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e Apricot stones carbon used for nitro-
benzene (NB) adsorption.

e Statistical  physics models assess
adsorption mechanism at micro and
macro levels.

e Double layer adsorption model with two
energies described NB adsorption
mechanism.

e 2-3 adsorption sites involved in NB
adsorption on carbon surface.

e Thermodynamics indicated exothermic,
feasible and spontaneous removal of NB.
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ABSTRACT

Statistical physics modelling was performed to analyze the adsorption forces and the thermodynamics of the
removal of nitrobenzene molecules using an activated carbon obtained from apricot stones. This adsorbent was
prepared using phosphoric acid activation and exhibited a surface area of 1762 m? g~?, total pore volume of
1.09 ecm® g7! and an experimental maximum adsorption capacity of 295.63 mg g™ for nitrobenzene at 298 K.
The removal of this organic molecule was exothermic. A double layer adsorption model with two energies was
utilized to calculate the main steric parameters for the removal of this compound. This model was employed to
perform a thermodynamic analysis of this adsorption system. It was concluded that 2 and 3 adsorption sites can
be involved for the removal of nitrobenzene molecules on activated carbon surface. Physical interaction forces
were expected to participate in the removal of this pollutant. This activated carbon can be regenerated with
NaOH thus offering the alternative of its recycling to reduce the removal costs of this organic molecule from
water.
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1. Introduction

The release of nitrobenzene (NB) compounds in the environment
after the manufacturing of explosives, organic chemicals, and plastics
generates pollution and serious risks to both human health and
ecological systems even at trace concentrations [1,2]. This substance is
considered a hazardous and toxic agent that is mutagenic and carcino-
genic to humans [3,4]. It is characterized by its resistance to biodegra-
dation thus being a long-term residue that accumulates into the
environment [1]. In 2015, the United States Environmental Protection
Agency (USEPA) categorized NB as a priority environmental pollutant
and modified the permissible concentration of this substance from 17 to
10 pg L1 in water, with the aim of protecting public health and the
environment [5]. Therefore, several treatment technologies have been
studied for the NB removal from water such as electrochemical methods
[6,7], bioremediation [8,9], chemical oxidation [10,11], catalytic
ozonation [12,13], and adsorption [14-16].

The adsorption employing biomass-derived activated carbons is a
low-cost and effective method for NB removal from aqueous media [4,
17]. Nevertheless, the understanding of the adsorption mechanism (i.e.,
adsorbent-adsorbate and adsorbate-adsorbate interactions) that takes
place for the removal of NB-related systems is crucial to improve the
efficiency of this purification technology. The modeling of the adsorp-
tion equilibrium is a fundamental step in the characterization and
comprehension of adsorption systems. Usually, empirical or
semi-empirical models, such as Langmuir, Freundlich or Sips, are used to
explain the adsorption phenomenon via the determination of some
phenomenological parameters like the adsorption equilibrium constant
[18]. However, these models lack the adsorption mechanism interpre-
tation at the molecular scale [18-20]. For instance, the Langmuir model
assumes that the adsorption takes place on a uniform (homogeneous)
surface where the active sites exhibit similar energy and affinity with the
adsorbate [21,22]. This model is inadequate to describe the interface of
adsorbate—solid systems involving multi-interactions or multi-docking
[22].

The advanced adsorption models based on the principles of statistical
physics have been introduced to improve the explanation of the
adsorption mechanisms. These models include physicochemical pa-
rameters that describe the steric and energetic factors linked to the
interfacial phenomenon, i.e.: the number of molecules/ions adsorbed
per active site (n), the density of adsorbent active sites (D), the
adsorption capacity at saturation (Qsq), and the adsorption energy (AE)
[23-25]. These physicochemical parameters enable the explanation of
adsorption mechanisms at both micro and macroscopic levels.

Statistical physics-based models were applied in the present work to
obtain a new interpretation of the removal of NB molecules from water
using an activated carbon. Different scenarios have been analyzed in the
literature for the NB adsorption mechanism [1,2,4] where conventional
adsorption models (e.g., Langmuir and Freundlich) have been applied to
describe the interaction between the NB molecules and the activated
carbon’s surface. These previous studies were only focused on the
analysis of the type of layers (mono- or multi-molecular layer) and the
nature of the adsorbent surface (homogeneous or heterogeneous).
Therefore, they provided an incomplete interpretation of the mechanism
of NB adsorption at the molecular scale.

