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 The non-stoichiometric, calcium-deficient hydroxyapatite was prepared through a low-
temperature from aqueous solutions method and characterized using Physico-chemical methods. 
The potential of this hydroxyapatite to adsorb and release insulin from aqueous solutions was 
evaluated under physiological conditions. The effect of contact time and initial concentration 
were studied in batch experiments. The adsorption rate reached up to 81±5% in the first half-
hour of contact, while the release rate of insulin incubation was about 41 ± 5% after 1 hour. The 
pseudo-first-order, pseudo-second-order, Elovich equation, Weber and Morris intraparticle 
diffusion model and Bangham’s pore diffusion model were applied to study the kinetics of the 
adsorption process. The pseudo-second-order kinetic model provided the best correlation 𝑅 (0.998) of the used experimental data compared to the other models. The adsorption of insulin 
onto hydroxyapatite was correlated well 𝑅 (0.998) with the Langmuir model as compared to 
Freundlich, Temkin and Dubinin–Kaganer–Radushkevich (D-K-R) models, with a maximum 
adsorption capacity of 24.46 mg/g. The isotherms parameters values of 𝛥𝐺 , 𝑏  and 𝐸 show that 
the adsorption process is favorable, spontaneous, exothermic, and controlled by physisorption. 
The point of zero charge (pHZPC) of hydroxyapatite and the isoelectric point (pI) of insulin 
indicate that the interaction of insulin molecules with prepared apatite can be well described as 
an ions exchange reaction. 

© 2023 by the authors; licensee Growing Science, Canada. 
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1. Introduction  

 

     
      Nowadays, it is interesting to say that organic and inorganic compounds have a lot of useful applications and this 
advantage was shown in a lot of papers published before.1-7 In recent years, studies of the adsorption and release of bioactive 
molecules and proteins have been carried out on synthetic calcium phosphate apatites.8,9 
       
      Due to the similarity to bone mineral, hydroxyapatite (HA) is one of the most important apatites for dental and 
biomedical applications such as drug delivery systems and bone reconstruction.10-12 HA can be considered an excellent 
biocompatible, bioactive, and osteoconductive.13 Several techniques have been used for the preparation of hydroxyapatite 
such as low-temperature chemical solution methods,14 and high-temperature solid-state reactions.15 In this paper, the poorly 
crystalline hydroxyapatite was synthesized at low temperatures (298 K) and at neutral pH. 
       
       Generally, the stoichiometric hydroxyapatite (HA) of Ca/P =1.67 has a formula Ca10(PO4)6(OH)2, their pH stability 
range in aqueous solutions is between 6.5–9.5 at 298 K.16 The non-stoichiometric, calcium-deficient hydroxyapatite 
(CDHA) with Ca/P ratio within 1.5–1.67,17 is described by the following formula Ca10-x(PO4)6-x (HPO4)x(OH)2-x  with 0 < x 
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≤ 1,18 their pH stability in aqueous (298 K)  is between  9.5–12.16 It’s interesting to note that the chemical formula of CDHA 
is composed of HPO4

2− anions and has vacant Ca2+ sites, which suggests the greater reactivity of these apatitess with active 
molecules such as amino acids and insulin. 
       
      One of the most important factors in understanding the adsorption process is predicting the rate of the kinetics of the 
reaction of this process and also its step of limiting. Therefore, it is necessary to determine the rate-limiting step which 
governs the overall adsorption rate and its mechanism. 
       
       In this paper, we are interested in studying the interaction of insulin with synthetic poorly crystalline calcium-deficient 
hydroxyapatite. For this reason, the kinetic models and the adsorption isotherms models are applied in order to analyze 
successfully the adsorption of insulin on the CDHA and determine the best mathematical model fitting with experimental 
data. 
 
2. Material and methods 
 
2.1 Adsorbate 
 

      Human insulin is a simple protein consisting of two chains having 21 and 30 amino acids. The chains are joined together 
by two disulfide bonds. The active substance is produced in the laboratory by recombinant DNA technology. In this study, 
the human insulin tested is from Novo Nordisk A/S (Bagsvaerd, Denmark). The samples of adsorbate are prepared from a 
stock solution of 3500 mg/l using physiological saline (NaCl 9g/l). The most important physicochemical properties of 
human insulin are collected in table1. The FT-IR spectrum of human insulin (Fig.1) reveals the presence of characteristic 
absorption bands of insulin, one at 3398.9 cm−1 attributed to the stretching vibration of the NH2 group,19 and others at 1658.3 
cm−1, 1516.4cm−1, and 1240.6 cm−1 corresponds respectively to the amide I, amide II and amide III, mainly due to C=O 
stretching vibration.20 

Table 1. Physicochemical properties of human insulin. 
Name human insulin 

Molecular formula C257H383N65O77S6 
Molecular weight 5808 
Condensed Structural formula 
according to International Union of 
Pure and Applied 
Chemistry (IUPAC) 

H-Phe-Val-Asn-Gln-His-Leu-Cys(1)-Gly-Ser-His-Leu-Val-Glu-Ala-Leu-Tyr-
Leu-Val-Cys(2)-Gly-Glu-Arg-Gly-Phe-Phe-Tyr-Thr-Pro-Lys-Thr-OH. H-Gly-
Ile-Val-Glu-Gln-Cys(3)-Cys(1)-Thr-Ser-Ile-Cys(3)-Ser-Leu-Tyr-Gln-Leu-Glu-

