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Abstract

Apatite particles prepared from natural phosphate rock and grafted with 

nitrilotris(methylene)triphosphonate (NTP) were evaluated for Pb2+ and Zn2+ sorption from 

aqueous solutions. Sorption capacities as high as 640 mg.g−1 and 300 mg.g−1 could be obtained 

for the highest organic content (10 wt%). Analysis of the sorption isotherms using Langmuir, 

Freundlich and Dubinin-Kaganer-Radushkevich models revealed that Pb2+ ions have a larger 

affinity for apatite (sorption energy ≈ 8 kJ.mol−1) than for NTP so that organo-modified surfaces 

led to a heterogenous adsorption process. In contrast, Zn2+ interacts weakly (sorption energy ≈ 1 

kJ.mol−1) and similarly with the mineral surface and the organic moieties following a homogenous 

sorption process. Such an association of organic metal ligands with reactive apatite surfaces within 

porous materials appears as a promising strategy to obtain efficient adsorbents at low cost and 

limited environmental impact.
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1. Introduction

Heavy metals are of special environmental concern because they are non-degradable and 

therefore persistent [1]. They are toxic in both their elemental form and within mineral 

structures, even at low concentrations [2]. Among available heavy metal remediation 

methods, chemical precipitation has long been favoured [3]. Although other techniques 

such as ion exchange [4], membrane systems [5], and electrodeposition [6] have been 

widely developed over the last few decades, adsorption processes is considered as the most 

attractive alternative to chemical precipitation [7], not only because it is well-adapted to the 

treatment of wastewaters containing high concentrations of metals [8] but also because a 

wide variety of adsorbents such as activated carbon [9], clays [10], silica [11] as well as 

natural and synthetic apatites [12–16] are available.
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Among these adsorbents, natural phosphate rock combines the advantages of very low 

cost, low environmental impact and great abundance, with well-known affinity of hydroxyl 

and phosphate groups for metallic cations [17]. However, they exhibit a limited porosity 

that limits their use as such for metal sorption applications [18–19]. Moreover, apatite 

surfaces exhibit a positively charged surface in acidic conditions that decreases their 

affinity for metal cations in polluted waters [20]. To address these points, we recently 

developed a novel procedure for the preparation of mesoporous organo-apatite materials 

derived from natural phosphate (modified natural phosphate, MNP), by incorporation of 

nitrilotris(methylene)triphosphonic acid (NTP) exhibiting amine and phosphonate surface 

moieties (Fig. 1) [21–22]. The introduction of amine groups was based on previous reports 

showing that apatite materials grafted with aminosilanes exhibit enhance retention properties 

towards Cu2+ and Co2+, due to complexation between −NH2 and metal ions [23–24]. 

Indeed, Pb2+ ions represent a specific case when considering apatite-based adsorbents 

because they are known to interact with apatite surface via dissolution and precipitation of 

pyromorphite Pb10(PO4)6(X)2 (X = OH, Cl) phases [12, 25]. Therefore, a balance may exist 

in the Pb2+ sorption efficiency between the benefits of introducing metal-binding ligands 

and the decreased accessibility of the apatite surface. For instance, it was previously shown 

that polyacrylamide-modified apatites exhibited improved affinity towards the UO2
2+ and 

Th4+ ions, whereas the retention of Pb2+ was hindered by the presence of the polymer 

[26]. Accordingly, polyurethane foams incorporating apatite particles were also described 

exhibiting increased Pb2+ retention capacity but slower Pb2+ sorption kinetics with apatite 

content [27].

On this basis, we have here studied Pb2+ sorption on MNP materials modified with 

increasing amounts of NTP. Langmuir, Freundlich and Dubinin-Kaganer-Radushkevich 

models have been evaluated to model adsorption isotherms. The pH variations during 

the sorption process were also monitored to get a better understanding of the ongoing 

phenomena. In parallel, the sorption of another metal ion, Zn2+, with lower affinity for 

apatite surface was also studied and compared to that of Pb2+.

