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ABSTRACT

The paper presents the study on the removal of fluoride ions in the form of NH,F from the ammo-
nium sulfate solutions compared with the aqueous solutions using the calcium sulfate samples of
fossil origin. The effect of ammonium sulfate on fluoride ion uptake by the calcium sulfate samples
was investigated as a function of calcium sulfate mass and initial fluoride concentration, at 295 K.
The results of X-ray diffraction and Fourier-transform infrared spectroscopy analyses of the cal-
cium sulfate samples as well as of the solid residue obtained after the contact with the NH,F + H,O
and NH,F + (NH,),SO, solutions are presented. The changes in fluoride removal efficiency and
the amount of fluoride ions combined by the calcium sulfate were analyzed. It was found that the
effect of (NH,),SO, was particularly unfavourable for the solutions with the fluoride concentra-
tion 0.05 mg-L™ causing a decrease of fluoride removal efficiency. When the initial fluoride con-
centration increased to 0.5 mg-L™, the negative effect of the presence of ammonium sulfate became
weaker and it was possible to remove significant amounts of fluoride; however, it was necessary to
adjust the dose of calcium sulfate precisely to the fluoride concentration. It was concluded that the
fluoride removal onto calcium sulfate is a complex process.

Keywords: Fluoride removal; Ammonium sulfate from flue gases desulfurization; Calcium sulfate for
fluoride removal

1. Introduction

The issue of fluoride removal from the liquid phase gen-
erally applies to drinking water [1-4]. The literature reports
on numerous methods of fluoride removal from water, from
the amount about 30 to 1.5 mg-L™ that have been approved
by the World Health Organization as safe for human health
[5,6]. These studies take into account also the effects of the
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presence of anions other than fluorides that naturally occur
in drinking water, such as sulfate, chloride and nitrate anions
at their actual concentrations [7,8]. A more complex issue
is fluoride removal from the industrial solutions because
of both higher concentrations of fluoride and the presence
of accompanying ions.

One of the industrial processes that generates solutions
containing fluoride ions is the flue gas desulfurization using
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the wet ammonia method. In this case, some types of solu-
tions are generated as a result of absorption of sulfur oxides
in the ammonia water. Apart from ammonium sulfate (AS)
as the main product of reaction of sulfur oxides with the
absorption solution, ammonium fluoride is also present
as one of the products of the absorbent reaction with the
components of the purified gas other than sulfur oxides.

Both crystal AS and AS solutions generated in the desul-
furization process can be used as components of solid and
liquid fertilizer products. The presence of fluoride ions in
AS, obtained as the product of the wet ammonia-based
desulfurization process can affect adversely both the con-
ditions of the fertilizer production process and the physi-
cochemical properties of these fertilizer products [9]. One
of the most important aspects is the effect on the corrosive
properties of ammonium sulfate-based liquid fertilizers,
which in and of themselves create an aggressive environ-
ment for plant construction materials [10,11]. However,
ammonium sulfate solutions, generated during the desul-
furization process, are a very difficult system to defluori-
nate because of their high ionic strength value due to the
large content of ammonia and sulfate ions as well as the
presence of other impurities.

Many of the fluoride removal methods are based on the
affinity of fluoride ions for calcium ions. They include pre-
cipitation and sorption methods as well as those based on
ionic exchange [12-14]. Apart from such materials as calcium
phosphates [15-18], calcium carbonates [19-21], and waste
materials containing calcium [22], the literature reports also
the studies on the calcium sulfate use for fluoride removal
from water [23-26].

Al-Rawajfeh et al. [25] presented the mechanism of
fluoride binding by calcium sulfate. After introducing
ions competitive to fluoride into the purified solution in
the process of fluoride adsorption by calcium sulfate, no
decrease in the fluoride removal efficiency was found. On
the contrary, the efficiency even increased. Therefore, it was
determined that the main mechanism of fluoride removal
by calcium sulfate is not the adsorption process but the
process of calcium fluoride precipitation. The results of
the studies by Kang et al. [26] on the fluoride ion removal
using gypsum derived from the flue gas desulfurization
technology using the limestone method revealed that gyp-
sum from the flue gas desulfurization removes fluoride by
binding it with calcium and through further calcium fluo-
ride precipitation. The thermodynamic analysis confirmed
the possibility of converting calcium sulfate into calcium
fluoride at pH > 5. Reducing the pH below 5 is unsuitable
for calcium fluoride formation, but its increase above 11
hinders the release of calcium from gypsum. The research
showed that gypsum formed in the flue gas desulfurization
process can be an attractive material for fluoride removal.

When considering the possibility of using calcium sul-
fate for fluoride removal from the ammonium sulfate solu-
tions, an important aspect is the effect of ammonium sulfate
presence on solubility of calcium sulfate in these solutions
compared to water. Calcium sulfate is known as a sparingly
soluble compound whose solubility after reaching the max-
imum value at the temperature of about 313 K, decreases
with a further increase in temperature [27], in contrast to
most substances. The literature data also show that calcium

sulfate is much more soluble in the concentrated solutions of
ammonium sulfate than in water [27]. At the temperature of
298 K, the solubility of calcium sulfate in the diluted AS solu-
tions equals about 2/3 of the solubility value in water while
in the concentrated AS solutions, this value is about twice
as high as in water. The solubility of calcium sulfate in the
AS solutions decreases as the temperature increases, in the
same way as its solubility in water.

Apart from the increased gypsum solubility in the AS
solutions relative to water, as it was already mentioned, the
use of gypsum for purification of ammonium sulfate solu-
tions seems to be greatly beneficial due to the fact that the
only introduced ions are those of calcium, which are desir-
able for fluoride binding, and sulfate ions, already present
in these solutions. Taking these advantages into account,
analyses were carried out to find out the calcium sulfate
application for fluoride removal from the ammonium sulfate
solutions. The novelty of this paper is not only the study of
the effects of the ammonium sulfate presence, but also the
examination of the efficiency of fluoride removal methods
in a much wider range of fluoride concentrations in the
process solutions compared to drinking water.

2. Materials and methods
2.1. Properties of calcium sulfate

Studies on the removal of fluoride ions by calcium sul-
fate were carried out using two types of fossil calcium sul-
fate samples, containing different amounts of crystalline
water. One of them was dihydrate CaSO,-2H,O, hereinaf-
ter referred to as gypsum, and the other one was CaSO,,
hereinafter referred to as anhydrite. The physicochemical
properties of these materials such as the chemical compo-
sition obtained by the X-ray fluorescence (XRF) method,
porosity and the specific surface area as well as size grains
were described by the study of Zdunek et al. [28]. The
X-ray diffraction (XRD) and the Fourier-transform infra-
red spectroscopy (FTIR) analyses were performed for both
the calcium sulfate samples and the solid residue, obtained
after the contact of these materials with the aqueous fluo-
ride solutions and the ammonium sulfate solutions at the
concentration of 40% by mass containing fluorides. The
XRD analysis was performed using the X-ray diffractom-
etry (PANalytical Empyrean, The Netherlands). The FTIR
analysis was conducted using the Nicolet i510 spectrom-
eter (Thermo Scientific, United States). The spectra were
recorded using the appropriate ATR technique (attenuated
total reflection) at room temperature with 4 cm™ resolution
in the mid-infrared spectral range of 400—4,000 cm™.