The primary goal of this study is to integrate experimental findings
and data analysis derived from statistical physics models to elucidate the
performance of a biomass-derived activated carbon for the removal of
NB molecules from water at three different temperatures (298, 318, and
338 K). Stereographic and energetic physicochemical parameters from
statistical physics models were employed to rationalize the adsorption
mechanism of NB molecules at microscopic level. The application of
these statistical physics-based adsorption models also facilitated the
derivation, calculation, and interpretation of three thermodynamic
functions: Entropy (S), Gibbs free energy (G), and Internal energy (Eint).
These functions contributed to provide a detailed theoretical

characterization of the NB adsorption process.

Overall, this study provides a novel perspective and in-depth insight
of the interfacial interactions occurring between the NB molecule and
the active sites of activated carbon at both micro- and macroscopic
levels.

2. Materials and methods

2.1. Biomass feedstock for the activated carbon preparation — apricot
stones

Apricot stones were used as feedstock to prepare the adsorbent and
their processing was carried out according to a previous study [4]. The
apricot kernels were washed, dried overnight at 110 °C, crushed, and
then sieved to obtain particles ranging from 0.5 to 1.2 mm. These
biomass particles were stored and utilized for the adsorbent preparation.

2.2. Synthesis and characterization of activated carbon

The biomass particles were impregnated with 85% phosphoric acid
(H3PO4) by mass, using a biomass/H3PO4 mass ratio of 1/2 for 24 h at
room temperature. The material obtained after the impregnation was
carbonized employing a Carbolite 2416 tube furnace at 500 °C for 2 h
with a heating rate 5 °C min~! under the presence of nitrogen as inert
gas stream. The carbonized sample was subjected to reflux with boiling
water for 3 h. This step was followed by a further washing with boiling
distilled water until a neutral pH was reached for the filtered water. The
final activated carbon was dried in the oven at 110 °C for 24 h and then
stored for its subsequent application.

The surface characteristics of the apricot-stone derived carbon (APS)
were determined via Ny adsorption/desorption isotherms obtained at
77 K with an ASAP 2010 Micromeritics equipment. The specific surface
area (Sppr) was determined using BET method, the micropore volume
(Vi) was obtained via the t-plot method, and the total pore volume
(Vr) was measured via N adsorption at a relative pressure of 0.95. On
the other hand, the mesopore volume (Vy,s) was calculated by applying
the formula: Vyes = Vr — Vi, while the approximate average pore
diameter (D,)was determined using the next equation: D, = %.

Fourier Transform Infrared Spectroscopy (FT-IR 4200 JASCO
equipment) was utilized to analyze the chemical surface groups of the
activated carbon sample using the KBr disk procedure. The determina-
tion of the pH of point of zero charge (pHpzc) was performed following
the methodology of Noh and Schwarz [26], where 0.15 g of the sample
were mixed with 50 mL of 0.01 M NaCl solution. The pH range of the
initial solutions ranged from 2.0 to 12.0 and this parameter was adjusted
utilizing 0.1 M HCl and 0.1 M NaOH. The final pH of each solution was
measured after 48 h of agitation and the pHpyc value was determined
from the plot of pHgpa) versus pHipitial-

2.3. Nitrobenzene adsorption studies

NB standard solution with a concentration of 1000 mgL™' was
prepared by dissolving an appropriate quantity of reactive grade NB
(>99%, Biochim, Fluka, France) in ultrapure water. All the aqueous NB
solutions with different concentrations were obtained via dilution of this
standard solution. A summary of the main physicochemical character-
istics of NB is presented in Table 1S (Supplementary Material).

