RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 32 RSC Advances

Experimental and theoretical studies of adsorption of ibuprofen
on a raw and two chemically modified activated carbons: new

physicochemical interpretations

Lotfi Sellaoui', Hanen Guedidi®, SarraWjihil, Laurence Reinert’,Salah Knani',

Laurent Duclaux®, Abdelmottaleb Ben Lamine'"

(1) Unité de Recherche de Physique Quantique, UR 11 ES 54, Faculté des Sciences de
Monastir, Tunisie.

(2) Univ. Savoie Mont Blanc, LCME, F-73000 Chambéry, France.

* Correspondence to be sent to: Ben Lamine Abdelmottaleb, Faculty of Sciences of Monastir, 5019
Monastir, TUNISIA. Email: abdelmottaleb.benlamine@gmail.com

1



RSC Advances

Abstract

The knowledge of the ibuprofen (IBP) adsorption isotherms is important to understand and to
improve its depollution process. In this work, the double layer model with two energies was
applied to simulate the adsorption isotherms of ibuprofen on a raw activated and two
chemically modified granular activated carbons, obtained experimentally at pH=7 and at
different temperatures (298, 313 and 323 K).The chemically modified samples were obtained
by treatment at 700 °C under nitrogen flow and ultrasonic treatment in H,O; solution of the
raw granulated activated carbon. The establishment of the model is based on statistical
physics approach, and especially on the grand canonical ensemble. The double layer model
with two energies for each layer was found to be the best model to describe the adsorption
process of ibuprofen. Using this model, the different adsorption isotherms of ibuprofen were
described sterically and energetically through these parameters. The different parameters were
interpreted as function of temperature. In addition to this, the entropy, free enthalpy and the

internal energy governing the adsorption process were calculated and interpreted.

Key words: Adsorption, ibuprofen, activated carbon, Adsorption energy, thermodynamic

functions.
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1- Introduction

Concern and awareness of the problems related to water pollution due to emerging
contaminants are of growing interest in the industrial societies [1,2] and in the scientific
community. Pharmaceuticals represent an overgrowing fraction of trace emerging
contaminants in urban aquatic environments due to their worldwide consumption. Although
concentrations are usually much lower (less than ug/L) than that of the therapeutic doses, they
are continually discharged into the environment. So the levels remain quite constant, raising
considerable toxicological concerns to human health and aquatic ecosystems, particularly
when present as components of complex mixtures [3,4].

Most of them are only poorly removed and/or degraded by conventional biological treatment,
used in wastewater treatment plants [5-9]. One of the possibilities for removing these
molecules is the adsorption on activated carbon. Recently, several works have studied the
removal of ibuprofen (IBP) by using activated carbons [10,11]. The determination of
adsorption isotherms plays an important role to understand the adsorption process of IBP on
activated carbons. According to the profiles of the different adsorption isotherms, the
equilibrium studies are normally analyzed and interpreted by the Langmuir, Freundlich and
Redlich-Peterson models. These models are adequate to obtain the adsorption energy with an
empirical manner [23]. However, most of these models do not provide any indication about
the adsorption mechanism and their isotherm equations have no physical significance or
relationship with the physico-chemical parameters involved in the adsorption process.

In the present work, a statistical physics approach was employed to study the adsorption of
IBP on a raw and two chemically modified activated carbons, in order to obtain new
physicochemical interpretations at a molecular level. The main objective of this work was to
simulate and interpret the different adsorption isotherms of IBP using the statistical physics

approach. Steric and energetic parameters were deduced such as the numbers of molecules per
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site, the receptor sites density, and the adsorption layer energies. The different parameters
were determined by fitting the experimental data and interpreted at different temperatures. By
application of this statistical physics model, three thermodynamic functions were calculated
and interpreted; i.e. entropy, free enthalpy and internal energy, to characterize
macroscopically the adsorption process.

2-Experimental methods

2-1 Ibuprofen properties

2-[4-(2-Methylpropyl) phenyl]propanoic acid, also named ibuprofen(IBP), was purchased
from Sigma—-Aldrich (>98% purity).The atomic positions of IBP were determined by
molecular modelling using chemsketch 3D viewer. The dimensions of IBP included in a
parallelepiped were obtained by adding the Van der Waals radius value (0.1 nm) to the
hydrogen atoms at extreme distance. Important physicochemical properties of the IBP
molecule are reported in Table 1.

