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ABSTRACT

A novel synthesis process and characterization of nano-calcium fluoride (n-CaF,) single crystal prepared from
phosphogypsum waste. The phosphogypsum (CaSO,-2H,0) powder has been mechanically mixed with NH,F
in presence of a controlled amount of water. The mixture still sintered for 48 hours until the formation of nano
calcium fluoride particles. The n-CaF, particles have been characterized by several techniques, The techniques
utilized included X-ray diffraction (XRD), infrared spectroscopy (IR), and scanning electron microscopy (SEM).
Therefore, it was confirmed that very pure n-CaF, was obtained with a Ca/F ratio of 0.5 and an average crystalizing
size measured according to the Debye-Scherrer equation of 11 nm. Based on the findings reached, The character-
ization data revealed successful synthesis of n-CaF, from phosphogypsum. Additionally, the adsorption perfor-
mance of the elaborated n-CaF, was tested in Reactive Blue 21 (RB21) anionic dye removal, Adsorption tests were
conducted in a batch reactor, focusing on key factors such as contact time, which can significantly influence the
adsorption results. adsorption amount, pH, and dye concentration were tested. Hence results show an important
adsorption performance of n-CaF, with Reactive Blue 21 removal rate up to 90%.

Keywords: phosphogypsum waste; nano-calcium fluoride; wastewater; Reactive Blue 21 adsorption.

INTRODUCTION

to various damages. However, recognizing phos-
phogypsum as a calcium source can have pro-
found implications across scientific disciplines
like biology, chemistry, health, medicine, and

Mineral wastes are hazardous material that
can cause several issues to the environmental

system, consequently it become an obligation to
recycle a such materials. Nowadays, synthesis of
nanomaterials from inorganic residues consists of
a promising way for valuing those wastes. Phos-
phogypsum’s environmental impact stems from
its toxicity and large-scale production, leading
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even biomineralization studies (Motameni et al.,
2021, Fosca et al., 2022, Zhou et al., 2021, Jang
et al., 2023, Golubchikov et al., 2023, Young et
al., 2008). The most commonly extracted forms
of phosphogypsum are calcium phosphate phas-
es, which can be synthesized into biofunctional
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materials like hydroxyapatite for various appli-
cations (HA, Ca, (PO,),(OH) ,) (Nasrellah et al.,
2017), fluoroapatite (FA, Ca, (PO,)(F),) (Nasrel-
lah et al., 2022), anhydrous dicalcium phosphate
(DCPA, CaHPO,) (Yassine et al., 2022), Amor-
phous calcium phosphate (ACP), tetra calcium
phosphate (TTCP, Ca,(PO,),0), dicalcium phos-
phate dihydrate (DCPD, CaHPO,:2H,0), and
nanocalcite CaCO, are calcium-based compounds
discussed in Bensemali et al. (2022) study. These
compounds are notable for their distinctive prop-
erties and potential uses in various applications.
Recycling phosphogypsum waste into nanomate-
rials is a common practice across different fields,
with n-CaF, standing out as an appealing choice
for host crystals in specific applications.

The aim purpose of this work consisted in en-
suring whether these materials were suitable for
use as effective laser-pumped amplifier media.
Besides, calcium fluoride (CaF)) based materials
are taking a significant interest in dentistry due to
the role that they play as labile fluoride (F) res-
ervoirs in cavities prevention. Furthermore, low
concentration of fluor used in oral fluids derived
as reservoirs formed using dentifrices and rinses
have been proved to profound effect on the pro-
gression of dental cavities (Mayerhofer et al.,
2020, Mitwalli et al., 2022, Matsuo et al., 1990,
Rolla et al., 1990). Few studies have been con-
ducted on the synthesis of fluoride nanoparticles,
and the available data in the literature are limit-
ed. However, it has been demonstrated that CaF,
nanoparticles can be synthesized using various
methods, including sol-gel (Fujihara et al., 2002,
Zhou et al., 2007), solvothermal processes (Ku-
mar et al., 2007), reverse micelle methods (Ben-
salah et al., 2006), different precipitation methods
(Sun et al., 2003, Mortier et al., 2007, Wang et
al., 2007),and flame synthesis (Grass et al., 2005,
Bhadane et al., 2023, Takaya et al., 2021, and Ku-
mar et al., 2022).