The adsorption studies were conducted using the batch operation
method, which involved adding 25 mg of APS sample to 25 mL of NB
solution. The suspensions were agitated 24 h at a fixed temperature in a
water bath orbital shaker. After the adsorption contact time, the sus-
pensions were filtered and NB concentrations were quantified using UV-
Vis spectrophotometry (Jasco equipment, model 630) at a maximum
wavelength of 268.5 nm. The assessment of ASP adsorption properties to
remove NB molecules was done via the calculation of adsorption ca-



pacity q; (ng g’l), which was determined using Eq. (1):

B IET .
Where C; (mg LY and Cr (mg L) are the initial and final NB con-
centrations, V (L) is the solution volume and m (g) is the APS mass.

The pH impact on the NB removal was assessed by performing ex-
periments with aqueous solutions with initial pH values from 2.0 to 12.0
and a contact time of 24 h. The kinetic study was performed measuring
the NB adsorption capacities at different contact times from 5 to
480 min. The adsorption isotherm experiments were performed at 298,
318 and 333 K using initial NB concentrations varying from 20 to
200 mg L™} and pH 6.5.

2.4. Nitrobenzene desorption studies

Regeneration cycles of APS were evaluated using H,O and NaOH to
desorb NB. In the initial phase, NB adsorption process was conducted as
already described where 15 mg of APS were added to 25 mL of
100 mg L™ NB solution in flasks. These flasks were agitated at 298 K
until reaching the equilibrium. Finally, the NB-loaded adsorbent was
separated by filtration from the solution and the pollutant concentra-
tions were measured with UV-Vis spectroscopy. In the second phase of
the regeneration experiment, NB-loaded adsorbent sample was mixed
with 25 mL of the desorption medium (H,0 or 1 N NaOH). These sus-
pensions were stirred with an orbital shaker in a water bath at 298 K for
4 h. Four regeneration cycles were carried out under identical operating
conditions as detailed where all regenerated APS samples were washed
and dried at 110 °C at each adsorption/desorption cycle. The removal
efficiency (%) was used in the data analysis and calculated as follows:

(Co—Cf) x 100

Removal(%) = -
0

®))

3. Results and discussion
3.1. APS characterization

N, adsorption—desorption isotherms of APS sample and its textural
parameters are shown in Fig. 1. The isotherms of APS present a mix of
type I and type IV, based on IUPAC classification [27]. An hysteresis
loop was observed indicating the presence of mesopores [27,28]. The
textural parameters of the APS sample indicated that it had a high sur-
face area of 1762 m? g ! with a high micropore volume (0.98 cm® g™1)
and low mesopore volume (0.11 cm? g’l). The isotherms at lower
pressures suggested that this adsorbent had a pore size distribution
spanning a wide range, potentially encompassing broad micropores and
narrow mesopores (< ~ 2.5 nm) [26]. In fact, the average pore diameter
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Fig. 1. N, adsorption-desorption isotherms at 77 K for APS sample and its
textural parameters.

(D) value agreed with these characteristics.

Figure S1 (Supplementary material) shows that the pHpzc value of
APS was 4.3. Although this adsorbent was prepared using a H3PO4
activation, its surface had a low acidic character. Similar results were
reported for argan nutshells activated with H3PO4 [27].

FTIR spectrum of APS is given in Fig. 2S (Supplementary material).
The absorption bands at 3827, 3737, and 3637 cm~! were attributed to
the stretching elongations of alcohol groups (O-H). The asymmetric and
symmetric C-H bonds were responsible for the less intense absorption
bands identified at 2920 and 2850 cm ™!, respectively [4]. The absorp-
tion band located at 1680 cm™! was attributed to (C=0) groups. The
stretching vibration band located at 1384-1314 cm ! was associated
with the presence of methyl groups (-CH3) [4]. The absorption band
located at 1040 cm ™! could be attributed to the bending vibrations of
P-O-P (phosphates groups) [29], which was related to the H3PO4 acti-
vation. The absorption bands identified at 924 and 674 cm™* corre-
sponded to the stretching deformation of C=C groups.

3.2. NB adsorption

3.2.1. pH and contact time effects

The effect of the solution pH on the NB removal using APS is reported
in Fig. 3S (Supplementary material). These results indicated that solu-
tion pH changes had a limited impact on the adsorption of NB molecules
onto APS surface. This finding was consistent with the characteristic of
NB as a non-ionizable compound [30]. Therefore, the binding between
NB molecules and APS surface might be driven primarily by hydrogen
bonding, hydrophobic interactions, and/or n-stacking interactions [30].
Note that NB molecules have a weak acidic character due to the presence
of the nitro group. As a result, the solution pH changes did not affect the
ionization state of NB, which could impact the type of interactions of this
molecule with activated carbon surfaces [4].

