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ABSTRACT: This paper explores the adsorptive properties of CaF2 nanoparticles for the removal 

of Pb(II) and Zn(II) from aqueous solutions and their selective recovery. CaF2 nanoparticles  

were synthesized by a facile one-step reaction and characterized by N2 physisorption at 77 K, XRD, 

and TEM. The adsorption of Zn(II) and Pb(II) fits well with Elovich and Langmuir isotherm models, 

respectively. Kinetic data are well described by the pseudo-second-order model. Our results  

show that Zn(II) and Pb(II) could be totally and selectively desorbed with HCl solution (0.01 M). The results 

of the competitive adsorption and desorption of Pb(II) and Zn(II) show that Zn(II) is desorbed before 

Pb(II) leading to a good separation. The desorption yield reaches 89% for Zn(II) and 95% for Pb(II), 

which opens the route to regenerate the adsorbent for other cycles. 
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INTRODUCTION 

Phosphogypsum (PG) is a solid waste from  

the wet processes of phosphoric acid production. Today, 

approximately 10 million tons of PG is produced annually 

by the Tunisian phosphate industry [1]. Such a huge 

amount of PG causes severe pollution to the surrounding 

environment due to some of its harmful components,  

such as soluble P2O5, heavy metals and organic substances [2]. 

As a consequence, it is urgent to dispose and utilize  

 

 

 

this hazardous solid waste effectively. That’s way, many 

researchers focused on its valorization in order  

to minimize storage costs and to reduce the negative public 

health and environmental impacts [3, 4]. For example,  

PG has been valorized in construction materials [5],  

as an agriculture fertilizer [6] and especially for its 

transformation into Na2SO4 and CaF2 [7]. In this context, 

Hajem et al. [8] confirmed the formation of CaF2 during  
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the neutralization of phosphogypsum. The obtained CaF2 

showed a very good ability to remove cadmium from 

wastewaters [9]. The remediation of heavy metals 

pollution from wastewaters is considered as one of  

the major environmental challenges [10, 11]. These pollutions 

affect the ecological environment or the living organisms [12]. 

Even though some analytical methods permit the detection 

of heavy metals [13], it is more interesting to proceed  

to their elimination by nanofiltration or reverse osmosis [14]. 

Adsorption appears as an efficient and cheap alternative 

for the elimination of heavy metals [15, 16]. Therefore, 

many adsorbents were studied such as activated carbon [17], 

biomaterials [18, 19], clays [20] and modified oxides [21-23]. 

In this study, the capacity of CaF2 to remove heavy metals 

was studied. Different experimental conditions, involving 

pH, contact time, CaF2 mass and temperature are investigated 

to understand and to optimize the adsorption of Zn(II)  

and Pb(II) from aqueous solution by CaF2. The adsorption 

behaviors of Zn(II) and Pb(II) on CaF2 are explored  

by adsorption kinetics, isotherm models and thermodynamic 

parameters. The desorption study is conducted to investigate 

the possibility of recycling CaF2, and Zn(II) and Pb(II) 

ions recovery. The competitive adsorption and desorption 

of both metals is also investigated for their selective 

separation. 

 

EXPERIMENTAL SECTON 

Preparation of CaF2 

CaF2 nanoparticles were prepared by a facile one-step 

reaction. Typically; 200 mL of NaF (0.25 M) was dropped 

slowly in 200 mL of CaCl2 solution (0.25 M) under 

vigorous stirring for 2 h at 30°C. The mixture was then 

centrifuged for 15 min at 4000 rpm. After separation,  

the solid was washed with ultrapure water a several times 

and finally dried at 100 °C.  

 

Characterization  

The powder X-Ray Diffraction (XRD) pattern  

was measured on a Philips X-ray diffractometer Model PW 

1730/10 (French) with Cu Kα radiation (λ=0.15418 nm). 