To characterize the effects of ammonium sulfate on the
fluoride removal by calcium sulfates and to identify the
mechanism of this process, the pH of the point of zero charge
(pH,,.) and the solubility of calcium sulfates used in the AS
solutions, at different concentrations of AS, were determined.

The purpose of determining the pH,,,. at which the sur-
face of gypsum has an electric charge of zero was to find the
pH range within which the surface of these gypsum sam-
ples is positively charged and will be able to bind negatively
charged fluoride ions. It was determined according to the
method described by the study of Lopez-Ramon et al. [29],
by measuring the pH of the suspension obtained by mixing
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0.2 g of gypsum with 50 mL of 0.05 M NaCl solution with
various pH values for 24 h. The initial pH was adjusted to
the values from 2 to 12 adding either the 0.1 M HCI solu-
tion or the 0.1 M NaOH solution. The final pH (pH,) was
measured after 24 h and the difference between this value
and the pH of the initial solution was plotted against the
initial pH (pH,). The pH value for which the curve crosses
the line that corresponds to pH —pH, = 0 was taken as the
pH,,. of the gypsum samples.

The effect of the presence of ammonium sulfate on the
calcium sulfate solubility was determined adding 1 g of
each gypsum material to 100 mL of water and ammonium
sulfate solutions at the concentrations of 10%—40% by
mass and stirring it at ambient temperature for 1 h. Then,
the liquid phase was separated from the solid residue and
the obtained solution was analyzed for the concentration
of calcium ions using the atomic absorption spectrometry
with flame atomization (Varian AA 240FS, United States).

2.2. Batch experiments

In the first stage of the experiments the samples of cal-
cium sulfate were dried in a laboratory dryer for about 4 h
at the temperature of 343 K until a constant mass value was
obtained. Ammonium fluoride, as the source of fluoride
ions (NH,F a.g. Acros Organics, Belgium) was also dried at
343 K for about 2 h. The fluoride removal studies were car-
ried out for various fluoride concentrations in the range of
0.05-5 g-L™" in the aqueous systems and the ammonium sul-
fate solutions ((NH,),SO, a.g. POCH, Poland) at the concen-
trations of 10%, 20%, 30%, and 40% by mass. The fluoride
concentrations in the test solutions were measured using the
direct potentiometric method. The fluoride selective elec-
trode of the Monokrystaly 09-37 type (made of lanthanum
fluoride single crystal) was used as the indicating electrode
combined with the AgCl electrode used as the reference one.
A citrate buffer was used to maintain the required pH value
for the linear relationship between the measured signal and
log,, of the molar concentration of the standard fluoride
solutions. The standard fluoride solution of 1,000 mg-L™" was
prepared by dissolving 2.21 g of sodium fluoride (NaF a.g.
Acros Organics, Belgium) (dried at 353 K) in the 1,000 mL
volumetric flask and the volume was made up to mark
with ultrapure water from the Milli-Q ultrapure water sys-
tem. The experimental solutions of desired concentrations
were prepared by diluting the standard solution.

The tests were carried out in the consecutive series, in
which the calcium sulfate dose and NH,F solution concen-
tration were the variable parameters. All tests were carried
out in the fluoride solutions in the amount of 50 mL placed
in the PE flasks with caps. They were put on the multiposi-
tion magnetic stirrer to obtain the same mixing conditions
(speed of 550 rpm). After carrying out the tests under the
assumed conditions, the final concentration of fluoride ions
in the tested solutions was determined.

2.3. Evaluation of the effectiveness of fluoride removal and the
mechanism of this process

Based on the initial fluoride concentration of the tested
solutions and the values obtained for them after the contact

with the calcium sulfate doses, the percentage removal of
fluoride, described further as fluoride removal efficiency
(%), was calculated according to the following equation:

. . . Cy—C
Fluoride removal efficiency = 22—
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where ¢, and c, are the fluoride concentrations in the work-
ing solution — initial and at time f, respectively — in mg-L™.
All experiments were done in triplicate and the presented
results are the mean values. To express the reproducibility
of these results, the graphs include the error bars showing
the average deviation of each result from the mean, and for
the results presented in the tables, the values of the stan-
dard deviation, calculated according to the formula:
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where s is the sample standard deviation, x, is each value, x
is the sample mean, # is the number of values in the sample.

On the basis of the average value of fluoride removal
efficiency, the ability of calcium sulfate used for fluoride
removal g, (mg-g™) in the presence and absence of ammo-
nium sulfate was defined as follows:

g, =07y ©)

where ¢, and c, are the initial and equilibrium fluoride con-
centrations in the working solution, respectively, in mg-L™,
V is the volume of the fluoride ion solution, in L, m is the
dose of calcium sulfate, in g.

For better understanding the nature of fluoride ions
interactions with the calcium sulfate samples, the obtained
experimental values of fluoride removal efficiency were
fitted to the adsorption equations of the most common
adsorption models, that is, Langmuir isotherm [Eq. (4)],
Freundlich isotherm [Eq. (5)], Temkin isotherm [Eq. (6)] and
Dubinin-Radushkievich isotherm [Eq. (7)] [30].
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where K, is the Langmuir constant related to the bind-
ing energy or the affinity parameter, K, is the Freundlich
constant associated with the sorption capacity, n is the
Freundlich constant referring to the adsorbate and adsor-
bent affinity, B, is the Temkin constant related to the heat
of adsorption, A, is the Temkin equilibrium binding con-
stant corresponding to the maximum binding energy,
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X, is the theoretical saturation capacity, £ is the Polanyi
potential, f is the constant related to the adsorption
energy.

3. Results and discussion
3.1. Physicochemical properties of calcium sulfate samples

Fig. 1 shows the results of the tests determining the point
of zero charge of the calcium sulfate surface. The presented
values of pH changes for gypsum show that the value of
pH,,. is 2.59. For the solutions in the pH range of 2.59-9.94,
its surface has a negative charge. As pH increases, the charge
becomes positive. In the case of anhydrite, the value of pH,,.
is 6.23, which is close to that established for CaSO,-0.5H,0
equal 6.72 by the study of Gopal and Elango [23]. In the
pH range of 2-4.06 and above 6.23, the surface of anhydrite
reveals a negative charge and in the range of 4.06-6.23, it has
a positive charge. On the basis of pH changes of the solu-
tions after the contact with gypsum and anhydrite, it can
be concluded that in the concentrated solution of ammo-
nium sulfate, that is, with pH at about 4-5, the capacity for
fluoride removal by the reaction with calcium ions occurs
only when anhydrite is used and in the case of gypsum,
for that pH range, the potential fluoride binding ability is
due to the exchange of fluoride ions for such anions as SO
and OH~.

