particular, is formally recognized as
carcinogenic [2]. Accordingly, maximum concentration levels
in groundwater are established worldwide; for example, the
Italian regulatory limits are set at 1 and 15 pg/L for benzene
and toluene, respectively.

The removal of these compounds from polluted
groundwater is a necessary task and adsorption is a widely

* Corresponding author.

adopted remediation technique. Adsorption can be applied
as ex situ treatment, for example, as a part of the pump
and treat technique, or as in situ treatment, as in perme-
able reactive barriers filled with adsorbents [3,4]. In all its
multiple and diverse applications, adsorption has proven
to be a reliable technology, characterized by good efficiency
and great versatility that make it suitable to be applied also
when a multiple contamination occurs [5-7]. In the last
years, many experimental works have investigated the suit-
ability of different sorbents — both commercial [8-10] and
low-cost materials [11-13] — for the capture of benzene and
its derivatives, and activated carbon (AC) appears as the
most frequently used, sometimes in the form of fibres [14]
or nanotubes [15,16].
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Despite the large industrial application of this technol-
ogy, the study of the dynamics of single and multicomponent
adsorption of specific compounds on AC surface has received
limited attention, while extensive research has focused on
the adsorption phenomenology, in the past decades. Since
the latest scientific guidelines list adsorption among the best
available techniques for groundwater depuration, there is
a renewed interest in a critical study of the adsorption phe-
nomena, focused on each single adsorbate having its peculiar
adsorption properties.

Adsorption on AC is highly dependent on sorbent prop-
erties, both physical (e.g., microporosity) and chemical (e.g.,
surface chemical groups) [15]. On the other side, the thermo-
dynamic parameters of water, such as pH and temperature,
have a significant influence on solid performances. Focusing
on aromatic compounds in their molecular form (i.e., when
solution pH << pKa), it is commonly believed that a high
concentration of acidic oxygen containing surface groups
is highly detrimental to adsorption — because of a preferen-
tial water adsorption — independently of adsorbate polarity
[17,18]. On the contrary, a high micropore volume enhances
the adsorption of aromatic compounds, even if steric hin-
drance phenomena might occur [19,20]. However, the influ-
ence of molecule structure, in particular of the substituent
functional group, on any aromatic ring present, should also
be taken into account to assess the dynamics of adsorption of
specific aromatic compounds. In addition, a thorough mod-
elling analysis accounting for the effect of the main operating
parameters is an invaluable tool for the design and optimi-
zation of an adsorption system devoted to the removal of
pollutants from water. Hence, this work aims at analyzing
the mechanism of the adsorption of benzene and toluene in
model groundwater on a commercial granular activated car-
bon (GAC) and their influence on competitive adsorption.

Experimental tests were carried out in both single-
compound and binary systems, varying some of the
main thermodynamic parameters (i.e., concentration and
temperature). A thermodynamic analysis was carried out in
order to assess the energetic interactions between the two
adsorbates and GAC surface, so as to address the differences
in their adsorption capacity. Finally, a modelling analysis of
both single-compound and binary data was carried out based
on the ideal adsorbed solution theory (IAST).

2. Materials and methods

The AC used in this research work (Filtrasorb 400, F400,
from Calgon Carbon Corporation, Pittsburgh, USA) is mainly
microporous (micropore volume equal to 0.33 cm?/g) and has
a Brunauer—-Emmett-Teller surface area approximately equal
to 900 m?/g. The surface is slightly basic, being pHch = 8.
This material has a narrow particle size distribution; it was
mechanically sieved in the particle size range 900-1,200 um,
washed with distilled water and oven-dried at 120°C. A com-
plete list of its chemical and physical properties is reported
in Balsamo et al. [21].

Adsorption tests were carried out in batch mode using an
organic-free mineral water whose chemical properties are rep-
resentative of groundwater (pH = 8 and salinity = 0.46 mM);
a complete list of its chemical properties are reported in
Erto et al. [22]. The working solutions were prepared by spiking

water samples with benzene/toluene stock solution (Sigma-
Aldrich, Saint Louis, USA, 99.0%). The initial benzene/toluene
concentrations used in each run were selected to keep equilib-
rium concentrations within the typical range for contaminated
water. A variable amount of AC (0.3-1.5 g) was added to 100 mL
headspace-free glass vessels of mineral water. For sin-
gle-compound tests, the temperature was varied in the range
10°C-50°C, while the binary test was made at 20°C. In partic-
ular, the binary test was made on samples with the same vol-
ume, variable AC dosage (both as for single-compound tests)
and same initial concentration ratio of the two analytes (i.e.,
C,..:C°, = 1:1, on molar basis), but different benzene and tolu-
ene initial concentrations for each experimental run. Benzene/
toluene concentrations were measured with a gas chromato-
graph (Agilent, Santa Clara, USA, GC 6980) equipped with a
flame ionization detector. A purge and trap system (Tekmar
LSC-2000) was adopted for sample stripping from liquid phase.