2. Experimental

2.1. Synthesis of NTP-modified natural phosphate nanoparticles (NTP-MNP)

NTP-MNP powders were synthesized from natural phosphate from Bengurir, Morocco and 

NTP, as described elsewhere [22, 28]. As summarized in Fig. 2, 500 mL of deionized water 

adjusted to pH 2 with HNO3 (65%) solution was used to dissolve 20.6 g natural phosphate 

(−400/+100 μm fraction after sieving) by stirring for 3 hours. After filtration, reagent grade 

nitrilotris(methylene)triphosphonic acid (50 wt.% water solution, Sigma-Aldrich, St. Louis, 

MO) was added to the clear solution under vigorous stirring. The resulting transparent 

mixture was precipitated with concentrated ammonia (25%) at pH 10, resulting in a white 

suspension. This suspension was aged for 24 h at room temperature, filtered, washed with 

deionized water, and dried overnight at 100 °C.

XRD patterns of as-prepared materials after drying at 100°C are shown in Fig. 3a. A poorly 

crystalline structure is obtained for all products, with typical diffraction peaks at 2θ ≈ 32°, 

33° and 34° corresponding to the (211), (112) and (300) planes of the apatite structure 
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(JCPDS No. 09–0432). A significant broadening of diffraction peaks suggests reduction in 

apatite crystallinity in the presence of increasing amount of organic molecules. FTIR spectra 

of the various products display the vibration modes of [PO4] groups at 1100, 1050, 960, 

605 and 565 cm−1 characteristic of the apatite structure (Fig. 3b). The broadening of PO4 

bands with NTP content is related to the structural disorder and the presence of R-PO3 

groups [29]. The FT-IR spectra of the composites exhibit weak peaks in the 1400–1450 

cm−1 wavenumber range, corresponding to organic C-C vibrations whereas MNP shows a 

large band in the same region indicating that MNP is a carbonated apatite. This indicates that 

phosphonate groups of NTP substitute carbonate ions in the apatite structure upon grafting. 

The grafting of NTP is also supported by the presence of a wide band in the 2500–3000 

cm−1, resulting from the overlap of the C–H, N-C and C-P stretching band of NTP.

N2-sorption experiments show the presence of an hysteresis loop for all samples, indicating 

that the materials are mesoporous (Fig. 4a). However, the nitrogen sorption isotherm 

of MNP show a clear threshold at high relative pressure, that becomes less significant 

for 2.5 %-NTP and 5%-NTP and disappears for 10%-NTP, suggesting the opening of 

the mesoporous network with increasing organic modification. Transmission Electron 

Microscopy Imaging show that all materials consist of nanoparticles whose size, ca. 50 

nm, does not clearly depend on the NTP content (Fig. 4b,c). Further characterizations are 

available elsewhere [22]. Main chemical and structural features of the organo-apatites are 

gathered in Table 1.

2.2. Adsorption procedure

Aqueous solutions containing Pb2+ and Zn2+ ions at various concentrations were prepared 

from lead and zinc nitrate in distilled water. Adsorption isotherms were determined in a 

500 mL thermostatted reactor by mixing 100 mL of metal-containing solution with 0.2 g of 

adsorbent at 25°C. The mixture was stirred at 400 rpm for 3 h to allow the adsorption 

to reach equilibrium, using a mechanical stirrer (EUROSTAR digital IKA) to provide 

reproducible and homogeneous mixing. The initial metal concentration was varied from 

10 to 2000 mg L−1. The initial pH was adjusted to pH 5. The variation of the pH of the 

contaminated aqueous solutions during metal adsorption was measured for all adsorbents 

using a pH meter (METTLER TOLEDO equipped with a glass electrode), with experimental 

variations in a 2% range. Pb2+ sorption kinetics were measured by the same procedure at 

predefined times, but using 200 mL of Pb2+ solution with 0.4 g of adsorbent. Aliquots of 

the supernatant solution were taken with a 2 mL propylene syringe equipped with a 0.45 

