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Abstract In this paper, we consider two different polyethylene filter plates coated with multi-

walled carbon nanotubes (MWCNTs) and synthesized by surface molecularly imprinted technique,

namely plate@MWCNTs@MIPs (PMIPs) and plate@MWCNTs@NIPs (PNIPs). They were used

as effective adsorbents for selective adsorption and detection of prednisone (PS) in cosmetics. As a

first assessment to investigate the performance of these adsorbents, the PS adsorption isotherms

were analyzed using an advanced multilayer statistical physics model at three different temperatures

( 293, 303 and 313 K) and over a wide PS concentration range (0.09–1.5 mg/mL). The obtained ana-

lyzing results from the best fitting model showed that the PMIPs adsorbent displayed a high adsorp-

tion capacity (27.4 mg/g) due to the contribution of the number of PS molecules per site (nm)

combined with the receptor sites density (Dm), which displayed a high recognition ability due to

the adsorption energy. Modeling analysis process indicated that the PS molecules could be

anchored on the PMIPs and PNIPs surfaces via a non-parallel orientation where the adsorption

is a multi-molecular process. The calculated adsorption energies globally varied from 4.51 to

7.62 kJ/mol, confirming the physical nature of the adsorption process for the studied systems, which

is beneficial in cosmetics. Finally, three thermodynamic potentials (entropy, internal energy and free

enthalpy) were evaluated for a better understanding of the physico-chemical behavior of the adsorp-

tion process.
� 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Prednisone is a glucocorticoid (GCs) mainly employed in the

treatment of dermatological diseases and many other diseases

(Li et al., 2013). The application of prednisone in cosmetics

leads to an enhancement in the smoothness and texture of

the skin. Nevertheless, prolonged use of these hormone-

based cosmetics may lead to hormonal addiction in relation

with other side effects, which can cause metabolic disorders

or even cancer (Capelli et al., 2013; Fiori and Andrisano,

2014.LC–MS; Zhang et al., 2016). Thus, The European Union

Cosmetics Regulation (Santoni, 2015) forbids the use of gluco-

corticoids in cosmetics. However, some illegal manufacturers

have been found to add anti-inflammatory GCs to their cos-

metics to achieve anti-acne and anti-wrinkle effects

(Gagliardi et al., 2000; Gagliardi et al., 2002; Reepmeyer

et al., 1998). Consequently, there is a great demand to develop

an advanced technique capable of detecting the adulteration of

GCs in cosmetics. Currently, many techniques such as liquid

chromatography (HPLC) (Fu et al., 2010), capillary elec-

trophoresis (Bagot and Meaney, 2011), thin layer chromatog-

raphy (Rodionova et al., 2010) and gas chromatography (GC)-

mass spectrometry (MS) (Antignac et al., 2004) have been used

in order to recognize and examine forbidden ingredients in cos-

metic products. However, these techniques are often time con-

suming, complicated and require considerable amounts of

reagents and solvents. Hence, choosing a suitable preparation

technique is essential for the efficient examination of complex

samples. Solid phase extraction with a surface molecular

imprint (SMISPE) is a significant method for sample elabora-

tion. This technique has better selectivity for prohibited sub-

stances, and is simple to prepare compared to conventional

separation methods (Anderson et al., 2008; Arabi et al.,

2020; Bianchi et al., 2017). Additionally, prednisone molecular

capture (PS-MC) is a new SMISPE substrate, and is prepared

using surface molecular imprinting technology (Gong et al.,

2018; Kamra et al., 2015; Liu et al., 2015; Liu et al., 2017;

Nematollahzadeh et al., 2014; Wei et al., 2015) with multi-

walled carbon nanotubes (MWCNTs) (Ertan et al., 2016;

Kumar et al., 2014; Luo et al., 2012; Zhang and Shi, 2012;

Zhang et al., 2010; Zhao et al., 2016). PS-MC has many char-

acteristics of molecularly imprinted polymers (MIPs), such as

excellent separation and adsorption selectivity for guest mole-

cules. In addition, PS-MC has the characteristics of solid phase

extraction separation (Akram and Dorabei, 2017; Zong-Yuan

et al., 2014); after having completed the recognition and

adsorption of the template molecules (prednisone), it can be

eliminated immediately from the sample matrix without the

need for a high speed centrifugation or magnetic separation.