2-2Adsorption isotherms

The adsorption isotherms are defined by the relation between the concentration of adsorbate
and its degree of accumulation on the adsorbent surface. In this work, the different adsorption
isotherms of IBP were determined on three activated carbons. They were a raw granular
activated carbon (Sigma-Aldrich, ref.292591, 4-14 mesh) referred by AC, an AC sample
oxidized by ultrasonic irradiation in 35 % H,0O, named AC[H,0,]US and an activated carbon
sample heat-treated at 973 K under a nitrogen flow (for 1 hour) named AC(700N;). The
characterization of their surface chemistries and porosities, and the preparation of
AC[H,0,]JUS and AC(700N;), were described in details in reference [12]. For the
investigation of the different adsorption isotherms, the IBP solutions were prepared from
UHQ water (Ultra High Quality, 18.2 MQ purity) containing 10 vol % of methanol in order to

increase the solubility. The IBP adsorption isotherms on the three activated carbons were
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determined at three different temperatures: 298, 313 and 323 K and at pH 7. Activated
carbons (10 mg) were added to the IBP solutions (30 mL) of varying concentrations (5—100
mg L") and stirred for 5 days. The IBP concentrations were determined by UV-visible
spectrometry (Varian, Cary50) at the maximum absorbance observed at 220 nm. The
adsorbed amount of the IBP on activated carbon was calculated using the following mass

balance equation:

0, =——— ()

Where V is the solution volume (L), C; and C are respectively the initial and equilibrium
concentrations of IBP (mg/L) and m ¢ is the mass of the activated carbon (mg).

3- Different models and partition functions

To understand the adsorption process, the adsorption isotherms should be well fitted with an
appropriate model chosen among many possible models. Four statistical physics models were
selected and discussed: the homogenous monolayer with one single energy (Model 1), the
homogenous double layer model with two layer energies (Model 2), the homogenous
multilayer model with saturation having two layer energies (Model 3) and the Langmuir
model (Model 4). All these models were established using the grand canonical ensemble in
statistical physics and assuming different working hypotheses. The expressions of the

partition functions of one receptor site are summarized for each studied model in Table 2.

For the monolayer model with one constant (independent of surface coverage) adsorption
energy, it was assumed that the IBP molecules are adsorbed with one energy and that a single
layer is formed. This model represents the general case of the Hill model and the Langmuir
model. Indeed, for the Langmuir model, it is known that a receptor site may be empty or

occupied by one molecule, but for the monolayer model with single energy, the receptor site
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can be empty or occupied by one or more molecules (Hill model).The double layer model
with two energies was selected to fit the different adsorption isotherms as the molecules

adsorbed on activated carbon can form two layers.

The assumptions of this model are the same as the general assumptions of the other models;
namely, the number of molecules per site are taken to be noticed by n (but which is repeated
at the second layer, so it will be 2n adsorbed molecules per surface site) and the density of

sites are also noticed Ny

The multilayer model with saturation was also selected assuming that many layers were
formed on the activated carbon. For this model, it was supposed that the molecules of the first
layer were adsorbed with (-&;) energy and the molecules of the next layers (N, layers) were
adsorbed with (-&;) energy. We should mention here that for the previous model N, took the

value unity.

4- Formulation of the adequate model and simulation

The Microcal Origin Lab software (OriginLab, Northampton, MA) was used to fit the
different adsorption isotherms of IBP on AC, AC[H,0,]US and AC(700N,) by the three
described models. The mathematical fitting method was based on the Levenberg-Marquardt
iterating algorithm using a multivariable non-linear regression.The fitting criterion in the
present work was the well-known correlation coefficient R’and the residual root mean square
error (RMSE) also called the estimated standard error of the regression.The correlation

coefficient R’ is given by [20]:
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R*=1-

2

i(Qi,exp _Gi,exp) - i(Qi,exp - Qi,model) n —1
Aoy
Z(Qi,exp - Qi,exp)

where Qj,model 1S the i-th value of O by the model fitted, O, cxp is the i-th value of Q measured
experimentally, Q. is the average value of Q experimentally measured, n, is the number of
experiments performed and p is the number of parameters.