μm filter. The amount of adsorbed lead per gram of adsorbent qt (in mg g−1) at time t was 

calculated as follows:

qt = C0 − Ct
m V (1)

where C0 and Ct are the metal ion concentration (in mg L−1) in the liquid phase 

initially and at any time t respectively, m is the mass of adsorbent (in g) in the 

solution, and V is the solution volume (in L). All measurements were performed in 

triplicate and experimental errors were found below 5%. Lead, and zinc elements were 
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chemically analyzed by inductively coupled plasma atomic emission spectroscopy (ICP-

AES) (ICPS-7500, Shimadzu, Japan).

2.3 Kinetics of metal sorption

In order to determine the rate constants, the two most widely used kinetic models of 

adsorption (Lagergren pseudo-first and pseudo-second order models) were applied to the 

experimental data [29]. The Lagergren pseudo-first order equation can be expressed as:

log qe, 1 − qt = logqe, 1 − k1
2.303t (2)

where qe,1 is the amount of adsorbed metal per gram of adsorbent (in mg g−1) at 

equilibrium, t is reaction time (in s) and k1 is the pseudo-first order rate constant. This 

model is applicable if log(qe,1− qt) versus t approximates a straight line, in which case qe,1 

and k1 can be calculated. The pseudo-second order model can be expressed as:

t
qt

= 1
k2qe, 2

2 + 1
qe, 2

t (3)

If this model is applicable, the plot of t/qt against time t in Eq. (3) will yield a linear 

relationship from which the constants qe,2, the amount of adsorbed metal per gram of 

adsorbent (in mg g−1) at equilibrium and k2 the pseudo-second order rate constant can be 

determined from the intercept and slope of the plot t/qt=f(t). The fitting procedure was 

performed using the Kaleidagraph software that provides coefficient of determination R2 and 

χ2 parameters, from which χred
2= χ2/(number of experimental points-2).

2.4. Modeling of the adsorption isotherms

Langmuir, Freundlich and Dubinin-Kagener-Radushkevich models are commonly used to 

study sorption processes [30]. The Langmuir model is based on the assumption that a 

maximum uptake exists, corresponding to a saturated monolayer of sorbed molecules on the 

adsorbent surface. In this model, all adsorption sites have the same adsorption energy, no 

interaction exists between adsorbed molecules, and the limiting reaction step is the surface 

reaction, as in a heterogeneous catalytic reaction. The Langmuir equation can be written as:

qe = qe, max
KLCe

1 + KLCe
(4)

where qe is the amount of sorbed metal at equilibrium (mg.g−1), qe,max is the maximum 

sorption capacity (mg.g−1), KL is the equilibrium constant of the adsorption reaction and (L. 

mg−1), Ce is the equilibrium concentration of metals remaining in solution (mg.L−1).

The Freundlich model assumes that adsorption occurs on a heterogeneous surface through 

a multilayer adsorption mechanism and that the adsorbed amount increases with the 

concentration according to Xu et al. [25]:
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qe = qe, max
KFCe

β

1 + KFCe
β (5)

where KF is the equilibrium constant of the adsorption reaction and β is the empirical 

parameter related to the intensity of adsorption, which varies with the heterogeneity of the 

material. When β values are from 0.1 to 1, the adsorption conditions are favourable.

The Dubinin-Kaganer-Radushkevich model can be used to describe the characteristic 

porosity of the adsorbent as well as the apparent energy of adsorption. The DKR model 

may be represented as:

q′e = q′e, maxexp RT
2E ln 1 + 1

C′e
2

(6)

where q’e is the amount of sorbed metal at equilibrium (mol.g−1), q’e,max is the maximum 

sorption capacity (mol.g−1), C’e is the equilibrium concentration of metals remaining in 

solution (mol.L−1) and E the adsorption energy (in J.mol−1 for R = 8.31 J.mol−1.K−1 and T 
temperature in K).

