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FLUORIDE REMOVAL FROM
PHOSPHOGYPSUM: A STUDY ON A PRE-
INDUSTRIAL SCALE AND ITS MATHEMATICAL
ANALYSIS

Article Highlights
o A cost-effective route for fluoride removal from phopshogypsum on pre-industrial
scale is proposed
o Statistical analysis and mathematical modeling were applied to the purification process
e Optimum conditions for high-performance and cost-effective industrial treatment
determination

Abstract

This study discusses fluoride removal efficiency from phosphogypsum (PG)
on a lab-scale experiment matrix designed by the Box-Behnken method.
Temperature, solid/liquid ratio, and time were supposed to influence fluoride
removal efficiency from PG by various salt solution media. Experiment
matrices were designed according to salt solution types: seawater, 5%
NaCl, and 10% NaCl solutions. The factor-response analysis showed a
direct proportionality between fluoride removal efficiency and temperature.
The optimum fluoride removal conditions based on the experimental data
oblained by the multi-variable design matrix were determined by the Design
Expert v. 12 software. The optimum temperature, time, and solid/liquid ratio
were 80 °C, 3 h, and 0,174 for seawater. The software predicted a 73,31%
fluoride removal efficiency at the optimum conditions, whereas the
experimental value was 74,99%. Since the actual vs. predicted data show
high consistency, results might also be useful when industrial-scale fluoride
removal to a predetermined level is required prior to a particular use of PG.
PG has a high potential as an alternative raw material, and fluoride removal
might be important in recycling applications. This study provides a novel pre-
industrial scale fluoride removal inventory, especially for the fertilizer and
cement industry.

Keywords.: phosphogypsum, fluoride removal, Box-Behnken design,
response surface methodology.

Phosphogypsum (PG), a by-product of the
manufacturing of phosphoric acid using the wet
process route, can be chemically defined as impure
gypsum in dihydrate form (>95 wt% CaS0s-2H20). Due
to the reaction stoichiometry, PG (by-product) is
generated five folds than HsPO4 (desired product)
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by mass. PG is discharged from the process followed
by the reaction and stored as piles along coastal areas.
In most cases, PG piles are left untreated, which poses
a risk of impurity leakage into the groundwater during
long-term storage periods. It is challenging to
categorize PG wusing a single formulation since
numerous process variables influence the chemical
structure of the substance. Fluorides, heavy metals,
and radionuclides originated from phosphate rocks
used as the raw material in the wet process, and P20s,
the process residue, can all be categorized as
impurities in the PG structure. One of the key elements
influencing the retention of the utilization rate is the type
and quantity of impurities in the chemical composition

of PG. However, since PG has a chemical composition
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containing more than 95% CaS042H20, it can
efficiently serve as an alternative to gypsum. The
fluoride content in PG must meet the requirement of
0.18 wt% for probable future utilization in the cement
industry, even though recycling applications of PG are
typically conducted in this sector. Since the average
amount of fluoride in PG samples from different parts of
the world is 0.9 weight percent, investigations on
fluoride removal are crucial to ensure the recycling of
PG [1,2]. This study provides potential environmental
and industrial prospects. Concentration prediction of a
specific impurity and establishing a correlation between
a predetermined factor and the impurity concentration
might be necessary to take action in the case of
potential environmental risks. In this manner, this study
provides a practical approach to the relationship
between fluoride concentration and temperature. It
helps to predict the possible fluoride leakages from PG
piles to groundwater according to temperature
variations during storage periods. From a circular
economy perspective, using industrial wastes by
enabling continuous circularity in production chains is
important to provide sustainable resources. However,
the chemical content of industrial wastes might not be
appropriate for direct recycling, and purification studies
might be required. PG is a potential and promising input
for the cement industry, and initial fluoride
concentration affects its performance in cement
industry-related applications. The practical relationship
between temperature and fluoride removal from PG
provided by this study is a strategical highlight since the
output can be industrially applicable in the case where
the fluoride concentration of PG is higher than the limit
levels, and fluoride removal is of importance for the
utilization of PG sample in the cement industry.