The PS-MC used in this study was prepared through the sur-

face polymerization combined with nanotechnology (Wang

et al., 2018). A plate@MWCNTs was employed as an inner

backing and then covered with molecularly imprinted poly-

mers (MIPs) using the entrapping technique. The MIPs were

coated on the plate@MWCNTs surface via the copolymeriza-

tion of a functional monomer (APTES), a cross-linking agent

(TEOS), and the template molecules (prednisone). Finally, the

template molecules were eliminated to yield the PS-MC (Wang

et al., 2018). Studying the adsorption equilibrium is essential to

understand the binding properties of PS-MC to prednisone

(Almughamisi et al., 2020; Elwakeel et al., 2020; Zhou et al.,
2020). The adsorption of prednisone and other similar mole-
cules on various adsorbent compounds have been analyzed
through empirical sorption models (Toth, Langmuir, Fre-

undlich, etc..), thanks to their simplicity and flexibility
(Bouaziz et al., 2019; Song et al., 2017; Song et al., 2017;
Wang et al., 2018; Zhang et al., 2019). However these classical

models generally provide an incomplete understanding of the
sorption process, due to the strong restrictions of their funda-
mental assumptions. In this paper, the prednisone sorption iso-

therms onto plate@MWCNTs@MIPs (PMIPs) and
plate@MWCNTs@NIPs (PNIPs) adsorbents were theoreti-
cally investigated to better understand and interpret the
adsorption process. The aim of the work is the assessment of

a modelling analysis based on the statistical physics formalism
as a new tool for the retrieving of important adsorption
parameters with a defined physical meaning, i.e. the number

of prednisone molecules captured per binding site of the adsor-
bent, the density of the receptor sites of the tested adsorbents,
the total number of the formed layers of prednisone on the

adsorbent surface, the surface adsorption energies, etc. In light
of this clarification, the experimental tests only aim to build a
significant and sufficiently large dataset to which the statistical

physics models apply for the subsequent and most meaningful
modelling analysis. Three advanced statistical physics models
have been implemented in order to attribute new microscopic
and macroscopic interpretations to prednisone molecule

adsorption onto plate@MWCNTs@MIPs (PMIPs) and pla-
te@MWCNTs@NIPs (PNIPs). Indeed, these theoretical mod-
els were applied for the first time for the interpretation of the

prednisone adsorption and allowed a significant extension of
the modelling power offered by the classical models (e.g. Lang-
muir, Hill and BET), commonly adopted in this field of inves-

tigation. The use of a new set of adsorption models derived
from the statistical physics for the modelling analysis of pred-
nisone adsorption onto PMIPs and PNIPs has never been pro-

posed in the literature. Not only is the theoretical modelling
aspect important, but the consequences of this modelling are
also more relevant than the used statistical physics method.

The selection of the best fitting is itself data of the physico-

chemical information about the description and details of the
adsorption process. It is like a microscope which shows and
highlights the microscopic aspects of the adsorption process,

such as the molecule position, molecule adsorption energy,
the molecule stacking layer, specific area of the porous adsor-
bent structure, energy distribution, and energy distribution of

the surface heterogeneity. These aspects are derived from the
physical parameters of the selected model and investigated in
this paper. Indeed, this best fitting model allows the calculation
of several adsorption parameters with a defined physical mean-

ing, which helps in the analysis of adsorption systems with a
significantly deeper detail compared to the commonly adopted
modelling analysis (e.g. those based on the Langmuir or Fre-

undlich models).
Another goal is to accurately analyze the thermodynamics

of the prednisone adsorption and to treat the effect of the main

sorption parameters. This model is intended for a support tool
for the adequate design of a novel solid phase extraction mate-
rial with specific adsorption for prednisone. It also allows the

selection of sorbent composites with microstructural and
chemical characteristics suitable for the detection of pred-
nisone in cosmetic products. The energy distribution of the site
was also estimated to corroborate the surface heterogeneity



Fig. 2 Adsorption isotherms of PS on (a) PMIPs and (b) PNIPs

at three different temperature (293–303-313 K) and over a

concentration range of (0.09–1.5 mg/mL) fitted by multilayer

statistical physics model (M3).
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and the physical nature of the adsorbate/adsorbent interac-
tions. This allows to characterize the linking energy of pred-
nisone with organic materials. The physisorption character

allows to ensure the reversibility of the PS anchorage to be able
to remove the PS molecules from these composites from the
human skin.

2. Experimental details

2.1. Materials

The preparation and characterization of the plate@

MWCNTs@MIPs (PMIPs), and plate@MWCNTs@NIPs
(PNIPs) can be referred to literature (Wang et al., 2018). The
difference between the two modified adsorbents is that the

PNIPs material is prepared according to the same methodol-
ogy as PMIPs but without the introduction of a prednisone
template (Wang et al., 2018). The molecular structure of this
prednisone molecule is presented in Fig. 1.

