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In this paper, a well-crystallized hydroxyapatite (HA) and nanocrystalline apatites (NCA) were used to interpret
the adsorption process of two bisphosphonates (BPs), namely Tiludronate (Tilu) and Risedronate (Rise). These
BPs are among the most prescribed classes of drugs for the treatment of bone disorders disease, particularly Os-
teoporosis. The equilibrium data used to express the variation of uptake capacity as a function of concentration
were determined by varying some experimental physicochemical conditions (e.g. temperature and pH). A pre-
liminary analysis of all the adsorption isotherms obviously indicates that the adsorption quantity tends towards
a saturation level. This suggests a finite number of adsorbed layers involved in the adsorption mechanisms. To
give a reasonable analysis of the drug adsorption process, three advanced models are proposed and developed
in the light of a statistical physics treatment which is tested and discussed. The modeling analysis reveals that
the adsorption of the two drugs occurs by the formation of two different adsorbed layers on the apatite surface.
Based on the analysis of the selectedmodel parameters, itwas deduced that both drugsmoleculeswere anchored
alternately with parallel and non-parallel positions on the apatite substrate. The study of the uptake capacities at
saturation showed that these parameters followed the sequence: Qasat (Rise-NCA) ˃ Qasat (Rise-HA) ˃ Qasat (Tilu-
HA), indicating that the NCA adsorbent was more effective for the Rise drug adsorption than the HA adsorbent.
The estimated adsorption energies globally varied from 9.20 to 19.52 kJ/mol, confirming the physical nature of
the adsorption process for the investigated systems. Conventionally, to characterize the adsorption process, the
entropy (Sa), the enthalpy of Gibbs (G) and the internal energy (Eint) were treated and interpreted.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The bone tissue is composed of an organic phase consisting essen-
tially of collagen and a mineral phase consisting of a nanocrystalline
phosphocalcic apatite. These apatite nanocrystals have twomajor char-
acteristics: a complex structure with a hydrated layer on the surface of
the apatite core and an alteration of their compositionwith agemodify-
ing the constitution of the mineral phase. Bone tissue is constantly
renewing and this “bone remodeling” results from the combined action
of two types of cells: cells resorbing bone (osteoclasts) and cells that re-
build bone (osteoblasts). An imbalance in this renewal can appear in the
case of frequent bone diseases like Osteoporosis. It is well-known as a
silent disease because it evolves without symptoms. It is more common
inwomen, especially after menopause caused by the decrease of the es-
trogen level. Bisphosphonates (BPs) are a promising class of drugs for
aculty of Sciences of Monastir,
the treatment and prevention of this bone disorders disease. It has a
strong affinity for adsorption on bone minerals and prevents the disso-
lution of minerals and bone resorption, thus inhibiting the Osteoclasts
activity. BPs have two different functionalities in their chemical struc-
ture connected to the centerof carbon. This leads to a significant im-
provement of both the mineral adsorption affinity and the cellular
activity; the ability of BP molecules to link to bone mineral is increased
by a functional group that binds to calcium like thehydroxyl group (OH)
[1,2], and by groups having a nitrogen atom within a heterocyclic ring
such as the risedronate and zoledronatemolecules [3]. The classic treat-
ment using BP drugs is performed by oral administration or intravenous
injection. However, this systemic use of BPs can cause undesirable side
effects such as ulcers [4,5], Osteonecrosis of the jaw, particularly by in-
travenous injection [6] and fever [7]. To avoid these undesirable effects
and increase BPs bioavailability, it is very important to define strategies
for local administration of such antiosteoporotic drugs at bone sites pre-
senting a risk of facture. Thus, many studies have been realized to ex-
plain the interactions between BP molecules and bone or calcium
phosphate substrate for a deeper understanding of their adsorption
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process [8–11]. In this work, the important and significant point is to re-
veal through the adsorption process modeling, all the physico-chemical
properties of the Bisphosphonate drug adsorption to better understand
themetabolism and themedicinework in organic cellular tissues of the
human body. Many similar systems have been studied by applying
empirical/semi-empirical models providing classical interpretations
[12–16]. These interpretations have led to an incomplete understanding
of the adsorptionmechanism. Since all their parameters are mathemat-
ical, they have no physicalmeaning. None of themodels of the literature
[12–16] use our statistical approach, especially the particular parame-
ters introduced in our models.The only concern of these studies is
about the adsorption energies, which are most often deduced empiri-
cally, and sometimes about the number of types of sites which is quali-
tatively provided. This paper introduces an advanced statistical physics
framework that simulates the adsorption of risedronate and tiludronate
on two apatite substrates (NCA and HA). An assessment based physical
model provides a new vision of the Bisphosphonate adsorption mecha-
nism by investigating their physicochemical parameters, such as the
number of attracted molecules per main adsorption site, density of re-
ceptor sites, and concentrations at half-saturation. For instance, the ori-
entation of the adsorbate on the adsorbent surface is sketched in the
paper for the first time at each adsorption temperature and pH. This
description of the adsorbate orientation provides interesting ideas to
further explain the BP adsorption mechanism. Interestingly, all the
physical model parameters contribute to assign a new vision of the BP
adsorption mechanism since they are characterized by a clear physical
meaning unlike the empirical models.
2. Material and method