For a p number of adjustable parameters, the estimated standard error is given as:
RMSE = /R'—SS
m—p

N 2
where RSS is the residual sum of squares (RSS: Z(Qjcal _Qjexp) ,Ojcar and Qjeyy, are the
=

calculated and experimental values of the adsorbed uptake respectively) and m " is the number

of experimental data. The different values of these coefficients are reported in Table 3.

According to this table, the double layer model with two energies presents the highest R’
values (from 0.978 to 0.996) and the lowest RMSE values. So this model would provide the
best description of the adsorption process of IBP on the activated carbons. The fitting of the

adsorption isotherms using this model are reported in Figure 1.

In Table 4, the different values of the adjusted parameters are reported.

The double layer model with two energies was established using a statistical physics
approach. As an approximation, the mutual interactions between the adsorbate molecules
were neglected, and the adsorbate was considered as an ideal gas [16].The model was
established using the grand canonical partition function describing the microscopic states of a

systemin which this system is placed [17].
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It was assumed that the first adsorbed layer had an adsorption energy (-¢;) and the second one
had a different adsorption energy (-&») lower than the first one as the molecules were

supposed to be firstly adsorbed directly on the activated carbon having a higher adsorption

energy. The partition function in this case of one receptor site was written [14]:

_ﬂ(_ i )Ni
Z :Ze Ei—H :1+eﬂ(81+#)+eﬂ(51+52+2y) 3)
N.

1

where (-&) is the receptor site adsorption energy, u is the chemical potential of the formed

complex, V; is the receptor site occupation state and S is defined as 1/kzT where kg is the
Boltzmann’s constant and 7 the absolute temperature.

A variable number of IBP molecules were considered to be adsorbed on N, receptor sites
located on a unit mass of the adsorbent.

The total grand canonical partition function related to N,, receptor sites per surface unit

mass, assumed to be identical and independent, is written then:

“)
ch — (ch)NM — (1 +eﬁ(51+/1) +eﬁ(51+52+2#))NM
The average site occupation number can be written as:
olnZ,, olnz,, (5)
N, =k,T £ =N, k,T -
ou ou

The total number of the adsorbed molecules is [14]:

n 2n
¢ )
Q,=nmN, =nmN,,

n 2n
G )

(6)
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The analytical expression of this model contains four physicochemical parameters that can be
deduced by fitting the experimental data with the analytical expression (Eq 6): the number of
molecules per site n, the density of receptor sites Ny, and the ¢; and ¢, concentrations at half

saturation for the first and the second layer respectively. m is the adsorbed molecule mass.

5- Results and discussion

The adsorption of IBP on AC, AC[H,0,]US and AC(700N,) at different temperatures was
interpreted through the fitted values of the different parameters in terms of steric and
energetic points of view. The steric parameters were n, Ny, Qua~nNyN;, and N; in Qg

(Table 3).

5-1 Number of molecules per site

The n parameter, as a stoichiometric coefficient, represents the number of adsorbate
molecules of IBP per site. It can be smaller or greater than 1. A n value greater than 1,
represents the number of docked molecules per site, according to a multimolecular adsorption
mechanism [15]. A n value smaller than 1, represents the fraction of molecule per site if a
multi-docking adsorption mechanism may be assumed [15]. In Figure 2, a schematic
illustration of the assumed docking arrangement of IBP is given.

The n parameter is in principle a natural number or a fractional number for one molecule but
for the whole system it can be any number while it is an average number which can be greater
or smaller than the unity. 1/n would represent the docking number of one molecule on several
different receptor sites [15]. Figure 3 shows the variation of the number of molecules per site
versus temperature for the three studied systems: IBP-AC, IBP-AC[H,0,]US and IBP-
AC(700Ny).

