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ABSTRACT

In this study, the treatment of aluminum fluoride manufacturing Wastewaters (AFMW) by
precipitation-neutralization using calcium hydroxide (lime) or calcium carbonate (lime-
stone) and adsorption using activated clay has been investigated. Effects of experimental
conditions such as lime or limestone dose, clay mass, initial fluoride concentration and ini-
tial pH on the fluoride removal efficiency and the final pH have been evaluated. Results of
this study indicated that precipitation—neutralization processes can be successfully used to
remove more than 90% of fluoride from AFMW. The treatment of AFMW containing differ-
ent fluoride concentrations ranging from 167 to 5295 mg/L by precipitation with lime using
[Ca®*]/[F ] molar ratio of 0.8 led to fluoride removal higher than 95% with a final pH
within the range 6.5+0.1 to 8.5+0.1. Precipitation with CaCO; needed higher [Ca®1/[F]
molar ratio of 2 to reach 90% of fluoride removal and obtain a final pH in the range from
6.5+0.1 to 8.5+0.1. The results of the treatment of AFMW by adsorption on activated ben-
tonite clay indicated that using [clay]/[F ] mass ratio of 60 under different pH varying from
pH 2+0.1 to pH 12+0.1 can lead to 80% fluoride removal. Synthetic calcium fluoride
(SCFL) generated by precipitation—neutralization with lime SCFL contains 77.9% of CaF,;
however, only 48.3% of CaF, are contained in solids generated from precipitation-neutral-
ization with limestone SCFLS.

Keywords: Fluoride; Precipitation—-neutralization; Adsorption; Lime; Limestone; Synthetic
calcium fluoride; Aluminum fluoride manufacturing; Activated clay

1. Introduction

Fluoride is a common element in the earth’s crust
and is highly soluble in water. Intake of fluoride is
mainly through consuming drinking water containing
fluoride. Fluoride intake at 0.5-1.5 mg/day will benefit

*Corresponding author.

teeth and bone development [1]. However, excessive
fluoride intake can lead to dental and skeletal fluoro-
sis, a chronic endemic disease. Fluorosis is a world-
wide health problem and is endemic in certain areas
in Tunisia, Algeria, Senegal, China, India, etc. In addi-
tion, exposure to excessive fluoride can also cause
metabolic, structural and functional damages in such
organs as nervous system [2], endocrine glands [3],
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reproductive system [4], hypertension [5], kidney, and
liver [6].

Fluoride pollution occurs through two different
sources including natural and artificial sources. In
groundwater sources, the natural concentration of
fluoride depends on the geological, chemical, and
physical characteristics of the aquifer. Fluoride ions
can also found in wastewater from the fluoride
chemical industries, such as aluminum fluoride manu-
facturing, semiconductor, fertilizer and glass-manufac-
turing industries. Some of these wastewaters were
discharged into natural environment without any
treatment. In Tunisia during manufacturing of
aluminum fluoride, large quantities of hydrofluoric
acid (HF) are used. Hence, effluents from this process
contain high levels of fluoride. Typical fluoride con-
centrations are from 100 to 6,500 mg/L. The interna-
tional legal requirement for effluent discharge needs
an efficient treatment to remove fluoride ions con-
tained in this effluent prior its discharge into the
environment.

Several research efforts aiming to the development
of efficient technologies for the reduction of the fluo-
ride anions in industrial effluents have been reported
in the literature and several methods such as coagula-
tion [7], adsorption [8,9], reverse osmosis [10,11],
nanofiltration [12], electrodialysis [13], Donnan dialy-
sis [14], ion-exchange [15], and electrolytic methods
[16,17] have been employed or tested for defluorida-
tion. These studies have shown that several methods
are successful to remove fluoride contained in indus-
trial wastewaters but their feasibility is case specific.
The disadvantages of most of these methods are high
operational and maintenance costs and complicated
procedure involved in the treatment. For example, the
coagulation methods have generally been found effec-
tive in defluoridation, but they are unsuccessful in
bringing fluoride to desired concentration levels. Fur-
thermore, membrane processes do not require addi-
tives, but these are relatively expensive to install and
operate and prone to fouling, scaling, or membrane
degradation. Also, the electrochemical techniques, in
general, suffer due to the high cost factor, during
installation and maintenance [18].