The XRF results presented by the study of Zdunek et
al. [28] show that besides the significant differences in the
content of main ingredients of the calcium sulfate samples,
such as Ca0O, SO, and water (loss on ignition), additionally
the gypsum sample contains 1.24% of silicon by mass, 0.91%
of phosphorus by mass and 1.24% of sodium by mass. The
sample of anhydrite contains only 0.22% of silicon by mass
and 0.83% of magnesium by mass. A small amount of stron-
tium oxide has also been observed. On the the basis of the
XRF results, it can be concluded that apart from the reaction
with calcium, some amounts of fluoride ions can be bound
by silicon and aluminum in the case of gypsum, while in
the case of anhydrite, reactions with magnesium are also
possible.

Figs. 2a and 3a show that the main crystalline phase iden-
tified for the gypsum sample is CaSO,(H,O), while for anhy-
drite it is CaSO, but also some amounts of CaSO,(H,0), are
present. After the contact with the NH,F + H,O solution, the
main crystalline phase present in the solid state obtained as

6
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Fig. 1. Determination of pH,, . for gypsum (a) and anhydrite (b).

PZC

a result of adding gypsum is CaF, but some amounts of the
remaining CaSO,(H,0), are also observed. When the anhy-
drite sample is used, CaF, is almost the only crystalline phase.
This observation is consistent with the results described by
the study of Gopal and Elango [23], where after the contact
of water containing fluoride ions with CaSO,-1/2H,O, the
only crystalline phase found in the solid residue is CaF,.

As a result of the calcium sulfates contact with the
NH,F + (NH,),SO, solution, in the case of gypsum, there were
observed only two crystalline phases: CaF, and (NH,),SO,,
when using anhydrite, some amounts of CaSO, were bound
in the phase of (NH,),Ca(SO,),H,O called koktaite. Apart
from CaF, and (NH,),SO,, significant amounts of CaSO,
were also recorded that can be related to dissolving cal-
cium fluoride formed in the ammonium sulfate solution and
rebirthing of calcium sulfate.

As follows from Figs. 4 and 5, the changes in the FTIR
spectra of the applied calcium sulfate samples after the con-
tact with NH,F + H,O and NH,_F + (NH,),SO, are very similar
for both gypsum and anhydrite. After the contact with the
NH,F + H,O solution, in place of the bands in the 3,503; 3,396
and 3,242 cm™ region, broad, fuzzy and significantly reduced
bands appear in the 3,527 and 3,402 cm™ regions, prominent
in the case of gypsum and somewhat weaker in the case of
anhydrite. These bands correspond to the stretching vibra-
tions of the bonds in the free O-H groups and the hydro-
gen bonds [31,32]. This may be the result of the exchange
of the O-H groups with the F~ [33,34]. Similarly, a notable
decrease of the bands related to the bending vibrations of the
bonds in the molecule of H,O (1,682 and 1,619 cm™) present
in the gypsum is observed and can be also associated with
their replacement with F-.

A significant decrease is also observed for the bands
related to the stretching vibrations of the bands in the
SO, groups present at 1,096-1,097 cm™ and in the range
of 665-592 cm™. At 1,010 cm™ for gypsum and 1,031 cm™
for anhydrite, the bands associated with the vibrations
of the Si-F bonds appeared. After the contact with the
NH,F + (NH,),SO, (40% by mass) solution, the bands at 3,209;
3,054 and 2,750 cm™ in the case of gypsum and at 3,201; 3,046
and 2,850 cm™ in the case of anhydrite are observed, related
to the vibrations bands of hydrogen bonds of OH group and
OH--F. These bands are much weaker in the case of anhy-
drite than in the case of gypsum. The bands also come up
at 1,422 and 1,417 cm™ for gypsum and anhydrite, respec-
tively, related to the bending vibrations of the bands in NH}.

9 1011 12 13 14

pH,



74

10000
T - Ca(SOy)(H20); (04-009-3817)
(a) o * - NaShO{(OH)(Ha0) (04-011-1417)
9000 7 - $i0, (01-087-2096)

% - NH1AIPO;0H2H,0 (00-044-0727)
8000

7000

<

6000

5000

Counts

4000

3000

2000 —

1000 —

. T
T[TWTIT—‘THT TFITW"W ITWTTFITT TI‘ITTFH‘I T [THI ITT T Tl T !‘[TITTTFTTF‘
5 10 15 20 25 30 35 40 45 50 55 60 65 70 TS
2 Theta

12000
11000
10000
9000
8000
7000

6000

Counts

5000

4000

3000

2000

1000

A N AN N Y A A A A A

A. Zdunek et al. / Desalination and Water Treatment 303 (2023) 70-86

18000 — _
- - CaFs (04-016-6743)
(b) 17000 — )
i [ - Si0, (01-087-2096)
Lo % - NaSiO(OH)(EL0) (04-011-1417)
15000 — ¥ - Ca(SOL)(H0), (04-009-3817)
14000 —
13000 —
12000 —
11000 —
“ 10000 —
E — 7
2 9000 —
» —
8000 — v
7000 —
6000 —
5000 —
4000 —
3000 —
o | v
2000 —{
3 \\S R A A X
|

2 Theta

T -CaF2 (04-016-6743)
4 -(NH4»SOy (00-044-1413)

\IIIIIII\IIIIEIII\\||Il\|IH||I[EI|HH|I\II‘HIIlIlI\‘\IIIIIIH]I\

10 15 20 25 30

35 40

2 Theta

45 50 55 60 65 70

Fig. 2. X-ray diffraction analysis of gypsum (a), solid residue after the gypsum contact with the NH,F + H,O solution (b), solid
residue after the gypsum contact with the NH,F + (NH,),SO, solution (40% by mass) (c).

The bands associated with the vibrations of the bonds of
Si-F are recorded at 990 and 992 cm™ for gypsum and for
anhydrite, respectively. The bands related to the vibrations
of the bonds in SO?- are also observed once more.

3.2. Effect of the ammonium sulfate presence on the solubility of
calcium sulfate samples

Fig. 6 shows the results regarding the change in solu-
bility of calcium sulfate samples in the ammonium sulfate
solutions, in comparison to solubility in water. The solu-
bility of the tested gypsum samples in the ammonium sul-
fate solution at the concentration of 10%, 20% and 30% by

mass is much smaller than in water. Simultaneously, a
gradual increase of solubility is observed with the increas-
ing ammonium sulfate concentration. In the ammonium
sulfate solution, at the concentration of 40% by mass, the
increase of both gypsum and anhydrite solubility is observed
from the value of 0.19 and 0.14 g in water to the value of
0.38 and 0.58 g of CaSO,, respectively. The effect of the AS
content on the solubility of calcium sulfate is consistent
with the results of the studies presented by the study of
Azimi et al. [27].