In this paper, the adsorption isotherms of risedronate (Rise) and
tiludronate (Tilu) on well-crystallized hydroxyapatite (HA) and nano-
crystalline apatites (NCA) were used. These adsorption equilibrium
datawere quantified in a previouswork [17]which provides a complete
demonstration of the adopted experimental methodologies. The ad-
sorption experiments were performed under different physicochemical
conditions to detect the influence of temperature (physiological tem-
perature of 310 K and room temperature of 298 K) and pH (at levels
6.6, 7.4 and 9.5).

Some physical properties of both risedronate (Rise) and tiludronate
(Tilu) are given in Table.1.
Table 1
Physical properties of risedronate and tiludronate.

Compound Structure Formula Weight
(g mol−1)

Solubility
(mg/ml)

Risedronate
OH

OH

O
P

OH

O

OH

OH

P

N

C7H11NO7P2 283.11 10.4

Tiludronate
OH

O

OH

P

Cl

O

OH

OH

P
S

C7H9ClO6P2S 362.57 6.97
3. Modeling analysis

Three adsorption isotherm models were developed to adjust the ex-
perimental isotherm data. Therefore, the isothermal parameters obtained
from these models were interpreted to understand the BP adsorption
equilibrium on HA and NCA. Specifically, these models were established
using the grand canonical ensemble in statistical physics. All of these
models are succinctly illustrated in the following subsections.

3.1. Monolayer model with single energy (M1)

This statistical physics model suggests that the adsorption of Tilu
and Rise occurs via the creation of a single layerwith one adsorption en-
ergy for all receptor sites. Several approximations are considered. First,
themutual interactions between the adsorbatemolecules are neglected
because thework conditions are far from the solubility (Cs), as supposed
in [18]. Second, the internal degrees of freedomof the Rise and Tilumol-
ecule can be also neglected, except the translational degree. This is be-
cause it is not possible to thermally excite the electronic degree of
freedom. Moreover, the vibrational degree of freedom can be neglected
compared to the translational degree [18,19].

To establish the model, the grand canonical ensemble in statistical
physics is used. The grand canonical partition function of a single site
is the following:

zgc ¼ 1þ eβ ε1þμð Þ ð1Þ

where (−ɛ1) is the adsorption energy of the receptor site, μ is the corre-
sponding chemical potential and β is defined as 1/kBT, where kB is the
Boltzmann constant and T is the absolute temperature.

Then, the total grand canonical partition function related to the den-
sity of receptor sites Dsr, is assumed to be identical and independent.
This function is expressed in Eq. (2).

Zgc ¼ 1þ eβ ε1þμð Þ
� �Dsr ð2Þ

The average site occupation number is expressed as follows [18]:

NO ¼ kBT
∂ lnZgc

∂μ
¼ NMkBT

∂ lnzgc
∂μ

ð3Þ

This model also assumes that every receptor site (S) accepts a vari-
able number of Tilu or Risemolecules following the adsorption reaction:

nms Tilu=Riseð Þ þ S↔ Tilu=Riseð Þnms
S ð4Þ

When the thermodynamic equilibrium is reached according to
Eq. (4), the relation between the different chemical potentials may be
expressed as: μm = μ/nms, where μm and μ are the chemical potential of
dissolved molecules and the chemical potential of adsorbed molecules,
respectively, and nms is the number of molecules per site. In addition,
μm can be expressed as follows [19]:

μm ¼ kBTln
N
Zg

ð5Þ

where Zg = Zgtris the translation partition function which can be
expressed as [18,19]:

Zg ¼ Zgtr ¼ V
2πmkBT

h2

� �3=2

ð6Þ

where V is the gas volume,m is the adsorbedmolecule mass and h is
the Planck constant.
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Using Eq. (4) and the number of average site occupation No, the av-
erage number of adsorbed molecules is written as:

Qa ¼ nmsNo ð7Þ

The analytical expression of this model is given by [18]:

Qa ¼
nms:Dsr

1þ Chs

C

� �nms
� � ð8Þ

where nms is the number of Tilu and Risemolecules per receptor site, Dsr

is the density of receptor sites, Chs is the concentration at half-saturation
of Tilu and Rise adsorbed on HA and NCA.