For high fluoride concentration, chemical precipita-
tion-neutralization technique is one of the common
techniques widely used to remove fluoride from
industrial wastewaters, which offers a low cost to
many fluoride wastewaters treatment [19]. This pro-
cess produces calcium fluoride (CaF,) particles
through the addition of lime or any other calcium salt,
such as, CaCO; CaSO,;, and CaCl, according to
Eq. (1):
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Ca(OH), ) +2F,,, — CaFy, + 20H" (1)

The adsorption process is widely used offering satis-
factory results and seems to be a more attractive
method for the removal of fluoride in terms of cost,
simplicity of design and operation [20,21]. More than
100 adsorbents for fluoride adsorption are presented
in the literature [22], e.g. clayey soils [23], magnesium
incorporated bentonite clay [24], Algerian clay mont-
morillonite with and without calcium [25], granular
acid-treated bentonite GHB [26], bentonite-based [27],
organically modified clays [28], and more. High fluo-
ride removal efficiency can be realized by adsorption
on natural clays especially after optimization of oper-
ating conditions.

The present work aims to (i) evaluate the feasibility
of precipitation process using Ca(OH), or CaCO; and
adsorption on Tunisian activated bentonite clay to treat
high fluoride-content wastewater generated from alu-
minum fluoride plant, (ii) evaluate the ability of these
processes to reduce fluoride load and to adjust medium
pH, (iii) investigate the influence of different experi-
mental parameters such as initial pH, initial fluoride
concentration, calcium/fluoride molar ratio on the
effectiveness of fluoride treatment contained in alumi-
num fluoride-manufacturing wastewaters (AFMW),
(iv) determine the optimal conditions allowing the
highest removal efficiency with these process in order
to fulfill the normative requirements, and (v) compare
quantitatively the performance of these processes: neu-
tralization-precipitation by lime and limestone and
adsorption on Tunisian activated clay, to decrease fluo-
ride concentration to desirable values in accordance
with international environmental regulations [29].

2. Materials and methods
2.1. Chemicals and reagents

All chemicals used in the present study were of
analytical reagent grade. Sodium hydroxide (NaOH),
sodium fluoride (NaF), silver chloride (AgCl), sodium
chloride (NaCl), cyclohexane diamino-tetra-acetic acid
(CDTA), hydrochloric acid (HCI), and sulfuric acid
(H,SO4) were purchased from Fluka chemical. Cal-
cium hydroxide Ca(OH), (see characteristics in
Table 1), procured by a local suppliers’ (Interchaux)
and calcium carbonate CaCO5; witch specification are
presented in Table 2 is purchased from SOFAP com-
pany located nearly the aluminum fluoride manufac-
turing plant. Double-distilled water was used in all
the experimental runs.
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Table 1
Chemical and physical specifications of lime
Chemical
characteristic
(weight %) Physical characteristics
Ca(OH), 94.1 Grading Undersize 90 ym >
92%
CO, 2.1 Undersize 200 pm >
residual 98%
SiO, 1.9  Apparent 1.5
density
MgO 0.4
FE203 0.4
AlLOs 0.3
Table 2
Chemical and physical proprieties of limestone
Chemical
characteristic
(weight %) Physical characteristics
H,O 0.6
CaCO; 98.6 Cut 3mm
SiO, 0.3 Grain size Lower than 1 mm 82%
MgO 0.08 Lower than 0.1 mm 20%
Fe203 0.04
AlLO; 0.1
KO 0.02
2.2. Clay

2.2.1. Crude clay

We used a clay collected from the deposit of “Dje-
bel Aidoudi” from the region of “Gabes”, located in
south Tunisia near the aluminum fluoride manufactur-
ing factory.

2.2.2. Purified clay

The content of impurities was decreased or
removed completely by applying a purification proto-
col proposed by van Olphen [30]. This was achieved
by dispersing the crude lumps in hydrochloric acid
solution (0.1 M) to facilitate elimination of carbonates
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by controlled acid attack but not to destroy the struc-
ture of the clay. This argillaceous suspension was agi-
tated mechanically during 4h and then centrifuged at
3,500 rpm during 15min. Supernatant was removed;
the remaining argillaceous fraction is mixed with 400
mL of NaCl solution (1 M). The clay suspension was
shaken for 12 h. Then, it was centrifuged 3,000 rpm for
5min. The clay phase was recovered and the NaCl
solution was rejected. This cycle of agitation—centrifu-
gation was carried out seven times under the same
conditions in order to exchange the interfoliaceous cat-
ions against those of sodium and to eliminate impuri-
ties by sedimentation. After these exchanges, clay was
washed three times with distilled water. The suspen-
sion obtained was put in dialysis membranes to
remove the chloride ions adsorbed onto the surface
from the layers. The dialysis water was renewed until
what the test with silver nitrate indicates the absence
of chloride ions. Then, the purified clay suspension
was dried in an oven at a temperature not exceeding
60 +1°C in order to be activated later.