Reduction of gypsum solubility in the ammonium sulfate
solutions at the concentrations of 10%-30% by mass, com-
pared to water, results from the common ion effect, that is,



A. Zdunek et al. / Desalination and Water Treatment 303 (2023) 70-86 75

170000
168000
166000
164000

¥ - CaSO; (04-007-4744)
(a)
% -MgCOs (04-009-2317)
162000
160000
158000
156000
154000
152000

Counts

20000 -
18000 —|
16000 —|
14000 —
12000 —|
10000 —]
£000 —
6000 —|
4000 ]

2000—]

5 10

15 20 25 30

35 40 45 50 55 60 65 70 75 80 85 90 95 100

26000
(c) 24000
22000
20000
15000
16000

14000

Counts

12000
10000
3000
6000

4000

T T R T I T T T

2000

T - Ca(SOs)(HL0): (04-009-3817) (b) i 57

18000 —
17000 — W - CaF: (04-016-6743)
3t - MgCOs (04-009-2317)
v
15000 —
14000 —|
13000 —|
12000 — v
11000 —|
L, 10000 —
2 9000 |
N -
3000 —]
7000 —
6000 —
5000 —
4000 — i
3000 —| \
2000 —
- 3 % 7 i v
1000 — ;‘;j v
Al L O e I e e e e |

5 10 15 20 25 30 35 40 45 50 55 60 65 0O 75 80 85 90 95 100
2 Theta

- CaFz (04-016-6743)

- (NH: R SOs (00-044-1413)

- (NH:,Ca(S04),:H:0 (0-085-4038)
- $i0q (01-087-2096)

- MgCO: (04-009-2317)

- CaS0y (04-007-4744)

* & o e = <

2 Theta

Fig. 3. X-ray diffraction analysis of anhydrite (a), solid residue after the anhydrite contact with the NH,F + H,O solution (b), solid
residue after the anhydrite contact with the NH,F + (NH,),SO, solution (40% by mass) (c).

decreased solubility in the presence of other ingredients of
the solution containing the same ion. As the concentration
of one of the ions increases, a decrease of concentration of
other ions is observed, according to the value of solubility
product in the equilibrium state.

For the multicomponent solutions, the effect of the pres-
ence of the common ion with a sparingly soluble material
overlaps with the phenomenon of complexed compounds
creation, which is characteristic especially of high concen-
trations of electrolytes with the same anions. In the con-
centrated solutions of ammonium sulfate, calcium sulfate
reveals a tendency towards creating complexed compounds,
according to the formula [35]:

(NH,),S0, +CaSO, —(NH, ), [ Ca(S0,), |

The phenomenon of complexed compounds creation
influences the solubility of sediments of electrolytes. When
a complexed ion is created, a decrease in the ions concen-
tration is observed in the solution which increases the sol-
ubility of substances in order to restore the balance state
value.

According to the calcium sulfate tendency towards cre-
ating a complex ion [Ca(SO,),]*, in the presence of ammo-
nium sulfate, the amount of calcium sulfate dissolved in that
solution will be the resultant value of two phenomena: the
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Fig. 4. Fourier-transform infrared spectra of gypsum (===), solid residue after the gypsum contact with the NH,F + H,O (==),
solid residue after the gypsum contact with the NH,F + (NH,),SO, solution (40% by mass) (=).
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Fig. 5. Fourier-transform infrared spectra of anhydrite (===), solid residue after the anhydrite contact with the NH,F + H,O (=),
solid residue after the anhydrite contact with the NH,F + (NH,),SO, solution (40% by mass) (==).

presence of the same ion and the tendency towards com-
plexed compounds creation. With the increase of concen-
tration of ammonium sulfate there can be seen the predom-
inance of the complexing phenomenon, but in the ammo-
nium sulfate solution at the concentration of 40% by mass,
this phenomenon is superior to the common ion effect. The
amount of calcium ions derived from calcium sulfates pres-
ent in the ammonium sulfate solution will therefore result
from the value of solubility product reduced by the value of
decrease in solubility influenced by the common ion effect
SO?~ as well as from the amount of calcium ions derived from
the complex compound that has been generated, related to
the value of stability constant of the complex compound.
Therefore, the observed change in the solubility of calcium
sulfate in the ammonium sulfate solutions compared to

the solubility in water (Fig. 6) is the resultant value of the
effect of all phenomena occurring in the SO2- ions containing
systems.

3.3. Effect of the calcium sulfate dose on the fluoride removal
efficiency

The effect of the amount of calcium sulfate on the effi-
ciency of fluoride removal from the aqueous and ammonium
sulfate solutions was analyzed for three significantly differ-
ent values of the fluoride ion solution concentration, that is,
0.05, 0.5, and 1 g-L™. For each of fluoride concentrations, the
effect of added calcium sulfates was examined at the quantity
0f 0.05,0.1,0.2,0.5,0.7, and 1 g per 50 mL of solution and over
the period of 15 min. The values obtained for the reduction
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in the fluoride ion content in the individual systems are pre-
sented in Tables 1-3. It can be observed that the effect of cal-
cium sulfate doses on the fluoride removal efficiency depends
precisely on the initial fluoride concentration. For the low
concentration at 0.05 g-L7, a significant reduction of fluoride
concentration over 70% was observed only for the aqueous
solutions, using the dose of just 0.05 g per 50 mL of solution
(Table 1). In the case of gypsum, a further increase of the dose
over 0.2 g caused a significant decrease of fluoride removal,
and for 0.7 g and more, no decrease in the fluoride content
was observed. When anhydrite was used, a significant degree
of fluoride removal was observed, irrespective of its amount
but when the dose of 0.7 g and larger was used, a slight
decrease in the fluoride removal was observed. According
to Gopal and Elango [23], the optimal dose of CaSO,0.5H,0
for the effective removal of fluoride ions from the solu-
tions of 4 mg-L" was determined to be equal to 1 g-50 mL.

The presence of ammonium sulfate at the fluoride con-
centration of 0.05 g-L™ caused the removal of fluorides to be
stopped completely when gypsum was used and resulted
in a significant decrease in the fluoride removal efficacy in
the case of anhydrite, depending on the concentration of
ammonium sulfate. Similarly, a strong effect of the pres-
ence of SO,* ions on reducing the removal rate of F~ ions
was observed by the study of Gopal and Elango [23], where
the initial fluoride concentration was 4 mg-L™. In the case of
the increase of the initial fluoride concentration to 0.5 g-L7,
it proved possible to obtain large levels of fluoride removal
from aqueous solutions as well as from ammonium sulfate
solutions when using an adequately large amount of cal-
cium sulfate (Table 2). A significant fluoride removal effi-
ciency when using both gypsum as anhydrite was obtained
at the dose of 0.2 g per 50 mL of solution, and was equal to
94.3% and 96.7% for the aqueous solutions, respectively. In

A0 AS e e e NIRRT
30% AS Jmm=d Cgypsum
20% AS  Fmmmmmed
10% AS o <ranhydrite
HO Emmmmmmr =
0 0.1 0.2 0.3 0.4 0.5 0.6

CaSO,, g per 100 g of H,O or AS solution

Fig. 6. Change in the solubility of the tested calcium sulfates in water compared to the ammonium sulfate solutions (temperature

298 K, contact time 1 h).

Table 1

Effect of the calcium sulfate dose on the fluoride removal efficiency from the NH,F + H,O and NHF + AS solutions (initial
concentration of fluoride: 0.05 g-L™, volume: 50 mL, contact time: 15 min) with the standard deviation(s) values