Asn-Tyr-Cys(2)-Asn-OH 
Isoelectric point (pI) 5.4 
Storage temperature 2° - 8°C 
Shelf-life of the substance    Up to 2 years 

 

 
Fig. 1. Infrared spectra of human insulin 

2.2 Adsorbent 
       
     The calcium-deficient hydroxyapatite (CDHA) powders were prepared at room temperature by a simple co-precipitation 
method between two solution A and B.21 The solution A [0.15 mol of calcium nitrate Ca(NO3)2·4H2O (Riedel- de Haën - 
Germany) in 500 mL of distilled water] was added quickly to the solution B [0.26 mol of di-ammonium hydrogenphosphate 
(NH4)2HPO4 (Riedel-de Haën, Germany) in 1000 mL of distilled water]. The pH of the mixture obtained was adjusted 7 by 
ammoniac solution. After stirring for 2 h at the speed of 250 trs/min, the precipitate was filtered, washed, and dried at 343 
K for 48 h. 
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2.3 Experimental protocol 
 
2.3.1 Adsorption measurements 
       
       To examine the adsorption capacity of the adsorbent, experiments were carried out by adding 20 mg of powder 
hydroxyapatite in1ml of insulin in a conical test tube (5 ml capacity). After stirring for 1 min (1000 rpm), the samples were 
placed in a thermostatic bath at 310 K for different contact times. Then, the solid was separated from the solution by the 
fritted glass (Frit Glass N°4). The collected solids were dried in the oven at 343 K for 24 h and solutions were stored at 277 
K. The solutions were examined by measuring the pH and determining the equilibrium concentration using a UV–vis 
spectrophotometer (Model 3100, Japan) at 540 nm. The amount adsorbed at equilibrium 𝑞 (𝑚𝑔/𝑔) of insulin by the apatite 
was determined from the relation :  𝑞 = 𝑉 (𝐶)/𝑊 (1) 

where 𝑉(𝑙) is the volume of solution in contact with the mass 𝑊(𝑔) of apatite, and 𝐶(𝑚𝑔/𝑚𝑙) is the difference between 
the initial (𝐶 ) and final (𝐶 ) equilibrium concentrations. The adsorption rate was calculated from the relation: 
 %𝑎𝑑𝑠 = (𝐶/𝐶 ) 100  (2) 

      The values of the adsorption of insulin by the hydroxyapatite in triplicate samples were reproducible within accuracies 
of ~5%. 
 
2.3.2 Release measurements 
      Release studies of insulin were investigated by batch experiments. A 20 mg of hydroxyapatite previously adsorbed of 
the insulin was added in 1ml of physiological saline (NaCl 9 g/L). After stirring for one 1min (1000 rpm), the mixture was 
placed in a thermostatic bath at 310 K.  Finally, the solid and solution were separated by fritted glass (Frit Glass N°4). 
      The  amount  released  𝑞 (𝑚𝑔/𝑔) of  insulin  from  hydroxyapatite  was  calculated  by  the  equation :  
 𝑞 = 𝐶  𝑉/𝑊 (3) 

where 𝐶 (𝑚𝑔/𝑙) is the equilibrium concentration, and 𝑉(𝑙) is the volume of solution in contact with the mass 𝑊(𝑔) of 
apatite. The percentage of insulin release was determined from the relation: 
 %𝑟𝑒𝑙 = (𝑞 /𝑞 ) 100    (4) 

      The values of the release in triplicate samples were reproducible within accuracies of ~5%. 
 
3. Results and discussion 
 
3.1 Physico-chemical characterization of the adsorbent (CDHA) 
 
3.1.1 Chemical Analyses 
       
      The calcium ion content was determined by complexometric titration with Ethylene Diamine Tetra Acetic Acid (EDTA). 
The quantity of matter of calcium in CDHA varied from 0.812 to 0.822 mol with a mean value of 0.817 ± 0.005mol. The 
phosphorus content was determined by spectrophotometric method using phosphovanadomolybdic acid with GBC UV-
Visible spectrophotometer 911A at 460 nm. The quantity of matter obtained in CDHA varied from 0.509 to 0.519 mol with 
a mean value of 0.514 ± 0.005 mol.  The mean value obtained of Ca/P molar ratio of powder is 1.59 ± 0.01, it is between 
1.5 and 1.67. This value obtained is about 8 % below the stoichiometric value of 1.67, which indicates the synthesis of Ca-
deficient hydroxyapatite (CDHA). 
 
3.1.2 Surface Area 
 
     The specific surface area was determined according to the triple-point BET (Brunauer, Emmett, Teller) method using 
N2 adsorption.22 The value found of the CDHA powder is about 137 ± 0.05 m2/g, it is higher than ~75 m2/g of the 
stoichiometric HA prepared under the same experimental conditions. This high specific surface area can improve the 
interaction performance of adsorbates to CDHA. 
 