2.2.3. Activated clay

Acid activation [31] was carried out with sulfuric
acid (1.5M) in a jacketed glass reactor equipped with
a reflux condenser, a thermometer, and a stirrer. At
the end of each experiment, the solid content was
immediately filtered, washed free of sulfate with hot
water until the washing water was neutral, and dried
at 110+ 1°C for a few hours, in order to obtain dehy-
drated samples and a constant weight. The chemical
analyses of the raw material and solids regenerated
during the treatment were performed by atomic
absorption spectrometry and X-ray fluorescence (see
Table 3). The specific surface area was measured by
the BET/N, adsorption and was found as 69 m?®/g
[31,32]. The samples were dried at 110 +1°C for a min-
imum of 24 h before usage.

2.3. Industrial fluoride effluent

Real effluents from Tunisian aluminum fluoride
industry were used in this study. For all fluoride-con-

Table 3

Chemical analyses of clay and acid-activated clay (weight %) [32]

Clay MgO Fezog, A1203 8102 SO3 CaO Kzo NaZO P205 T102 ZnO LO.I?
Natural 1.46 6.07 14.27 4987 077  7.00 1.09 0.53 0.19 1.41 0.18 17.62
Acid activated ~ 0.36 1.58 7.94 6694 219 0.14 0.61 0.11 0.01 2.32 0.24 14.13

“Loss on ignition at 975°C.
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taining solutions, only polypropylene (PP) vessels
were used for sample preparation and storage.

2.4. Treatment
2.4.1. Precipitation process

The treatment experiments were performed in a
batch thermostated polypropylene reactor of 0.5L
capacity. All measurements were made at room tem-
perature (25+1°C) and atmospheric pressure under
stirring conditions. A specific quantity of reagents lime
or limestone was added at the beginning of the treat-
ment to a desired volume of fluoride solution under
vigorous magnetic stirring. The mixed solution was
stirred for 120 min to allow the precipitation reaction.
Sample was taken at certain time intervals (every 10
min), followed by immediate analysis to determine
pH and fluoride concentration.

2.4.2. Adsorption process

In the experiments, a desired amount of clay was
added to a desired volume of the fluoride solution
(pH Dbetween 2.5-12 and F concentration of 167 mg/
L) in PP bottles equipped with magnetic stirring the
mixture is maintained at vigorous agitation for 3h at
25+ 1°C. Periodically, 2mL of the sample is taken to
determine fluoride concentration and pH value.

2.5. Analytical methods

The fluoride concentration was determined using
the potentiometric standard method with Metrohm
781 pH/Ion Meter equipped by an ion-selective elec-
trode (Metrohm 6.0502.150) and Ag/AgCl reference
electrode (Metrohm 6.0726.100). Total Ionic Strength
Adjustment Buffer (TISAB) solution was added to
samples and standards to adjust the ionic strength
and the pH (56.5) and to suppress complexation of
fluoride ions by polyvalent cations, essentially AI**
and Fe’ [33]. The TISAB solution was obtained by
dissolving 57 mL glacial acetic acid, 58 g sodium chlo-
ride, and 4g cyclohexane diamino-tetra-acetic acid
(CDTA) in one liter of double-distilled water. The pH
of the solution was adjusted to 5.3 with sodium
hydroxide solution (5M). The conductivity was mea-
sured using Metrohm 856 Conductivity Module at 25
+1°C. The precipitated solids were filtered using a
membrane filter (0.45 um) and dried at 110+0.2 °C
overnight.

X-ray fluorescence (XRF) spectrometer (PANalyti-
cal model AXIOS) was used to characterize the
obtained precipitates. The samples were used in

2283

briquettes form containing 10g of precipitate and
pressed with 2.5 g of binder. The pH of the wastewa-
ter was measured by Metrohm 780 pH meter
equipped by a HF-resistant glass electrode (Metrohm
6.0421.100). The instrument was calibrated each time
the analysis was done. The metallic species concentra-
tions were determined by atomic absorption spectrom-
etry (Polarized Zeeman spectrophotometer HITACHI
7-6100). All quantitative analyses were run in tripli-
cate for reproducibility of data and results in the fig-
ures and tables were the average ones.