Subsequently, this statistical theory is used in all models employed
in this work.

3.2. Double layer model with two energies (M2)

For this model, we consider that the Tilu and Rise adsorption is
achieved via the formation of two adsorbate layers involving two inter-
action energies. We can assume that the first adsorbed layer has an ad-
sorption energy (−ε1) and the second has a different adsorption energy
(−ε2) which should be lower than (−ε1), because the first molecules
are adsorbed directly on the surface and so they have a higher energy.
The grand canonical partition function of one site is written as:

zgc ¼ 1þ eβ ε1þμð Þ þ eβ ε1þε2þ2μð Þ ð9Þ

The partition function related to Dsr receptor sites is written as:

zgc ¼ 1þ eβ ε1þμð Þ þ eβ ε1þε2þ2μð Þ
� �Dsr ð10Þ

According to the theory detailed in Section 3.1, the expression of the
double-layer model with two energies can be written as follows [19]:

Qa ¼ nmsDsr

C
Chs1

� �nms

þ 2
C

Chs2

� �2nms

1þ C
Chs1

� �nms

þ C
Chs2

� �2nms
ð11Þ

where Chs1 and Chs2 are the concentration at half-saturation of the first
and second layers.

3.3. Multilayer model with saturation (M3)

This generalized statistical physics model assumes that the sorption
of the Tilu and Rise molecules on the two tested adsorbents occurs via
the creation of a variable number of layerswith twodifferent adsorption
energies [20]. The first energy (−ε1) can characterize the interactions
between the Tilu and Rise molecules with the two apatite surfaces.
However, the second adsorption energy (−ε2) is associated to the inter-
actions between the Tilu and Rise molecules of all subsequent layers
(i.e., risedronate-risedronate and tiludronate-tiludronate interactions)
[20]. It is important to mention that the second adsorption energy
(−ε2) characterizes the interactions of a variable number of layers,
which is noted as Nc. The partition function related to Dsr receptor
sites is written as follows:

Zgc ¼ 1þ eβ ε1þμð Þ þ eβ ε1þε2þ2μð Þ1−eβ ε2þμð ÞNc

1−eβ ε2þμð Þ

" #Dsr

ð12Þ
Then, the mathematical expression of the saturated multilayer
model is represented by the following equation [20]:

Qa ¼ nms:Dsr−
2

C
Chs1

� �2nms

1−
C

Chs1

� �nms
� �þ

C
Chs1

� �nms

1−
C

Chs1

� �2nms
 !

1−
C

Chs1

� �nms
� �2

þ
2

C
Chs1

� �nms C
Chs2

� �nms

1−
C

Chs2

� � nmNcð Þ !

1−
C

Chs2

� �nms
� �

þ−

C
Chs1

� �nms C
Chs2

� �nms C
Chs2

� � nmsNcð Þ
Nc

1−
C

Chs2

� �nms
� � þ

C
Chs1

� �nms C
Chs2
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1−

C
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� � nmsNcð Þ !

1−
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1−
C

Chs1

� �nms
� � þ

C
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� �nms

1−
C

Chs2

� � nmsNcð Þ !

1−
C

Chs2

� �nms
� �

ð13Þ

where Chs1 and Chs2 are the concentration at half-saturation of the first
and second adsorbed layers involved in the adsorption of Tilu and Rise
on two employed adsorbents (HA and NCA).

The schematic illustration of the BPmolecules adsorbed on a solid is
depicted in Figs. 1, 2 and 3 according to the monolayer model with sin-
gle energy, the double layermodelwith two energies and themultilayer
model with saturation, respectively.

4. Results and discussion

4.1. Non-linear fitting with isotherm models

Fig. 4 depicts the experimental adsorption data for Risedronate
(Rise) and Tiludronate (Tilu) on well-crystallized hydroxyapatite (HA)
and nanocrystalline apatites (NCA) at the fixed temperature T =
310 K, while Fig. 5 illustrates the data for Rise on HA over the range
6.6–9.5 of pH at T = 298 K. Adsorption isotherms were examined by
non-linear curve fitting analysis, using ORIGIN software (OriginLab Cor-
poration) to adjust the three aforementioned adsorption models. The
best adjusted adsorption isotherm was identified using three parame-
ters: the determination coefficient R2, the analysis of the residual root
mean square error (RMSE), also called the estimated standard error of
the regression, and the akaike information criterion (AIC). These are
the most frequently utilized parameters to identify the optimum iso-
therm model.Thedetermination coefficient R2 is given by [21]:

R2 ¼ 1− 1−

Pm
i Qi; exp−Qi; exp

� �2
−
Pm

i Qi; exp−Qi; model
� �2

Pm
i Qi; exp−Qi; exp

� �2
0
B@

1
CA� np−1

np−p

� 	2
64

3
75

ð14Þ

where, Qi,model is the ith value of Q predicted by the fittedmodel, Qi,exp is
the ith value of Qmeasured experimentally, Qexp is the average value of
Q measured experimentally, np is the number of performed experi-
ments and p is the number of parameters of the adjusted model.