Dose (g) Fluoride removal efficiency (%) (s)
Gypsum
NH,F + H,O NH,F +10% AS NH,F +20% AS NH,F +30% AS NH,F +40% AS
0.05 69.8 (2.2) 0.0 0.0 0.0 0.0
0.1 70.2 (0.9) 0.0 0.0 0.0 0.0
0.2 744 (1.8) 0.0 0.0 0.0 0.0
0.5 20.5(1.2) 0.0 0.0 0.0
0.7 0.0 0.0 0.0 0.0
1 0.0 0.0 0.0 0.0
Anhydrite
NH,F + H,O NH,F +10% AS NH,F +20% AS NH,F +30% AS NH,F +40% AS
0.05 77.3 (2.4) 0.0 0.0 35(0.2) 229 (1.2)
0.1 88.0 (1.4) 0.0 0.0 3.8 (0.3) 25.3 (1.6)
0.2 89.6 (1.1) 0.0 9.2(0.8) 8.9 (0.9) 4.5 (0.3)
0.5 89.4 (0.8) 0.0 13.7 (1.1) 13.6 (1.1) 1.6 (0.2)
0.7 86.6 (0.4) 0.0 4.9 (0.7) 14.9 (0.7) X
1 86.1(0.3) 11.7 (1.1) 0.1 (0.02) 204 (1.4) x

x — coagulation was observed.
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Effect of the calcium sulfate dose on the fluoride removal efficiency from the NH,F + H,O and NH,F + AS solutions (initial

concentration of fluoride: 0.5 g-L™!, volume: 50 mL, contact time: 15 min) with the standard deviation(s) values

Dose (g) Fluoride removal efficiency (%)(s)
Gypsum
NH,F + H,0 NH,F +10% AS NH,F +20% AS NH,F +30% AS NH,F +40% AS
0.05 39.2(1.8) 34.5(1.3) 304 (1.2) 32.7 (1.3) 34.6 (1.1)
0.1 755 (2.3) 64.2 (1.4) 50.8 (1.9) 57.0 (2.2) 58.3 (1.3)
0.2 94.3 (1.7) 86.5(1.1) 83.6 (1.1) 75.2(1.1) 77.6 (0.9)
0.5 914 (1.9) 82.4(0.9) 81.1(0.8) 78.9 (1.5) x
0.7 89.3(1.2) 80.6 (2.1) 85.4(2.1) 79.2(2.2) x
1 83.7 (1.3) 82.5 (0.8) 782 (1.3) 79.5 (2.3) x
Anhydrite
NH,F + H,O NH,F +10% AS NH,F +20% AS NH,F +30% AS NH,F +40% AS
0.05 62.8 (2.3) 45.9 (2.5) 31.2(1.5) 35.0 (1.2) 38.0 (1.1)
0.1 80.7 (2.5) 74.7 (2.1) 59.3 (0.9) 58.9 (0.7) 62.6 (0.8)
0.2 96.1 (2.1) 86.7 (0.8) 83.7 (0.7) 83.0 (1.3) 76.7 (1.2)
0.5 97.3 (1.3) 89.0 (0.3) 83.7 (0.5) 85.4 (0.9) X
0.7 97.5 (0.4) 88.7 (0.6) 84.5(1.1) 82.3(1.1) x
1 97.7 (0.8) 89.3(1.1) 85.7 (0.9) 82.0(0.7) x

x — coagulation was observed.

Table 3

Effect of the calcium sulfate dose on the fluoride removal efficiency from the NH,F + HO and NH,F + AS solutions (initial

concentration of fluoride: 1 g-L™, volume: 50 mL, contact time: 15 min) with the standard deviation(s) values

Dose (g) Fluoride removal efficiency (%)(s)
Gypsum
NH,F +H,0 NH,F +10% AS NH,F +20% AS NH,F +30% AS NH,F +40% AS
0.05 11.6 (1.1) 21.0(1.2) 26.5(1.3) 10.6 (1.3) 204 (1.3)
0.1 31.5 (1.5) 38.6 (1.8) 33.9 (1.5) 31.9 (2.1) 36.6 (2.2)
0.2 71.6 (1.8) 69.5 (2.1) 69.1 (2.3) 73.7 (2.2) 715 (0.7)
05 96.9 (0.9) 92.5 (1.4) 92.9 (2.1) 91.9 (1.3) 84.1 (1.1)
0.7 96.6 (0.3) 89.2(3.2) 91.0 (1.5) 91.0 (1.1)
1 93.6 (0.7) 91.0 (1.1) 89.3(0.8) 90.1 (0.8)
Anhydrite
NH,F + H,O NH,F +10% AS NH,F +20% AS NH,F +30% AS NH,F +40% AS
0.05 36.0 (2.1) 20.7 (0.5) 21.3(1.4) 17.3 (1.3) 11.6 (0.4)
0.1 52.1(1.2) 49.4 (0.8) 39.9(1.1) 36.2 (2.1) 442 (1.4)
0.2 96.2 (1.9) 80.3 (1.3) 62.6 (1.5) 82.7 (2.4) 74.8 (1.6)
0.5 97.7 (1.4) 93.3 (1.5) 93.5 (1.6) 91.2 (1.8) 86.5(1.1)
0.7 97.6 (1.5) 93.4(1.3) 94.4(1.1) 93.3 (1.1) 88.2(0.9)
1 95.8 (0.7) 95.8 (1.8) 94.6 (0.8) 94.4(1.9) 82.1(0.7)

x — coagulation was observed.

the ammonium sulfate solutions, it was equal to 86.5% and
86.7% for 10% of AS, 83.6% and 83.7% for 20% of AS, 75.2%
and 83.0% for 30% of AS, 77.6% and 76.7% for 40% of AS,
for gypsum and anhydrite, respectively. With the initial flu-
oride concentration increased to 1 g-L7, a further increase of

removal efficiency was observed at the calcium sulfate dose
of 0.5 g per 50 mL of solution. It amounted to over 90%, in
both the aqueous solutions and ammonium sulfate solutions
with the concentrations in the range of 10%-30% (Table 3).
Only for the solutions with the largest concentration of AS
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a slight decrease of removal efficiency was recorded at the
same dose of calcium sulfate samples; however, it was
still considerable and was equal to 84.1% and 86.5% for
gypsum and anhydrite, respectively.

Summing up the studies of the effects of calcium sulfate
dose, it can be concluded that the larger the initial concen-
tration of fluoride was, the smaller the negative effect of the
ammonium sulfate presence on the fluoride removal effi-
ciency was observed. To obtain a significant fluoride removal
efficiency, it is necessary to match the calcium sulfate dose
properly to the value of the initial fluoride concentration
because its overuse decreases the amount of fluoride uptake.
Additionally, in the case of ammonium sulfate solutions at
the concentration of 40% by mass, it was found that when
higher doses of calcium sulfates were used, the coagulation
process occurred, and the fluoride concentration measure-
ment was impossible.