To assure the accuracy, reliability and reproducibility of
the collected data, all the adsorption tests were performed
in triplicate and average values only were reported. The
accuracy of the analytical technique was checked by the
evaluation of the relative standard deviation (RSD) of each
sample analysis. Typical values of the RSD for benzene/
toluene analysis were below 5%.

3. Results and discussion

Adsorption tests on single-compound systems were car-
ried out at four different temperatures, in order to determine
the trend of isosteric heat of adsorption (AH) as a function of
surface loading.

Fig. 1 reports the adsorption isotherms of benzene and
toluene on F400 AC.

For both the compounds, the experimental results show
that adsorption capacity decreases by increasing tempera-
ture, as expected due to the exothermicity of adsorption
phenomena. For each temperature level, toluene is more
adsorbed than benzene.

The experimental data of single compounds at differ-
ent temperatures allowed calculating the heat of adsorp-
tion at constant amounts of adsorbate adsorbed, known as
the isosteric heat of adsorption (AH, J/mol). This parameter
can provide useful indications on the interactions between
adsorbate and adsorbent, which, in turn, can be related to the
different molecular structure of the adsorbates. The isosteric
heat of adsorption corresponds to the ratio of the infinitesi-
mal change in the adsorbate enthalpy and the infinitesimal
change in the amount adsorbed. It can be calculated from the
known Van't Hoff equation [22,23]:

din(C)  AH
T RT?

dIn(C) AH
. _AH
d1/T) R

)

To this aim, the benzene/toluene equilibrium concentrations
(C) at constant amount of adsorbed compound (w) were taken
from the experimental adsorption isotherm data at different
temperatures (from Figs. 1(A) and (B)), and reported in Fig. 2.

The isosteric heat of adsorption (AH) at different amount
of adsorbed benzene/toluene can be calculated as the slope of
the plot of In(C) vs. (1/T) (Eq. (1)). The AH values are shown
in Fig. 3.
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In the range of surface coverage investigated, the ther-
modynamic analysis shows that the isosteric heat of adsorp-
tion of benzene is almost constant, also taking into account
the error propagation of the analytical determination of
benzene equilibrium concentration. This result implies both
the energetic homogeneity of adsorption sites for benzene
molecule and the absence of lateral interactions between
benzene molecules adsorbed on carbon surface [23]. This
is likely due to benzene molecule structure, perfectly sym-
metric and non-polar. On contrary, toluene isosteric heat
of adsorption decreases by increasing the surface loading,
remaining greater than the correspondent value of benzene,
in particular for low AC surface coverage. In this case, the
result is likely to be due to the interaction among the toluene
molecules adsorbed rather than to a heteroenergetic charac-
ter of adsorption sites [23]. In fact, the benzene and toluene
adsorption mechanism is expected to be the same; hence, also
the active sites involved on the carbon surface are expected
to be the same. The only difference lies in the adsorbate
molecule structures; indeed, the addition of a methyl group
to the aromatic ring in the toluene molecule gives rise to a
non-symmetric charge distribution, which can influence the
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Fig. 1. Adsorption isotherms of benzene (A) and toluene (B)
onto F400 as a function of temperature. Equilibrium pH = 8.
Comparison with Langmuir (benzene) and Freundlich (toluene)
model (lines).

interactions among adsorbed molecules. In general, it can be
stated that the adsorption mechanism of aromatic molecules,
such as benzene and toluene, involves dispersion interac-
tions (i.e., London-Van der Waals forces) between the delocal-
ized m electrons of the condensed polyaromatic carbon sheets
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Fig. 2. Plots of In(C) vs. 1/T at constant benzene (A) and toluene
(B) adsorbed amount.
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and the aromatic molecule ring. The presence of an electron-
donor functional group linked to the aromatic ring of toluene
(i.e., methyl) determines an increase in the electronegativ-
ity of the ring and, consequently, stronger attractions with
the nucleophilic carbon basal plane [14,20,24]. This can also
explain the higher adsorption capacity of toluene, for each
investigated temperature. It can be concluded that the differ-
ent molecule configuration and polarity is likely to determine
the different energetic interactions with carbon surface, then
influencing also their overall adsorption capacities.