For a number p of adjustable parameters, the estimated standard
error is given by [22]:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
RSS

m0−p

s
ð15Þ

where RSS is the residual sum of squares expressed as RSS ¼Pm
0

j¼1

ðQjcal−QjexpÞ2, Qjcal and Qjexp are the calculated and experimental values
of the adsorbed amount, respectively, and m′ is the number of experi-
mental data.



First layer (-ε1)

Fig. 1. Schematic illustration of the distribution of the molecules adsorbed on a solid according to the monolayer model with single energy.

Second layer (-ε2)

First layer (-ε1)

Fig. 2. Schematic illustration of the distribution of the molecules adsorbed on a solid according to the double layer model with two energies.
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Then, the estimator of the relative quality of statistical physics
models for a given data set AIC is defined as [22]:

AIC ¼ k ln
RSS
k

� �
þ 2p ð16Þ

where k represents the number of experimental data points of the ad-
sorption isotherm.

The estimated values of R2, RMSE andAIC coefficients are depicted in
Table 2. Referring to these values, it is noted that the double layermodel
with two energies (M2) has the highest R2 values and the lowest RMSE
and AIC values compared to the other models. In addition, there is a
slight variation of these coefficients between the three models. This
means that our selection must also take into account the physical justi-
fication in the chosen model. Moreover the parameter values of the ad-
justed monolayer model were not consistent with the experimental
results. These parameters values have not physical significations and,
therefore, the single layer model was discarded for the adsorption
datamodeling. Regarding themultilayermodel, the results of isotherms
fitting indicate that the total number of adsorbed layers (1+ Nc) varies
from 1.79 to 2.23. This indication demonstrates that the adsorption of
BPs drugs on the two tested adsorbents is created by a fixed number
of layers, which is equal to 2. Finally, the double layermodel has accept-
able fitting coefficients and reasonable physical parameters. Therefore,
it is selected to provide a valuable analysis of the BPs adsorption mech-
anism. Its fitting parameters are illustrated in Table 3.

4.2. Interpretation of the effect of pH on the adsorption process via the anal-
ysis of the model fitting parameters

The purpose of this section is to interpret and fully understand the
adsorption mechanism through the analysis of the physicochemical pa-
rameters included in the double layer model with two energies. These
parameters are analyzedwhile varying several external chemical factors
(temperature and pH).

The different parameters of the chosenmodel are classified into two
types: steric parameters, such asnms, Dsr andQasat, and energetic param-
eters, such as ΔE1 and ΔE2.
First layer (-ε1)

N2 layer (-ε2)

Fig. 3. Schematic illustration of the distribution of the molecules adsor
4.2.1. Analysis of the parameter nms

The parameter nms expresses the number of Rise and Tilu molecules
aggregated on one receptor site. It plays an important role in retrieving
further useful indications about the adsorption mechanism. This steric
coefficient can provide valuable information on the behavior of the
drug molecules after adsorption. In particular, it can determine the de-
gree of aggregation of the drugmolecules and their adsorption positions
on the apatite surface of both adsorbents (NCA and HA). The estimated
values of this parameter (Table 3) indicate that the number of drugmol-
ecules differs for the Rise-NCA and Rise-HA systems compared to the
Tilu-HA system. For instance, at 310 K and 7.4 pH, the values of nms

are 0.48, 1.12 and 1.24 for Tilu-HA, Rise-NCA and Rise-HA, respectively.
Based on this result, it is noted that the estimated values of nms for the
adsorption of Rise on NCA and HA are higher than that obtained with
the adsorption of Tilu onHA at a fixed temperature: nms (Rise/HA) N nms