3.1.3 Point of zero charge determination 𝑝𝐻   
 

      The point of zero charge is one of the most important parameters used to describe variable-charge surfaces. The apatite 
surface can bear net positive, negative, or no charge. The 𝑝𝐻   corresponds to the equality between the negative charges 
and the positive charges on the surface of a solid in contact with a polar liquid phase.23 At pH values below 𝑝𝐻 , the 
CDHA surface is positively charged and will mainly retain anions, while at pH above 𝑝𝐻  the surface of CDHA is 
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negatively charged and predominantly exhibit an ability to exchange cations. The zero-point charge is measured using a 
simple technique. Briefly, to a series of beakers, 20mL of 0.01 M NaCl solution is added to 0.2 g of apatite powder and the 
initial pH is adjusted by using HCl (0.1 M) or NaOH (0.1 M) solution in the range of 4–10. After 48 hours of stirring speed 
(250 rpm) at ambient temperature, the final pH is measured. In order to determine the pHzpc, the difference between the final 
and initial pH (𝑝𝐻 = 𝑝𝐻 − 𝑝𝐻 ) is plotted against the initial 𝑝𝐻 (𝑝𝐻 ). The intersection of 𝑝𝐻 with the axis 𝑝𝐻 = 𝑝𝐻  
is the 𝑝𝐻  of the apatite. In the present study, the 𝑝𝐻  of the CDHA of Ca/P=1.59 is found to be 5.6 (Fig. 2).  
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Fig. 2. 𝑝𝐻  of CDHA precipitate at room temperature Fig. 3. XRD of CDHA precipitate at room temperature 
 

3.1.4 X-Ray Diffraction Pattern  
       
      The X-ray diffraction (XRD) pattern was conducted using an X-ray diffractometer X'PERT PRO with Cu-Ka radiation 
at room temperature. The apatite yielded broad and overlapping reflections, indicating their poor crystallinity (Fig.3).  
 
3.1.5 Infrared spectrum 
       
      Infrared spectroscopy IR was carried out after dispersion of anhydrous KBr (about 2 mg product to 200 mg of KBr) 
using VERTEX 70/70v FT-IR spectrometers. The spectrum obtained in the range of 4000–400 cm−1 shows characteristic 
main peaks of functional groups PO4

3−, OH− and HPO4
2− of calcium phosphate prepared (Fig. 4). The FTIR absorption peak 

positions and their corresponding assignments are collected in Table 2. The peaks observed at 875, 900 and 2984 cm−1 are 
attributed to the HPO4

2- groups.24,25 The presence of these ions in small quantities, substituted for the PO4
3- groups, attests 

that the prepared apatite is slightly non-stoichiometric and of low crystallinity.  
 

 
Fig. 4. FTIR spectra of the CDHA precipitate at room temperature 
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Table 2. FTIR absorption peak positions of prepared CDHA and their corresponding assignments. 
 

 
 
3.2 Adsorption of insulin to CDHA 
 
3.2.1 Adsorption kinetics 
 
      The kinetic experiments were carried out for different contact times (0, 15, 30, 60, 180, 300,480 and 1440 min) with 
constant adsorbent dose (20 mg), initial concentration (Co =3500 mg/L), pHi (7.0 –7.2) and at 310 K. The evolution of the 
amount of insulin adsorbed as a function of incubation time is shown in Fig.5. The equilibrium was quick; in fact, the 
maximum adsorption was reached in the first half-hour of contact, this can be explained by the high number of active sites 
available in CDHA at the beginning of the adsorption process. The result showed that the adsorption rate reached up to 
81±5%. It was observed that the pH values of supernatant solutions after adsorption are between 5.95 and 7.00 ±0.05 (Fig.6), 
which shows it depends on the contact time of adsorbate-CDHA. Moreover, these values are higher than the isoelectric 
point (pI)= 5.4 ±0.05 of insulin, and also are above the pHpzc of CDHA, which indicates their anionic states. The slight 
decrease of the pH over time may be explain to the protonation of CDHA surface caused by their frequent interaction with 
insulin which have the tendency to release H+ protons and surround the surface of the adsorbent. 
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Fig. 5. Kinetics of adsorption of insulin on CDHA of Ca/P= 
1.59 (solid quantity : 20 mg, initial insulin concentration : 
3500 mg/L, initial pH, at 310 K, stirring time : 1 min) 

Fig. 6. pH of supernatant solutions after adsorption of 
insulin onto CDHA of Ca/P= 1.59 (Co = 3500 mg/L) at 310 
K. 

 

     In order to identify the rate, kinetic parameters and reaction mechanism controlling the adsorption of insulin by 
hydroxyapatite, five simplified kinetic models namely pseudo first-order,26 pseudo second-order,27 Elovich equation,28 
Weber and Morris intraparticle diffusion model29 and Bangham’s pore diffusion model30 have been evaluated. 
 

3.2.1.1 pseudo-first-order model  
     
     The pseudo first order kinetics model is the first equation for the sorption of liquid/solid system described by the 
Lagergren equation : 
 𝑑𝑞 /𝑑𝑡 = 𝐾 (𝑞 − 𝑞 ) (5) 

     After applying the initial conditions (𝑞 = 0, 𝑡 = 0), the integration of this equation leads to the following linear form:    
  𝐿𝑛(𝑞 − 𝑞 ) = 𝐿𝑛𝑞 − 𝐾 𝑡  (6) 

Peak position, cm‐1 Corresponding assignment 

3570, 633 OH‐ 

2984, 901, 875 HPO2
4- 

3000-3400, 1638, 312 H2O 

1034, 962 phosphate stretching vibration PO3
4 - 

600, 564, 474 phosphate bending vibration PO3
4 - 
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Where, 𝑞 (𝑚𝑔 𝑔 ) represents the amount of insulin adsorbed onto CDHA at equilibrium, 𝑞 (𝑚𝑔 𝑔 ) represents the 
amount of insulin adsorbed at any time t (min) and 𝐾 (𝑚𝑖𝑛 ) represents the rate constant of pseudo first order reaction.  
      