2.2. Adsorption isotherms experiments

The Prednisone adsorption isotherms on PMIPs and PNIPs

adsorbents were determined at temperatures 293 K, 303 K
and 313 K according to the experimental conditions intro-
duced in (Wang et al., 2018). In each experiment, four pieces

of PMIPs and PNIPs were placed in a wide-mouth bottle
and 10 mL of prednisone solution (1 mg/mL) was added.
Then, the bottle was covered and incubated during 2.5 h. PS-

MC that reached the adsorption equilibrium was separated
from the prednisone solution. The UV–Vis spectrometry is
used to determine the concentration of prednisone in the
supernatant. All the experimental data of PS adsorption on

PMIPs and PNIPs have been reported in (Wang et al.,
2018), and they are illustrated in Fig. 2. The PS sorption iso-
therms demonstrated that the temperature had an impact on

the evolution of the uptake quantity. This thermal impact on
the adsorbents can be examined through the implementation
of theoretical sorption models.
Fig. 1 3D representation of the molecular structure of the

Prednisone. Colors: gray–carbons, white–hydrogen and red–

oxygen.
3. Description of prednisone sorption profiles and modeling

analysis

Fig. 2a and 2b depict the PS sorption isotherms at 293 K,
303 K and 313 K on PMIPs and PNIPs adsorbents, respec-
tively. The PS adsorption quantities reach a fixed value at a

high concentration highlighting the typical saturation process.
This process is the consequence of the site occupation with PS
molecules by the creation of two or more layers. According to

the PS isotherm behavior, three advanced models were estab-
lished to mathematically interpret and discuss the prednisone
sorption phenomenon from cosmetic products.

3.1. Sorption with the creation of single layer (M1)

This adsorption model assumed that the PS sorption was per-

formed with a fixed number of layers (one layer in this state)
with one binding energy (-e). In addition, we supposed that
every binding site included in the sorption process captured
a variable number of PS molecules. In fact, this statistical
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model allows the captured number of PS per main adsorption
site to be greater or less than unity. Hence, the variation of the
uptake capacity is written by the following equation (Aouaini

et al., 2019):

Qa ¼
nm:Dm

ð1þ ðC1

C
ÞnmÞ ð1Þ

where nm is described as the binding number of PS molecule
per PMIPs and PNIPs site, Dm is the density of the receptor

sites of the two employed adsorbents, and C1 is the half-
saturation concentration of the sorbed layer.

3.2. Sorption with the creation of two layers (M2)

This model suggested that the PS sorption on the PMIPs and
PNIPs occurred by a fixed number of layers. Two layers are

assumed in this state. The main active sites for the PS sorption
can adsorb a non-fixed number of template molecules. This
theoretical model considered two binding energies (-e1) and

(-e2) that are associated with PS-PMIPs/PNIPs PMIPs and
PNIPs, and PS-PS interactions. The equation of this model
is obtained by (Wjihi et al., 2017):

Qa ¼ nmDm

ð C
C1
Þnm þ 2ð C

C2
Þ2nm

1þ ð C
C1
Þnm þ ð C

C2
Þ2nm

ð2Þ

where C1 and C2 are described as two concentrations at half-
saturation that are associated with the 1st and 2nd adsorbed

layers, and Dm is the receptor site density.

3.3. Sorption with a variable number of layers (M3)

This advanced model hypothesized that the PS sorption was
performed with a non-fixed number of layers (N2 + 1), and
every binding site also captures a variable number of PS mole-

cules. Two binding energies are examined to interpret the
adsorption process: the first energy characterizes the interac-
tions between the template molecules and the adsorbent sur-
face and is mainly associated to the first layer (PS- PMIPs

and PNIPs), and the second energy is associated to the interac-
tions between PS molecules (PS-PS) (where N2 is non-fixed).
Therefore, the global number of layers is (1 + N2) and the

expression of this adsorption model is obtained by the follow-
ing equation (Yahia et al., 2019):
Qa ¼ nm:Dm