3. Results and discussion

3.1. Pb2+ sorption

The time-dependent behavior of Pb2+ adsorption was examined by varying the incubation 

time of the Pb2+/apatite mixture at a temperature of 25 °C (Fig. 5). For ungrafted MNP 

materials, the adsorption curve is smooth, with maximum sorption being reached after ca. 

2 hours. Pb2+ depletion from solution by the modified apatites occurs much more rapidly 

and saturation is reached after 60 min and 50 min for 2.5% NTP-MNP and 5% NTP-MNP, 

respectively). An increase of NTP up to 10 % does not modify further the sorption kinetics 

(data not shown).

Table 2 gathers the parameters derived from the application of the Lagergren pseudo 

first-order (qe,1 and k1) and pseudo second-order (qe,2 and k2) kinetic models. As already 

mentioned, it was difficult to obtain a reasonable fitting of the experimental data for the 

MNP material using these models. For the grafted systems, the first-order model appeared 

suitable to reproduce the experimental data (Fig. 5) with reasonable values of the coefficient 

of determination R2, in contrast to the second-order equation. The adsorption rate constant 

k1 increases by a factor 5 in the presence of 2.5 wt% NTP and less significantly for a higher 

organic content. The maximum capacities were found similar for all samples, although 

reduced χ2
red values were too high to fully conclude on this point.

Based on the kinetics data, the contact time to establish equilibrium was selected at 3 h. 

Fig. 6 shows isotherms describing the equilibrium adsorption capacity qe as a function of 

Pb2+ concentration for various NTP-MNP adsorbents. From the experimental maximum 

capacities, qmax, it can be noted that the NTP-grafted MNP particles have greater ability to 
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remove Pb2+ ions from aqueous solution compared to ungrafted MNP, with a remarkable 

increase in sorption capacity from 2.5 wt% to 5 wt% NTP content (Table 3).

Langmuir and Freundlich models were evaluated to simulate the sorption isotherms, using 

the linearized form of the equations. On the one hand, the Langmuir model appears well-

adapted for the pure MNP material as well as for low NTP content (2.5 wt%), with R2 

values close to unity (Table 3) and good agreement between the calculated curve and 

the experimental data (Fig. 6). In contrast, higher organic grafting density led to poor 

simulation and low R2 values. On the contrary, the Freundlich model was poorly adapted 

to NMP and 2.5 % NTP-MNP but reproduces in a reasonable manner the sorption data 

obtained for 5 wt% and 10 wt% NTP content (Fig. 6). These observations reflect that the 

homogeneity of initial apatite surface that is only slightly perturbed by low organic content, 

being therefore suitable simulated by the Langmuir isotherm. Higher organic density leads 

to an inhomogeneous surface whose sorption behavior is therefore more accurately modeled 

by the Freundlich equation.

The DKR equation was also evaluated (Table 3). No accurate simulation of the pure apatite 

phase could be obtained, especially indicating a low qe,max, which might reflect that the 

well-known formation of pyromorphite phases by surface dissolution-reprecipitation process 

[12, 25] may invalidate DKR model. In contrast, much better agreement was obtained with 

organically-modified apatites. The calculated qe,max values were similar to experimental 

data and results from Langmuir/Freundlich-based simulation. It can also be noticed that 

calculated interaction energies, that are in the range of previous reports on metal sorption 

on apatite [31–32], decrease from 8 kJ.mol−1 to 4 kJ.mol−1 with increasing NTP content. 

Although the calculated value for MNP is to be taken carefully, this decrease suggests that 

the interaction between the ligand and Pb2+ is not stronger than the one between the apatite 

surface and metal ions. Therefore, the observed increase in the amount of adsorbed metal 

with NTP density must be related to the introduction of additional binding sites.