The determination of the best descriptive model for
benzene/toluene adsorption onto AC is directly coupled
with the individuation of the adsorption mechanism. In fact,
each adsorption model assumes that the adsorption occurs
by different mechanisms: monolayer isoenergetic adsorp-
tion (Langmuir), multienergetic adsorption sites (Temkin,
Freundlich, Langmuir-Freundlich) and the micropore filling
mechanism (Dubinin-Astakhov and Dubinin—-Radushkevich)
[22,23]. Organic compound adsorption is thought to be
based on a micropore filling mechanism [23,25], but in dilute
systems like those under analysis adsorption can also be
described hypothesizing different mechanisms [22].

In order to test the classic adsorption model, a non-linear
least-squares regression analysis on benzene and toluene
adsorption experimental data was performed. The least
residual sum of squares was used as a criterion for the best
fitting parameter determination of each model.

The isotherm model equations and the model parame-
ters for benzene and toluene adsorption at T = 20°C, taken
as example, are reported in Tables 1 and 2, respectively. The
analysis included the mean value and standard error of the
parameters as well as the coefficient of determination (R?).

From benzene adsorption data analysis, it can be observed
that the best fitting models are Langmuir and Dubinin-
Astakhov. However, the fundamental hypotheses of these
models are markedly different, i.e., monolayer adsorption on

isoenergetic sites and pore filling mechanism in multilayer on
heteroenergetic sites, respectively. Based on the isosteric heat
of adsorption analysis it was concluded that benzene adsorp-
tion on AC is isoenergetic under the experimental conditions
investigated. Hence, even if multilayer adsorption cannot be
definitely dismissed when dealing with the adsorption of an
organic compound, it can be inferred that, in dilute solutions,
benzene adsorption is likely to occur by a monolayer mecha-
nism adequately described by the Langmuir model.

For toluene adsorption data, the best fitting models are
Freundlich, Langmuir-Freundlich and Dubinin—-Astakhoyv,
while Langmuir model is far less performant. Also in this
case, the results are consistent with the outcomes derived
from isosteric heat of adsorption analysis, which highlighted
the presence of heteroenergetic interactions between toluene
molecules and AC surface, incompatible with the basic mech-
anism of Langmuir model. Hence, for toluene data model-
ling, the Freundlich model can be successfully used, also
considering that the other models selected show a very high
uncertainty in parameter estimation, as testified by their high
relative standard errors.

For a deeper analysis of benzene/toluene adsorption
mechanism, a binary test was carried out, also to test the
occurrence of competition phenomena during their simulta-
neous adsorption on the same AC. As discussed above, ben-
zene and toluene are expected to adsorb according the same
mechanism, but adsorption phenomena strictly depend on
analyte concentrations and molecule properties, hence, the
behaviour of the binary system cannot be easily predicted.

Fig. 4 reports the experimental results of benzene and
toluene binary adsorption. For both the analytes, the cor-
responding single-compound adsorption isotherm at the
same temperature was also included, to allow for a direct
comparison.

The analysis of the binary experimental data showed that
toluene is adsorbed more largely than benzene, following

Table 1
Isotherm model parameters from benzene adsorption regression analysis at T =20°C
Isotherm Equation Parameter Value R?

Mean Standard error  f-Test

Temkin ®=B-In(KC) K (L/mmol) 1.89x10°  4.86 x 107 3.89 0.959
B (mol/kg) 23.46 2.299 13.69

Freundlich ok C" K (mol/kg)/(mmol/L)"  2.62 2.65 x 10! 9.87 0.973
n 0.680 3.87 x 107 12.25

Langmuir o K-C w, . (mol/kg) 1.17 7.05 x 102 16.65 0.994
o= ﬂTC AG (KJ/mol) -9.88 3.2 %107 22.82
K (L/mmol) 577 x10"  1.09 x 10! 5.31

Langmuir—Freundlich o (K-C)' ;nzt/(mol/ig) ;62 Zii x 101 Zgz 0.979

= mmo. .5 . .