� 2ð C
C1

Þ2nm

ð1�ð C
C1

Þnm Þ þ
ð C
C1

Þnm ð1�ð C
C1

Þ2nm Þ
ð1�ð C

C1
Þnm Þ2

þ 2ð C
C1

Þnm ð C
C2

Þnm ð1�ð C
C2

ÞðnmN2 ÞÞ
ð1�ð C

C2
Þnm Þ þ � ð C

C1
Þnm ð C

C2
Þnm ð C

C2
ÞðnmN2ÞN2

ð1�ð C
C2

Þnm Þ þ ð C
C1

Þnm ð C
C2

Þð2nmÞð1�ð C
C2

ÞðnmN2ÞÞ
ð1�ð C

C2
Þnm Þ2

ð1�ð C
C1

Þ2nm Þ
ð1�ð C

C1
Þnm Þ þ

ð C
C1

Þnm ð C
C2

Þnm ð1�ð c
c2
ÞðnNc ÞÞ

ð1�ð C
C2

Þnm Þ

ð3Þ
where C1 and C2 are the concentration at half-saturation of the
first and (N2 + 1) PS sorbed layers on the two adsorbents. The

expressions of the two adsorption energies are written as:
DE1 ¼ RTln
Cs

C1

ð4Þ

DE2 ¼ RTln
Cs

C2

ð5Þ

where Cs (mg/mL) is the PS water solubility, R is the ideal gas
constant (R = 8.314472 J/(mol.K)) and T is the absolute

temperature.

4. Results and discussion

4.1. Simulation

These statistical physics adsorption models described in the
previous section were adjusted to the equilibrium adsorption
data at different operating temperatures. Three merits were

utilized to select the adequate model using Origin 8 software.
The first is the coefficient of determination (R2) which defines
the smallest sum of the squares of the residuals between the
experimental and modeling data. The second is the akaike

information criterion (AIC) and the third is the residual mean
square error (RMSE) coefficient that can calculate the stan-
dard regression defect between the experimental data and the

adjust model. In this regard, if the selected sorption model is
suitable and the estimated parameters are unbiased, then
approximately 95% of the estimated values should fall within

±2 RMSE of their true values. The standard error determined
by RMSE is written as (Alyousef et al., 2020):

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RSS

m0 � p

s
ð6Þ

where RSS represents the sum of the residual squares, p is an

adjustable parameter and m0 expresses the number of the
experimental data points.

Then, the relative quality estimator of the statistical physics

models for a given data set AIC is defined as (Alyousef et al.,
2020):

AIC ¼ klnðRSS

k
Þ þ 2p ð7Þ

where k represents the number of experimental data points of

the adsorption isotherm.
The total values of R2, RMSE and AIC coefficients of all

the established models, as fitted to the adsorption isotherm
of PS on PMIPs and PNIPs, are summarized in Table 1. As
can be noticed, the multilayer adsorption model provides the

good adjusting results since it has the highest R2 values and
the lowest RMSE and AIC values in comparison with the



Table 1 Values of coefficient of determination R2, RMSE and AIC of each model.

Adsorbent T(K) Model

R2

M1 M2 M3

Plate@MWCNT@MIPs 293 0.963 0.982 0.990

303 0.962 0.981 0.994

313 0.968 0.976 0.993

Plate@MWCNT@NIPs 293 0.964 0.983 0.992

303 0.966 0.989 0.998

313 0.968 0.986 0.991

RMSE

Plate@MWCNT@MIPs 293 0.192 0.065 0.009

303 0.162 0.092 0.003

313 0.134 0.099 0.008

Plate@MWCNT@NIPs 293 0.171 0.053 0.004

303 0.105 0.085 0.002

313 0.114 0.052 0.007

AIC

Plate@MWCNT@MIPs 293 14.25 4.23 2.16

303 12.21 6.18 1.67

313 10.33 7.34 2.05

Plate@MWCNT@NIPs 293 12.81 3.54 1.82

303 9.15 5.86 1.22

313 10.13 3.12 2.01

Table 2 Parameters values of the statistical physics (M3) for the adsorption of PS on PMIPs and PNIPs adsorbents.

Adsorbent T (K) Parametes

nm Dm(mg/g) Nc Qasat(mg/g) DE1 (kJ/mol) DE1 (kJ/mol)

Plate@MWCNT@MIPs 293 2.46 1.15 4.82 13.63 6.36 4.56

303 2.33 2.24 3.80 19.83 7.19 4.69

313 2.26 3.62 3.35 27.40 7.62 4.79

Plate@MWCNT@NIPs 293 1.32 1.07 5.68 8.02 6.25 4.51

303 1.21 1.97 4.64 10.98 7.08 4.57

313 1.12 2.89 4.24 13.72 7.41 4.43
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other applied models. Therefore, it was selected for the analy-
sis and discussion of adsorption process. The adjusting of the

sorption isotherms of prednisone on PMIPs and PNIPs
according to the perfect-fitting model (M3) is illustrated in
Fig. 2 and the different simulated parameters obtained from

M3 are shown in Table 2. In the next section, the discussion
of the fitted values of the adjusting parameters is interpreted,
using a graphical representation of the behaviors as a function

of temperature.