      The constant 𝐾  and theoretical equilibrium adsorption capacity  𝑞 (𝐶𝑎𝑙)  calculated from straight-line plot of 𝐿𝑛(𝑞 − 𝑞 ) versus t (Fig.7), are given in Table3. We noted that the values of the calculated 𝑞 (𝐶𝑎𝑙) and experimental 𝑞 (exp)  were different. Moreover, the value of 𝑅 correlation coefficient (0.951)  was less to unity. Therefore, the 
adsorption of insulin on the CDHA do not follow the pseudo-first-order kinetic model. 
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Fig. 7. Pseudo-first-order kinetic for adsorption of insulin 
on CDHA of Ca/P=1.59 

Fig. 8. Pseudo-second-order kinetic for adsorption of 
insulin on CDHA of Ca/P=1.59 

 
3.2.1.2 pseudo-second order model  
 
      The kinetic expression of the pseudo second order model, proposed by Ho and McKay is given by the equation: 
 𝑑𝑞 /𝑑𝑡 = 𝐾 (𝑞 − 𝑞 )  (7) 

 After integration and applying boundary conditions, 𝑡 = 0 to 𝑡 = 𝑡 and 𝑞 = 0 to 𝑞 = 𝑞 ; this equation can be written as: 
  𝑡/𝑞 = 1/𝐾 .𝑞 + 𝑡/𝑞  (8) 

where, 𝐾 (𝑔/𝑚𝑔.𝑚𝑖𝑛) is the rate constant of pseudo second order reaction. The values of 𝐾  and 𝑞 (𝐶𝑎𝑙)  (Table 3) were 
calculated from the slope and intercept of straight portion of the linear plots obtained by plotting 𝑡/𝑞  against t (Fig. 8). 
 
The initial adsorption rate 𝑔(𝑚𝑔/𝑔 𝑚𝑖𝑛), is calculated at 𝑡 → 0 from the relationship: 
 𝑔 = 𝐾 . 𝑞  (9) 

     The correlation coefficient value (0.998) was very high and close to unity, and the  𝑞 (𝐶𝑎𝑙) (22.37 𝑚𝑔.𝑔 ) calculated 
by using the second order model was nearly equal to the 𝑞 (exp) (22 𝑚𝑔.𝑔 ) obtained experimentally. 
     
     The adsorption reaction of insulin on the surface of CDHA starts from the first minutes of contact, indicating that the 
most influential and rate-limiting step of the kinetic process is likely to be the pseudo-second order, which controls at each 
instant t the rate of reaction of insulin transfer. 

 
3.2.1.3 Elovich model  
    
      This model is widely used to describe the chemical adsorption of adsorbate molecules on the surfaces of solids of very 
heterogeneous adsorbents. The kinetic expression of the Elovich model is given by the following equation: 
 𝑑𝑞 /𝑑𝑡 = 𝛼. 𝑒𝑥𝑝(−𝛽. 𝑞 ) (10) 

 

     The integration of this relationship leads to the following linear form: 
  𝑞 = 𝐿𝑛(𝛼.𝛽)/𝛽 + 𝐿𝑛(𝑡)/𝛽 (11) 
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where α(mg/g. min)  is the initial adsorption rate and β(g/mg) is the adsorption constant related to the extent of surface 
coverage and activation energy for chemisorption. The two kinetic constants will be deemed from the slope and the 
intersection of the straight line giving 𝑞  as a function of 𝐿𝑛𝑡 (Fig.9). 
     
     From Table 3, the correlation coefficient (0.957)  is lower than pseudo-second order model, the Elovich kinetic model 
did not provide a good fit to the experimental data but it shows that the chemisorption, which generally happens by ion 
exchange, can be the rate-determining step during adsorption of insulin onto CDHA. 
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Fig. 9. Plot of Elovich equation for adsorption of insulin onto CDHA of Ca/P=1.59 

 
3.2.1.4 Intra-particle diffusion model  
      
     In order to explain the diffusion mechanism, the intra-particle diffusion model proposed by Weber and Morris, was 
applied to the kinetic data with the pore diffusion factor defined by the following equation: 
 𝑞 = 𝐾 𝑡 / + 𝐶 (12) 

where, 𝐾  and 𝐶 are an intra-particle diffusion rate constant(𝑚𝑔.𝑔 .𝑚𝑖𝑛 / ) and a constant, respectively. The 𝐾  and 𝐶 
parametres obtained from the plot of 𝑞  versus 𝑡 /  (Fig.10), are given in Table 3. The rate constant 𝐾  is directly evaluated 
from the slope of the regression line and 𝐶 is the value of intercept which gives an idea about the thickness of the boundary 
layer. 
       
     The plot of 𝑞  versus 𝑡 /  (Fig.10) is not linear over the whole time interval, it shows three successive linearities, which 
indicates that the adsorption is affected by three steps. The first (1) is instantaneous adsorption at the external surface of the 
solid. The second (2) is the gradual adoption stage where the intraparticle diffusion is limiting and the third step (3) is the 
final stage before equilibrium (plateau)  where the intraparticle diffusion starts to slow down due to the low concentration 
of the solute in solution. 
      