1+(K-0) n 6.73x107  6.79 x 1072 9.90

Dubinin— 2 w, . (mol/kg) 241 0.71 3.41 0.990
Radushkevich 0=0_ exp{(mln(%)j :| E (kJ/mol) 145x 10t 2.14 6.77

E c

Dubinin-Astakhov ’T n w, . (mol/kg) 1.75 2.63 x 107 6.66 0.994
0=0__ exp|:—(ln(csjj } E (kJ/mol) 1.68 x10'  1.05 16.03
EoAe n 2.65 0.39 6.73
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Table 2
Isotherm model parameters from toluene adsorption regression analysis at T =20°C
Isotherm Equation Parameter Value R?

Mean Standard error f-test

Temkin o= B-In(KC) K (L/mmol) 3.97 x 10 1.58 x 10! 2,52 0.901
B (mol/kg) 2.61x107 291 x107? 9.03

Freundlich ok C" K (mol/kg)/(mmol/L)" 6.72 5.98 x 102 11.25 0.989
n 447 <101 2.20x 1072 20.35

Langmuir o K-C w, . (mol/kg) 1.83 1.94 x 107 9.43  0.941
o= ﬂTC AG (KJ/mol) 112 x10" 24 18.52
K (L/mmol) 9.80 x 10* 2,972 3.58

Langmuir-Freundlich o (K-C)" w,. (mol/kg) 1.92 x 107 8.21 x 10° 0.23  0.989
o= m K (L/mmol) 3.54 x 1():2 1.53 0.23
n 449 =101 2.74x 10! 4.88

Dubinin— 2 w, . (mol/kg) 3.57 1.84 194 0978
Radushkevich 0=0_ exp{(fln(csj) } E (kJ/mol) 1.31 x 10* 3.33 x 10° 3.93

c

Dubinin-Astakhov { RT VY w, (mol/kg) 1.41 x 10? 5.86 x 10?2 0.24 0.991
0=0_ exp _[IH(SD } E (kJ/mol) 8.17 x 10* 3.16 x 10° 0.26
E ¢ n 5.55x107%  4.53x10" 1.23
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Fig. 4. Benzene and toluene adsorption isotherms in binary
system (1:1, on molar basis) onto F400 activated carbon. T =20°C,
equilibrium pH = 8. Comparison with single-compound data.

the same behaviour of the corresponding single-compound
systems. This result is consistent with those reported in pre-
vious works dealing with the adsorption of organic com-
pounds from water [26]. Moreover, a significant reduction in
adsorption capacity — with respect to the corresponding sin-
gle-compound data — was observed for both the compounds
(except for a very low concentration range, in which sin-
gle-compound and binary adsorption data almost overlap),
indicating a competitive adsorption towards the same active
sites.

The interference and competition phenomena arising in
such systems can be described and, in some cases, predicted
by specific adsorption models whose mathematical formula-
tion can be more or less complex, depending on the physical
adsorption mechanism hypothesized. Preliminarily, it can be

observed that, in the Henry region, the low coverage and the
consequent absence of any relevant interaction makes the use
of complex multicomponent models unnecessary, as the sin-
gle-compound counterparts generally provide good results.
For the system under investigation, this evidence was veri-
fied only in a short concentration range, so that a dedicated
binary adsorption analysis was mandatory. To this aim, a
multicomponent Langmuir model was initially chosen for
its simplicity and low number of fitting parameters, easily
valuable through single-compound experimental tests [26].
The equations representing the multicomponent Langmuir
adsorption model are reported in some major works on
adsorption [23]. The equation representing the adsorption
model tested for binary adsorption analysis is reported in the
following, while the description of the main assumption and
basic hypotheses behind its formulation is described in fun-
damental literature on adsorption [23].

KICI

=0 —
4K G, +K,C,

()

where w, is compound 1 adsorption capacity, @, y,, is
the correspondent maximum value and C, and K, (i = 1, 2)
are equilibrium concentration and adsorption constant,
respectively.

The comparison between Langmuir multicomponent
model and binary experimental data (not reported) provided
average results until a definite AC surface coverage (approx-
imately equal to 0.2 mmol/g). For higher values, the model
proved to be substantially inadequate for both compounds.

Indeed, the application of Langmuir multicomponent
model requires the acceptance of its basic assumptions,
first the presence of active sites with identical energy and
the absence of interactions between the molecules adsorbed
[27]. These hypotheses appear to be too much restrictive for
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certain systems in particular when heterogeneous solids such
ACs are used.