The evolution of the pH of the solution during the Pb2+-sorption process was also monitored 

(Fig. 7). The pure apatite material shows a fast increase of solution pH from 5 to 7.9, 

reflecting protonation of the phosphate groups, as well as surface dissolution leading to the 

release of hydroxide ions. In the presence of NTP, the pH increase is more limited (6.9–7.1), 

as the combined effect of smaller available apatite surface and of the presence of amine 

functions with high pKa values [33]. When Pb2+ ions are present, a lower final pH value 

(6.4) is obtained for pure apatite. This can be attributed to the interactions of Pb2+ with 

phosphate groups that not only are less available for protonation by water molecules but 

may even release some protons due to PO4
−…H+↔Pb2+ exchange. Noticeably, the final 

pH also decreases with increasing NTP content. Above-mentioned explanations, i.e. smaller 

available apatite surface due to surface grafting and Pb2+ interactions with phosphate groups 

of the apatite surface are still applying here. In addition, protons may be released when 

Pb2+ interact with the phosphate and amine group of the NTP molecules [34]. Finally, it is 

important to note that the pKa of the Pb2+/Pb(OH)+ system is 7.71 [35], so that 95% of lead 

species are in the divalent state. Hence the observed pH increase is not expected to impact 

significantly on the efficiency of the adsorption process.
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3.2. Comparison with Zn2+ sorption

In order to understand better the relative contribution of the apatite surface and organic 

ligand to the sorption capacity of the composite materials, the sorption of Zn2+, a divalent 

cation with low affinity for apatite, was also studied. Sorption isotherms are shown on Fig. 

8. Compared to Pb2+, experimental maximum capacities qmax were significantly lower, by 

nearly a factor of 2 for pure apatite and 10 %NTP-MNP. In addition, the increase of Zn2+ 

sorption with NTP content appears more continuous than for Pb2+, especially the difference 

between maximum sorption capacity of 2.5% and 5 %NTP-MNP samples is less marked 

for Zn2+ compared to Pb2+. However, it has to be considered that comparison must be 

established on the basis of moles of metals rather than weight. In this case, the q’max values 

are 1.6 mmol.g−1 and 3.1 mmol.g−1 for Pb2+ and 2.3 mmol.g−1 and 4.6 mmol.g−1 for Zn2+ 

on pure apatite and 10w%NTP-MNP, respectively.

Another important difference was observed when Langmuir and Freundlich isotherms were 

evaluated for simulation of experimental data. For Zn2+, all data were accurately reproduced 

by the Langmuir equation (Fig. 8) whereas Freundlich model was less adapted, as indicated 

by R2 values. Use of the DKR model revealed suitable to simulate Zn2+ sorption on pure 

apatite, supporting our previous hypothesis about the interference of the specific interaction 

between Pb2+ and apatite on the application of this model. In the presence of NTP, the 

sorption energy is not significantly modified compared to the pure apatite. All together, 

this suggests that the surface of the material appears homogeneous towards Zn2+ sorption, 

independently of the presence of the NTP molecules. It is worth noting that the sorption 

energy for Zn2+ is significantly smaller than for Pb2+. This correlates well with the fact 

that Pb2+ is well-known for its strong interaction with apatite, a process that does not occur 

readily with Zn2+. When pH variation is examined for the pure apatite, one can notice a 

lower final pH for Zn2+ than for Pb2+, which is in agreement with the fact that more Zn2+ 

are adsorbed than Pb2+ (Fig. 7). For 5 %NTP-MNP, a decrease in pH is observed in the 

presence of Zn2+ compared to pure apatite, as already observed for Pb2+. However, the final 

pH is higher than for Pb2+, which can be due to the weaker interaction energy between Zn2+ 

and the surface, limiting the extent of the metal ion with protonated phosphate and amine 

groups. It is worth noting that the Zn2+/Zn(OH)+ system has a pKa of 8.96 [35], so that 

more than 99 % of zinc species are in the divalent state at the equilibrium pH. This may 

enhance zinc adsorption compared to lead. Another important point is related to the possible 

precipitation of hopetite [Zn3(PO4)2.4H2O] in these acidic conditions, that can contribute to 

Zn2+ removal from the solution [36]. Whereas such a precipitation cannot be ruled out, the 

suitable fitting of sorption data by the Langmuir model suggests that the apatite surface is 

homogeneous for Zn2+ and therefore this process is not significant.