      From Fig.10 and Table 3, the value of 𝐶 obtained is not zero (𝑞  versus 𝑡 /  plot does not pass through the origin) and 
the value of the 𝑅  regression coefficient (0.787) is not satisfactory, indicating that the intra-particle diffusion is not a 
limiting step but not negligible step in the process of adsorption of insulin on CDHA, especially after the first 30 minutes.  
      
     The 𝐾  and 𝐶 parameters values (Table 4) of the Weber and Morris model for three linear portions (1), (2) and (3) show 
that they evolve over time, we notice a decrease in the value of the diffusion rate constant intraparticle which passes from 
1.336 for step (1) to 0.0335 𝑚𝑔.𝑔 .𝑚𝑖𝑛 .  for step (3) and an increase in the value of the ordinate at the origin which 
passes from 2.214 for the first stage to 20.798 𝑚𝑔/𝑔 for the 3rd stage. We also notice that the 2nd step is the only step that 
presents a good correlation coefficient 𝑅 (0.995) which indicates that this step is the step determining the speed of 
intraparticle diffusion. Therefore, the intraparticle diffusion process is governed by the second part of the Webber-Morris 
diagram. 
 
Table 4. Weber and Morris model parameters and correlation coefficients for different stages. 

Stage 𝑲𝑷(𝒎𝒈.𝒈 𝟏.𝒎𝒊𝒏𝟎.𝟓)   𝑪(𝒎𝒈/𝒈) 𝑹𝟐 

(1) 1.336 2.214 0.785 

(2) 0.5915 8.4194 0.995 

(3) 0.0335 20.798 0.807 
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Fig. 10. Intra-particle diffusion model plot for adsorption 

of insulin on CDHA of Ca/P=1.59 
Fig. 11. Bangham’s kinetic model plot for adsorption of 

insulin on CDHA of Ca/P=1.59 
 
3.2.1.5 Pore diffusion model (Bangham’s model)  
      
     Bangham’s kinetic model is applied to evaluate and confirm further the dominance of pore diffusion during the 
adsorption process. It is defined by the following equation: 
  𝑙𝑜𝑔𝑙𝑜𝑔[𝐶 /(𝐶 −𝑚. 𝑞 )] = log (𝑚.𝐾 /2.303𝑉) + σ. 𝑙𝑜𝑔𝑡 (13) 

where 𝑞 (𝑚𝑔/𝑔) is the amount of insulin adsorbed at time t, 𝐶 (𝑚𝑔/𝐿) is the initial concentration of the adsorbate in 
solution, 𝑚(𝑔/𝐿) is the mass of the adsorbent, 𝑉(𝑚𝐿) is the volume of the solution. 𝐾 (𝑚𝐿/𝑔. 𝐿 ) and σ (less than 1) are 
the constants. 
       
     The plot of  𝑙𝑜𝑔𝑙𝑜𝑔(𝐶 /(𝐶 −𝑚. 𝑞 ))  against 𝑙𝑜𝑔𝑡  (Fig.11) was found to be linear with a satisfactory correlation 
coefficient 𝑅 (>0.9), which confirmed the validity of the kinetics Bangham equation. Therefore the adsorption of insulin 
onto hydroxyapatite was pore diffusion controlled. The values of 𝐾  and σ (Table 3), are calculated from the intercept and 
slope of the linear plot, respectively. 
 
Table 3. Parameters for various kinetic models for insulin adsorption on CDHA at 310 K, initial insulin concentration 3500 
mg/L, pH ≈7 and adsorbent dose 20 mg. 

Kinetic models Parameters 
Pseudo-first order 𝐾 (𝑚𝑖𝑛 ) 6.87 10-3 𝑞 (𝑐𝑎𝑙)(𝑚𝑔/𝑔) 17.77 𝑞 (𝑒𝑥𝑝)(𝑚𝑔/𝑔) 22 𝑅   0.951 
Pseudo-second order 𝐾 (𝑔/𝑚𝑔 𝑚𝑖𝑛) 9.12 10-4 𝑞 (𝑐𝑎𝑙)(𝑚𝑔/𝑔) 22.37 𝑞 (𝑒𝑥𝑝)(𝑚𝑔/𝑔) 22 𝑔(𝑚𝑔/𝑔.𝑚𝑖𝑛) 0.456 

 𝑅  0.998 
Elovich equation α(mg/g. min) 2.156 β(g/mg) 0.291 𝑅  0.957 
Intra-particle diffusion 𝐾 (𝑚𝑔.𝑔 .𝑚𝑖𝑛 . ) 0.417 𝐶(𝑚𝑔/𝑔) 8.914 𝑅  0.787 
Bangham’s model 𝐾 (𝑚𝐿/𝑔. 𝐿 ) 1.22 10-3 

σ 0.253 𝑅  0.924 
 
       Among the five kinetic models, the pseudo-second-order model generates the best fit for the experimental data. The 𝑅 correlation coefficient obtained is greater than 0.99, indicating that this model is potentially used as a kinetic model of 
insulin adsorption on the CDHA. Nevertheless, the results shown in Table 3 do not necessarily mean that the other models 
are not controlling the rate of the adsorption process, it is generally complex with more than one mechanism limiting the 
rate of reaction. 
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3.2.2 Adsorption isotherms  
       