In the present study, we propose a novel method
for n-CaF, elaboration based on phosphogypsum.
This method is simple, doesn’t require much energy,
and additionally can easily been industrialize (Wu et
al., 1994, Wang 2023). The CaF, nanoparticles are
prepared by precipitation method while mechanical
stirring was utilized. The synthesis was carried out in
reactor where the appropriate amount of anhydrite,
and the same Mass in NH,F has been mixed and agi-
tated for 48 Hours. During the reaction, a progressive
transformation of mixer to a white opaque suspen-
sion was noted. Then, the mixture is centrifuged and

washed with water to eliminate the residual sulphate
and the ammonium ions. Finally, the collect solid
was characterized by XRD, SEM, IR techniques.
Accordingly, it was confirmed that the solid consists
of a case pure fluorine with crystalline size of 11 nm.
Later the elaborated n-CaF, was deployed for Reac-
tive Blue 21 anionic dye (RB21) removal. The mate-
rial shows an important dye elimination performance
that reach 90% in the optimal condition of pH, adsor-
bent amount, day concentration and constant time.

MATERIALS AND METHODS

Raw materials

Phosphogypsum (PG) samples were obtained
from a Moroccan phosphate industry in Morocco.
The chemical composition of PG was determined
using ICP analysis, and the results are presented
in Table 1. The analysis revealed that PG is pri-
marily composed of calcium (Ca) and sulfur (S),
with lower amounts of phosphorus (P), aluminum
(Al), iron (Fe), potassium (K), fluorine (F), mag-
nesium (Mg), sodium (Na), and silicon (Si).

The dye used in this study is Reactive Blue
21. The RB 21 is an anionic dye negatively
charged. Table 2 summarize the mains character-
istics of RB 21.

Pre-treatment of phosphogypsum

The phosphogypsum is treated with sulfuric
acid of 67% purity in order to remove soluble
impurities and heavy metals and to dehydrate the
phosphogypsum to anhydrite.

Synthesis of stoichiometric n-CaF2 powder

The method of preparing n-CaF, is detailed
in Figure 1. Initially, a solution of 67% sulfuric
acid was added to 300 g of phosphogypsum in
water. This mixture was then placed in a custom-
made reactor, vigorously stirred at 50 °C for 45
minutes, and subsequently filtered to obtain anhy-
drite. Following this, 200 g of the obtained anhy-
drite was combined with 109 g of pure NH, F and
2 L of distilled water. The resulting mixture was
stirred mechanically at 500 rpm for 48 hours until
a white suspension formed. The suspension was
then separated, washed with distilled water, dried
at 105 °C, and calcined at temperatures ranging
from 600 °C to 900 °C for 3 hours. The resulting
powder comprised stoichiometric n-CaF,. The
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Table 1. Chemical composition of phosphogypsum from moroccan phosphate industry (weight %)

Ca S P C Al Fe K F Mg Na Si
23.05 18.04 0.40 0.14 0.07 0.58 0.14 0.12 0.10 0.10 0.25
Table 2. Characteristics of the studied dye
Dye Amax Molar mass g/mol Chemical structure
At
%, f:::‘l.l ‘-,\l.--' __/ B B
A N\c N g S0

Reactive Bleu 21 (anionic) 620 nm 1083.5 I '\N‘.--’S Jj
.-.:'-'-(; ﬂ - .;}IL--._(/ \> | =
[ N T
A ' 50,CH,CH,080,H

reaction for the formation of nano n-CaF, can be
expressed as follows:

CaSO,+2NH,F—CaF +(NH,)-2S0, (1)

Materials characterizations

The mineralogy of n-CaF, was thoroughly in-
vestigated through a range of analytical methods. X-
ray diffraction (XRD) analysis was performed using
a XRD Pert Pro MPD instrument from P-analytical,
utilizing Cu Ka radiation with a wavelength of 1.54
A°. The XRD scans were conducted at a scanning
rate of 0.02°/s over a 20 range of 5-80°. Scanning
electron microscopy (SEM) was carried out using an
FEI Quanta 200 ESEM instrument to visualize the
morphology of the samples. Thermal analysis was

CaS0,211,0

conducted through gravimetric analysis to under-
stand the thermal behavior of the material. Infrared
spectroscopy (FTIR) was employed using an FTIR-
84008 instrument to analyze the chemical bonds and
functional groups present. Additionally, Inductively
Coupled Plasma (ICP) analysis was performed using
an AES Jobin Yvon Ultima 2 instrument to determine
the elemental composition of the material. These
combined techniques provided a comprehensive un-
derstanding of the mineralogical and chemical char-
acteristics of the synthesized n-CaF, material.