Fig. 4S (Supplementary material) illustrates the impact of contact
time on the NB adsorption onto APS. The adsorption of this organic
molecule was fast during within 60 min and reached the equilibrium
after 180 min. The textural parameters of APS favored the mass transfer
of NB molecules on internal pore structure. NB kinetic data were
correlated with the pseudo-first order (PFO) and pseudo-second order
(PSO) models [31]. RMSE (residual root means square error) and R?
(determination coefficient) were used to compare the model
performance:

R
RMSE = ,SS 3
m—p

where RSS represents the residual sum of squares, which was deter-
mined by applying Eq. (4):

RSS = Z (qjg);p - qjml)z 4

=1

where gje, and gjq are the experimental and theoretical values of
adsorbed NB amount, respectively, m is the experimental data number,
and p is the number of adjustable model parameters.

Table 2S (Supplementary material) shows the kinetic modelling re-
sults for NB adsorption. PSO provided the most accurate fit for NB-
activated carbon system with R = 0.994 and RMSE = 6.64. This
model assumes that the adsorption occurs involving sharing or exchange
electrons between adsorbate molecules and the adsorbent surface [31].
Typically, PFO and PSO models are employed to analyze the adsorption
kinetic profiles. However, these models lack to elucidate the diffusivity
mechanism and the rate-controlling processes responsible of the adsor-
bate removal [4]. For liquid-phase adsorption, the mass transfer of the
adsorbate is frequently characterized by either film or intraparticle
diffusion, or both [32]. The intraparticle diffusion model of Weber and
Morris [31] can be utilized to analyze the NB kinetic profile with the aim



of identifying the mass transfer controlling step. This model is given by
Eq. (5) as follows:

a=ka 1'7+Z ©)
Where kg (mg g1 min~%%) is the rate constant for intraparticle diffusion
and Z (mg g~ 1) is the constant related to the thickness of the boundary
layer. The plot of g,versus t'/2 was used to correlate the NB kinetic data
and the results are reported in Fig. 5S and Table 2S (Supplementary
material). The intraparticle diffusion plot contained double linear seg-
ments indicating that the NB adsorption on APS was influenced by both
film and intraparticle diffusion [33]. The results given in Table 2S
(Supplementary material) indicated that the first regression line (film
diffusion) showed the highest k;s; and lowest Z values, suggesting the
rapid mass transfer of NB molecules into the APS porous structure,
which was attributed to the presence of accessible and open pores. Note
that the impact of the boundary layer (or external mass transfer) seemed
to be relatively minor. The second regression line showed the lowest k;zo
and the highest Z values, suggesting that the intraparticle diffusion
process was relatively slow, which generated a significant concentration
gradient of NB molecules.

3.2.2. NB adsorption equilibrium and theoretical explanation of the
removal mechanism via statistical physics models

Fig. 2 shows the experimental isotherms of NB adsorption on APS at
298 — 338 K. An exothermic adsorption of this organic molecule was
observed where the maximum experimental adsorption capacities
ranged from 295.6 to 203.0 mg g~ ! under tested operating conditions.

Three statistical physics models were applied to fit the isotherms of
NB adsorption on APS. These models assumed the next scenarios:
monolayer adsorption with a single energy (Model 1), monolayer
adsorption with two adsorption energies (Model 2), and double layer
adsorption with two energies (Model 3). The description and formulation
of these models are given below.

Model 1: Monolayer adsorption with a single energy

Model 1 assumed that the NB molecules were adsorbed forming one
layer on the APS surface with a contribution of one type of functional
group participating in this process with a single interaction energy (i.e.,
Langmuir hypothesis) [34,35]. It was assumed that every functional
group present on the APS surface had the capacity to adsorb a variable
number of NB molecules, which differed of the well-established theory
of the Langmuir model [34]. The expression of this model is given by Eq.