One can observe that despite the fact that the amount
of fluoride being removed rises with the increase of the cal-
cium sulfate dose, the amount of fluoride uptake (in mg) by
1 g of calcium sulfate g, decreases, particularly for the ini-
tial fluorides concentrations of 0.05 g-L™* (Fig. 7) and 0.5 g-L*
(Fig. 8). Only at the initial concentration of fluorides of 1 g-L
(Fig. 9) an increase of the g, value is observed with the cal-
cium sulfate dose of 0.1 or 0.2 g per 50 mL of the solution,

45 NH:F+H:0
(@) 49 —a— NHF+10% AS
35 NH:F-+20% AS
30 —— NH.F+30% AS
"'90 25 —O0— NH.F+40% AS
an
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5
0 +O0—0 < & <
0 0.2 0.4 0.6 0.8 1 1.2

Calcium sulfate dose (g-:50 mL! of solution)

depending on the system. With further increases of the dose,
a decrease of g, is observed. In the aqueous solutions with
the initial fluoride concentration of 0.05 g-L™, the maximum
amount of fluoride ions uptake by 1 g of calcium sulfate is
equal to about 40 mg-g™ (Fig. 7). The kinetic analysis pre-
sented by the study of Kang et al. [26] indicates that the
theoretical fluoride capacity at 1 g-L™ flue gas desulfuriza-
tion gypsum is 97 mg-g™. This value is more than twice as
large as that obtained in the presented studies, but it was
also determined at the twice larger initial fluoride content
being 0.109 mg-L". In the fluoride ions containing solutions
the concentrations of 0.5 g-L* (Fig. 8) and 1 g-L* (Fig. 9), it
is over 100 mg-g™ in both the aqueous solutions and in the
ammonium sulfate solutions. In the case of smaller doses of
calcium sulfate samples, significant differences in the g, val-
ues for the aqueous solutions compared to the ammonium
sulfate solutions are observed, which were much smaller
when larger doses of calcium sulfate samples were applied.
When comparing the amounts of fluoride ions combined by
the gypsum and the anhydrite sample, it can be stated that
the anhydrite revealed a slightly larger capacity for the flu-
oride ions, which can be seen particularly in the aqueous
solutions and in the ammonium sulfate solutions at the con-
centration of 40% by mass, in the case of smaller anhydrite
doses.
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Fig. 7. Effect of the calcium sulfate dose on the value of capacity for fluoride ions using gypsum (a), anhydrite (b) (initial fluoride

concentration 0.05 g-L7).
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Fig. 8. Effect of the calcium sulfate dose on the value of capacity for fluoride ions using gypsum (a), anhydrite (b) (initial fluoride

concentration 0.5 g-L™).
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3.4. Effect of initial fluoride concentration on the fluoride removal
efficiency

Based on the results concerning the effect of the amount
of calcium sulfate added to the purified solution at the flu-
oride concentration of up to 0.5 g-L7, it can be assumed
that significant effects of fluoride removal can already
be obtained using calcium sulfate at the dose of 0.1 g per
50 mL of solution. However, as the initial fluoride concen-
tration increased to 1 g-L™, the removal efficiency decreased
significantly. Therefore, the studies on the effect of initial
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fluoride concentration were carried out for a large range
of fluoride concentrations (0.05-5 g-L™) with the calcium
sulfate dose of 0.2 g per 50 mL of solution. The obtained
results are shown in Fig. 10a and b. For both tested cal-
cium sulfates, the presence of AS caused a decrease in the
fluoride removal efficiency in comparison with the aque-
ous solutions when the initial fluoride concentration was
smaller than 0.7 g-L while for the larger concentrations of
F-, some fluctuations were observed. In some cases, the effi-
ciency of fluoride removal from the AS solutions was greater
than from the aqueous ones. Using calcium sulfates at the
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Fig. 9. Effect of the calcium sulfate dose on the value of capacity for fluoride ions using gypsum (a), anhydrite (b) (initial fluoride

concentration 1 g-L™).
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dose of 0.2 g resulted in the significant effects of fluoride
removal from the AS solutions in the range of 10%—40% by
mass only at the initial fluoride ion concentration of at least
0.2 g-L™". In the case of smaller fluoride concentrations, there
was a significant decrease of fluoride removal along with
the increasing AS concentration in the purified solution.
With the further increase in the fluoride concentration, an
increase in the fluoride removal was observed regardless
of the AS concentration. However, at the initial fluoride
concentration of 2 g-L! and higher, this tendency changed
and there was a significant decrease in the fluoride removal
from both aqueous and AS containing solutions.

Due to the fact that at the 0.2 g dose of calcium sulfates
and the initial fluoride concentration of at least 2 g-L, a sig-
nificant decrease in the amount of removed fluoride ions
was observed. The tests were carried out with an increased
amount of calcium sulfate at the doses of 0.5, 0.7 and 1 g for
the fluoride solutions at the concentrations of 2, 3, 4, and
5 gL The results show that the increase of the calcium
sulfate dose to 0.5 g causes a significant increase of fluoride
removal efficiency compared to the results obtained for the
dose of 0.2 g, for both aqueous and ammonium sulfate solu-
tions. This effect is enhanced at the dose of 0.7 g. However,
it turned out that in order to obtain a high value of fluo-
ride removal with an increase of fluoride ion concentration
above 3 gL, it is necessary to use calcium sulfate at the
dose of 1 g (Fig. 11a and b). When gypsum was used, the
efficiency of fluoride removal from the solution at the con-
centration of 2 g-L™ equalled 96% for NH,F + H,O and 94%
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for NH,F + 40% by mass of AS, and at the concentration of
4 g'L7, it was 91% for NH,F + H,O and 89% for NH,F + 40%
by mass of AS. However, as the initial fluoride concentra-
tion increased to 5 g-L7, the efficacy decreased to 78% for
NH,F + H,O and to 70% for NH,F + 40% by mass of AS. In
the case of anhydrite, the values of efficiency were 98% for
NH,F + H,O and 93% for NH,F + 40% by mass of AS, and at
the concentration of 4 g-L, they were 95% for NH,F + H,O
and 66% for NH,F + 40% by mass of AS. Upon the increase
of the initial fluoride concentration to 5 g-L~, the values of
efficacy for both NH F + H,O and NH_F + 40% by mass of AS
were nearly the same, 92% and 62%, respectively.

The results proved that when the concentration of flu-
oride ions exceeds a certain level, it is necessary to use
larger doses of calcium sulfate. It is also important to take
into consideration that when the dose of calcium sulfate is
properly matched to the initial concentration of fluoride, the
phenomenon of coagulation is not observed, even for the
solutions containing ammonium sulfate at the concentration
of 40% by mass.

On the basis of the results obtained for the effect of ini-
tial fluoride concentration using various calcium sulfate
doses, the values of calcium sulfate capacity for fluoride ions
were also determined. The maximum values of g, (g, max.)
obtained for 0.2 g, 0.5 g, 0.7 g, and 1 g of the calcium sulfate
doses for the range of the initial concentrations of fluoride
of 0.05-5 g-L™ are shown in Table 4.

The maximum capacity value for fluoride ions of calcium
sulfates was different in the case of the aqueous solution
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Table 4

Maximum values of g, obtained for 0.2, 0.5, 0.7, and 1 g of calcium sulfate doses for the range of the initial concentrations of

fluoride of 0.05-5 g-L!