Two cases of IBP adsorption occur: multimolecular adsorption and multi-docking adsorption

(Figures 2a, 2b and 2c).
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For IBP adsorbed on AC(700N;) at 298 K, n=1.25. The percentage of molecules which are
either docked by one site (x) or two sites (1-x) is between 1 and 2 and satisfies the following
equation: x.1+(1-x).2=1.25. This gives 75% of the adsorbed molecules singly docked to one
site (Figure 2a), and 25 % doubly docked (Figure 2b) on one site. For AC(700N;) the number
of molecules per site varies from 1.25 to 2.12. The n values might suggest that the IBP
molecules would be in a form of monomer (n=1), or dimer (n=2) or even a polymer but not
multi-docked in the adsorbate solution before and during the adsorption on the receptor sites
of the AC(700N;).The number of molecules per site for the adsorption on AC and
AC[H;0,]US does not exceed 1.5 but it can be also smaller than 1. In this case the IBP
molecules can be either mutimolecular or multi-docked. Thus the IBP molecule would be
multi-docked and parallel to the carbon surface of AC or AC[H,0,]US at low temperature.
The number of molecules per site follows the trend: n (IBP-AC(700N,))>n (IBP- (AC))>n
(IBP-AC[H,0;]US) at different temperatures.This can be related to the higher affinity of the
functionalized receptor sites in AC(700N;) than in AC and AC[H,O,]US. The thermal
treatment under nitrogen would cause this difference by increasing the hydrophobicity of the
surface through removal of the oxygenated group.

Moreover, the basic content groups in AC(700N,) is equal to 1.14 meq/g [12] and higher than
in AC (0.99 meq/g) [12] or AC[H,0,]US (0.62 meq/g ) [12].

For the three studied systems, the number of molecules per site was found to increase together
with the temperature. The aggregation of the ibuprofen in solution could be an endothermic
reaction since it is thermally activated in agreement with the evolution of the n values with

temperature.

5-2 Density of receptor sites

Figure 4 shows the evolution of the effectively occupied receptorsites (Ny) as a function of

the temperature.The increase in temperature has led to the decrease in the receptor sites

10
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density for the three studied systems and this is probably due to athermal effect. The Ny,
values varies as follows: N, (IBP-AC[H,0,]US)>N,, (IBP-AC)>N,, (IBP-AC(700N,)). The
Ny parameter for the IBP-AC(700N,) is lower than for the two other systems. This is related
to the increase in the number of molecules per sites together with temperature and the
tendency to aggregate (dimirisation and trimirisation: 1.25 to 2.12). This aggregation could

hinder the accessibility of the other aggregates to some adsorption sites.

5-3 Adsorbed quantity at saturation

According to its analytical expression, the adsorbed quantity at saturation, Q.. ~=2nN), is a
steric parameter which depends on the number of molecules per site and the density of
receptor sites and represents the ability of the surface of activated carbon to retain the IBP
molecules. Figure 5 shows a decrease in 0, together with temperature.

The increase in temperature could cause the rise of the thermal collisions and then the
molecules would not be easily fixed on the activated carbon as already observed by the Ny,

decrease at high temperature.

5-4 Adsorption energies

The expressions of the adsorption energies are given by [15]:

_81=—kBTln( Cj) (7)
— g, = —k,T In( =) ®)
C

where ¢; and ¢, represent the concentration at half saturation of the first and the second layer
respectively, ¢s is the solubility of the adsorbate in aqueous solution.The first adsorption
energy (-&;) is related to the interaction between the IBP molecule and the adsorbent surface

whereas the second adsorption energy (-&») represents the IBP-IBP interaction. For physical

11
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adsorption such as hydrogen bonding energies values are lower than 30 kJ/mol [21]. The
physical adsorption energies due to the van der Waals forces are usually in the range 4-10
kJ/mol, hydrophobic bond forces energies about 5 kJ /mol, coordination exchange energies
about 40 kJ/mol and dipole bond forces energies 2—29 kJ /mol [22].0On the other hand, the
chemical bond forces energies are usually >80 kJ /mol [22]. In our work, the different values
of the adsorption energies were below to 20 kJ /mol which is consistent with both the
hydrogen bond and hydrophobic interaction .According to the Figure 6, the first energy was
found higher than the second because the adsorbate-adsorbate interactions were lower than
the adsorbate-adsorbent interaction. The adsorption energy was found to decrease together
with the temperature. This evolution is probably related to the decrease in the adsorbed

quantity as heating in agreement with the exothermic adsorption of IBP at this pH.