Different methodologies, such as pre-treatment
with different salt solutions, have been developed on
the industrial recovery of PG material, whose use as a
raw material is very limited due to the impurities such
as heavy metals, and it has been presented to the
manufacturer as an alternative to provide waste
management control. Due to the optimum conditions
provided by this study, the ease of application of the
proposed method of pre-treatment with seawater
benefits the industry by providing cost advantages to
fertilizer producers.

PG recycling

The conventional economy's linear flow-based
strategy makes it possible to use finite resources
continuously. Additionally, the ecology is negatively
affected by ineffective waste management. However,
the circular economy's design principles are based on
the cyclic flow of raw materials utilized in industrial
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applications along with efficient energy utilization. The
circular flow of raw materials for effective and
sustainable consumption is enabled by sustainable
development goals, which internalize the circular
economy strategy. Utilizing industrial wastes as
process input and incorporating renewable resources
into current manufacturing processes would fit under
the sustainable development goals concept [3,4].
Through recycling procedures, waste management
solutions in a circular economy encourage the cyclic
flow of materials. Therefore, there should be a greater
variety of waste management applications [5]. The
phosphate fertilizer industry is one of the industries
facing the challenge of generating vast waste products
from wet-process phosphoric acid production.

The main input in the phosphate-based fertilizer
production process is phosphoric acid. When
considering the economic viability of producing
phosphoric acid on an industrial scale, the wet process,
which involves dissolving natural phosphate rock in
sulfuric acid, is the most desirable method [6,7]. The
process outputs are about 26%—32% P20s-involving
phosphoric acid and impure gypsum precipitate. This
precipitate is known as PG, and its chemical
composition includes radionuclides derived from
phosphate rocks, fluorine, heavy metals, and P20s as
the by-product of wet processing. According to recent
figures, 300 Mtons of PG are produced annually [8—10].

The European Union (EU) categorizes PG as
hazardous waste, although it can be used as a high-
quality gypsum alternative. But PG may be categorized
as non-hazardous waste if it satisfies the requirements
of the hazard property codes for a particular application
area [4,11,12]. The usage rate is hampered by the PG's
classification as hazardous waste. Huge amounts of
PG remain untreated due to its 15% recycling rate [13].
Basic issues with the management PG include the land
cost of the piles and remediation expenditures related
to reducing environmental degradation [14—16]. Recent
research on using PG for various industrial applications
highlights the need to create an environmentally
friendly recycling system that permits the widespread
use of PG.

PG and fluoride removal

The primary component impacting the chemical
structure of PG is phosphate rock, utilized as the input
of the wet process. Besides, other operational process
variables, like process effectiveness, post-production
disposal strategies, and the PG stack's physical state,
also impact the PG structure [17]. PG is challenging to
specify in a single formulation due to its variable
chemical structure, although the amount of impurities is
considered within a predetermined range.



AVSAR & ERTUNG: FLUORIDE REMOVAL FROM PHOSPHOGYPSUM ...

Chem. Ind. Chem. Eng. Q. 30 (1) 35-46 (2024)

Fluoride is one of the impurites in PG
composition, and the approximate amount of fluoride is
0.9% wt among PG samples found worldwide. Fluoride
is an important trace element for living bodies; however,
excess fluoride input might affect various organs and
systems. Developments in agricultural and industrial
applications have triggered the irrepressible fluoride
release to the environment, and today fluoride pollution
in any form of environment, aquatic or human life, has
become a serious problem [18]. Fluoride release from
various minerals, such as fluorite, tourmaline, biotite,
quartz, kyanite, etc., is commonly encountered. Among
these minerals, gypsum is another fluoride source, and
release mechanisms are noted to actualize in a wide
range of pH values [19]. The average fluoride content
in worldwide PG samples is mostly below 0.9 wt%,
except for the Tunisian and Algerian samples. These
samples have higher fluoride concentrations than the
other PG samples.