Adsorption of Reactive Bleu 21 into n-CaF,

The adsorption tests were conducted using a
batch reactor, where colored synthetic solutions

Sulfuric Acid (67%)

Filtering

I

| Caso, |

Ca/F=1/2,Stirring

v

Filtrate

NH,F

|

Filtering

!

CaF,

v

Filtrate

Figure 1. Diagram of preparing n-CaF, particles from natural phosphogypsum
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were stirred in the presence of synthesized calcium
fluoride (CaF,). We investigated the impact of key
parameters on adsorption capacity, including ad-
sorbent mass, medium pH, contact time, and initial
dye concentration. The residual concentration of
each dye was measured using a Jasco 620 UV-vis-
ible spectrophotometer. Absorbance readings were
taken after centrifuging the treated solution at 4000
rpm. Residual dye content was determined by in-
terpolating the results using a previously estab-
lished calibration curve. The tests involved shak-
ing 100 mL of'a 20 mg/L dye solution with varying
masses of synthesized CaF, (ranging from 0.1 to
1.1 g) in 250 mL containers. The resulting mixture
was stirred at 500 rpm for 2 hours at a temperature
of 25 °C and an initial pH of 6.4. The supernatants
were then analyzed to assess dye yield relative to
the added adsorbent mass.

RESULTS AND DISCUSSION

Characterization of n-CaF,

XR-diffraction

Figure 2 illustrates the X-ray diffraction (XRD)
patterns of n-CaF, particles obtained from Moroc-
can phosphogypsum at temperatures of 105 °C, 600
°C, and 900 °C. The diffraction peaks observed in
the XRD patterns correspond to the characteristic
peaks of pure cubic structural n-CaF2, as indicated
by JCPDS card 87-0971. The XRD patterns of CaF,
nanoparticles are depicted in Figure 2. All diffraction

peaks correspond to a pure cubic phase with space
group Fm-3m (225), in agreement with the standard
values for cubic CaF, based on JCPDS Card no.
870971 (Gerward et al., 1992). These XRD results
confirm that the synthesized products are composed
of CaF, nanoparticles.For estimating the crystallite
size, we can use Scherrer’s formula, which provides
a simple evaluation of the order of magnitude of the
average crystallite size. This calculation is summa-
rized in Table 3 (Zsigmondy et al., 1912):

kA
- Bcosb (2)

The results confirm that the average grain
size increases with the sintering temperature,
as shown in Figure 3. Specifically, the particle
diameter increases from 11.22 nm at 105 °C to
51.55 nm at 600 °C, and further to 68.27 nm at
900 °C (Alzahrani et al., 2022).

Fourier transform infrared spectrum (FTIR)

The purity of the synthesized CaF,, despite be-
ing a white powder, was further assessed using FT-
IR spectrometry. Figure 4 displays the infrared ab-
sorption spectra of n-CaF, powders before and after
heat treatment at 600 °C and 900 °C. In the FT-IR
spectrum shown in Figure 3, the peak observed at
443 cm'! is attributed to the Ca-F stretching vibration
of CaF,. Additionally, the spectrum exhibits a strong
IR absorption band at 3423 cm™!, corresponding to
the H-O-H bending of H,O molecules. Therefore,
the presence of hydroxyl groups in the as-prepared
nanoparticle can be confirmed. (Lebkiri et al., 2023).