Type of calcium  Dose of calcium

sulfate sample sulfate (g)

g, max. (mg-g™)

NHF+HO NHF+10%AS NHF+20%AS NHF+30%AS NHF +40% AS
0.2 229 258 219 193 28
G 05 248 240 212 193 176
m
ypsu 0.7 208 193 183 172 171
1 19% 193 186 178 177
0.2 310 267 265 232 224
0.5 19% 173 169 189 180
Anhydrite
0.7 198 173 165 165 155
1 230 193 186 179 154

and in the presence of ammonium sulfate both for gyp-
sum and anhydrite. In the case of gypsum, the value of g,
max. was equal to 229 mg-g” for NH,F + HO, 258 mg-g™
for NH,F + 10% by mass of AS, 219 mg-g™' for NH,F + 20%
by mass of AS, 193 mg-g™ for NH,F + 30% by mass of AS
and 228 mg-g™' for NH,F + 40% by mass of AS. When anhy-
drite was used, the value of q, max. was slightly higher
and was equal to 310 mg-g™' for NH,F + H O, 267 mg-g™' for
NH,F + 10% by mass of AS, 265 mg-g™ for NH,F + 20% by
mass of AS, 232 mg-g™ for NH,F + 30% by mass of AS and
224 mg-g' for NH,F + 40% by mass of AS. These maximum
values were obtained for the dose of 0.2 g. Although with
the increasing calcium sulfate doses, the fluoride removal
efficiency increased significantly for the dose of 1 g com-
pared to 0.2 g, the capacity of calcium sulfates for fluoride
ions decreased for both aqueous and ammonium sulfate
solutions.

3.5. Equilibrium studies on the sorption process of fluoride ions
with calcium sulfate

Assuming that the uptake of fluoride ions by calcium
sulfate is partially caused by the adsorption process, the esti-
mation how the equilibrium matches the isotherm models of
Langmuir, Freundlich, Temkin and Dubinin-Radushkievich
was made. The main parameter confirming a good match
between the experimental data and the models of iso-
therms was the correlation coefficient, designated R For the
research systems for which the values of R* were the highest,
the values of g, theoretical and g, experimental were com-
pared. The values of g, theoretical were determined based on
the isotherm Egs. (3)—(6). A high value of the R? coefficient
and consistency between g, theoretical and g, experimental
were taken as a sufficient confirmation of the fluoride ion
adsorption mechanism matching the particular isotherm
model.

The data summarized in Tables 5 and 6 show that the
nature of the mechanism of fluoride ions uptake by the cal-
cium sulfate samples is largely dependent on the environ-
ment of the reaction, aqueous or ammonium sulfate solu-
tion of fluorides as well as on the dose of calcium sulfate.
The general tendency is that the highest values of the cor-
relation coefficient R? for every type of isotherm model were

obtained when larger doses of calcium sulfates were used.
In some cases, the value of R? decreased with the increase of
the calcium sulfate dose from 0.2 to 0.5 g, but upon further
increase of the dose, it increased significantly. This is prob-
ably due to the overlapping of various factors influencing
the fluoride binding by calcium sulfates.

Based on the data presented in Tables 5 and 6, it can be
concluded that for each of the adsorption models under con-
sideration, the largest degree of conformity of g, theoretical
and g, experimental was reached for the ammonium sulfate
solutions at the concentration of 40% by mass. It was found
that these values were consistent even though the values
of the R? coefficient were not the highest. For example, for
the Langmuir isotherm model, when anhydrite was used
in the aqueous solution of ammonium fluoride with the R?
coefficient equal to 0.98, the values of g, theoretical and g,
experimental were equal to 213.94 and 229.88, respectively.
However, in the ammonium sulfate solution of ammonium
fluoride at the concentration of 40% by mass of AS, for which
R* was equal to only 0.66, the values of g, theoretical and
g, experimental were equal to 9.23 and 10.00, respectively.

Among the considered isotherm models, the Langmuir
model seems to be best suited to describe the mechanism
of fluoride uptake from the ammonium sulfate solutions
by gypsum since the better consistency with this model
was achieved, when the concentration of ammonium sul-
fate was higher. In the case of anhydrite, it appears that the
Freundlich model is the most appropriate one, particularly
when fluoride ions are removed from the ammonium sul-
fate solutions. The Temkin isotherm model also proved to
be useful in describing the fluoride ions uptake by anhy-
drite, but only from the aqueous and ammonium sulfate
solutions at the concentration of 10%-30% by mass, as well
as by gypsum, but only for the concentrated solutions of
ammonium sulfate. The Dubinin-Radushkievich isotherm
model is not suitable for describing the mechanism of fluo-
ride ions uptake by anhydrite, but in the case of gypsum, it is
the better the higher the concentration of ammonium sulfate
is. For the aqueous solutions, despite the high values of the
R? coefficient, none of the isotherm models under consid-
eration is adequate to describe the mechanism of uptake of
fluoride ions from these solutions except the Temkin model,
but only when anhydrite was used.
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Values of the correlation coefficient R* and sorption capacities g, theoretical and experimental obtained for the Langmuir and
Freundlich isotherm models

Purified solution Dose (g) Gypsum Anhydrite
Langmuir isotherm model
R? q, theoretical q, experimental R? q, theoretical g, experimental
(mg-g™) (mg-g™) (mg-g™) (mg-g™)
0.2 0.71 - - 0.67 - -
0.5 0.11 - - 0.68 - -
HF+H
NALF+HO 07 087 - - 0.94 - -
1 0.99 204.98 195.95 0.98 213.94 229.88
0.2 0.13 - - 0.24 - -
0.5 0.20 - - 0.35 - -
NH,F +10% AS
0.7 0.91 - - 0.81 - -
1 0.97 211.19 193.13 0.96 187.28 193.35
0.2 0.08 - - 0.57 - -
0.5 0.09 - - 0.78 - -
H,F +20% A
NHLF+20% AS 07 095 - - 079 - -
1 0.98 193.02 186.45 0.99 178.69 185.78
0.2 0.03 - - 0.06 - -
0.5 0.05 - - 0.06 - -
HF % Al
NHLE +30% AS 0.7 0.97 170.73 172.14 0.52 - -
1 0.89 - - 0.96 170.10 179.08
0.2 0.05 - - 0.66 9.23 10.00
NELF + 40% AS 0.5 0.99 177.03 176.00 0.09 - -
w TR 0.7 0.43 - - 0.62 - -
1 0.68 - - 0.14 - -
Freundlich isotherm model
Purified solution Dose (g) R? q, theoretical q, experimental R? g, theoretical g, experimental
(mg-g™) (mg-g™) (mg-g™) (mg-g™)
0.2 0.52 - - 0.50 - -
NH.F + 1O 0.5 0.96 847.97 248.00 0.67 - -
¢ ? 0.7 0.88 - - 0.97 - -
1 0.87 - - 0.99 244.22 229.88
0.2 0.48 - - 0.46 - -
0.5 0.36 - - 0.58 - -
H,F +10% A
NHE +10% AS 0.7 0.87 189.84 193.21 0.62 - -
1 0.81 - - 0.88 195.73 193.35
0.2 0.41 - - 0.53 - -
0.5 0.23 - - 0.94 - -
NH,F +20% AS
0.7 0.88 - - 0.51 - -
1 0.91 191.29 186.45 0.95 183.78 185.78
0.2 0.43 - - 0.38 - -
0.5 0.18 - - 0.03 - -
NH,F +30% AS
¢ & 0.7 0.84 179.16 172.14 0.20 - -
1 0.66 - - 0.91 175.56 179.08
0.2 0.25 - - 0.17 - -
0.5 0.65 - - 0.06 - -
NH,F +40% AS
¢ 0.7 0.86 173.44 171.43 0.00 - -
1 0.77 - - 0.64 155.94 153.98
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Values of the correlation coefficient R* and sorption capacities g, theoretical and experimental obtained for the Temkin and
Dubinin—-Radushkievich isotherm models