In contrast, the rest samples have similar fluoride
amounts, being approximately below 0.9 wt%, being
independent of the year and location of the sample.
Fluoride concentrations of PG samples might be
relevant to the age of the PG piles. Fluorite and
fluorapatite are the dominant mineral phases affecting
the fluoride concentration in PG. During the long-term
storage period, approximately 0.1 wt% fluoride in PG is
released into the gaseous phase, whereas the
accumulation of precipitated fluoride complexes in soils
as in the form of CaF2 and Cas(PQa)3F might also occur
[20,21]. Natural fluoride minerals like fluorspar (CaF2),
fluorapatite (Cas(PQs4)2Ca(FCl2), cryolite (NasAlFs), and
sellaite (MgF2) have very low solubility in water. Still,
because PG stacks are frequently deposited along
marine coastlines like many other industrial by-
products, fluoride leakage may occur over an extended
time under favorable conditions. During long-term
storage periods, the leakage of water-soluble pollutants
negatively influence the residential area by changing
the chemical composition of groundwater and having a
hydrodynamic impact on the environment [20,21].
Hence, industrial effluents are more dominant as
fluoride sources in aqueous media. The fluoride
concentration in the effluent streams should be
periodically controlled within the regulatory orientations
[22,23].

Although the effect mechanism of fluoride cannot
be systematically described, kinetic, thermodynamic,
and molecular modeling simulations can be applied for
fluoride leachability [24]. Fluoride naturally occurs in
groundwater; however, many the industries, such as
metallurgy, iron-steel, copper, battery, and cement,
discharge effluents containing fluoride about
250 ppm—1500 ppm and might reach up to 10.000 ppm

in extreme cases [25,26]. PG is a different case since it
is not an industrial effluent but a solid waste stacked
and formed sediments in long-term storage periods. PG
stacks are generally located near coastal areas, and
fluoride leakage into groundwater might occur during
storage. This phenomenon reduces the initial fluoride
content in PG, transferring fluoride into groundwater;
thus, this naturally occurring process can also be
termed as fluoride removal. PG contains some
impurities depending on the phosphate rock used in the
wet process and process residues in its chemical
structure. The removal of these impurities in the
experimental studies indicates that PG does not
contain more than any industrial pollutants depending
on its solubility ratio. It has been determined that no
contamination or toxicity has been found in the samples
taken from the environment where PG is discharged.
However, after the production of HsPO4, an important
development has been achieved regarding heavy metal
removal by chemical precipitation method and
minimizing environmental problems.

Chemical, physical, and thermal processes are
used to remove impurities from PG. Combinations of
these techniques are also used in some situations. For
purification, PG is typically treated with ammonium
hydroxide, citric acid, sulfuric acid, or dissolved lime;
flotation or calcination is also used to remove impurities
[27-29,12]. The crystalline gypsum structure is
degraded during chemical impurity removal processes
that involve sulfate ion replacement [30]. In this way,
impurity removal from salt solution can be successful
without causing crystalline structure degradation.
Results for the use of seawater could help forecast PG-
stack-based leaks over long-term storage periods
[31,32].

Box Behnken design of the response surface
methodology

Traditional  optimization studies rely on
experiment conduction as one factor at a time (OFAT).
This strategy relies on the variation of one variable or
factor at a time, keeping other variables constant. This
approach is generally impractical when conducting all
necessary experiments with each possible factorial
combination. The time-consuming disadvantage of the
conventional method can be turned off by the
optimization of all the variables simultaneously by
statistical experimental design. Response surface
methodology, which analyzes an empirical model using
a combination of statistical and mathematical
techniques, is particularly appropriate for studies
involving particular experiment designs because it
allows for the minimization of the number of runs that
an experiment set must undergo for a given set of
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factors and factor levels [33,34].

RSM is a highly effective approach when
determining the optimum operational conditions in a
specific experimental setup or a region within the limits
of specified optimum experimental conditions [35]. One
of the design matrices in RSM is the Box-Behnken
design (BBD), which includes multivariable, 2" order,
rotatable, or nearly rotatable designs. Application of
BBD can be conducted in two different forms, one of
which is a central point and the middle points of the
edges, and the other is a 22 factorial design and a
central point. When an evaluation is required under
challenging experimental settings and to ascertain the
reaction of the function on its maxima or minima, this
form of experimental design can be beneficial [36].