3. Results and discussion
3.1. General characterization

AFMW were known by important fluctuations for
the content of the element fluoride, so 10 samples
which cover the range of variation of contents in this
element were taken. Table 4 represents compositions
of a representative industrial effluent AFMW. The
major anions are fluoride and sulfate; their concentra-
tions are 3,300 and 345 mg/L, respectively. The major
cation is aluminum (789 mg/L). The values of pH and
conductivity make this effluent clearly different from
those reported in similar published studies [34]. All
these physicochemical characteristics confirm its toxic-
ity and shows that it is mandatory to be treated before
it is discharged into the environment.

3.2. Removal of fluoride by precipitation with lime
3.2.1. Effect of lime dose

Ca(OH), dose is an important factor to determine
the performance of precipitation—neutralization

Table 4

Composition of a representative sample of AFMW effluent
Parameters Unity Value
Conductivity at 25°C mS/cm 33.5
pH - 2.5
F mg/L 3,300
cr mg/L 295
Na™ mg/L 141
K* mg/L 10.0
Ca** mg/L 5.91
AP mg/L 789
Mg** mg/L 0.24
Fe’* mg/L 1.20
Si mg/L 4,340
SO~ mg/L 345
PO;~ mg/L 7.0
Suspended solids mg/L 470
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Fig. 1. Effect of lime dose on the changes in fluoride con-
centration with time (initial pH 2.5+0.1, initial fluoride
concentration 167 mg/L and temperature 25 +1°C).

process using lime [35]. Fig. 1 shows changes in fluo-
ride concentration with time during the treatment of
AFMW containing 167 mg F/L with different doses of
lime. The results of Fig. 1 show that fluoride removal
is largely affected by lime dose in the range from 0.25
to 20g/L. As it can be seen, the increase in Ca(OH),
dose from 0.25 to 1g/L decreases fluoride concentra-
tion from 167 to 105 and 9mg/L, respectively, after
30 min. However, increasing lime dose higher than 1.0
g/L does not enhance fluoride removal.

Furthermore, Fig. 2 present the changes in pH with
time during the treatment of AFMW using different
doses of lime. This figure shows that the pH increased
with the increase in the Ca(OH), dose from initial pH
25+0.1 to 35+0.1, 55+0.1, 8.0+0.1, 10.5+0.1, and
11.6 £0.1 for Ca(OH), doses of 0.25, 0.33, 0.5, 1.0, 2,
and 5g/L, respectively, after 30 min contact time. For
higher lime dose than 5.0 g/L, pH values higher than
11.6 £0.1 were obtained at the end of the treatment.
For low doses of lime (0.25g/L) corresponding to
[Ca®*1/[F] molar ratio of 0.4, the final pH of treated
AFMW was acidic (pH <3.5+0.1). However, increas-
ing lime dose from 0.25 to 0.33 and 0.5g/L (corre-
sponding to [Ca**]/[F] molar ratios of 0.5 and 0.8,
respectively), pH increased rapidly with time and
reached a final pH of 57+0.1 and 8.0+0.1, respec-
tively. A rapid increase in pH from initial pH 2.5+0.1
to pH 10.5+0.1, 11.0+0.1, and 11.6 + 0.1 was observed
for lime doses of 1, 2, and 5g/L ([Ca%*1/IF]) molar
ratios of 1.5, 3, and 7.5), after 30 min, and then pH
remains constant till the end of treatment.

Considering both fluoride removal efficiency and
final pH of treated AFMW, dose of lime of 0.5g/L
corresponding to molar ratio equal to 0.8 is optimal to
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Fig. 2. Effect of lime dose on the changes in pH with time
(initial pH 2.5+ 0.1, initial fluoride concentration 167 mg/L
and temperature 25 +1°C).

leading to more than 90% fluoride removal with
dischargeable pH conditions (pH ranged from 6.5 to
8.5). This result of pH is consistent with those of
Chang and Liu [36], who observed maximum fluoride
removal at pH 6.5-8.5. While for the parameter ratio
of calcium to fluoride, [Ca®]/[F] obtained in
this study (0.8) is higher than the ratio of 0.5 find by
these authors. These results can be interpreted as
follows:

e For low lime doses (<0.5g/L), calcium cation
Ca”* are not enough to totally precipitate fluo-
ride ions and to attain desired environmental
pH.