Finally, it is interesting to note that here-obtained maximum capacity (> 600 mg.g−1 for 

Pb2+) overpass by far all previously reported data (ca. 100 mg.g−1) for Pb2+ sorption by 

natural and synthetic apatites [15, 27, 37–39] as well as by activated carbons [40] or 

zeolites [41]. This is due to our ability to incorporate organic moieties without decreasing 

the specific surface area of the material, in contrast to other previous studies dedicated to 

organo-apatites [26–27].
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4. Conclusion

The incorporation of NTP within the apatite powder increases its affinity for both Pb2+ and 

Zn2+. Because Pb2+ exhibits a strong and specific affinity (ionic exchange and surface 

precipitation) for the apatite surface, the presence of NTP molecules introduces some 

heterogeneity in the sorption process. Therefore the increase in sorption capacity with NTP 

content is due to the introduction of additional binding sites for Pb2+ ions but these sites, 

phosphate and/or amine groups of NTP, have a lower affinity than the apatite surface for 

these ions. In contrast, Zn2+ has a similar and low affinity for both apatite and NTP so 

that the accessible surface remains homogeneous upon ligand incorporation. Here again, 

NTP incorporation provides additional binding sites for metal sorption. Hence, the overall 

sorption capacity results from a delicate balance between the relative affinity of apatite and 

NTP for the metal ions.

The high sorption capacities obtained here indicate that the proposed strategy is promising. 

The fact that the apatite was obtained from a natural phosphate rock is also a key advantage 

due to its low cost and limited environmental impact. Despite its low price, the substitution 

of NTP by some natural binding molecules, such as carboxylates [42], may be preferred for 

future development and scaling-up and is currently under study. In addition, it is important 

to note that, for both Pb2+ and Zn2+, the reversible sorption process occurs simultaneously 

to the precipitation of a metal phosphate phase, pyromorphite or hopetite. At this time, it is 

difficult to evaluate the relative contribution of the two processes. However, this should be 

investigated in more details if recyclable materials are to be designed.
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Figure 1. 
Structure of nitrilotris(methylene)triphosphonic acid.

Saoiabi et al. Page 11

Chem Eng J. Author manuscript; available in PMC 2022 December 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Overview of the synthetic route to NTP-MNP apatites
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Figure 3. 
(a) XRD diffractograms and (b) FTIR spectra of NTP-MNP apatites with varying NTP 

content
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Figure 4. 
(a) N2-sorption isotherms at 77 K onto NTP-MNP apatite with varying NTP content; TEM 

images of (b) 2.5 % NTP-MNP and (c) 5%NTP-MNP (scale bar = 200 nm).
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Figure 5. 
Effect of incubation time on Pb2+ adsorption qt onto NTP-MNP apatite with varying NTP 

content.
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Figure 6. 
Variation of sorbed Pb2+ content qe with metal concentration Ce at equilibrium onto NTP-

MNP with various NTP contents. Plain and dashed lines represent curve fitting using 

Langmuir and Freundlich model, respectively.
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Figure 7. 
Equilibrium pH change in the presence of ungrafted MNP and NTP-grafted MNP with 

acidified water (pH 5, dark symbols), added Pb2+ (open symbols) and added Zn2+ (grey 

symbols). Lines are provided as guides only.
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Figure 8. 
Variation of adsorbed Zn2+ content qe with metal concentration Ce at equilibrium onto 

NTP-MNP with various NTP contents. Plain lines represent curve fitting using Langmuir 

model.
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Table 1.

Chemical composition and porous characteristics of pure and graft-modified apatites: calcium/phosphorus 

molar ratio (Ca/P), total organic carbon (%C) and nitrogen (%N), specific surface area SBET and average pore 

diameter (Dp).