Purified solution Dose (g) Gypsum Anhydrite
Temkin isotherm model
R? g, theoretical g, experimental R q, theoretical g, experimental
(mg-g™) (mg-g™) (mg-g™) (mg-g™)
0.2 0.50 - - 0.62 - -
0.5 0.24 - - 0.66 - -
NH,F+HO
¢ 2 0.7 0.85 - - 0.98 - -
1 0.91 207.46 195.95 1.00 226.82 229.88
0.2 0.79 - - 0.81 - -
0.5 0.37 - - 0.59 - -
NH,F +10% AS
0.7 0.86 - - 0.91 - -
1 0.86 205.13 193.13 0.92 190.02 193.35
0.2 0.45 - - 0.72 - -
0.5 0.26 - - 0.94 - -
H,F +20% A
NFLF+20% AS 07 088 - - 048 - -
1 0.96 191.43 186.45 0.97 184.37 185.78
0.2 0.64 - - 0.61 - -
0.5 0.20 - - 0.03 - -
HF % Al
NH,F +30% AS 0.7 0.85 174.77 172.14 0.18 - -
1 0.69 - - 0.92 171.33 179.08
0.2 0.15 - - 0.07 - -
NELE + 40% AS 0.5 0.61 - - 0.05 - -
o AU 0.7 0.87 173.56 171.43 0.00 - -
1 0.78 - - 0.65 149.47 153.98
Dubinin—Radushkievich isotherm model
Purified solution Dose (g) R? q, theoretical q, experimental R? g, theoretical q, experimental
(mg-g™) (mg-g™) (mg-g™) (mg-g™)
0.2 0.94 162.43 99.63 0.69 - -
NHF+ 1.0 0.5 0.10 - - 0.63 - -
¢ 2 0.7 0.81 - - 0.89 184.31 197.86
1 0.91 - - 0.83 - -
0.2 0.72 - - 0.83 - -
0.5 0.16 0.29 - -
NHF +10% A
Fr10%AS 07 085 0.84 - -
1 0.98 186.57 193.13 0.94 175.78 193.35
0.2 0.76 - - 0.90 - -
0.5 0.07 - - 0.71 - -
NH,F +20% AS
0.7 0.92 - - 0.85 - -
1 0.97 175.10 178.33 0.92 167.18 185.78
0.2 0.62 - - 0.56 - -
0.5 0.04 - - 0.08 - -
H,F % A
NH,F +30% AS 0.7 0.98 168.52 172.14 0.62 - -
1 0.97 - - 0.92 160.48 179.08
0.2 0.56 - - 0.58 - -
NELE + 40% AS 0.5 0.33 - - 0.11 - -
at AU 0.7 0.98 167.22 171.43 0.14 - -
1 0.91 - - 0.90 145.85 153.98
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Gopal and Elango [23] showed a great fit of exper-
imental data of fluoride ion removal from water onto
CaS0O,-0.5H,0 to both Langmuir and Freundlich models.
The high value of the correlation coefficient was justified by
the fact that under the given experimental conditions they
favour both the monolayer adsorption and that on the het-
erogeneous surfaces. It was concluded that CaSO,-0.5H,0
used in the study exhibited complex adsorption proper-
ties, and the adsorption of fluoride ions involved more
than one mechanism.

Summarizing the results of equilibrium studies of the
process of sorption of fluoride ions with calcium sulfate, it
can be concluded that the essence of the process is not explicit
for the NH,F + H,O and NH,F + (NH,),SO, systems. Based
on the largely varying values of the coefficient of determi-
nation for these systems, for different calcium sulfate dos-
ages, it can be also concluded that the mechanism depends
not only on the environment from which fluoride ions are
removed but also on the amount of calcium sulfate. The
significantly smaller values of the determination coefficient
for each of the sorption models under consideration when
smaller amounts of calcium sulfate are used, and the signif-
icant increase in these values with the increasing amounts,
indicate that in the presence of smaller amounts of gypsum,
the dominant process responsible for the removal of fluoride
ions from the treated solutions is not sorption but precipita-
tion of fluoride in the form of CaF,. Taking into account how
the solubility of the different types of calcium sulfate used
in the study changes as well as the values of the coefficients
of matching the size of the sorption capacities determined
experimentally with those determined on the basis of indi-
vidual adsorption models, it should be concluded that the
process of precipitation of fluoride ions and their adsorption
overlap, and the observed effect in the form of the num-
ber of mg of fluoride removed using 1 g of calcium sulfate
is the resultant of these two processes.

4. Conclusions

Based on the obtained results, it can be concluded that
calcium sulfate of fossil origin can be effective in fluoride
ions removal in the presence of ammonium sulfate only with
a sufficiently large F- ions content. With the F~ ion content
of 0.05 g-L7, the presence of AS prevents completely from
their binding by gypsum and reduces this ability signifi-
cantly in the case of anhydrite. As the initial fluoride content
increases to 0.5 g-L7, the presence of AS causes a reduction
in the removal efficiency in relation to the aqueous solu-
tions but still allows large removal values to be achieved.
At the dose of 0.2 g per 50 mL of solution containing 40%
of AS and at the initial fluoride concentration of 0.05 g-L7,
the fluoride removal efficiency using gypsum was zero and
it was 4.5% for anhydrite. When the initial fluoride concen-
tration was 0.5 g-L7, it increased to 77.6% with gypsum and
to 76.7% with anhydrite. Similar observations were made
at the initial fluoride content of 1 g-L-!. Hence, calcium sul-
fate can be considered as a material for removing F~ from
the ammonium sulfate solutions, but only at the sufficiently
large contents of these ions. Choosing the right dose of cal-
cium sulfate, it is possible to obtain more than 70% removal
efficiency of fluoride ions from the NH,F + 40% AS solution

containing 0.5 g-L F~ and more than 80% efficiency at the
fluoride content of 1 g-L™, both with gypsum and anhydrite.
However, using a too large dose of calcium sulfate in rela-
tion to the amount of fluoride ions results in thickening of
the purified solution due to coagulation. As the dose of cal-
cium sulfate increased, a decrease in the amount of mg of
F- removed per 1 g of calcium sulfate was observed in the
solutions with the increasing fluoride concentration. The
maximum amount of mg of F~ bound by 1 g of calcium sul-
fate from the NH,F + 40% AS solution was 228 mg-g™ for
gypsum and 224 mg-g~ for anhydrite.

Of the isotherm models that were considered, the
Langmuir model seems to be the best for describing the flu-
orides binding on gypsum and the Freundlich model - for
anhydrite. However, in the absence of perfect matching of
these values, overlap between the precipitation and adsorp-
tion of fluorides, as well as a complexation process between
the ions of calcium sulfate and ammonium sulfate are
assumed.
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