       To understand an adsorption process, it is necessary to study adsorption equilibrium and determine the mathematical 
description best fits the experimental data. For this reason, many adsorption isotherms models are applied. In the present 
study, four isotherm models have been assessed : the Langmuir,31 the Freundlich,32 the Temkin33 and the Dubinin-
Raduskevich34 models. The variation of the quantity 𝑞 (mg/g) adsorbed of insulin on CDHA as a function of its equilibrium 
concentration 𝐶  (mg/L) is represented in Fig.12. The quickly increases of this quantity for low equilibrium concentrations 
and then reaching a plateau can be explained by the formation of a monolayer adsorption type. 
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Fig. 12. Adsorption isotherms of insulin by CDHA of 
Ca/P=1.59 (solid quantity : 20 mg, stirring time : 1 min, 
T : 310 K) 

Fig. 13. Langmuir isotherm model 
 

 
Langmuir isotherm 
       
     The Langmuir isotherm is developed on the assumption that the energetic properties of the adsorption sites are uniform 
and finite. There is no interaction between the molecules adsorbed on neighboring sites. Once the adsorbate is attached to 
the site, saturation is reached beyond which no further adsorption takes place, which assumes that a monolayer of the 
adsorbate is formed. The Langmuir equation is given by the following equation: 
 

  𝑞 =      (14) 

where 𝑞  is the amount of adsorbate per unit mass of adsorbent (mg/g), 𝐾  is the Langmuir constant related to adsorption 
capacity (L/g), 𝑞  is the maximum adsorption capacity (mg/g) and 𝐶  is the concentration of adsorbate at equilibrium 
(mg/l). The linear form of this expression is given by equation: 
 

  =  +  (15) 

      The plot of 𝐶 𝑞⁄  versus 𝐶  at 310 K is given in Fig.13. The 𝑞  and 𝐾  parameters of Langmuir adsorption are 
calculated by linear regression and listed in Table 5. The results of the Langmuir isotherm model showed a good fit to the 
experimental data 𝑅  (0.998) with the equilibrium adsorption capacity found to be 24.46 mg/g.     
 
      To evaluate the favorability of the adsorption process, the dimensionless constant separation factor or equilibrium 
parameter 𝑅 was calculated according to the following equation : 35 𝑅 = 11 +  𝐾  𝐶  (16) 

where 𝐶  is the initial concentration of adsorbate (mg/l) and 𝐾  is the Langmuir constant (l/g). 𝑅  values indicate the 
adsorption to be favorable when 0 < 𝑅 < 1, unfavorable when 𝑅 > 1, linear when 𝑅 = 1and irreversible when 𝑅 = 0. 
The 𝑅  values are less than 1 (Table 4), indicating that the adsorption of insulin onto the surface of the CDHA was a 
favorable process at physiological temperature. 
 

Table 4. Dimensionless separation factor (𝑅 ) values for insulin adsorption by CDHA at 310 K. 
Insulin concentration (mg/L) 𝑹𝑳 

90 0.701 
130 0.619 
240 0.468 
420 0.334 
682 0.236 
1320 0.138 
2010 0.095 
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      In order to prove nature of the adsorption process, the free energy thermodynamic parameter 𝛥𝐺 (𝐽/𝑚𝑜𝑙)  of 
adsorption was calculated by the following equation: 36  𝛥𝐺 = −𝑅 𝑇 𝐿𝑛 𝐾  (17) 

where 𝐾  (L/g) is the Langmuir constant, 𝑅  is the universal gas constant (8.314 𝐽 𝑚𝑜𝑙 𝐾 )  and 𝑇  is the absolute 
temperature in Kelvin. At 310 K, the value found of 𝛥𝐺  (Table 5) is in the order of - 4.01, it’s negative and between −20 
KJ/mol and 0 KJ/mol which indicates that the insulin adsorption is considered a spontaneous process and is often as physical 
type (physisorption).37 
 

Freundlich isotherm 

      The Freundlich isotherm is developed on the assumption that the adsorption occurs on heterogeneous sites with a non-
uniform distribution of energy levels. This model is not restricted to the formation of a monolayer of the adsorbate 
(multilayer adsorption). The Freundlich equation is commonly given by : 𝑞 = 𝐾  𝐶  

(18) 

where 𝑞  is the amount of adsorbate per unit mass of adsorbent (mg/g), 𝐶   is the equilibrium concentration of adsorbate 
(mg/L),  𝐾  is the Freundlich constant relative to the adsorption capacity of adsorbent (mg/g) and 𝑛 is a heterogeneity 
parameter relative to the adsorption intensity. The exponent (1 𝑛⁄ ) provides an indication of the favorability and capacity 
of the adsorbent/adsorbate system. 
      The linear form of this expression is given by equation: 𝐿𝑛(𝑞 ) = 𝐿𝑛(𝐾 ) +  𝐿𝑛(𝐶 )  (19) 

      Plotting 𝐿𝑛(𝑞 ) versus 𝐿𝑛(𝐶 ) results in a straight line of slope 1 𝑛⁄  and intercept 𝐿𝑛(𝐾 ) (Fig. 14). The values of 𝐾 , 𝑛, 1 𝑛⁄  and the coefficient of determination, 𝑅 , are shown in Table 5. 
      