(Rise/NCA) N nms (Tilu/HA). This trend is probably due to the difference
between the two chemical structures of drugs. It is clear that this differ-
ence could be related to the presence of the nitrogen atom within the
heterocyclic ring on the Risemolecule. This could facilitate themolecule
coordination via specific interactions with the main functional groups
responsible for the adsorption, and hence seems to explain why the
number of Rise molecules adsorbed per site is higher than that found
inTilu drug [3]. As stated, the parameter nms is also useful to illustrate
the behavior of both drugs after adsorption,mainly their adsorption ori-
entations on the apatite adsorbent surface. Since the values of nms for
the Rise drug adsorption were superior to unity and 1 ≤ nms ≤ 2, it can
be concluded that each receptor site accepted one or two Rise mole-
cules. Therefore, we assume that the Rise drug was linked to (with) a
non-parallel position on the NCA and HA surface. This theoretical result
also indicated that the Rise drug only forms a monomer (n ≈ 1) and a
dimmer (n≈ 2) (see Fig. 6).The aggregation of multiple Rise molecules
is favored, indicating that the interaction between the Rise molecules is
greater than that between the Risemolecule and the receptor site of ap-
atite. Contrary to this result, the value of nms for the Tilu adsorption is
b1. This result suggests that the Tilu drug molecules interacted with
two ((1/0.48) ≈ 2) binding sites and, therefore, the sorption position
of this drugwasparallel.This parallel positionmeans that the interaction
between the Tilu molecules is less than that between the Tilu molecule
bed on a solid according to the multilayer model with saturation.



Fig. 4. Adsorption isotherms of tiludronate (Tilu) and risedronate (Rise) at 310 K and
pH 7.4 on HA and NCA and fitting by double layer statistical physics model (M2).

Table 2
Values of coefficient of determination R2, AIC and RMSE of each model.

Adsorbent pH T(K) Model

Model 3 Model 2 Model 1

R2

RISE-NCA 7.4 310 0.9865 0.9903 0.9768
RISE-HA 7.4 310 0.9811 0.9951 0.9727
TILU-HA 7.4 310 0.9825 0.9981 0.9779
RISE-HA 6.6 298 0.9830 0.9991 0.9781

7.4 298 0.9832 0.9997 0.9768
9.5 298 0.9886 0.9954 0.9736

RMSE
RISE-NCA 7.4 310 0.032 0.001 0.401
RISE-HA 7.4 310 0.082 0.002 0.183
TILU-HA 7.4 310 0.073 0.008 0.152
RISE-HA 6.6 298 0.041 0.005 0.115

7.4 298 0.023 0.009 0.157
9.5 298 0.003 0.003 0.353

AIC
RISE-NCA 7.4 310 4.53 2.56 13.15
RISE-HA 7.4 310 6.08 1.87 14.28
TILU-HA 7.4 310 5.37 1.45 12.35
RISE-HA 6.6 298 5.04 1.12 12.11

7.4 298 4.82 1.32 13.15
9.5 298 4.22 2.07 14.13
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and the receptor site of apatite.Therefore, the main functional groups
may only select a fraction of Tilu molecules leading to an absence of
the adsorbate aggregation in the aqueous solution. The effect of pH on
nms at room temperature is depicted in Table 3 and Fig. 7. It is clear
that the variation of pH had a slight effect on the adsorbate orientation
of the Rise drug on HA. The number of Rise molecules per site increases
with pH. The increase of pH means a decrease in the concentration of
the H+ ions. So the increase of H+ (i.e. decrease of pH) decreases nms.
The existence of H+ ions decreases the interaction between the Rise
molecules and increases the interaction between the Rise molecules
and the receptor sites of the HA apatite as we will see in the next para-
graph. So the presence of H+ does not favor the aggregation of Rise drug
molecules. Therefore, nms increases with pH. The values of nms for Rise-
HA decrease as a function of temperature. This behavior could be ex-
plained by thermal agitation that causes thermal collisions between
the drug molecules. These collisions lead to an uncoupling of Rise mol-
ecules from the receptor site, then to a decrease of the number of Rise
molecules captured per binding site.

4.2.2. Analysis of the parameter Dsr

On the other hand, the parameter Dsr is defined as the density of re-
ceptor sites, i.e. the number of the occupied receptor sites per surface
Fig. 5. Adsorption isotherms of risedronate (Rise) on HA at 298 K for different pH values
and fitting by double layer statistical physics model (M2).
unit. The calculated values of this parameter are illustrated in Table 3
and Fig. 7. We can note that the density of the receptor site decreases
with the increase in pH from 6.6 to 9.5. This means that Dsr decreases
when H+ concentration decreases. As we saw in the previous para-
graph, the presence of H+ inhibits the aggregation phenomenon of
Rise molecules. Thus, at high pH, [H+] is low, the aggregation phenom-
enon is reinforced and the size of aggregation increases. This size could
inhibit the reachability of the other adsorption sites by a steric effect,
causing Dsr to be low. Moreover this parameter evolves in an opposite
manner with respect to nms. The aggregation phenomenon is inhibited.
All the molecules of aggregates are dispersed horizontally on the other
sites. By an energetic effect, the affinity of the Rise molecules is de-
creased. However the affinity between the Risemolecules and the recep-
tor sites is increased. This causes an increase of Dsr and consequently an
increase of the adsorption quantity as shown in Fig. 5 for different values
of pH. Both the steric and energetic effects contribute similarly.