(1) (220)
g : e (400
E (e | | ¢
E
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2
=
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Figure 2. XRD patterns of n-CaF, dried at: (a) 105 °C, calcined at (b) 600 °C, and 900 °C (c)
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Table 3. values of particle size of n-CaF, based on the
Scherrer formula

Temperature, °C D (nm)
105 11.22
600 51.20
900 68.27

Scanning electron microscopy of n-CaF, obtained

Figure 6 illustrates that the materials formed dur-
ing the precipitation process consist of much smaller
particles, which then agglomerate into larger struc-
tures measuring a few microns. Furthermore, an
increase in the calcination temperature leads to an
increase in particle size, accompanied by a transfor-
mation in crystal shape to a more rounded form. This
observation is supported by X-ray diffraction analy-
sis, which shows a very fine peak indicating the ef-
fect of temperature on crystallinity.

Intensity
Intensity

Inductively coupled plasma of n-CaF, particles

Based on the analysis conducted using ICP,
the product obtained (Table 4), the ratio of Ca/F
for n-CaF, was 0.5, it’s a pure n-CaF, product.

Adsorption study

Effect of adsorbent amount

The effect of the adsorbent amount on RB21 re-
moval rate was investigated, and the results are pre-
sented in Figure 6. It was observed that the decolor-
ization yield increases with the mass of the adsorbent
up to an optimum mass, beyond which the decolor-
ization yield remains constant even with further in-
creases in adsorbent mass. Specifically, an optimum
mass of 0.8 g of CaF, resulted in a decolorization
yield increase from 2% to 75% for RB21 (Figure 7).
This phenomenon can be attributed to the increased
number of sites available for dye molecule fixation

100%

ntensity

L

r T T T T T T T
m ns 80 85 20 B3 275 280

2 Theta (degree)

2 Theta (degree)

T 1 T T T )
25 290 ns 20 288 20
2 Theta (degree)

Figure 3. XRD data of the (111) peak for n-CaF, dried at 105 °C (a), calcined at 600 °C (b) and 900 °C (c)
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Figure 4. FTIR spectra of dried n-CaF, at 105 °C (a), calcined sample at 600 °C (b) and at 900 °C (c)
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Figure 5. SEM images of n-CaF, dried at 105 °C (a), calcined at 600 °C (b) and 900 °C

Table 4. Chemical analysis of n-CaF, at 105 °C

—

% Pppm
Prepared CaF, | Ca F Al Fe K Mg Na Si Ba Mn Ti Pb Sr Zn
50.2 | 479 | 0.05 | 0.32 | 0.11 | 0.07 | 0.08 | 0.20 | 41.18 | 0.66 | 705 | 0.96 | 564 1.2

with higher doses of adsorbent, thereby enhancing
the adsorption process. (Aggadi et al., 2021, Cechi-
nel et al., 2022, Shakoor et al., 2016).

Effect of pH (amount of adsorbent)

The pH of the colored solution not only af-
fects the surface charge of the adsorbent but also
influences the degree of ionization of materi-
als, contributes to the dissociation of functional
groups at the active sites of the adsorbent, and
impacts the structure of adsorbent molecules. In
this study, we investigated the adsorption effi-
ciency of the adsorbent by varying the pH from
2.8 to 11.7 using either a 0.1 N hydrochloric
acid (HCl) solution or a 0.1 N sodium hydrox-
ide (NaOH) solution to achieve the desired pH

80 T
70 +
60 +
50 +
40 +
30 +

20 +

A mount ad sor bed (%)

10 +

0 t f

level.Under these pH conditions, a mass of 0.8
g of CaF, was stirred in 100 mL of the colored
20 mg/L solution. The results obtained from
these tests are presented in Figure 8. The results
shown in Figure 7 show that after the neutral-
ity range the pH is strongly influences the de-
colorization yield, compared to the normal pH
of the sample (pH = 6.4). This effect increases
significantly when the pH moves away from the
neutral zone. This can be explained by the pro-
tonation at acidic pH, This increase in pH en-
hances the electrostatic attractions between the
negatively charged poles of the dye and the posi-
tively charged adsorption sites. As a result, there
is a slight improvement in adsorption efficiency
(Yadav et al., 2022, Longhinotti et al., 1998).