       In order to recognize the favorability of the adsorption process and describe the heterogeneity of the adsorption surface, 
the parameter 𝑛 must be calculated. The 𝑛 value between 1 and 10 indicates a favorable process and the value of 1 𝑛⁄  less 
than unity indicates a more heterogeneous surface.38 In the current study, the values obtained for 𝑛 and 1 𝑛⁄  are 2.86 and 
0.35 respectively, indicating that the adsorption of insulin onto CDHA is favorable and possible to realize on heterogeneous 
surfaces.  
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Fig. 14. Freundlich isotherm model Fig. 15. Temkin isotherm model 

 
Temkin isotherm 
 
       Contrary to the Langmuir and Freundlich isotherms, the Temkin model takes into account the interactions between 
adsorbent and adsorbate and is assumed that the heat of adsorption (Δ𝐻ads) of all molecules in the layer decreases linearly 
with increased surface coverage. The linear form of the Temkin isotherm can be described by the following equation: 
 𝑞 = (𝑅 𝑇 𝑏⁄ ) 𝐿𝑛 𝑎 + (𝑅 𝑇 𝑏⁄ ) 𝐿𝑛 𝐶  (20) 

where 𝑞  is the amount of adsorbate per unit mass of adsorbent (mg/g), 𝐶   is the equilibrium concentration of adsorbate 
(mg/L), 𝑏  is the Temkin isotherm constant associated to the heat of adsorption (J mol−1) and 𝑎   is the Temkin isotherm 
constant corresponding to the maximum binding energy (L/g), 𝑅 is the universal gas constant (8.314 J mol-1 K-1) and 𝑇 is 
the temperature at 310 K.  
        
      The constants 𝑏  and 𝑎  are determined from the slope and intercept of the linear plot of 𝑞  versus  𝐿𝑛 𝐶  (Fig.15). The 
Tamkin model parameters are presented in Table 5. The 𝑎  and 𝑏  values are 0.074 L/mg and 0.589 KJ/mol, respectively. 



A. El Rhilassi and M. B. Ziatni  / Current Chemistry Letters 12 (2023) 455

The 𝑏  value is positive, implying an exothermic adsorption reaction. Additionally, the low value of this parameter 𝑏 , 
suggesting physical interaction between insulin and CDHA. 
 
Dubinin– Kaganer–Radushkevich isotherm 
 
     The Dubinin– Kaganer–Radushkevich (D-K-R) model is generally suitable for intermediate- range of adsorbate 
concentrations with multilayer and microporous solids involving Van Der Waal’s forces, applicable for physical adsorption 
processes. This model is applied to express the adsorption mechanism with Gaussian energy distribution onto heterogeneous 
surfaces. It is usually applied to differentiate between physical and chemical adsorption. The model is represented by the 
empirical equation below: 
 𝑞 = 𝑞 𝑒𝑥𝑝(−𝐵  ℇ ) (21) 

where 𝑞  is the amount of adsorbate per unit mass of adsorbent (mg/g), 𝑞  is the maximum adsorption capacity representing 
the total specific micropore volume of the adsorbent and 𝐵 (𝑚𝑜𝑙 /𝐽 ) is the D-K-R model constant related to mean 
adsorption free energy 𝐸(𝐾𝐽/𝑚𝑜𝑙) per molecule of adsorbate as it migrates to the surface of the adsorbent from infinite 
distance in the solution. This energy is expressed by: 
 𝐸 = 1/ 2 𝐵   (22) 

     The ℇ is the Polanyi potential can be calculated as: 
 ℇ = 𝑅 𝑇 𝐿𝑛(1 + 1/𝐶 ) (23) 

where R and T represent the gas constant (8.314 𝐽/𝑚𝑜𝑙.𝐾) and absolute temperature(310 𝐾), respectively. 
     
     The linearized form of the D-K-R model is given by the following equation: 
 𝐿𝑛 𝑞 = 𝐿𝑛 𝑞 − 𝐵  ℇ  (24) 

     The slope of the plot of 𝐿𝑛 𝑞  versus ℇ  gives 𝐵  and the intercept yields the adsorption capacity, 𝑞  (Fig.16). The 
calculated values of 𝐵 , 𝑞  and 𝐸 are, respectively, 1.23 10 𝑚𝑜𝑙 /𝐽  and  18.28 𝑚𝑔/𝑔 and 20.16 𝐽/𝑚𝑜𝑙 (Table 5). The 
value of 𝐸 is used to describe the type of adsorption; the 𝐸 values range from 1.0 to 8.0 KJ/mol for physical adsorption and 
from 9.0 to 16.0 KJ/mol for chemical adsorption.39 In the present study, the adsorption energy obtained is less than 8 KJ/mol 
indicating that the adsorption of insulin onto CDHA may be attributed to the physical adsorption mechanism at the 
temperature of 310 K. From Table 4, the coefficient of regression value is low (0.752) indicating that this model does not 
simulate the data experimental well, it is not considered as Dubinin– Kaganer–Radushkevich isotherm model preferred. 
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Fig.16. Dubinin – Radushkevich isotherm model 

 

Table 5. Values of the parameters of Langmuir, 
Freundlich, Temkin and Dubinin–Radushkevich models 
for the adsorption of insulin onto CDHA of Ca/P=1.59 at 
310 K. 