Tetteh and Rathilal studied the biogas and
decontamination  removal  efficiency of  bio
photocatalytic degradation of municipality wastewater
by using RSM based on a modified BBD experiment to
optimize and maximize the desirability of the bio
photocatalytic system. The modified RSM-BBD model
was studied to determine the optimum catalyst load,
hydraulic  retention time, and temperature.
Experimental verification results showed a high
agreement with the predicted results in the RSM-BBD
model at a high regression (A2 > 0.98) and within the
range of 95% confidence level [37]. Another modeling
and optimization study using RSM on industrial
wastewater treatment with 17 experimental runs was
conducted by introducing coagulant dosage, settling
time, and mixing rate as the variables in the design
matrix. The predictability of the RSM model was
validated using an artificial neural network (ANN). The
results were in agreement with the RSM model, where
the coefficient of determination (/%) was 0.994 for the
ANN model and 0.97 for the RSM model, within the
range of 95% confidence level (p<0.05) [38]. Apart from
these model prediction and optimization studies using
RSM for industrial wastewater treatment applications,
some studies regarding fluoride removal are also
available in the literature.

Mourabet ef a/. employed a BBD by introducing
starting concentration, temperature, adsorbent dosage,
and pH as the input parameters in an aqueous
solution [35]. The RSM was used to optimize fluoride
removal with apatitic tricalcium phosphate. Results
indicated that a second-order polynomial model, with
an R? value of 0.966, provided a good fit for the
regression analysis and experimental results [35].
El-Din Mohamed et a/. conducted a study to compare
the outcomes of OFAT and BBD, and a fluoride
biosorption optimization study using Padina sp. algae
as the biosorbent was carried out [39]. The maximum
amount of fluoride removed, according to OFAT data,
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was 85.95%; however, according to the BBD results,
the maximum amount of fluoride removed was 94.57%.
ANOVA analysis was used to determine the statistical
significance of the constructed model, and RSM was
found to be more useful for efficient optimization [39].

This study gives a novel approach and a brief
demonstration of fluoride removal efficiency upon salt
solution treatment of PG according to a multi-variable
BBD with time, solid/liquid (w/v) ratio and temperature
as the parameters in various salt solution media.
Seawater and 5% NaCl and 10% NaCl solutions were
studied to investigate the fluoride removal efficiency
from PG, and lab-scale experiment results were
simulated in Design Expert v.12 software. Since PG
piles are located near coastal regions and seawater is
investigated as a salt solution media, this study might
be useful to predict the quantity of real-time fluoride
leakage to the sea ecosystem. Another study highlight
is the computational approach to fluoride removal from
PG, enabling a straightforward prediction when fluoride
impurity is important. PG-related industries might favor
the outputs of this study for particular reasons. For
example, the fertilizer industry might benefit from
periodic regulatory controls of groundwater fluoride
concentrations near PG piles. The outputs of this study
might be effective in setting up a correlation between
fluoride leakage and seasonal temperature variations,
and precautions can be taken before regulatory
controls do not cause abnormal fluoride concentrations
in the groundwater near PG piles. The cement industry
also utilizes PG recycling strategies; however, the
changeable chemical of PG might not always be
appropriate in terms of fluoride concentration, and there
would be some cases for prior purification. The study
outputs might benefit the cement industry for a practical
fluoride content analysis in the PG before its process
applications.

MATERIAL AND METHODS
Experimental

PG samples used in the study were provided by
Toros Agri Industry anf Trade Co. Inc. (Mersin/Turkey).
The initial PG sample has a free water content of 13%,
a slightly acidic pH of 4.8 to 6, and conductivity of
2230 pmhos/cm to 2320 pmhos/cm. Mineralogy
characterization showed a 99.4% dihydrate gypsum
with trace amounts of quartz, anhydrite, and bassanite.
PG samples showed a variable morphology from
stubby, lath-shaped crystals to irregularly-shaped
crystals and brown to light brown appearance in color.
Particle size distribution showed 97% silt-size particles
and 3% fine sand-size particles, with a mean particle
diameter of 25 pm to 32 pym.