4.2. Steric interpretations

4.2.1. Study of the number of PS molecules linked per main
adsorption site (nm) and the density of receptor sites (Dm)

The parameter nm involved in the saturated multilayer model

can give a steric description concerning the PS molecules and
the sorption process on the two tested adsorbents. This stoi-
chiometric coefficient is also able to estimate the aggregation

degree of PS (Bouaziz et al., 2019). In other words, this coeffi-
cient can provide a useful indication about the anchorage ori-
entation of the PS molecule on the PMIPs and PNIPs
adsorbents by comparing its values to the unity. Microscopi-
cally, this parameter is in principle an integer or a fractional

value for one site but the fitted number usually does not,
because it expresses a mean value of the sites. Therefore, it
can be lower or higher than unity. An nm value superior to 1

expresses the anchored number of molecules per site, in accor-
dance with a multi-molecular adsorption phenomenon
(Bouaziz et al., 2019). An nm value inferior to 1, expresses

the portion of molecule per binding site if a multi-linking sorp-
tion phenomenon can be supposed. The calculated values of
the nm coefficient are represented in Table 2. As it can be
shown, all the calculated nm values for the PS adsorption on

the two adsorbents at each operating temperature are greater
than unity. This result indicates a non-parallel position for
the adsorption of the PS molecules on both adsorbents. The

PS molecules could link with one adsorption site where the
adsorption is a multi-molecular process. For PS adsorbed on
PMIPS, nm is greater than 1, i.e. up to a value of 2.46. Since

nm is a mean number, we can assume that the effective number
of binding of a PS molecule is either two or three, being one of
the most frequent values. The precise proportion � of sites



Fig. 4 Effect of temperature on the density of receptor sites

(from M3 model) of MIPs and NIPs adsorbents.

Fig. 5 Effect of temperature on the total number of formed
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with two molecules corresponding to the (1-x) proportion of
sites bonding three molecules given by the following relation:
2.x+ (1-x)0.3 = 2.46. This would give 54% of the PS mole-

cules doubly anchored at a single site, and 46% triply
anchored at a single site. As depicted in Table 2, the nm values
varied from 2.26 to 2.46 and from 1.12 to 1.32 for the PS-

PMIPs and PS-PNIPs sorption systems, respectively. Based
on the estimated values of nm, it has been observed that the
aggregation degree is low i.e. the PS molecules only form a

dimer (nm �2) for the first system and monomer (nm �1) for
the second one at the three different temperatures. We can
deduce that the adsorption system is not highly thermally acti-
vated. In other words, the temperature has a minor impact on

the aggregation phenomenon. Comparatively, the number of
PS molecules adsorbed by the main adsorbent site follows
the next ranking: nm (PS-PMIPs) > nm (PS-PNIPs) at all oper-

ating temperatures. Chemically speaking, this trend can be
explained by the textural properties of the adsorbents surface.
It is clear that the PMIPs adsorbent is more attractive to the

PS molecules than the PNIPs adsorbent. The impact of tem-
perature on this coefficient is elucidated in Fig. 3 where the
results show that the captured number nm of PS molecules

decreases with the increasing temperature. This fact is classi-
cally caused by the thermal agitation that generates the break-
age of the binding between the adsorbed molecules in aqueous
solution (Wjihi et al., 2017). So nm is decreased with tempera-

ture as illustrated in Fig. 3.
Fig. 4 depicts the impact of the sorption temperature on the

coefficient Dm, which is the density of the filled receptor sites

per surface unit when they attain the saturation level. From
this figure, it is noticed that this parameter presented an
inverse behavior with respect to the nm parameter. A decrease

of nm with temperature led to an increase of the parameter Dm,
and vice versa. Firstly, the increase of temperature can lead, by
a thermal dilatation, to an increase of the adsorption surface

and the space on the PMIPs and PNIPs adsorbents surface.
Secondly and particularly, an increase of the occupied binding
sites, which could result from the decrease of nm, causes the
decrease of a steric hindrance effect. The size of the aggregated

molecules before linkage and adsorption becomes small and
other sites could be involved.
Fig. 3 Effect of temperature on the number nm of PS molecules

captured (from M3 model) onto PMIPs and PNIPs adsorbents.

layers of prednisone molecules (from M3 model) onto PMIPs and

PNIPs adsorbents.
4.2.2. Study of the global number of adsorbed layers (Nc = 1
+ N2)