The specific surface area was determined with Brunauer-

Emmett-Teller (BET) method from N2 adsorption-

desorption isotherms at 77 K using a Quantachrom 

Autosorb-1 unit (USA). The degassing processes  

was accomplished under a vacuum at 10-3 mmHg for 4 h 

at 120°C. Transmission Electron Microscopy (TEM) 

analysis was operated at 60-70 kV by a JEOL JEM-1200 

microscope (USA). The sample was suspended and 

dispersed in ethanol by ultrasonic treatment. A drop of 

the fine suspension was placed on a copper grid into 

the microscope. The point of zero charge (pHPZC)  

was determined by the solid addition method. CaF2 (1 g) 

was introduced in two beakers containing 50 mL of KNO3 

(0.01 M). The initial pH (pHi) was changed using NaOH 

(0.1 M) and HCl (0.1 M) solutions. After stirring for 24 h, 

the final pH (pHf) was reached. ΔpH = (pHf - pHi)  

is plotted as a function of the initial pH, where pHPZC is  

the intersection of the curve with the x-axis [24].  

The speciation diagram of metals in aqueous medium  

is calculated using Visual Minteq software database 

(Sweden).  

 

Adsorption experiments 

Zn(II) and Pb(II) solutions (1000 ppm) were prepared 

using Zn(CH3COO)2·2H2O (≥98%, Sigma-Aldrich,)  

and PbCl2 (98%, Sigma-Aldrich), respectively. Batch 

experiments were conducted by mixing 1 g of CaF2  

with 50 mL of each solution at fixed temperature.  

The adsorption experiments were performed separately  

for both cations. The solid was separated from the mixture 

by centrifugation under 4000 rpm. Finally, the solutions 

were analyzed using Atomic Absorption Spectrometry (AAS) 

using a Vario 6 apparatus (Analytik Jena, Germany).  

The amount of metal ion adsorbed on CaF2 is calculated 

according to: 

qe =  
(C0−Ce)V

m
                                                                    (1) 

Where C0 and Ce are the initial and equilibrium 

concentrations (mg/L), respectively; V is the volume of the 

metal ion solution (L), and m is the mass of CaF2 (g). 

The adsorption capacity is calculated according to: 

%p = 
qe

qm

*100                                                                         (2) 

Where qe and qm are the amount adsorbed and  

the maximal quantity of ion (mg/g), respectively. 

 

Desorption experiments 

CaF2 (1 g), after the adsorption, was introduced in 50 mL 

of water at pH=4 fixed with HCl (0.01 M). The conditions 

of desorption were established by studying the pH  

and the electrical conductivity of the solution  

(pH Meter/Conductometer Metrohm 914, Swaziland) at 298 K. 
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Fig. 1: XRD pattern of synthesized CaF2 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: TEM image of synthesized CaF2 nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Percentage of retention vs pH for (a) Zn(II) and (b) Pb(II) ([metal ion]=40 ppm; Vsol=50 mL; mCaF2=0.5 g). 

 

The concentrations of desorbed Pb(II) and Zn(II) were determined 

by AAS. The percentage of desorption is given by: 

% desorption=
Cdes

Cads
*100                                                          (3) 

where Cads and Cdes are the concentrations (mg/L) of adsorbed 

ion in optimal condition and desorbed ions, respectively.   

 

RESULTS AND DISCUSSION 

CaF2 characterization 

Fig. 1 shows the XRD pattern of synthesized CaF2 

indicating the presence of calcium fluoride (PDF-ICDD 

00-035-0816). In fact, the diffraction peaks at 2θ= 28.3, 

47, 55.8 and 68.7° correspond respectively to (111), (220), 

(311) and (400) reflections of cubic structure [25].  

The BET surface area is equal to 42 (m2/g). The surface area 

is not very large compared to other specific surfaces area 

of adsorbents such as activated carbon [26]. These results 

are consistent with those found by Giudici et al. [27].  