Models Parameters 
Langmuir 𝐾 (L/g) 4.74 𝑞 (mg/g) 24.46 𝑅  0.998 𝛥𝐺 (𝐾𝐽/𝑚𝑜𝑙) - 4.01 
Freundlich 𝐾 (mg1-m g-1 lm) 1.74 1 𝑛⁄  0.35 𝑛 2.86 𝑅  0.926 

Temkin 𝑏 (J mol-1) 589.35 𝑎 (L/g) 0,074 𝑅  0.951 
Dubinin–Kaganer–

Radushkevich 
(D-K-R) 

𝐸(J.mol-1) 20.16 𝐵 (mol2/J2) 1,23.10-3 𝑞 (mg/g) 18,28 𝑅  0.752 
 

 
     Owing to the results of Table 5, the Langmuir model appears to be the most appropriate isotherm for the fit of the 
equilibrium experimental data of adsorption of insulin on the apatitic calcium deficient hydroxyapatite as compared to, 
Freundlich, Temkin, and Dubinin-Radushkevich models indicating the possibility of the validity of this model under the 
concentration range studied. 
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3.2.3 Solid (FTIR) 
 
      In order to identify the fixation of the insulin on the synthetic apatitic calcium deficient hydroxyapatite (CDHA), Fourier 
transform infrared spectrophotometry is used before and after adsorption in 3500 mg/l of insulin in 18 h of contact time 
(Fig. 17 and 18). 
      
     The infrared IR absorption spectra obtained before and after insulin adsorption reveal the presence of bands characteristic 
of the peptide bond of insulin. The band around 1543 cm-1 is attributed to the valence vibration of the N-H bond (of the 
secondary amide). The band located around 1659 cm-1 is associated with the elongation of the carbonyl group C=O of the 
amides. There is also an absorption band located around 3400 cm-1 attributable to the stretching vibration of the NH2 group. 
 

  
Fig. 17.  FTIR spectra of CDHA before adsorption in 

3500 mg/L of insulin at 310 K 
Fig. 18.  FTIR spectra of CDHA after adsorption in 3500 

mg/L of insulin at 310 K 
 
3.3 Release of insulin by CDHA 
 
      In order to examine the effect of time on the release process of insulin previously adsorbed onto the CDHA of Ca/P=1.59, 
a series of experiments was used for contact times of 0.25 to 24 hours in physiological solution (9g/l NaCl) at 310 K. Fig. 
19 shows a gradual increase to about 41 ± 5% followed by a decrease in release rate after about 1 hour of insulin incubation. 
The pH of the salting-out solutions varies slightly over time, it is between 5.98 and 5.68 ± 0.05 (Fig. 20) and above the 
point of zero charge of CDHA (𝑝𝐻 = 5.6). It may vary depending on the rate of insulin release. This can be explained 
by the protonation followed by deprotonation of the apatite surface caused by their interaction with insulin which has an 
isoelectric point 𝑝𝐼 = 5.4 lower than the 𝑝𝐻 of the releasing solutions. 
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Fig. 19. Rate of insulin released from CDHA of Ca/P 1.59 Fig. 20. pH of supernatant solutions after release of the 
insulin from CDHA 

4. Conclusions 
 
       The effect of time on the adsorption and release of insulin by synthetic poorly crystalline CDHA of Ca/P =1.59 was 
examined at 310 K. The result shows that the interaction process was very fast in the first minutes, the decrease in release 
rate might be explained by the existence of a re-adsorption reaction between the CDHA and insulin previously released in 
the solution. The adsorption rate is more than that of the release, which can be explained by the high apatite reactivity 
related to their high specific surface area that can interact with the functional groups of insulin.  
 
       Fourier-transform infrared spectroscopy confirms the fixation of insulin by CDHA; the spectra reveal the specific bands 
of amide I and amide II constituting the peptide bond of the insulin structure.  
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      The pH of the incubation medium of insulin in contact with apatite is more than the point of zero charge (𝑝𝐻 = 5.6) 
of CDHA and the isoelectric point (𝑝𝐼 = 5.4) of insulin, which shows that the insulin and the CDHA surface are negatively 
charged. For these reasons, the interaction processes reveal, in this case, an ion exchange involving the replacement of 
mineral ions of the surface of the apatite (negatively charged functional groups) by insulin molecular ions from the solution. 
Furthermore, on the surface of CDHA, the functional groups charged negatively are more than the positive groups. 
Therefore, the interaction process involve the anionic groups of insulin and both the calcium sites and anionic groups of 
apatite, it is considered a physical interaction.  
 
     It appears that the pseudo-second-order kinetic model is the best model to describe the adsorption of insulin onto the 
CDHA, it can be considered the rate-limiting step which governs the adsorption process. The experimental and calculated 
maximum adsorption capacities are around 22 𝑚𝑔 𝑔  with a high value of the correlation coefficient 𝑅 (0.998). The 
Langmuir isotherm showed the better fit of all isotherm models studied with a maximum monolayer adsorption capacity of  24.46 𝑚𝑔 𝑔  and a high correlation coefficient (0.998). This result suggests that the energetic properties of the adsorption 
sites of the CDHA are uniform and finite with one molecule of insulin per site, which supposes that a monolayer of the 
insulin is formed. The parameter values of the isotherm models, such as 𝛥𝐺 (−4.01𝐾𝐽/𝑚𝑜𝑙), 𝑏 (0.589𝐾𝐽/𝑚𝑜𝑙) and 𝐸(0.589𝐾𝐽/𝑚𝑜𝑙) can be revealed that the adsorption process is favorable, exothermic, spontaneous in nature, and often 
controlled by physisorption. 
 
    The results obtained show that the synthetic poorly crystalline calcium-deficient hydroxyapatite provides a significant 
advantage over the interaction induced by insulin. The application of different kinetic models and the adsorption isotherms 
allows us to analyze successfully the adsorption process, determine the best mathematical model fitting with experimental 
data, and know the rate-limiting step that governs the overall adsorption rate and its mechanism. 
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