6-Thermodynamic functions

The grand canonical ensemble in statistical physics correspond allows to calculate the
potential thermodynamic functions characterizing the adsorption process of IBP and giving a

macroscopic description of it. The entropy, free enthalpy and internal energy were calculated.

6-1 Entropy

The entropy gives information about the order and disorder at the adsorbent surface during the
adsorption.The expression of the entropy was established from the definition of the grand

potentialJ using the grand canonical partition function Zg[18]:

J=-k;TInZ, =E,—p,0,-T8S, )
0
J=——InZ -T., (10)
op ¢

12
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By equalizing these two expressions, it can be obtained:

a

0
78 :—ﬁangC+kBTangC (11)
From which the expression of the entropy can be derived:

Sa/sz—%angCJrangc (12)

Finally, the expression of the entropy is given by:

ey ) HE) ) )
5w, ln(l+[£J +[CJ A Nl DA “/) a3

From Figure 7, the entropy presents two maxima at two particular concentrations. Indeed, the
entropy increases with concentration at low concentrations. This means that the disorder at the
adsorbent surface increases, which could be understood by the fact that the adsorbed molecule
of IBP has many possibilities to be docked on the empty sites at low concentrations.The
entropy reaches its first maximum value at half saturation of the first adsorbed layer since the
IBP molecule has the maximum possibilities to be docked on the empty receptor sites of the
first type. After that, the entropy decreases since the possibilities of finding an empty first
type site decreases more and more when the saturation of the first adsorbed layer is almost
reached. The observed minimum value of the entropy does not reach zero, because before the
first type is totally saturated, the second one starts to be filled and the disorder increases
again. When the second type reaches saturation, the entropy decreases and goes towards zero.
All the evolutions of the entropy for the three studied systems were found similar since the

mobility of IBP molecules is not influenced on the adsorbent surface by the different

13
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treatments. The decreases in entropy can be also explained by the free space reduction in the
cavities and the limitation of the freedom degree of molecules as reported by Zhou et al
[24].1t suggests that the model that is used induces a theoretical filling of the pores that is

likely to be homogeneous [24].

6-2 Free enthalpy

The free enthalpy defines if an adsorption process of a given system is spontaneous or not
[16,24]. The evolution of this potential function was investigated by calculating its expression

according to the double layer model with two energies. The free enthalpy is given by [19]:
G=ttaQu
(14)
Where g, is the chemical potential of the receptor site, and Q, is the adsorbed amount. The

chemical potential is given by [12]:

/’la = kBT ln(i)
Z )

v

where z, represents the translation partion function per unit volume.

The free enthalpy has the following expression:

(16)

14
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Figure 8 depicts the evolution of the free enthalpy against the free adsorbate concentration in
solution for the different studied systems. All the values of the Gibbs free adsorption enthalpy
are negative, as the adsorption reaction is spontaneous. The decreasing in the free enthalpy
with increasing temperature shows a decrease in feasibility of adsorption at higher
temperature. The adsorbed uptakes of the IBP on the three activated carbons are quite close.
Thus, the values of Gibbs energies have quite the same magnitude whatever the activated

carbon type.

6-3 Internal energy

The evolution of the internal energy was calculated from the following equation [19]:

B, _ 0InZ,) p oln(z,,) (17)
kB 8,8 ﬂ 5#

Finally, the expression of the internal energy is given by:

I
|
5

(18)

Eint n 2n
C c
I+ — | +| —
(Clj [CJ
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The evolution of this parameter is depicted in Figure 9.The internal energy is negative
confirming that the system evolves spontaneously since it releases energy. The internal energy
increases in module as the temperature increases and this can be probably related to the

increase in thermal collision.

Conclusion

The double layer model with two successive energies established from the grand canonical

partition function better reproduces the experimental isotherms, among the proposed models.