Besides seawater (sampled near PG stack, a
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region near Mersin Port, Mediterranean Sea), 5% and
10% (wt%) NaCl solutions were used to remove fluoride
from PG and to determine the appropriate salt solution.

Evaporation vyielded a 5% (wt%) salt
concentration for seawater, and NaCl solutions with 5%
and 10% (wt%) were prepared compared to seawater
in terms of concentration and salt type. The salt
solutions of 5% and 10% NaCl were determined to be
a single type of salt with the same concentration and
concentrated salt amount, respectively. Seawater is
assumed to be a mixture of different salt types. The
BBD matrix for three factors is shown in Table 1, with
five replicates at the center points and both coded and
real values. In accordance with the design matrix
shown in Table 1, experiment runs were carried out to
examine the impacts of multivariable parameters and
identify the ideal conditions for the removal of fluoride
from PG into aqueous salt solutions. The three
independent variables were temperature (20-80 °C),
tme (3 h-6 h), and the solid/lliquid ratio
(0.1 wiv—=0.2, w/v). The efficacy of fluoride removal was
examined according to the interactions and quadratic
effects of the various parameters. The salt solution type
is regarded as a variable because the experiments
shown in Table 1 were carried out with the
abovementioned salt solution systems. All the
experiments were carried out randomly and in
triplicates to minimize the unexplained variation in
responses owing to systematic errors.

Table 1. Box-Behnken design matrix for three factors, both
coded and actual values.

Run#  A: Temperature B: Time C: Solid/Liquid Ratio
(°C) (h) (wihv)

1 50 (0) 3(1) 0.2 (+1)
2 80 (+1) 45 (0) 0.1(-1)
3 50 (0) 4.5 (0) 0.15 (0)
4 20 (-1) 6 (+1) 015(0)
5 50 (0) 3(-1) 1(-1)
6 50 (0) 4.5 (0) 0. 15( )
7 20 (-1) 4.5 (0) 0.2 (+1)
8 20 (-1) 3(-1) 0.15 (0)
9 80 (+1) 4.5 (0) 0.2 (+1)
10 50 (0) 4.5 (0) 0.15 (0)
11 50 (0) 6 (+1) 0.2 (+1)
12 80 (+1) 3(-1) 0.15 (0)
13 50 (0) 4.5 (0) 0.15 (0)
14 50 (0) 4.5 (0) 0.15 (0)
15 20 (-1) 4.5 (0) 1(-1)
16 80 (+1) 6 (+1) 015(0)
17 50 (0) 6 (+1) 1(-1)

10 g of sieved PG samples with particle sizes of

less than 125 pum were weighed, and the experiment
runs listed in Table 1 were carried out in solutions of 5%
and 10% NaCl and seawater. After each experiment, a
filter was applied to the PG/salt solution system.
UV-Spectrophotometry was used to measure the
fluoride concentration in experiment supernatants
(HACH Lange DR 3900 UV Spectrophotometer).

The degree of fluoride removal efficiency was
calculated according to Eq. (1), where Fswematantis the
fluoride concentration of the supernatant of PG/salt
solution samples stirred after specified time according
to BBD matrix, and Fsar souwtion, initas@Nnd Finitiapc are the
initial fluoride content of the salt solution and PG
sample, respectively. Fsai sotution, initiar@and Finitiai,pc Values
are given in Table 2.

Fluoride removal efficiency (%) =
Frpomatan — Fastsoin (1)

supernatant salt solution, initial 100

F/‘n/f/'a/, PG

The fluoride removal performance of seawater
and 5% and 10% NaCl solutions were compared. The
most suitable among them were selected, and the
factor levels were optimized for maximum fluoride
removal efficiency defined with Eq. (1). The resulting
data were fitted to a second-order polynomial model
including main, interaction, and quadratic effects of the
variables (factors) on the response variable. The
statistical significance of the variables was determined
using Analysis of Variance (ANOVA) with a confidence
level of 95%. Moreover, the developed model's
adequacy was estimated by evaluating the lack of fit
test and determination coefficient (/?) obtained from
ANOVA.