6):
nD,,

qe=—"—"F7 (6)
1+ (%)
350 1
300 A
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Fig. 2. Isotherms for the NB adsorption on APS and their modeling with sta-
tistical physics theory.

where n is the number of the NB molecules adsorbed per functional
group (adsorption site) of APS surface, D,, (mgg™') is the density of
adsorption sites at the saturation condition, and C. and C/; (mgL™1)
are the concentrations at equilibrium and half- saturation, respectively.

Model 2: Monolayer adsorption with two energies

This model assumed that the NB adsorption was a monolayer process
involving two independent active sites where a specific quantity of NB
molecules was anchored on site 1 with an adsorption site density D; and
interaction energy ( — E;), while the remaining NB molecules were
attached to site 2 with an adsorption site density D, and an interaction
energy (—E2) [36,37]. The expression of Model 2 is defined by Eq. (7):

ge = nlDl - + I’lzDz -
RONED

Where n; and np represent the number of molecules adsorbed per first
and second adsorption sites, respectively, while C; and C, (mgL™') are
the concentrations at half saturation for these adsorption sites.

Model 3: Double layer adsorption with two energies

This model supposed that the adsorbed NB molecules could form two
layers on the APS surface where two interaction energies were involved.
The first energy (—E;) describes the interactions between the func-
tionalities on the adsorbent surface and NB molecules, while the second
energy ( —E2) describes the interactions between the adsorbate mole-
cules (i.e., NB — NB binding) [38]. Model 3 is given by Eq. (8):

n 2n
()
qe =nD n 2n
6

A multivariable nonlinear regression analysis employing the
Levenberg-Marquardt algorithm was utilized to fit these models to the
experimental adsorption data. The best-fitted model was identified with
R? and RMSE values besides the verification of reasonable trends for the
calculated model parameters. The results of NB adsorption equilibrium
modeling with three statistical physics models are reported in Table 1.

Overall, Model 3 (double layer adsorption with two energies) pro-
vided the best description of the adsorption of NB molecules onto APS
surface. Model 3 contains steric (n, D) and energetic (C;, C3) parameters
that are useful to understand the adsorption mechanism at molecular
scale [24]. The evolutions of these parameters are depicted in Fig. 2,
while a detailed analysis is provided below.

()

(8

a) Steric parameters at APS saturation condition

The stoichiometric coefficient n provides insights into the
adsorption orientation (i.e., parallel or non-parallel) of the NB mol-
ecules on the APS. It is also applied to identify the aggregation
phenomenon of the NB molecules on the aqueous solution [24,39,
40]. Literature [18,34,41,42] indicates that the next scenarios can
occur:

n < 0.5 indicates that the adsorbate molecule can interact via two

Table 1

Results of NB adsorption isotherm modeling using statistical physics equations.
R? for
Temperature (K) Model 1 Model 2 Model 3
298 0.9979 0.9979 0.9986
318 0.9998 0.9999 0.9999
338 0.9981 0.9997 0.9987
RMSE for
Temperature (K) Model 1 Model 2 Model 3
298 4.60 4.60 3.72
318 1.07 3.40 0.54
338 2.99 2.99 2.45




or more adsorption sites (multi-interaction process).

n < 1 signifies a multi-anchorage process (or a parallel anchorage
configuration) where the adsorbed molecule is attached parallel to
the adsorbent surface with multiple anchor points.

n > 1 corresponds to the number of docked adsorbate molecules
per adsorption site where the adsorption is multimolecular with each
active site capable of simultaneously adsorbing various molecules.
Note that the adsorbate molecules are expected to be anchored in a
non-parallel position.

All the calculated n values for NB adsorption on APS were lower
than 0.5, see Table 2. This result indicated that NB molecules
adopted a parallel adsorption position on APS surface [43-45]. For
tested temperatures, the n values can be derived as a weighted
average from 0.30 to 0.50. The parameter n’ = 1/n can be defined as
an anchorage number representing the number of occupied adsorp-
tion sites by a single molecule. It was observed that this anchorage
number (') was a nearly constant value around 2, thus indicating
that NB molecule was docked into the activated carbon pores
involving at least two adsorption sites [41].