4.2.3. Analysis of the parameter Qasat

The uptake capacity at saturation obtained via the analytical double
layer adsorptionmodel (Qasat= 2·nms·Dsr) is clearly a useful parameter
that characterizes the adsorption process. Indeed, this parameter re-
flects the total number of adsorbed Rise molecules. Qasat = 2·nms·Dsr,
nms. Dsr is the total number of adsorbed molecules per layer. The scalar
2 represents the two layers of the chosen model. Qasat indicates the ad-
sorbent performance or the affinity with the adsorbates which can be
affected by some external chemical factors (e.g. temperature and pH).
The calculated values of this parameter for a fixed pH 7.4 and a fixed
temperature (310 K) are depicted in Table 3. The results show that
Table 3
Values of the different adjusted parameters according to double layer model with two en-
ergies (M2).

Adsorbent pH T(K) Parameters

nms Dsr

(μmol/m2)
Qasat

(μmol/m2)
ΔE1
(kJ/mol)

ΔE2
(kJ/mol)

RISE-NCA 7.4 310 1.12 2.45 5.10 15.77 9.20
RISE-HA 7.4 310 1.24 1.50 3.72 18.64 11.43
TILU-HA 7.4 310 0.48 1.69 1.62 12.36 7.84
RISE-HA 6.6 298 1.15 0.92 2.11 19.52 14.08

7.4 298 1.75 0.42 1.70 17.04 13.41
9.5 298 1.89 0.22 0.96 14.32 9.97
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Fig. 6. Schematic illustration of the possible aggregation of Rise molecule on apatite surface.
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this parameter varies as follows: Qasat (Rise/NCA) N Qasat (Rise/
HA) N Qasat (Tilu/HA).This sequence demonstrates that the quantity
adsorbed at saturation on the HA specimen appears lower for Tilu
than Rise. This is mainly explained by the chemical structure of the
bisphosphonates which can affect their adsorption capacities for HA
and NCA. The risedronate molecule contains a nitrogen atom within
the functional groups of the heterocyclic ring. This could facilitate and
improve the molecule ability to bind via specific interactions with the
apatite surface, and enhance its uptake capacity [3]. Moreover, we can
also note that the amount of Rise adsorbed at saturation onNCA appears
higher than that found on HA. This result suggests that the uptake
capacity at saturation is strongly influenced not only by the chemical
characteristics of the drugmolecule, but also by the chemical and struc-
tural properties of the apatite compounds. NCA exhibits the highest
adsorption capacity of Rise molecules compared to HA adsorbent indi-
cating its better affinity for this drug. This result is in agreement with
several published studies [23–25]. This could also be attributed to the
hydrated layer rich in chemical species presented on the surface of
NCA which is responsible for a high adsorption capacity [26].

Recall that this parameter dependsmainly on various factors includ-
ing temperature and pH. In particular, the influence of temperature, at
pH 7.4 for example, indicates a higher adsorption capacity of Rise on
HA at physiological temperatures compared with room temperature.
However in terms of comparison with the case of the variation of pH
at 298 K, Table 3 and Fig. 7 show that the amount of Rise adsorbed at sat-
uration decreases as the pH rises. As it can be seen, the loaded amount at
pH 6.6 is about three times higher than that obtained at pH 9.5. This is
probably caused by the weakening of electrostatic force of attraction



Fig. 7. Effect of pH on the number of Rise molecules, the density of receptor sites and Rise
adsorption capacity at saturation onto HA adsorbent.

Fig. 8. Effect of pH on the Rise adsorption energy (ΔE1 and ΔE2) of HA.

7A.H. Almuqrin et al. / Journal of Molecular Liquids 310 (2020) 113230
between the adsorbate and adsorbentwhich are oppositely charged and
led to the decrease of the sorption capacity [27].More precisely,with the
increase of pH, the H+ ion concentration decreases and hence the posi-
tively charged sites of the adsorbent get decreased and the surface of
the adsorbent became negatively charged. Consequently, the adsorption
of Rise drug by the system is no longer promoted and electrostatic repul-
sion occurs [27]. At high pH, an effective competition occurs betweenOH–

ions and Rise drug molecules, and causes a decrease in sorption of the
drug from aqueous solutions. Moreover, the pH variation affects the ad-
sorption process by the dissociation of functional groups on theHA adsor-
bent surface which tends to shift in the equilibrium of the adsorption
phenomenon. As mentioned above, the capacity is Qasat = 2·nms·Dsr. It
is the result of two different contributions: that of nms which expresses
the aggregation phenomenon evolution and that of Dsr evolution. We
have already studied the two behaviors of nms and Dsr and their interpre-
tations. Although the two evolutions of nms andDsr are antagonistic, never
the less the evolution of Dsr prevails over that of nms. This is proved by nu-
merical calculation and verified in Fig. 5. It is worth noting that the in-
crease of the uptake of Rise is essentially due firstly to a steric effect
caused by the H+ ions which inhibit the aggregation phenomenon re-
sulted in an increase of Dsr, and secondly to an energetic effect favoring
an affinity between Rise molecules and receptor sites. This affinity is
expressed by the adsorption energy as we will see in the next paragraph.