Predicted values were plotted against the actual
responses for each salt solution treatment to show the
explanation performance of the model in the
experimental data.

A detailed schematic illustration of the sampling,
model design, experimental study, and data analysis
throughout the study is given in Figure 1.

RESULTS AND DISCUSSION

The initial fluoride concentrations of each salt
solution are listed in Table 2, which serves as a starting
point for the computation of the fluoride removal
efficiency shown in Eq.(1). Removal efficiency values
for each of the experiment sets were calculated from
the fluoride concentrations of all the supernatant
samples measurements obtained by three replications,
were given in Table 3.

Fluoride removal was estimated in each salt
solution system, and the removal rates in each system
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Figure 1. Schematic illustration of the study.

Eq.(1) revealed a continuous variation strongly
influenced by temperature. Thus, Table 3 shows the
reorganized version of the BBD matrix according to
temperature to observe the fluoride removal efficiency
upon the change in the temperature of the salt solution
systems.

Table 2. Initial fluoride concentrations (ppm).

Sample Fluoride (ppm)
PG 96
Seawater 7.6
5% NaCl solution 3.6
10% NaCl solution 5.6

Table 3 shows that the efficiency of removing
fluoride from all solutions is exactly proportional to
temperature. Figure 2 displays the average fluoride
removal efficiency in several solutions according to
temperature.

FLUORIDE REMOVAL%

19.16 1989

5% NaC 10 % N&C Semwaer

SOLUTION TYPE

Figure 2. Fluoride removal efficiency according to temperature
in (a) 5% NaCl, (b) 10% NaCl and (c) seawater.
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Table 3. Box-Behnken design matrix for fluoride removal

efficiencies from PG.
Run Temperature Seawater 5% 10%
# (°C) NaCl  NaCl
4 20 22.08 14.58 15.00
7 20 22.29 13.33 1438
8 20 18.33 14.17 13.73
15 20 16.88 17.08 14.58
1 50 55.00 16.67 20.42
3 50 54.17 19.17  17.92
5 50 50.83 17.92 18.33
6 50 57.08 20.00 17.50
10 50 NA* 23.75 16.25
11 50 57.08 2292 2417
13 50 NA* 21.67 20.83
14 50 55.42 23.33 18.33
17 50 51.25 23.75 18.75
2 80 65.42 2542 28.33
9 80 70.00 2750 29.17
12 80 74.17 26.25 30.42
16 80 NA* 25.83 27.08

NA*: Not Applicable

The lowest fluoride removal efficiency was
demonstrated by a 5% NaCl solution followed by a
10% NaCl solution. Seawater displayed the best
fluoride removal efficiency. Similarly, average fluoride
removal efficiencies at different temperatures
according to salt solutions are given in Figure 3.

Seawater is a complex salt solution system,
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Figure 3. Fluoride removal efficiency according to salt solution
type at () 20 °C, (b) 50 °C, and (c) 80 °C.

whereas 5% and 10% NaCl are single-salt solutions.
Fluoride removal efficiency in complicated salt solution
systems exhibits a greater rate, according to the
removal efficiency values shown in Table 3.
Temperature is a calculated multivariable included in
the BBD matrix that significantly affects fluoride
removal efficiency. There was a direct correlation
between temperature and fluoride removal efficiency in
earlier research published in the literature [40—42].
Seawater demonstrated the greatest fluoride removal
efficiency regarding both solution type and
temperature. The initial fluoride level of the 20-year-old
PG stack was measured at 96 ppm, and the low fluoride
concentration may be due to fluoride leakages during
long-term storage. The first burst release was used to
depict long-term fluoride release because it displays a
time-decreasing pattern, and the low fluoride content of
the PG stack is consistent with the data from the
literature [43]. Although the sampled PG stack does not
concern the environment, its purity may be problematic
if the material is used as a resource.