TEM image presented in Fig. 2 shows that the range of  

particle size of CaF2 is between 25 and 100 nm.  

 
Adsorption study 

Effect of pH 

The effect of pH on metals sorption is studied  

in the range of 4.0-11.0 since CaF2 is not stable at pH lower than 

3 showing a high solubility in HCl [28]. Fig. 3 shows  

the effect of pH on the retention percentage of Zn(II) and 

Pb(II) on CaF2. The results show that maximum of 

retention of Zn(II) (73%) and Pb(II) (94%) are reached  

at pH of 6.8 and 8.6, respectively. The pHPZC of CaF2 is 

found to be 6 (Fig. 4). Therefore, a pH>pHPZC is required  

to facilitate the adsorption of these cations due the negative 

surface charges of CaF2. At pH=6.8, Zn(II) exists as Zn2+ 

unlike at pH=8.6 Pb(II) is in the Pb2+, Pb(OH)+, 

Pb3(OH)4
2+ and Pb(OH)2 forms as shown in Fig. S1 and 

Fig. S2 (Supplementary information). The adsorption of 
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Fig. 4: Determination of the pHPZC of synthesized CaF2 (mCaF2= 1 g; 

Vsol= 50 mL; T= 298 K). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Adsportion capacity of CaF2 vs mass of CaF2 ([metal 

ion]=40 ppm; Vsol=50 mL; t=30 min; T= 298 K; pH=6.8 and 8.6 

for Zn(II) and Pb(II)). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Adsportion capacity of CaF2 vs time for (a) Zn(II) and (b) Pb(II) ([metal ion]=40 ppm; Vsol=50 mL; pH=6.8 and 8.6  

for Zn(II) and Pb(II); mCaF2=250 and 100 mg for Zn(II) and Pb(II)). 

 

Zn(II) is limited to pH < 7 because Zn(OH)2 precipitates 

from this value. On the other hand, pH=9 is the upper value 

for the adsorption of Pb(II) because it was found that 

Pb(OH)2 is formed with significant amount.  

 

Effect of CaF2 mass 

Fig. 5 shows the effect of CaF2 mass on its adsorption 

capacity for Zn(II) and Pb(II). The result shows that  

a maximum of retention for Zn(II) and Pb(II) is reached at 30 min 

corresponding to 28.4 mg/g and 38.8 mg/g, respectively. 

Therefore, two optimal CaF2 masses of 100 mg and 250 mg  

are chosen for the adsorption of Pb(II) and Zn(II), respectively.  

 

Effect of contact time 

The effect of contact time on the adsorption of Zn(II)  

and Pb(II) on CaF2 is studied and the results are shown in Fig. 6.  

It can be noticed that the adsorption of Pb(II) is faster than Zn(II). 

In fact, the adsorption of Pb(II) needs 10 min to reach 97%; 

however, the adsorption of Zn(II) needs 120 min to reach 65%.  

 

Adsorption kinetics 

The pseudo-first order and pseudo-second order 

models are used in this work, where their equations  

are expressed respectively by:  

ln(qe − qt) = lnqe − k1t                                                    (4) 

t

qt
=

1

k2qe
2 +

1

qe
t                                                                      (5) 

Where qe and qt are the adsorption capacities (mg/g)  

at equilibrium and time t (min), respectively. k1 is  

the pseudo-first order rate constant (min-1) and k2 is 

the pseudo-second order model rate constant (g/(mg min)). 
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Table 1: Kinetic parameters for the adsorption of Zn(II) and Pb(II) on CaF2. 

Kinetic models Parameters Pb(II) Zn(II) 

Pseudo-first order 
k1  (min-1) 0.807 0.025 

R2 0.741 0.944 

Pseudo-second order 
k2 (g/(mgmin)) 0.169 0.021 

R2 0.999 0.995 

 

The kinetic parameters obtained from the two models 

for the adsorption of Zn(II) and Pb(II) on CaF2 are shown 

in Table 1. The results indicate that the pseudo-second 

order model fits well with the experimental data. In fact, 

the correlation coefficients (R2) obtained with this model 

are 0.995 and 0.999 for the adsorption of Zn(II) and Pb(II), 

respectively (Fig. S3, supplementary information).  