4.2.4. Analysis of the energetic parameters of the adsorption surface
The adsorption energy is an important parameter which is required

to investigate the adsorption process and to retrieve information about
adsorbate-adsorbent interactions. From the two concentrations at half
saturation Chs1 and Chs2, it is possible to estimate the two adsorption en-
ergies (ΔE1) and (ΔE2) using an analytical expression deduced from the
statistical physics treatment. Specifically, ΔE1 is related to the interac-
tions between the drug molecules and the apatite surface (Rise-NCA/
HA, and Tilu-HA) on the first layer, while ΔE2 characterizes the interac-
tions between the drug molecules themselves (Rise-Rise and Tilu-Tilu)
on the second layer. The expressions of these energies are given by:

ΔE1 ¼ RTln
Cs

Chs1
ð17Þ

ΔE2 ¼ RTln
Cs

Chs2
ð18Þ

where Cs is the solubility of the adsorbate, R is the ideal gas constant and
T is the absolute temperature.To simplify the analysis, the molecule
solubility of the two drugs was assumed to be constant at the two con-
sidered temperatures. The estimated values of the adsorption energies
are summarizedin Table 3. First, all the values of the adsorption energies
obtained by the fitting process are lower than 20 kJ/ mol. This indicates
that the adsorption process is characterized by physical interactions
whichmay be in the form of hydrogen bindingsor Van der Waals inter-
actions.The hydrogen binding usually represents values lower than
30 kJ/ moland the Van der Waals forces are generallyof the order of
10 kJ/ mol [28,29]. As expected, the first energy is found to be higher
than the second one, due to the weaker interactions between Rise-
Rise and Tilu-Tilu. Finally, by plotting ΔE1 and ΔE2 against pH for the
Rise molecules in Fig. 8, we can notice that the two energies decrease
with the increasing pH or increase with the increased concentration of
H+ ions. This confirms what we have advanced in the previous para-
graph concerning the interpretation of the parameters nms and Dsr

against pH. We show here in Fig. 8 that the presence of H+ ions (in-
versely to pH) increases the two adsorption energies ΔE1 and ΔE2,
resulting in the inhibition by H+ of the aggregation of Rise molecules.

4.3. Thermodynamic studies

Thermodynamic parameters like internal energy, free enthalpy and
entropy were calculated with our advanced double layer model with
two energies in order to evaluatethe feasibility and nature of the ad-
sorption reaction. These thermodynamic functions are investigated in
the following part.

4.3.1. Internal energy
The internal energy is given by [30]:

Eint ¼ −
∂ lnZgc

∂β
þ μ
β

∂ lnZgc

∂μ

� �
ð19Þ

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

Eint
KBT

¼ Dsr

ln
C
Zv

� �
:
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� �nms
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: ln
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ln
C

Chs1
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2
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ð20Þ



Fig. 10.Variation of the free enthalpy versus concentration for the three studied systems at
310 K and pH 7.4.
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where Zv is the translation partition function per unit of volume of the
adsorbate molecule.

The variation of the internal energyis illustrated in Fig. 9.According
to this figure, we can note that this parameter is negative and releases
energy. This confirms that the three systems (i.e. Rise-NCA, Rise-HA
and Tilu-HA) evolve spontaneously.

4.3.2. Gibbs energy
The free enthalpy is given as follows [30]:

G ¼ μQa ð21Þ

In addition, by incorporating Eq. (11) into Eq. (21), the free enthalpy
can be written as follows:

G
KBT

¼ ln
C
Zv

� �
: nms:Dsr:

C
Chs1

� �nms

þ 2
C

Chs2

� �2nms

1þ C
Chs1

� �nms

þ C
Chs2

� �2nms

0
BBB@

1
CCCA ð22Þ

Fig. 10 shows the free enthalpy as a function of the equilibrium con-
centration for the adsorption of two drugs on apatite substrates. The
values of the free enthalpy of all the systems are negative confirming
that the drugs adsorption on NCA and HA is spontaneous.