Fluoride removal results were evaluated by Design
Expert v.12 software. ANOVA analyses for each salt
solution are given in Table 4 for seawater, 5% NaCl,
and 10% NaCl, respectively.

Model F-values (199.56, 25.19, and 27.34) of
each salt solution treatment result show that all models
are significant. The probability that such a large F-value
will occur due to noise is only 0.01%. p-values less than
0.0500 indicate that the model terms are significant. In
this case, A, C, and A? are the important model terms
for the seawater treatment. On the other hand, for the
5% and 10% NaCl purifications, the meaningful model
term is only A. While the seawater treatment results are
modeled with a quadratic model, 5% and 10% NaCl
treatment results are modeled with the linear model,
only including the main effects of the factors. Values
greater than 0.1000 indicate the model terms are not
significant. If there are many insignificant model terms
(not counting those required to support hierarchy),
model reduction may improve the model. But in this

study, regression models with all the model terms,
whether the model term was significant or not, were
considered to predict the response variable, so the
model reduction was not made. The lack of fit F~value
of each salt solution treatment (1.58, 0.90, and 2.17)
implies it is insignificant relative to the pure error. Non-
significant lack of fit is good for all three models.

Regression models with coded factor values for
fluoride removal efficiencies for all salt solutions were
obtained as given the Eq.(2—4) below:

Fluoride removal efficiency —Sea water (%) =
55.56 +24.714—0.02608 + 2.50C —2.55AB —0.2083AC  (2)
+0.4167BC —9.94 4% —0.04348% —1.97C?

Fluoride removal efficiency —5% NaCl (%) = (3)
20.78+5.73A+1.518-0.4688C

Fluoride removal efficiency —10% NaCl (%) = )
20.31+7.16A+0.26308 +1.02C

Predicted response versus actual response plots
are given in Figure 4. The best model prediction was
obtained for the seawater treatment with the
determination coefficient value (/%) of 0.9978. In
contrast, model predictions for the 5% and 10% NaCl
treatments were not good enough, with A%-values of
0.853 and 0.863, respectively.

Since seawater was the best salt solution for
fluoride removal from PG, considering both the resulted
percent yields and the ANOVA analysis, 3D response
surface plots were drawn to analyze the factor effects
on the seawater treatment, as given in Figure 5.

Figure 5 shows no significant relationship
between fluoride removal efficiency and time at lower
temperatures. But, increasing temperature changes the
trend, and higher fluoride efficiency can be observed in
shorter periods at higher temperature ranges. The
solid/liquid ratio also shows higher fluoride removal
efficiency at higher temperatures. Upon the
multivariable in the BBD matrix, consistent relation was
observed according to temperature, and it can be said
that fluoride removal efficiency is a temperature-
dependent phenomenon.

The optimum temperature, time, and solid/liquid
ratio were obtained to be 80 °C, 3 h, and 0.174
solid/liquid (PG/seawater, w/v) ratio, respectively, in
Design Expert v.12 software, predicting a fluoride
removal of 73.31% with the optimum combination of
experimental parameters. Experimental verification of
optimum conditions obtained by Design Expert v.12
software was also performed with a basis of 10 g PG
sample, having a solid/liquid ratio of 0.174
(PG/seawater, w/v) treated at 80 °C and 3 h. Results
showed 74.99% fluoride removal efficiency, which is
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Figure 4. Predicted response versus actual response in fluoride removal efficiencies for salt solution treatments (a) seawater,
(b) 5% NaCl, and (c) 10% NaCl.
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Figure 5. Response surface plots showing the interactions between process parameters for fluoride removal efficiency from PG
(a) temperature and time, (b) temperature and solid/liquid ratio.

statistically within the 95% confidence range.

The use of PG material as raw material is paved
with the fluoride removal method by washing with salt
solutions, which is offered as an alternative to the
problem of PG being formed as a by-product in large
piles in phosphoric acid production and keeping them
as piles without being used as raw material for any
industry due to impurity content. It provides an
important cost advantage for raw materials to the
manufacturer.