NTP (%) Ca/P % C % N SBET (m2.g−1)
a Dp (nm)

0 1.95 0.30 - 150 10

2.5 1.61 0.52 0.20 200 10

5 1.55 0.72 0.32 150 25

10 1.53 1.05 0.62 145 40

a
± 5 m2.g−1
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Table 2.

Kinetic rate constants and adsorption capacities computed using Lagergren pseudo first and second order 

models for Pb2+ adsorption on pure and NTP-modified phosphates.

Lagergren model NTP content (%)

0 2.5 5

First order qe,1 (mg.g−1) 50 ± 2 51 ± 1 51 ± 1

k1 (min−1) 0.025 ± 0.005 0.100 ± 0.005 0.140 ± 0.005

R2 0.980 0.995 0.992

χred
2 > 2 1.2 1.5

Second order qe,2 (mg.g−1) 50 ± 5 55 ± 2 55 ± 2

k2 (mg.min−1) 0.0003 ± 0.0001 0.002 ± 0.001 0.004 ± 0.001

R2 0.973 0.978 0.978

χred
2 > 2 > 2 > 2
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Table 3:

Langmuir, Freundlich and Dubinin-Kaganer-Radushkevich constants for Pb2+ NTP-MNP and pure MNP 

apatite as reference.

Model NTP content (%)

0 2.5 5 10

Experimental qmax (mg.g−1) 330 445 615 640

Langmuir qe,max (mg.g−1) 350 ± 20 460 ± 20 580 ± 30 700 ± 50

K L 0.10 ± 0.05 0.05 ± 0.02 0.6 ± 0.2 0.03 ± 0.01

R2 0.998 0.998 0.988 0.984

Freundlich qe,max (mg.g−1) 600 ± 100 1000 ± 400 640 ± 50 640 ± 20

β 0.3 ± 0.2 0.3 ± 0.2 0.6 ± 0.1 0.8 ± 0.1

K F 0.1 ± 0.4 0.1 ± 0.4 0.4 ± 0.1 0.02 ± 0.01

R2 0.851 0.873 0.994 0.996

Experimental q’max (mmol.g−1) 1.6 2.1 3.0 3.1

q’e,max (mmol.g−1) 1.6 ± 0.2 2.1 ± 0.1 2.9 ± 0.1 3.2 ± 0.1

DKR E (kJ.mol−1) 7 ± 1 5 ± 1 4 ± 0.1 4 ± 0.1

R2 0.825 0.967 0.983 0.992
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Table 4:

Langmuir, Freundlich and Dubinin-Kaganer -Radushkevich constants for Zn2+ NTP-MNP and pure MNP 

apatite as reference.

NTP content (%)

0 2.5 5 10

Experimental qmax (mg.g−1) 150 225 280 300

qe,max (mg.g−1) 160 ± 5 230 ± 10 290 ± 5 320 ± 20

Langmuir K L 0.04 ± 0.01 0.03 ± 0.01 0.02 ± 0.01 0.01 ± 0.01

R2 0.998 0.998 0.998 0.993

Freundlich qe,max (mg.g−1) 150 ± 10 240 ± 20 300 ± 10 370 ± 70

β 1.4 ± 0.1 0.7 ± 0.1 0.8 ± 0.1 0.7 ± 0.2

K F 0.02 ± 0.01 0.06 ± 0.02 0.03 ± 0.01 0.05 ± 0.03

R2 0.979 0.992 0.990 0.976

Experimental q’max (mmol.g−1) 2.3 3.5 4.3 4.6

q’e,max (mmol.g−1) 2.3 ± 0.1 3.5 ± 0.1 4.2 ± 0.2 4.6 ± 0.2

DKR E (kJ.mol−1) 1.2 ± 0.5 0.8 ± 0.1 0.8 ± 0.1 0.8 ± 0.1

R2 0.992 0.967 0.983 0.992
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