o Increasing progressively lime dose to 0.5g/L,
increases Ca®* in the medium, and then precipi-
tates further fluoride ions and neutralizes pH.

e For lime doses higher than 0.5 g/L, the solubility
of calcium fluoride (K=3.46x10""") is exceeded
and fluoride is converted from AFMW into solid

crystal. Mechanism includes the following
reactions:
+ —
HF — H(aq) + F(aq) (2)
2+ -
Ca(OH)z(q> — Ca(aq) + ZOH(aq) (3)
2 _
Ca(;—l) + ZF(aq) — Can(s) (4)
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An excess of hydroxyl anions (OH") is also generated,
which explain highly alkaline conditions obtained at
the end of the treatment (pH 8.5+ 0.1).

3.2.2. Effect of the initial fluoride concentration

Due to the variability of fluoride concentration in
AFMW and taking into account that fluoride content
plays a crucial role in the precipitation—neutralization
treatment, it is necessary to examine the effect of fluo-
ride content on the efficiency of the treatment [37]. To
study the influence of fluoride content, some experi-
ments were performed at different initial fluoride con-
centrations maintaining [Ca®*]/[F] molar ratio
constant and equal to 0.8. Fig. 3 present the changes
in fluoride concentration with time during treatment
of AFMW containing different initial concentrations of
fluoride. It is obvious that fluoride content affects fluo-
ride removal during the treatment of AFMW by pre-
cipitation-neutralization using lime. Increasing initial
fluoride concentration from 167 to 420 and 1,324 mg/L
leads to fluoride removal of 90-97 and 92%, respec-
tively. However, increasing fluoride content from
1,324 to 5,295mg/L decreases fluoride removal from
92 to 67%, respectively. From these results, it can be
concluded that fluoride removals higher than 90%
were obtained for fluoride content in the range from
1,670 to 1,324 mg/L. Also, residual fluoride concentra-
tions are 19, 13, and 106 mg/L for initial concentra-
tions of 167, 420, and 1,324mg/L, respectively.
Consequently, optimal initial concentrations must be

100 -

90 | T —
LR N o + —

797 r___._»_*_"‘_,/—’/"
60 o

g
s
>
g
e 50 4 —— [FJO= 167 mg/L
‘§ 40 —=— [F]0=424mg/L
s —— [F]O=1324mg/L
30 -
—e— [F]0= 2648 mg/L
20 1 —a— [F]0=5295mg/L

10 1

0 T T T T
0 20 40 60 80

100 120 140 160 180 200

Time (min)

Fig. 3. Effect of fluoride content on the changes in fluoride
removal with time (initial pH 2.5+0.1, [Ca®1/[F] 0.8 and
temperature 25+ 1°C).
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in the range from 167 to 420mg/L. To verify the
accountability of pH with environmental regulations,
the changes in pH with time was monitored. The pH
measured at different fluoride concentrations main-
taining [Ca**]/[F] molar ratio equal to 0.8 increased
at the beginning and then reached a plateau between
8+0.1 and 8.5+0.1 by the end of the treatment.

The main advantage of precipitation with lime is
the reuse of precipitated solid wastes, which are to be
recycled back as raw material or additive in several
industrial applications. Consequently, success of this
process is related to ability to produce residual solids
rich in CaF, synthetic calcium fluoride (SCFL). For this
reason, treated AFMW were filtered and SCFL was
dried at 105+ 0.2°C. The qualitative characterization of

Counts/s [ceag
(a) Calcium fluoride (CaF2)
1600 -
400 CaF2
Anhydrite(CaSO4) CaF2
Calcite (CaC03)CaCO3 CaC03 CaF2 CaF3
N . . 0 L3 1]
0 R B S i R R R i e
20 30 40 50 60 70
Position [°2Theta] (Copper (Cu))
Counts/s [gcriq
(b) Fluorite|low, syn. (CaF2)
100 4
CaF2
CaF2
25 4
CaF2
0 T T T T T
20 30 40 50 60 70
Position [°2Theta] (Copper (Cu))
Counts/s [SCFLS Calcite, syn.|(CacO3)
(c)

100 +

Yttrofluorite, syn.
(CaF2)0.85 (YF3)0.1:

25
Quartz|(§/p2)

Position [°2Theta] (Copper (Cu))

Fig. 4. XRD pattern: (a) Calcium fluoride acid grade
(CaF,>97%); (b) SCFL generated by precipitation—neutral-
ization with lime (SCFL); (c) SCFL generated by lime stone
treatment of AFMW (SCFLS).
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Table 5
Commercial fluorspar grades

Calcium fluoride commercial grades

Weight Metallurgical Ceramic Acid

(%) grade grade grade
CaF, 60-85 85-97 >97

Si0, >3 <1

CaCOs; >1.5 <15
Fe,O3 <0.14 <0.5

P205 <0.1 <0.03

S (sulfur) Traces Traces

Zn Traces Traces
Table 6

Chemical analyses of SCFL

Composition CaF, CaO SiO, Fe;O;3 ALO; P05
Weight (%) 779 181 19 0.62 0.35 0.048

this product was carried out by Philips Panalytical
X'Pert PRO X-ray powder diffractometer (XRD) using
cobalt radiation with a step angle of 0.017°C. Fig. 4(a)
and (b) shows X-ray diffraction diagrams of the
Calcium Fluoride Acid Grade (CFAG) (CaF,>97%,
Morocco quality) and the SCFL quality, respectively. It
can be seen that data of the acid grade are very close
of the SCFL, indicating that the products from the
precipitation process with lime are mainly calcium
fluoride. Table 5 shows the composition of CFAG. The
results of the chemical analyses of SCFL were pre-
sented in the Table 6. The examination of this table
shows that SCFL are a metallurgical grade containing
small amounts of silica. This material is preferred by
the manufacturers because a high grade in silica
causes losses in the yield of hydrofluoric acid (HF).
So, this quality validates the possible reuse like an
additive of these solids generated from AFMW treat-
ment by precipitation with lime in the HF production
as is shown in Fig. 5.

3.3. Removal of fluoride by precipitation with limestone

To examine the influence of different type calcium
salts on the efficiency of the precipitation—neutraliza-
tion process, the treatment of fluoride effluent with
CaCO; was studied and the influence of different
experimental parameters on the effectiveness of the
treatment of fluoride in wastewater was investigated.
The main motivation toward the use of limestone is to
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utilize a more cost-effective calcium source reagent
that can lead to the formation calcium fluoride which
to be recycled as raw material.

3.3.1. Effect of limestone dose

It has been pointed out that CaCOj; dose is one of
the most important parameters in the precipitation
process [38]. To study the effect of limestone on the
efficiency of precipitation-neutralization process, the
initial concentration of fluoride was maintained
constant at 167 mg/L, at initial pH 2.5+0.1 and pre-
cipitation time of 180 min. The dose of CaCO; was
varied in the range from 0.45-20g/L. The effect of
limestone dose was evaluated by determining the
evolution of pH and fluoride concentration in
aqueous medium. Effect of limestone dose on the effi-
ciency of fluoride removal is illustrated in Fig. 6. This
figure shows that when limestone concentrations is
increased from 0.45 to 1.8 g/L, the fluoride concentra-
tion decreases from 167 to 137 and 15mg/L, respec-
tively, after 20 min. Higher doses of limestone than
1.8 g/L did not improve the removal efficiency. From
these results, it can be concluded that the effective
removal of fluoride (>90%) can be achieved by pre-
cipitation—neutralization process for limestone equal
to or greater than 1.8 g/L for an initial fluoride con-
centration of 167 mg/L. The calcium carbonate dose
of 1.8 g/L was able to adjust the pH to be within the
range of 7+0.1 to 8+0.1 at the end of the treatment.
A calcium carbonate dose of 1.8-167 mg/L of fluoride
corresponds to [Ca®*]/[F" | molar ratio of 2 was
found to be very effective for removal of fluoride as
well as medium neutralization, and as result, the
molar ratio of [Ca®"]/[F ] was kept at 2 for the suc-
cessive experiments. This optimal value is four times
higher than the theoretical [Ca®*]/[F] molar ratio of
0.5. To explain these results, it should be considered
that the efficiency of fluoride removal depends to
large extent on the solubility of calcium carbonate in
aqueous medium. For low calcium carbonate doses,
the more calcium carbonate added; the more calcium
ions are dissolved in aqueous solution, and hence,
the more fluoride is removed as calcium fluoride pre-
cipitate. On the other hand, at high calcium carbonate
doses, the low solubility of limestone and the increase
in medium pH limit the generation of calcium ions in
aqueous medium. The evolution of medium pH to
neutral values only for high quantity of CaCOj; is
mainly due to the absorption of significant amounts
of H* ions by carbonate anions (CO;*) to generate
CO; and H,0O in these conditions as represented by
the following chemical equations:
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Fig. 5. Scheme of HF and AlF; production with integration of SCFL.