This means that the overall rate of Zn(II) and Pb(II) adsorption 

process seems to be controlled by the chemical process 

through exchanging of electrons between adsorbent  

and adsorbate, the time of interaction and the concentrations 

of heavy metals [29]. 

 

Adsorption isotherms 

To evaluate successfully the interaction 

adsorbate/adsorbent, four typical isotherm models 

(Langmuir, Elovich, Temkin and Dubinin-Raduschevich) 

are used describing the equilibrium. For Langmuir 

isotherm [30], the non-linear form is given by: 

e m m L e

1 1 1

q q q K C
                                                          (6) 

Where qe and Ce are the adsorption capacity (mg/g)  

and the concentration (mg/L) at equilibrium, respectively; 

qm and KL represent the maximum adsorption capacity  

of adsorbents (mg/g) and the Langmuir adsorption 

constant (L/mg), respectively.  

The Elovich isotherm model is presented at 

equilibrium by:  

 
e e

E m

e m

q q
l o g l o g K q

C q

 
   

 
 

                                            (7) 

where qm is the maximum adsorption capacity (mg/g); 

qe and Ce are the adsorption capacity (mg/g) and  

the concentration (mg/L) at equilibrium, respectively; KE 

is the equilibrium constant of Elovich isotherm model. 

Temkin proposed a model, which assumes that the heat 

of adsorption varies linearly with the amount adsorbed [31]. 

The linear form of Temkin isotherm is indicated by: 

e T e
q B l n K B l n C                                                             (8) 

R T
B

b
                                                                              (9) 

Where R is the gas constant (8.341 (J/molK)), T is  

the absolute temperature (K), KT is the equilibrium binding 

constant corresponding to the maximum binding energy (L/g), 

b is the Temkin isotherm constant and B represents 

isotherm constant related to the heat of adsorption (J/mol). 

The Dubinin and Radushkevich (D-R) isotherm model [32] 

is presented by: 

e 0 D
l n q l n q K ²                                                            (10) 

 
e

1
P o l a n y i  p o t e n t i a l   R T l n 1    

C

 
  

 
 

                          (11) 

Where qo is the D-R constant, the constant KD gives  

the mean free energy per molecule (E) of the adsorbate when 

it is transferred to the surface of solid from infinity  

in the solution.  

E (J/mol) is used to estimate the type of adsorption 

process (chemical or physical adsorption) and calculated 

from: 

D

1
E

2 .K

                                                                      (12) 

If E < 8 (kJ/mol),
 physisorption dominates;  

if 8 < E < 16 (kJ /mol), ion exchange dominates and  

if E > 16 (kJ /mol), the intra-particle diffusion dominates [33].  

Table 2 regroups the isotherm parameters calculated 

from the Langmuir, Temkin, Elovich and D-R models.  

For the adsorption of Pb(II), the result shows that  

the experimental data are well described with Langmuir 

isotherm model, which presents a correlation coefficient 

(R2) of 1 (Fig. S4a, Supplementary information). 

Moreover, the Langmuir model leads to a calculated 

adsorbed quantity of 9.23 mg/g, which is the more accurate 

to the maximum quantity adsorbed at equilibrium 
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Table 2: Isotherms parameters for the adsorption of Zn(II) and Pb(II) on CaF2. 