According to this model, the different adsorption isotherms of IBP on the three activated
carbons were analyzed and interpreted at different temperatures. The study of the effect of the
temperature on the number of molecules per site for the IBP- AC(700N;) system showed that
the IBP molecules could be in the form of monomer (n=1), or dimer (»=2) in the adsorbate
solution before and during the adsorption on the receptor sites. The increase in temperature
has led to the decrease in the receptor sites density for the three studied systems upon thermal
agitation. The temperature dependence of the adsorbed uptake at saturation shows that the low
temperature is the best condition to obtain an efficient removal of IBP. The values of the
different adsorption energies demonstrate that IBP is physically adsorbed.To characterize the
adsorption process, the entropy was calculated according to the chosen model. The molecules
of IBP have various possibilities to interact with a receptor site as they are adsorbed in the
first layer and therefore the disorder increases at the surface as increasing the
concentration.The disorder decreases when the first layer tends towards saturation. Similar
behavior was observed for the adsorption in the second layer. The evolutions of the free
energy and internal energy show that the adsorption is spontaneous until the saturation is

attained.

Nomenclature

16
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IBP: Ibuprofen.

AC: The raw activated carbon.

AC[H;0,]US and AC(700N;): The two chemically modified samples.
n: The number of molecules per site.

Ny : The receptor site density (mg/g).

Qusar - The adsorbed quantity at saturation (mg/g).

-&1,-& : The adsorption energies (kJ).

V': The solution volume (L).

C; : The initial concentration of IBP (mg/L).

C : The equilibrium concentration of IBP (mg/L).

QO.: The adsorbed amount of IBP (mg/g).

myc: The mass of the activated carbon (g).

m: The mass of the adsorbed molecule (mg).

N>: Layers number of the multilayer model with saturation.
BET: Brunauer—Emmett-Teller.

RMSE : The residual root mean square error.

R’: The correlation coefficient.

O: moder: The i-th value of Q by the model fitted.

Qi exp: The i-th value of O measured experimentally.

Qexp: The average of O experimentally measured.

n,: The number of experiments performed.

p: The number of parameters of the fitted model.

RSS: The residual sum of squares.

Ojcar and Qjexy: The calculated and experimental values of adsorbed quantity.
m : The number of experimental data.

-&: The receptors site adsorption energy (kJ).

u: The chemical potential of the formed complex (&J).

17
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I, - The chemical potential of the receptor site (k).
N;: The receptor site occupation state.

f: The Boltzmann’s factor.

kg : The Boltzmann’s constant (1.3806488 10%J K™).
T : The absolute temperature (K).

zq.: The partition function of one receptor site.

Zg.: The total grand canonical partition function.

Ny: The average site occupation number.

c; and c,: The concentrations at half saturation for the first and the second layer respectively
(mg/L).

¢;: The solubility of IBP in aqueous solution.

S,: The entropy.

G: The free enthalpy.

z,: The translation partition function per unit volume.

Eini: The internal energy.
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Figure 1: Experimental data fitted with the statistical physics model.

Figure 2: Schematic illustration of the assumed docking arrangement of IBP on activated
carbon.

Figure 3: Evolution of the number of molecules per site at different temperatures.

Figure 4: Evolution of the density of receptor sites at different temperatures.

Figure 5: Evolution of adsorbed quantity at saturation at different temperatures.

Figure 6: Evolution of the adsorption energies at different temperatures.

Figure 7: Evolution of the entropy versus concentration for the three studied systems.

Figure 8: Evolution of the free enthalpy versus concentration for the three studied systems at

three different temperatures.

Figure 9: Evolution of internal energy versus concentration for the three studied systems.
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Figure 1
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Figure 2
HiC.

OH

CHy
N
H o, °

B )
Figure 3

RSC Advances

)
NG
~

m IBP-AC
® IBP-AC(700Ny)

A IBP-ACHOJus | 4

>

']

Number of molecules per site (
O OO A @A aa a NN
RowoiNMbdoO®o®ON

rY

305 310 315
Temperature (K)

295 300

320

325



Figure 4

Figure 5

RSC Advances
B 120
2 110 m IBP-AC
= 100 @ IBP-AC(700N5)
= 90 A IBP-AC[H05US
¢ 80
® 70
S 60
Q.
& 50 A
]
8 40
L
o 30
[ ]
2 2 $
g 10 1 1 1 1 1
8 295 300 305 310 315 320 325
Temperature (K)
o
(o]
=
= 130 m IBP-AC
S 120 e IBP-AC(700N,)
c
.% 110 A IBP-AC[H20,]US
5
: 100 ;
= 90
2 80 1 )
o 1
c
g_ 70 ?
s 60 A
Q
2 . . . . .
5 295 300 305 310 315 320 325
3
<