4.3.3. Entropy
The absorption entropy is related to the grand potential by the fol-

lowing equations [30]:

J ¼ −kBTlnZgc
ð23Þ

J ¼ −
∂ lnZgc

∂β
−TSa ð24Þ

From Eqs. (23) and (24), the expression of the entropy can be de-
rived as follows:

Sa
kB

¼ −β
∂ lnZgc

∂β
þ lnZgc ð25Þ
Fig. 9. Variation of internal energy versus concentration for the three studied systems at
310 K and pH 7.4.
According to the double layer model with two energies, the entropy
is expressed as follows:

Sa
KB

¼ Dsr ln 1þ C
Chs1

� �nms

þ C
Chs2

� �2nms
 !

−

C
Chs1

� �nms

: ln
C

Chs1

� �nms

þ C
Chs2

� �2nms

ln
C

Chs1

� �2nms

1þ C
Chs1

� �nms

þ C
Chs2

� �2nms

2
6664

3
7775

ð26Þ

Fig. 11 illustrates the entropy variation as a function of concentration
for the adsorption of two bisphosphonates (Rise and Tilu) on the tested
adsorbents. For the three employed systems, the entropy has a similar
shape. It is also shown that the variation of entropy indicates two
peaks associated respectively to the first and the second concentrations
(Chs1) and (Chs2). The shape of the entropy at the two peaks follows two
different behaviors before and after the half-saturation concentration.
The entropy Sa starts from a null value at the beginning of the adsorp-
tion and then reaches a maximum in the proximity of the first half-
saturation, for C = Chs1. This indicates that the disorder is at the maxi-
mum when half of the receptor sites of the first layer are occupied.
Then, the entropy decreases when all the binding sites of the first
layer are fully occupied. Indeed, for a low concentration (C ˂ Chs1), the
Fig. 11. Variation of the entropy versus concentration for the three studied systems at
310 K and pH 7.4.
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molecule has many possibilities to find a vacant site and, consequently,
the disorder rises at the surface with the uptake capacity. After the first
half-saturation, the number of empty sites in the 1st sorbed layer dimin-
ishes and the number of available sitesbecomes limited. Therefore, the
entropy decreases since the possibilities of finding a free site of the
first type diminish more and more when the saturation of the first
adsorbed layer is almost attained. The detected minimum value of the
entropy does not reach zero, because the second-type site begins to
fill before the complete saturation of the first one. The same entropy be-
havior can be observed since the first layer is employed as adsorbent
sites for the second layer. Finally, the entropy can reach zero when the
saturation is attained.
4.3.4. The comparison between the three adsorption systems
FromFigs. 9, 10 and 11, we can obviously notice that, at a fixed pH=

7.4, the order of classification of the energetic potentials is the same, and
potential Tilu-HA˂ potential Rise-HA˂ potential Rise-NCA. This order is
proportional to the adsorbed quantity Qa. So this adsorption process
varies in the same way as the corresponding energetic potential. How-
ever, the entropy whose energetic potential is TS, and which expresses
a thermal agitation, varies in an opposite way to the energetic poten-
tials, like the adsorbed quantity Qa. This highlights the importance of
the configurationalentropy which increases the thermal disorder but
slows down the adsorption process despite the increase of the adsorp-
tion configurations. Therefore, the best adsorption system is the one
with low entropy.
5. Conclusion

The present study reported a new theoretical formalism to investigate
the adsorption of two bisphosphonates (risedronate and tiludronate) on
two apatite supports, namely a well-crystallized hydroxyapatite (HA)
and nanocrystalline apatites (NCA). The double layermodel with two en-
ergies developed using the grand canonical partition function provided
the perfectfit of the experimental data, among the testedmodels. The bis-
phosphonate (BP) adsorption isotherms on the two apatite substrates
were analyzed and interpreted in the light of thismodel and of its param-
eters, related to defined physical meanings. The results showed that two
different adsorption positions of the Rise and Tilu molecules, parallel
andnon-parallel to the surface ofHAandNCA, couldbe observeddepend-
ing on the adsorbents properties. The uptake capacity at saturation of Rise
onNCA specimen seemshigher than that obtained for Rise onHAand Tilu
on HA. This suggests that both the chemical characteristics of the drug
molecules and the chemical and structural properties of the apatite sub-
strates strongly affect the capacity of adsorption. The influence of pH on
the evolution of the steric and energetic parameters has been investi-
gated. The number of Rise molecules per HA adsorbent site increases in
proportion to pH. This increase of the nms valueswas associatedwith a re-
duction in the adsorption capacity and in the densities of the receptor
sites. Hence, an acidic condition caused by H+ ions is more favorable for
the Rise adsorption process. The estimated values of the adsorption ener-
gies were lower than 20 kJ/mol and confirmed the occurrence of a
physisorption process. The thermodynamic study confirmed the feasibil-
ity and spontaneous nature of the adsorption of these drugs on tested
adsorbents.
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