Isotherm models Parameters Pb(II) Zn(II) 

Langmuir 

qm (mg/g) 9.23 2.22 

KL (L/mg) 36.1 -0.122 

R2 1 0.996 

Elovich 

qm (mg/g)
 

0.35 1.82 

KE (L/mg) 8.2 10-11 0.12 

R2 0.990 0.997 

D-R 

qm (mg∙mmol/g)
 

0.041 0.27 

KD  (mol2/kJ2) -5.5 10-10 -5.7 10-8 

E (kJ/mol) 30 2.95 

R2 0.990 0.988 

Temkin 

KT (L/mol)
 

6.5 10-12 1.9 10-2 

∆Q (kJ/mol) -62.04 -1.14 

R2 0.989 0.995 

 

(qm(exp)=18.40 mg/g) compared to other models. 

However, for the adsorption of Zn(II), the experimental 

data do not fit with the Langmuir isotherm model because 

the Langmuir adsorption constant has a negative value  

(KL < 0) even if the R2 is 0.996 and qm(exp) is 5.60 mg/g 

(close to the calculated adsorbed quantity of 2.22 mg/g). 

However, the Elovich isotherm model leads to  

a correlation coefficient (R2) of 0.997 (Fig. S4b, 

Supplementary information) and a calculated adsorbed 

quantity of 1.82 mg/g. Taking into account these values,  

it can be concluded that the Elovich isotherm model 

describes well the adsorption of Zn(II). 

 

Thermodynamic study  

The thermodynamic behavior is studied via different 

parameters providing information on inherent energetic 

changes, which are associated to the adsorption [34]. 

These parameters are changes in: Gibbs free energy (∆G°), 

standard entropy (∆S°) and standard enthalpy (∆H°), 

which could be  calculated according to:  

∆G° = -RTlnK°                                                               (13)  

S H
l n K  

R R T

   
                                                         (14) 

Where K° is equilibrium constant, T is absolute 

temperature (K), R is gas constant (R=8.314 J/(Kmol)).  

Fig. 7 shows the effect of temperature on the adsorption 

of Zn(II) and Pb(II) on CaF2. The standard entropy (∆S°) 

and the standard enthalpy (∆H°) changes are obtained  

from the linear plot of lnK° versus 1/T. The thermodynamic 

parameters calculated from the adsorption isotherms  

at different temperatures are listed in Table 3. The positive 

values of ∆H° confirm the endothermic nature of 

adsorption, while the positive values of ∆S° reflect  

an increase in randomness at the solid/solution interface. 

The negative values of ∆G° indicate that the adsorption process 

is spontaneous. Moreover, the values of ∆G° decrease 

when temperature increases showing that the adsorption  

of Zn(II) and Pb(II) on CaF2 is facilitated at high temperature.  

 
Desorption study 

The desorption experiments were carried out to explore 

the possibility of recycling of CaF2. Therefore,  

the desorption of Zn(II) and Pb(II) was studied by following 

the evolution of pH and electrical conductivity in the 

course of time. The equations (15) and (16) presented  

the conductance and conductivity, respectively: 

i i
( )   C                                                                                  (15) 

i i i
G   K  C Z                                                                      (16) 

Where G is the conductance (S), K is the electrode 

constant (K=9.76 cm-1), σ is the conductivity (S/m), Ci is 

the concentrations (mol/m3), Zi is the ion charge and λi is 

the molar ionic conductivities (Sm2/mol).  

Fig. 8 shows the plots of conductance and pH,  

as a function of time. From Fig. 8A, the first part of  

the conductance plot shows a decrease in conductance, when 
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Table 3: Thermodynamic parameters for the adsorption of Zn(II) and Pb(II) on CaF2. 

 
Temperature (K) 

∆G° (kJ/mol) ∆S° (J/(molK)) ∆H°  (kJ/mol) 

Zn(II) 

308 -7.2 

23.3 5.5 
311 -7.3 

328 -7.5 

333 -7.7 

Pb(II) 

308 -33.6 

109.1 24.9 
311 -34.1 

328 -35.2 

333 -36.3 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Effect of temperature on the adsorption of (a) Zn(II) and (b) Pb(II). 