Fig. 5 depicts the impact of temperature on the overall number
of formed layers of prednisone molecules on the PMIPs and

PNIPs adsorbents. It was noticed that the temperature reduced
the formation of the adsorbed layers for both adsorbents. It is
therefore a classic thermal agitation effect. It was also shown

(Table 2) that the sorbed layers varied from 4.82 to 3.35 and
from 5.68 to 4.24 with temperature for the PS-PMIPs and
PS-PNIPs systems, respectively. Four layers of PS molecules

were arranged on the PMIPs surface at low temperature, and
almost five layers of this template molecule (PS) were stacked
on the surface of PNIPs. This difference is due to the textural

and chemical properties of the two tested adsorbents surface,
which affect the PMIPs/PNIPs-PS interactions and, therefore,
the creation of the prednisone layers, such adsorption energies
(-e1), (-e2) and cohesion energy between adsorbates molecules.



Fig.6 Effect of temperature on prednisone adsorption capacity

at saturation (from M3 model) of PMIPs and PNIPs adsorbents.
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4.2.3. Study of the prednisone uptake capacity at saturation

According to the saturated multilayer model, the adsorbed
amount at saturation, Qasat = nms.Dsr.Nc is a steric coefficient
related to the global number of sorbed layers, the density of

receptor sites and the number of molecules per site. It represents
the potentiality of the surface of the employed adsorbents to
retain the PS molecules. The relationship between Qasat and

the tested temperature is illustrated in Fig. 6. It can be observed
that the adsorbed amount at saturation of the two systems
increased with the increasing temperature. This could be attrib-

uted to the important increase of Dm with temperature despite
of the less important decrease of nm and Nc with temperature.
This behavior is not frequently observed and it may be

explained using the steric coefficients (nm, Dm and Nc) correla-
tion. As aforementioned, the increase of temperature led to a
decrease of the parameters nm and Nc and to an increase of
the parameter Dm. The trend of the three steric coefficients

led to the rise of the uptake capacities with the temperature.
Therefore, the parameter Dm is the main contributor to the evo-
lution of the uptake capacities and has imposed the overall

behavior. In terms of the performance of PS-PMIPs and PS-
PNIPs, it was concluded that: Qasat (PS-PMIPs) > Qasat (PS-
PNIPs). This ranking suggests that the PMIPs adsorbent is

more effective to sorb the PS molecules. This is mainly due to
the role of the surface of the PMIPs adsorbent, which can
rapidly attract the amount of these target molecules, referring
to the adjusted values of the adsorption parameters (nm, Dm,

and Nc) and adsorption energies. This can also be elucidated
by the fact that the PS molecules can quickly recognize the
imprinted sites and reduce the time of adsorption since the

majority of the identification sites are presented on the polymers
surface. Moreover, the template molecules (PS) were imprinted
on the polymers surface during the formation of the PMIPs.

After elimination of the templatemolecules, the spatial distribu-
tion, the size and the adsorption sites of imprinted pores were
formed in the PMIPs adsorbent. However, the PNIPs material

is prepared without the addition of a prednisone template. So
prednisone cannot easily penetrate the target molecule cavity
in the PNIPs during sorption, due to the difficulty of recogniz-
ing the main binding sites. This may explain its lower adsorp-

tion capacity compared to the PMIPs adsorbents.
4.3. Energetic interpretations and adsorption energies

The adsorption energy estimation is useful to obtain a suitable
analysis of the adsorption phenomenon of PS on both adsor-
bents. The selected model provided two adsorption energies

(Eqs. (4) and (5)) that were associated with the interactions
between the prednisone molecules and between the prednisone
and the sorbent surface. The adsorption energies were calcu-
lated and illustrated in Table 2. Note that the adsorption of

PS on the tested adsorbent involved relatively weak adsorption
interactions, which can be related to a physisorption process.
Physical adsorption like hydrogen bonding usually presents

values lower than 30 kJ mol�1 (Von Oepen et al., 1991). There
are many other physisorption phenomena such as the
hydrophobic binding forces of about 5 kJ mol�1, the Van der

Waals interactions generally of the order of 10 kJ mol�1, the
coordination exchanges of around 40 kJ mol�1 and the dipole
bonding forces in the range 2–29 kJ mol�1 (Cerofolini, 1974).

In this work, the calculated adsorption energy (DE1 and
DE2) values are inferior to 8 kJ mol�1 (Table 2) and consistent
with the hydrophobic binding forces and the Van Der Waals
interactions for the two adsorbents.