Temperatre (K)

Page 24 of 32



Page 25 of 32

RSC Advances

325

Figure 6
-8
m IBP-AC
3 9 ® IBP-AC (700Np) 5 50 m IBP-AC
E A IBP-AC[Hy0,JUS E oo ® IBP-AC (T00Ny)
X 10F 2 A IBP- ACIHy09US
& § -6.0F
> A1E >
g 2 650
5 4ol 5
0 g -7.0F
5 g -7.5¢F
§ -13F '8- .
< oo < 80}
295 300 305 310 315 320 325 295 300 305 310 315 320
Temperature (K) Tempertaure (K)
Figure 7
0,40
——T=298 K 0,40
035f |=——T=313K ——T=298 K
—T=323K 035F |__T=313K
0,30 030F ——T=323K
0,25 Studied system: IBP-AC(700N,)
tudied system: IBP-AC 0,25
Lo o
= 20,20
o 015 e saturation is reached ;;v
015 The saturation is reached
0,10 0,10
0,05 0,05
0,00 s b 0,00
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
C (mg/L) C (mglL)
0,40
—T=298 K
0,35 | —T=313 K
—T=323 K
0,30 £
Studied system: IBP-AC[H,0,]JUS
0,25
2020
] The saturation is reached
® 0,15

0,10

0,05

0,00

0 10 20 30 40 50 60 70
C (mg/L)

80 90 100



RSC Advances Page 26 of 32

Figure 8
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Figure 9
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Table 1: Physicochemical properties of IBP molecule.
Table 2: Partition functions of each discussed model.

Table 3: Values of coefficient of determination R’ and RMSE of each model.

Table 4: Values of the different adjusted parameters according to the double layer model with

two layer energies.
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Table 1

Compound Molecular ~ Molecular pKa dimensions

(IBP) formula weight

(g/mol)

H, CH/3 o

length: 1.36 nm
OH CuHi0; 20628 491 Widih:0.74nm

H,C

thickness: 0.52 nm

Table 2

Model Model names Partition functions References

number

Model 1 monolayer model
with one - —1+¢” (e+4) [13]
homogenous energy &

Model 2 homogenous double
layer model with two s =14l aru) | B larer+u) [14]
layer energies 8¢

Model 3  homogenous
multilayer model _ (P @t \N [15]
with tw}:) layer z, =1+ 4 f I=(e )

A ¢ |— Pl

energies with
saturation

Model 4 Langmuir model [13]

Z, =1+ o ek
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Table 3
IBP-AC IBP-AC[H,0,]US IBP- AC(700N;)
Rz

T (K) 286 313 323 286 313 323 286 313 323
M; 0.972 0969 0971 0.962 0.981 0.977 0.975 0.975 0.970
M, 0.978 0.979 0.988 0.984 0.990 0.996 0.988 0.986 0.981
M; 0.974 0979 0981 0.982 0.984 0.981 0.979 0.985 0.980
My 0.970 0.964 0970 0.961 0.977 0.973 0.971 0.973 0.969

RMSE

M; 256 2.71 255 273 218 2.55 2.51 2.51 2.48
M, 210 2.04 1.78 198 1.57 1.24 1.75 1.95 1.99
M; 262 222 210 222 217 2.11 2.57 2.59 2.38
My 2.86 2.79 258 279 225 2.88 2.59 2.57 2.94

M: model
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Table 4
Studied T(K) n Ny Qusa=nNuNi(mg/g) -&; -&
system (kJ/mol) (kJ/mol)
IBP-AC 298  0.52 100.11 104.12 -9.62 -5.11
313 0.88 46.59 82.18 -11.08 -6.08
323 1.50 22.66 68.05 -12.68 -6.78
IBP- 298 1.25 49.6 124 -10.50 -5.39
AC(700Ny) 313 1.84 26.63 98 -12.24 -6.36
323 2.12 19.10 81 -14.65 -7.55
IBP- 298 0.48 105.02 101.79 -9.52 -5.39
AC[H,0,]JUS 313 0.76 51.22 79.11 -10.56 -6.36
323 1.20 25.41 61.22 -12.21 -7.27
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