In order to find a valid model in the entire range of equi-
librium concentration tested, the binary experimental data
were analyzed in light of the IAST model [28]. The IAST
model provides a thermodynamically consistent method for
predicting multicomponent adsorption isotherms, using sin-
gle-compound isotherm data. The IAST model is based on the
assumption that the adsorbed mixture forms an ideal solu-
tion in equilibrium with liquid phase at a constant spreading
pressure for each solute (77), in analogy with Raoult’s law for
vapour-liquid equilibria. Moreover, it hypothesizes a reduc-
tion in adsorption capacity of both compounds in binary sys-
tem with respect to the single-compound counterpart, and
proportional to the latter. In the IAST model, the following five
basic equations are used to predict multicomponent adsorp-
tion capacity from the corresponding single-compound data:

C,=C)(r,p,n)-z, i=1..N (3)

2 =20 i=1.N @)
(DT
N

o =20, 5)
i=1

1 Z.

— =Y S i=1.N

o =i (6)

1

)
2dC i=1..N 7)

¢ 0
Tl:x.(C?):RT'J-wi(C
0

Ay

whereC,istheequilibriumliquid concentrationofadsorbatesin
multicomponent system; C?is the equilibrium liquid concen-
tration of adsorbates in the single-compound system; «? is
the single-compound adsorption capacity calculated, at same
pressure, temperature and spreading pressure of the multi-
component system; z, is the mole fraction of each compound
on carbon surface; w, is the total surface loading, i.e., the sum
of solutes adsorption capacities (w,) in the multicomponent
system; A is the specific adsorbent area; R is the universal gas
constant and T is the absolute temperature.

Further details on the IAST model are reported in
Erto et al. [26]. The application of the model requires an
appropriate single-compound adsorption model, so as to
allow for a reliable prediction of multicomponent adsorp-
tion data. In this work, the Langmuir equation parameters
obtained from the single-compound systems (Tables 1 and
2) were used as they provide the best comparative results. In
Fig. 5, the results of the IAST modelling analysis are reported.

It can be observed that the modelling results are very
satisfying for both compounds, as the adsorption capacity is
correctly predicted on the entire range of equilibrium liquid
concentration tested, as requested. It can be deduced that the
binary system tested has an ideal behaviour under the exper-
imental conditions used; hence, the interactions between the
adsorbed molecules can be considered as negligible. This

1.0
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O Toluene binary
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Fig. 5. Modelling of benzene/toluene binary adsorption system
(Coben:coml = 11) by IAST model.

result is in line with the adsorption mechanism derived
from the thermodynamic analysis reported above. In fact,
even if for toluene the presence of lateral interactions can be
reasonably expected also in binary system, their occurrence
can be neglected because of the lower equilibrium concen-
trations tested, which in turn are due to its significantly
higher adsorption capacity (Fig. 4). In conclusion, the IAST
model is a valid tool for the prediction of adsorption data
of the investigated system and the predictable character of
the model allows it to be applied to wider experimental data,
until lateral interactions between adsorbed molecules arise
and determine a non-ideal behaviour of the system.

4. Conclusions

The adsorption of benzene and toluene from simu-
lated ground water onto AC, both in single-compound and
binary systems, was studied. Experimental results in single-
compound systems showed that, for each temperature, tolu-
ene is adsorbed more than benzene.

The analysis of isosteric heat of adsorption shows
that lateral interactions occur among the toluene mole-
cules adsorbed, which are likely due to the addition of
an electron-donor functional group (i.e,, methyl) to the
aromatic ring of the molecule. This group gives rise to a
non-symmetric charge distribution, an increase in the elec-
tronegativity of the ring and stronger attractions with the
nucleophilic carbon basal plane, thus influencing also the
overall adsorption capacity.

The experimental data on binary system show that tol-
uene is more adsorbed than benzene, mirroring the same
behaviour of the corresponding single-compound systems.
However, a significant reduction in adsorption capacity, with
respect to the correspondent single-compound data, was
observed for both the compounds, indicating the occurrence
of competitive adsorption towards the same active sites.
The Langmuir multicomponent model, often proposed for
the interpretation of binary adsorption data, provides poor
results while a very good data prediction can be obtained by
the IAST model in the entire range of the equilibrium concen-
trations tested.
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