4.4. Site energy distribution

In order to estimate the site energy distribution, the Cerofolini

approximation (Couture and Zitoun, 1992; Kumar et al., 2010;
Kumar et al., 2011) was employed, in which the adsorption
energy (e) is associated to the equilibrium concentration (C)

of the adsorbate, and can be written as:

C ¼ Cse
�e
kT
B ð8Þ

By substituting Eq. (7) into Eq. (3), the isotherm Qa(c) can
be obtained as a function of e, and expressed as Qa(e). Then,
by differentiating the isotherm Qa (e) with respect to e, the dis-
tribution of site energy F (e) is given as follows:

FðeÞ ¼ dQa

de
ð9Þ

Fig. 7 illustrates three adsorption energy distributions
(AEDs) according to Eq. (9) for the sorption of PS at three
operating temperatures on the PMIPs and PNIPs adsorbents.

It was seen that the two tested adsorbents show a unimodal
distribution of approximately Gaussian type binding sites. It
was also observed that all the curves have the same shapes

and the same normal distribution but different intensities of
energy associated with the maximum peak. In addition, it
can be seen that the maximum peak height decreases gradually

with respect to temperature. As can be observed, the distribu-
tion of energy for both adsorbents systems appears to evolve
towards higher energy values with a rising temperature. This
indicates that the binding sites with low adsorption energy

are becoming less accessible for prednisone sorption. These
sorption energies mainly spread in broad peaks, centered on
values relatively close to the sorption energies adjusted by

the adopted model. Indeed, the energy distribution graph
spans along the abscissa axis by displaying a single peak for
well-defined energy values which most probably describes the

means of the sorption energies of the entire distribution. This
can be explained by the fact that, in a solution at a tested tem-
perature, the prednisone molecules, agitated by the movement



Fig. 7 Site energy distributions of PS adsorption onto PMIPs

and PNIPs adsorbents.

Fig. 8 Variation of the internal energy according to the

concentration for the two tested adsorption system (a) of PMIPs

and (b) PNIPs at different temperature.
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of thermal agitation, are provided with a kinetic energy pro-
portional to the solution temperature: the higher the tempera-
ture, the higher the mean particle velocity. Thus, we can

observe that during the rise of the temperature, the binding
sites should have higher sorption energy to capture the target
molecules, and the lower energy sites cannot anymore capture

the PS molecules. This observation indicates that both adsor-
bents have more than one energy state for the uptake of pred-
nisone molecules within the tested concentration range.
Consequently, PMIPs and PNIPs have heterogeneous sur-

faces, and the differences in the maximum peaks are due to
the temperature variation. Comparatively, the intensity of
energy of PMIPs is relatively higher than that of PNIPs, thus

corroborating the differences of the structure in these recogni-
tion materials. It is observed that the adsorption energy values
are limited to 7 kJ/mol, which affirms that this is indeed a

physisorption.

4.5. Thermodynamic function

The adsorption multilayer model with saturation is used to
estimate some fundamental thermodynamic potential func-
tions, like internal energy (Eint), Gibbs free energy (G) and
adsorption entropy (S). These three functions can contribute
in the macroscopic analysis of the prednisone adsorption on
the PMIPs and PNIPs adsorbents, as interpreted in the
subsequent.

4.5.1. Internal energy analysis

Generally, the internal energy formulation can be obtained
using the grand canonical partition function of our best fitting

model, in order to thermodynamically analyze the PS adsorp-
tion mechanism. The formula of the internal energy is repre-
sented by the following equation [48]:

Eint ¼ � @lnZgc

@b
þ l
b
ð@lnZgc

@l
Þ ð10Þ

where b is formulated as 1/kBT, with kB is the constant of
Boltzmann and T is the absolute temperature, and m is the
chemical potential.

The variation of the internal energy (Eint) at three operating
temperatures is depicted in the Fig. 8. From this figure, it is
observed that the values of internal energy (Eint) are negative

for the three tested temperatures. This affirms that the two
adsorbent systems vary spontaneously, as they release energy.
Additionally, the module of the internal energy (Eint) values
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rises with an increment of temperature. This can be elucidated
by the growth of the interaction between the PS molecules and
the surface of the molecular recognition materials (PMIPS and

PNIPs), also associated with the increase in the thermal colli-
sions of PS molecules with the sorbent surface. Thus, when
the molecule of PS is coordinated to the main binding site of

PMIPs/PNIPs adsorbents surface, it needs to release energy.

4.5.2. Free enthalpy analysis

The free enthalpy is a thermodynamic function which can be

used to characterize and to corroborate the sorption mecha-
nism spontaneity involved in the tested systems. It can be
derived by this equation [48]:

G ¼ lQa ð11Þ
where Qa expresses the uptake capacity.