0 0,2 0,4

0,6 0,8 1 1,2

Amount of adsorbent (g)

Figure 6. Effect of amount of adsorbent (CaF,) on RB21 adsorption (C, =20 mg / L;
pH = 6.4; agitation = 500 rpm; V = 100 mL; contact time = 2h; T =24 + 2 °C)
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Effect of contact time

To investigate the adsorption kinetics of the
RB21 dye on the synthesized calcium fluoride
(CaF,), experiments were conducted under con-
sistent operating conditions as described previ-
ously: using a 100 mL volume of dye solution
with a concentration of 20 mg/L, stirring at 500
rpm, employing 0.8 g of calcium fluoride, and
maintaining normal pH. Samples were collected
at regular time intervals to measure the residual
dye concentrations. The obtained results are illus-
trated in Figure 8.

The kinetic study of RB21 retention by the ad-
sorbent studied shows that the decolorization yield

70 ~
60 -

50 A

30 A

20 ~

A mount ad sor bed {%)

10

1

increases rapidly with the increase in the contact
time. Equilibrium is usually reached after 80 min-
utes of stirring. After this contact time, the decolor-
ization yield of the RB21 solution reaches 74%. As
in the case of the study of the effect of mass, we
also find that the adsorption affinity of synthesized
calcium fluoride (CaF,) is important for the remov-
al of the anionic dye (RB21) (Dey et al., 2022).

Effect of initial dye concentration

The experiments involved stirring 0.8 g of
synthesized calcium fluoride (CaF,) for 120 min-
utes in dye solutions with concentrations ranging
from 10 to 180 mg/L. The tests were conducted at

10 15

pH

Figure 7. Decolorization of aqueous solution of RB21 by synthesized calcium fluoride as a function of pH

(V=100 mL; pH , = 6.4; C;=20 mg/ L; contact

Amount adsorbed (%)

0 T T

time = 2h; speed agitation = 500 rpm; T =24 + 2 °C)

0 20 40 60 80
Time(min)

T T T T 1

100 120 140

Figure 8. Effect of contact time on the adsorption of the dye (RB21) by calcium fluoride

(CaF) (C,=20mg/L; pH, = 6.4; stirring
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Figure 9. Effect of initial dye (RB21) concentration on the adsorption by calcium fluoride, (pH
=6.4; m=1.2 g; V=100 mL; contact time = 2 h; agitation = 500 rpm; T =24 £+ 2 °C)

normal pH, a stirring speed of 500 rpm, and room
temperature. Residual concentrations were mea-
sured and used to assess the change in adsorption
capacity relative to the initial dye concentration,
as depicted in Figure 9. The results show that the
adsorption capacity of synthesized calcium fluo-
ride (CaF, ) increases with increasing initial dye
concentration. Other ways, a plateau of adsorption
capacity is observed at concentration of 140 mg/L.
That can be explained by the saturation of the ac-
tive sites of the two adsorbents in the presence of
a high dye content (Boruah et al., 2022).

CONCLUSIONS

The study focuses on the synthesis of n-
CaF, particles using the pure wet phase meth-
od, followed by a comprehensive characteriza-
tion of the resulting compound through X-ray
diffraction, scanning electron microscopy, and
Fourier-transform infrared spectroscopyanaly-
ses. This method is particularly effective for
producing materials in a pure phase, offering
several advantages such as controllable size,
uniform morphology and shape, a wide range
of achievable compositions, and lower reac-
tion temperatures, even at room temperature.
Subsequently, the synthesized nano-CaF, was
evaluated for its efficacy in RB21 dye adsorp-
tion, with a detailed optimization of adsorption
parameters. The investigation revealed signifi-
cant influences of contact time and adsorbent

dose on RB21 adsorption, with the adsorption
capacity showing a notable increase with these
parameters until reaching equilibrium. These
findings highlight the potential of nano-CaF,
as a highly efficient adsorbent for RB21 dye
removal, showcasing its promising applica-
tion in wastewater treatment processes. The
characterization techniques employed, includ-
ing XRD, SEM, and FTIR analyses, provided
valuable insights into the structural and chemi-
cal properties of the synthesized nano-CaF,,
contributing to a comprehensive understand-
ing of its adsorption behavior and suitability
for environmental remediation applications.
Overall, this study underscores the importance
of innovative nanomaterial synthesis methods
and their potential impact on addressing pollu-
tion challenges in water treatment.
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