Although the damage mechanism of fluoride in
terms of leakage to groundwater or impact on the
nearby marine or soil ecosystem has not been
extensively defined, the study's results might be
directive to predict the quantitative fluoride leakage

from the PG stacks into groundwater upon seasonal
temperature variations. Optimum conditions
determined by the experimental data indicated that pre-
treatment of PG with seawater was the most effective
method for fluoride removal. The effect of seawater on
fluoride removal provides a cost advantage to the
industrial manufacturer, and the pollution removal with
recommended seawater is ground. One of the
important details of this study is that PG can be
discharged without any environmental threat due to the
treatment of phosphate rock or uncontrolled PG with
seawater. Because a pre- or post-treatment process to
be applied to the raw material or by-product with
seawater can be accepted as an easy and simple
method that today’s fertilizer manufacturers can apply,
in which phosphoric acid production is conducted.
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Fluoride removal from PG is a contamination
problem that has been prominent in the literature until
today. However, environmental problems have been
partially minimized in the proposed pollution removal
methods and directed the manufacturer to alternative
studies. As the focus of this article, an economical
solution method that can be applied in existing
phosphoric acid production facilities is presented to the
producer with the pollution removal method.

CONCLUSION

The salt solution media used in this study included
seawater, 5% NaCl, and 10% NaCl solutions. The
results of the experimental study showed a consistent
relationship based on temperature. The efficacy of
fluoride elimination is, therefore, a temperature-
dependent phenomenon. Optimization of the multi-
response system was performed by Design Expert v.12
software, and the simulation indicated a 73,31%
fluoride removal with seawater when the experiment
was performed at 80 °C, 3 h, and 0,174 solid/liquid
(PG/seawater, w/v) ratio, respectively. The study's
results may help estimate how much fluoride will leak
from PG stacks into groundwater due to temperature
changes or guide fluoride removal under
predetermined ideal conditions when PG purification is
crucial before recycling for a particular use. The former
case is in accordance with the circular economy,
investigating a fluoride removal and purification study
to use PG in further recycling processes. The latter
case gives a brief simulation for predicting the
deviations in fluoride concentrations in the groundwater
related to the leakages from PG piles in different
seasonal conditions.
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UKLANJANJE FLUORIDA IZ FOSFOGIPSA:
PREDINDUSTRIJSKA STUDIJA | NJENA
MATEMATICKA ANALIZA

Ova studija govori o efikasnosti uklanjanja fluorida iz fosfogipsa na matrici eksperimenta
u laboratoriji dizajniranoj Boks-Benkenovim planom. Temperatura, odnos cvrsta/tecnost
/ vreme uticu na efikasnost uklanjanja fluorida iz fosfogipsa pomocu rastvora razlicitih
soli. Eksperimentalne matrice su dizajnirane prema tipovima rastvora soli: morska voda,
5% NaCl i 10% rastvori NaCl. Analiza faktor-odgovor je pokazala direkinu
proporcionainost izmedu efikasnosti uklanjanja fluorida i temperature. Optimalni uslovi
uklanjanja fluorida su odredeni softverom Design Expert v.12. Optimalna temperatura,
vreme i odnos cvrsta/tecnost bili su 80 °C, 3 h i 0,174 za morsku voadu. Softver je
predvideo efikasnost uklanjanja fluorida od 73,31% pri optimalnim uslovima, dok je
eksperimentalna vrednost bila 74,99%. Posto se stvarna i predvidena efiksanost
uklanjanja dobro slaZu, postupak bi moga biti korScen kada je potrebno uklanjanje
fluorida na industrijskom nivou do unapred odredenog nivoa pre odredene upotrebe
fosfogipsa. Ova studjja pruZa novi postupak za uklanjanje fluorida na preindustrijskom
nivou, posebno za industriju dubriva i cementa. Fosfogips ima veliki potencijal kao
alternativna sirovina, a uklanjanje fluorida moze biti vaZzno u primenama reciklaZe.

Kljucne reci: fosfogips, uklanjanje fluorida, Boks-Benkenov dizajn, metodologija
odzivne povrsine.