The variation of the free enthalpy at three operating tem-
peratures is depicted in Fig. 9. According to this figure, it

can be concluded that, at a quiet value of concentration, G
undergoes a rapid decrease with a raising concentration. Fur-
thermore, the values of the free enthalpy are negative, demon-
strating that the PS sorption on PMIPs/PNIPs varies in a
Fig. 9 Variation of the free enthalpy according to the concen-

tration for the two studied adsorption system (a) of PMIPs and (b)

PNIPs at different temperature.
spontaneous thermodynamic way. Additionally, the absolute
value of G rises with respect to temperature, which means that
the adsorption feasibility involved in the PMIPs and PNIPs

adsorbents raises at high temperatures.

4.5.3. Sorption entropy analysis

The sorption entropy (S) provides very important indications

about the adsorption process. Particularly, it characterizes
the disorder evolution of prednisone molecules adsorption
onto PMIPs and PNIPs surfaces. The equation of this function

(S) is represented by Kumar et al. (2010):

J ¼ �kBTlnZgc ð12Þ

J ¼ � @lnZgc

@b
� TS ð13Þ

From which the entropy expression can be obtained as
follows:

S

kB

¼ �b
@lnZgc

@b
þ lnZgc ð14Þ
Fig. 10 Variation of the entropy according to the concentration

for the two studied adsorption system (a) of PMIPs and (b) PNIPs

at different temperature.
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The variation of the adsorption entropy at three tested tem-
peratures is depicted in Fig. 10. According to the adsorption
entropy graph, we observe that the entropy has a similar shape

at the three operating temperatures. Particularly, we notice
that the behavior of the adsorption entropy shows two peaks
related to the 1st and 2nd half-saturation concentration values,

(C1) and (C2), respectively. In fact, at the start of the adsorp-
tion mechanism, we observe that the entropy values begin
from a null value. Then the variation of entropy (S) attains a

maximum value close to the first half-saturation concentration
(C � C1). This implies that the disorder is maximum (C = C1)
when half of the binding sites (Dm/2) of the 1st layer are filled.
Afterwards, the entropy value diminishes when the total of the

binding sites of the first layer are completely filled. In fact, if
the concentration is lower than that of the half-saturation
(C � C1), the target molecule has many possibilities to link

to an active site, to be captured, and consequently, the disorder
rises to the surface with the sorption amount. Beyond the first
half-saturation (C � C1), the number of vacant binding sites of

the 1st formed layer diminishes and the number of available
states becomes rather limited. Therefore, the entropy values
decrease since the probability of detecting vacant first-type

sites decreases progressively when the saturation of the first
formed layer is almost attained. However, it can be seen that
the minimum entropy value does not attain zero, since before
the first-layer sites are fully saturated, the N2 layers begin to be

occupied by the PS molecules and thus their sorption entropy
tends to rise again. Then, the sorption entropy (S) continues
the same trend around C2 as that obtained around C1. Finally,

the entropy values attain zero, when the saturation is fully
reached and sorption is finished.
5. Conclusions

In this paper, the adsorption mechanism of PS on PMIPs and
PNIPs adsorbents was theoretically investigated. The experi-

mental PS adsorption isotherms at three operating tempera-
tures were simulated and analyzed in light of the saturated
multilayer model. This model is developed through a statisti-

cal physics formalism using the grand canonical ensemble.
The modeling examination suggested that the PS adsorption
process was related to the formation of around three of the
four or five adsorbed layers depending on the adsorbent sur-

faces and temperature. The theoretical results indicated that
the nonparallel adsorption positions of the PS on the two
employed adsorbents are observable where the adsorption is

a multi-molecular process. It was also reported that the PS
molecules aggregated in solution and mainly formed a mono-
mer for the first system (PMIPs) and a dimer for the second

one (PNIPs). The variation of the uptake capacity at satura-
tion could be explained by the endothermic phenomenon.
According to the adsorption energy evaluation, physical
interactions can be involved in the PS adsorption phe-

nomenon. A general analytical analysis of the modeling indi-
cated that the receptor sites density is the main factor that
governed the adsorption phenomenon. The investigation of

the distribution of the adsorption energy (AED) indicated
that the function of distribution represents an approximately
Gaussian shape and asserted the physical nature of the PS

adsorption phenomenon. A thermodynamic analysis demon-
strated that the PS adsorption is energetically spontaneous
and releases energy for both systems and at different tested
temperatures.
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