 

Zn(II) and Pb(II) move to the solution. This result  

could be explained by the fact that the ionic mobilities (λ(Zn2+) 

and λ(Pb2+)) are lower than λ(H+). From Fig. 8B, the first 

part of the pH plot indicates a shift to alkaline pH, which is 

in favor of the desorption of the Zn(II) and Pb(II) from CaF2 

to the solution. To maintain the electroneutrality in the 

solution, it could be considered that H+ are retained  

by CaF2. The second part of the conductance and pH plots 

is characterized by a steadying of their evolution, which 

could be attributed to the existence of equilibrium between 

the adsorbed and desorbed ions. The total desorption  

is achieved after 120 s and 2000 s for Pb(II) and Zn(II), 

respectively. The result shows that the desorption yield 

reaches 89% for Zn(II) and 95% for Pb(II), which opens 

the route to regenerate the adsorbent for other cycles.  

 

Competitive adsorption and desorption of Pb(II) and Zn(II) 

Fig. 9a and Fig. 9b present respectively the 

conductance and conductivity as a function of time during 

the competitive adsorption and desorption of Pb(II)  

and Zn(II). The results show the existence of two parts  

of straight line (Fig. 9a) probably due to a successive 

retention of the two metal ions. The solution analyses  

at 1500 s and 12000 s show that the adsorption capacities 

of Pb(II) and Zn(II) on CaF2 are 93% and 78%, respectively. 

At 1500 s, the concentration of Zn(II) does not have  

an important change compared to Pb(II). This observation 

is in favor of the adsorption of Pb(II) for times lower than 

1500 s. However, the adsorption of Zn(II) begin from 1500 s. 

Fig. 9b shows the presence of two parts; the first one  

could be attributed to the desorption of the two ions 

for t < 900 s due to the decrease of conductivity. This result 

is confirmed by the increase of pH until a value of 6 and 

its stabilization at a value of 7 (Figure S5, Supplementary 

information).  

Fig. 10 shows the evolution of conductivity as  

a function of time (from 0 to 1200 s) during the competitive 

desorption of Pb(II) and Zn(II). Two segments of straight 
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Fig. 8: (A) Conductance vs time: Desorption of (a) Zn(II), (b) Pb(II) and (B) pH vs time: Desorption of (c) Zn(II), (d) Pb(II). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: (a) Conductance vs time for the competitive adsorption of Pb(II) and Zn(II), (b) Conductivity vs time for the competitive 

desorption of Pb(II) and Zn(II) [CaF2 (1 g), V= 50 mL of water, pH=4]. 

 

lines with different slopes at [0-420] and [421-900] 

 could be observed, which is in favor of a consecutive 

desorption of the two ions. In fact, the solution analyses 

show that 89% of Zn(II) are desorbed below 420 s, and 

95% of Pb(II) are desorbed at 900 s. Consequently,  

Zn(II) is desorbed before Pb(II) leading to a good 

separation selectivity.  

CONCLUSIONS 

CaF2 nanoparticles were prepared by a facile one-step 

reaction and evaluated for the adsorption of Pb(II) and 

Zn(II) in aqueous solution. CaF2 nanoparticles present 

high adsorption capacity and could be easily desorbed 

with HCl solution (0.01 M). The adsorption process  

fits well with the pseudo-second order kinetic model.  
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Fig. 10: Conductivity vs time for the competitive desorption of 

Zn(II) ([0-420]) and Pb(II) ([421-900]). 

 

The adsorption of Zn(II) and Pb(II) is well described  

by Elovich and Langmuir isotherm models, respectively. 

The results show that Zn(II) is desorbed from CaF2 before 

Pb(II) leading to a good separation. The desorption 

percentages reach 89% for Zn(II) and 95% for Pb(II). CaF2 

nanoparticles could be considered as an efficient adsorbent 

for the removal and separation of Zn(II) and Pb(II) from 

aqueous solution.  
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