The results of n values were used to estimate the percentages of
molecules getting two anchorages (n’ = 2) and three anchorages (n’
= 3). If x represents the percentage of molecules with a single
anchorage, and (1 —x) is the percentage of molecules having dual
anchorages. For instance, the value n = 0.43 can be obtained from a
weighted mean between 0.3 and 0.5 and, consequently, Eq. (9) can
be used:

043 =xx05+(1—x)x0.3 9

Based on Eq. (9), it was inferred that 65% of the NB molecules
were adsorbed with a double anchorage, while 35% corresponded to
a triple anchoring.

Fig. 3 illustrates the calculated number of NB molecules adsorbed
per active site and the receptor sites density versus temperature. The
n parameter increased slightly from 0.427 to 0.432 with a tempera-
ture change from 298 to 318 K (Fig. 3a), then it decreased from 0.432
to 0.393 with a temperature increasing from 318 to 338 K. This trend
could be explained by the change of interactions that resulted be-
tween NB molecules and the adsorption sites during the adsorption
process. Same behavior was observed for SO and NH3 adsorption
onto nanosheets composites (copper/graphene) [43].

Fig. 3b indicated that the trends of the number of NB molecules
adsorbed per adsorption site and the adsorption site densities were
different as the solution temperature changed. D parameter dis-
played two behaviors, it decreased from 102.5 mg g~! at 298 K to
44.7 mg g~ at 318 K and then it increased to 92.4 mg g~ * at 338 K.
This decrease was attributed to the adsorption of NB molecules via
multi-anchorages (i.e., tendency to aggregation) [46,47]. Note that
around 35% of the nitrobenzene molecules were docked with triple
adsorption sites. The increase of the occupied binding sites was
associated to the decrease of the n parameter, leading to a reduction
in a steric hindrance effect [40]. This behavior could be associated
with alterations in the orientation of NB molecules on the carbon
material resulting from the thermal agitation [48].

b) Adsorption capacity at saturation

The saturation adsorption capacity is fundamental to establish the
maximum NB removal performance of APS. This parameter

Number of molecules adsorbed per site

Table 2

Steric parameters calculated for NB adsorption on APS using Model 3.

Temperature (K) n n=1/n D (mgg") Qe =2n*D (mgg ")
298 0.427 2.34 102.5 87.6
318 0.432 2.3 44.7 38.6
338 0.393 2.54 92.4 72.7

Adsorption capacity at saturation (mg g')
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Fig. 3. (a) Calculated number of NB molecules adsorbed per adsorption site
and (b) adsorption site densities of APS as a function of solution temperature.

depended on solution temperature and pH, and it can be calculated
using Eq. (10) [46]:

Qsar = 2nD (10)

Table 2 and Fig. 4 showed that the trend of Q , parameter had
the same behavior of the adsorption site densities. Q , decreased
from 298 to 318 K indicating a reduction in the ability of APS to bind
NB molecules at the saturation state.

c) Adsorption energies

Adsorption energies were calculated to characterize the interactions

of NB molecules and APS surface to form the two layers. They were

120 1

100 |

60 A

40 A ™

290 300 310 320 330 340
Temperature (K)

Fig. 4. Calculated Qsq versus temperature for NB adsorption on APS.



obtained using Eqs. (11 and 12):

E, =RTln <%) (11

1

E, = RTIn (Q) (12)
G
Where C; represents the solubility of the nitrobenzene molecules (mg
L~ 1) in water at 298 K that was considered constant for tested three
temperatures, R is the ideal gas constant (R = 8.314 Jmol ' K1), and T
is the absolute temperature (K). Calculated adsorption energies for NB
adsorption are shown in Table 3 and Fig. 5. Contrary to the classical
investigation, the results indicated that the absolute values of the first
layer’s adsorption energy at all temperatures were lower than the ab-
solute values of adsorption energies of the second layer. Calculated
adsorption energies were lower than 40 kJ/mol indicating that phys-
isorption forces were responsible of the removal of NB molecules [49].

3.3. Thermodynamic functions for NB adsorption on APS

Three thermodynamic functions were calculated using the Model 3 to
elucidate the nature of the adsorption process of NB molecules on APS.

3.3.1. Entropy (S)

Entropy provides insights into the order and disorder of the adsor-
bate on the adsorbent surface [50]. The entropy expression based on
Model 3 as a function of the adsorbate equilibrium concentration is
provided in Table 3S [51] (Supplementary material), while Fig. 6 shows
this thermodynamic function versus NB concentration at tested
temperatures.

It was observed that the entropy (S) varied increasing initially and
then decreasing with an increase in NB concentration at all temperatures
(Fig. 6). Calculated entropy values at 298 K were higher than those
obtained for the other temperatures, which implied a greater disorder
and molecular mobility within the system. This can be advantageous in
the adsorption process as it allowed for more effective movement and
interaction of adsorbate molecules with adsorbent surface, which was
evidenced by the value of the saturation adsorption capacity at 298 K
(Fig. 4). Adsorption entropy reached its maximum value near the second
half-saturation concentration (C. = Cy) indicating that system disorder
was at its peak when NB molecules competed for the remaining vacant
sites, where most of the adsorption sites were already occupied. For C¢ >
Cy, the number of vacant binding sites in the second layer decreased and
the vacant states or positions for additional NB molecules became
limited.

3.3.2. Gibbs free energy (G)

The Gibbs free energy expression using Model 3 as a function of the
adsorbate equilibrium concentration are given in Table 3S [51] (Sup-
plementary material). Fig. 7 shows the calculated G versus NB concen-
tration for NB removal. All the G values were negative, which proved
that the nitrobenzene-APS adsorption system was thermodynamically
spontaneous [22]. At 298 K, calculated G values exhibited more nega-
tive values, revealing a higher degree of spontaneity in the NB adsorp-
tion system and energetically favorable [51].

3.3.3. Internal energy (Einy)
The internal energy Ej, was calculated with Model 3 using the

Table 3
Adsorption energies (E; and E») calculated for the NB removal on APS.
Temperature (K)  C; (mgL™!)  Cy(mgL™!) E;(kJmol™))  E,(kJmol™)
298 6.55 17.89 -2.83 -5.32
318 1.16 14.31 1.56 -5.09
338 10.60 35.88 -4.56 -7.99

AE; (kJ mol ")

-10 - Temperature (K)

Fig. 5. Calculated adsorption energies versus temperature for the NB adsorption
on APS.
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Fig. 6. Calculated entropy (S) for NB adsorption on APS at 298 — 338 K.
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Fig. 7. Calculated Gibbs free energy (G) for NB adsorption on APS
at 298-338 K.

equation reported in Table 3S [51] (Supplementary material) and the
results are displayed in Fig. 8. At low concentration (i.e., C. < Cy),
calculated Ejy¢ values were positive indicating that NB-APS interactions
were weaker than the interactions within the bulk phase of the NB
molecules. Beyond the second half-saturation point (C. > Cj), the
calculated Ej,; values became negative showing that NB-APS in-
teractions became stronger than at low concentration.

3.4. Desorption studies

Fig. 6S (Supplementary material) reports the APS performance for
different regeneration cycles. The results indicated that NB removal with
APS reduced from 81% to 43% for H,O and 81-60% for NaOH after four
adsorption/desorption cycles. Therefore, NaOH is the best alternative to
recover the adsorption properties of APS for NB removal.
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Fig. 8. Calculated internal energy (Ei,) for NB adsorption on APS at 298
- 338 K.

4. Conclusions

The high specific surface area (1762 m? g‘l) and total pore volume
(1.09 cm® g‘l) of the activated carbon derived from apricot stones make
it an effective adsorbent for removing nitrobenzene molecules from
water. The high adsorption capacity for nitrobenzene removal
(295 mg ¢! at 298 K) of this activated carbon was attributed to their
textural parameters. Statistical physics calculations indicated the exis-
tence of a double layer adsorption of nitrobenzene molecules on tested
activated carbon, where two or three adsorption sites can be involved for
binding one adsorbate molecule. The removal of this organic molecule
was exothermic. Thermodynamic analysis of this adsorption process
indicated a feasible and spontaneous process. Physical forces are ex-
pected to participate in the adsorption of nitrobenzene molecules on this
activated carbon. Finally, this adsorbent can be regenerated using NaOH
thus offering the possibility of its recycling to develop a low-cost water
purification method.
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