CaCO;() = Ca™" + CO3” )

CO3,Hs0" = 2H,0 + CO; ®)

3.3.2. Effect of fluoride concentration

It was indicated that precipitation process was sig-
nificantly affected by variation of the fluoride concen-
tration [35]. It is interesting to examine how the initial
fluoride concentration affects the performance of pre-
cipitation process. This requires that the molar ratio of
calcium to fluoride [Ca**]/[F] must be maintained
constant and equal to 2 as found to be optimum for
fluoride removal as well as medium neutralization

from preceding experiments examined the effect of
limestone dose of fluoride removal. A series of experi-
ments were conducted in which initial fluoride con-
centration was varied in the range from 167 mg/L to
6,100mg/L at [Ca®*]/[F] molar ratio of 2. Fig. 7 indi-
cates that removal efficiency is not significantly varied
when the initial concentration of fluoride was
increased from 167 to 1870 mg/L giving removal effi-
ciency of 80-90%. Meanwhile, the removal efficiency
decreased notably from 80 to 65 and 55%, as initial
fluoride concentration increased from 1870 to 2,200
and 6,100 mg/L, respectively, after 60 min. However,
Fig. 8 represents the evolution with time of pH for dif-
ferent initial fluoride concentrations in the range from
167-6,100 mg/L at [Ca**]/[F] molar ratio of 2. This
figure indicates that as fluoride concentration increases
from 167.0 to 855mg/L, no significant difference in
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Fig. 6. Effect of limestone dose on the changes in fluoride
concentration with time (initial pH 2.5 +0.1, initial fluoride
concentration 167 mg/L and temperature 25 +1°C).
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Fig. 7. Effect of fluoride concentration on the changes in
fluoride removal with time (initial pH 2.5+0.1, [Ca®*1/[F ]
2, and temperature 25 +1°C).

pH behavior with time was observed and that the
medium pH increases to about 7.5+0.1 after 60.0 min
and remains constant to the end of experimentation
time of three hours. From these results, it can be
concluded that the fluoride removal efficiency is high
in the range of fluoride concentration of 167 to
1870 mg/L. However, for fluoride concentrations
higher than 855mg/L, the neutralization process
efficiency was deceased.

These results may be due to the fact that increasing
fluoride concentration increases the limestone dose
required, but due to its low solubility; CaCO; is not
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Fig. 8. Effect of fluoride concentration on the evolution

with time of pH medium (pH 2.5+ 0.1, [Ca**]/[F] 2 and
temperature 25 +1°C).

Table 7
Chemical analyses of SCFLS
Composition CaF, CaCO; SiO, Fe,O; ALO; MgO

Weight (%) 483 479 16 04 0.3 0.3

totally dissolved in aqueous solution to generate suffi-
cient calcium ions. Consequently, fluoride ions cannot
completely be precipitated as CaF,. In addition, at
these conditions of low pH (lower then 5), the solubil-
ity of CaF, is increased causing incomplete precipita-
tion of CaF, and hydrolysis of F~ to form HF [39].

The precipitation process discharges large quantity
of residual solids, Fig. 4(a) and (c) shows X-ray diffrac-
tion pattern of CFAG (CaF,>97%, Morocco quality)
and the SCFLS quality, respectively. It can be seen that
data of the acid grade are close to those of SCFLS’s,
indicating that the products from the precipitation pro-
cess with limestone are mainly calcium fluoride.
Table 7 shows the chemical composition of SCFLS.
This table has indicated that residual solid contains
48.3% of CaF,, which can be recycled back in small
quantity as raw material during the production of HF
gas; however, it indicated as well that about 48% of the
precipitate is calcium carbonate, which means that
there is under utilization of calcium carbonate used
and that it is wasted in the residual precipitate.

3.4. Removal of fluoride by adsorption using activated clay

The abundance of clay in south Tunisia and its
low cost make it very attractive to be applied for
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treatment of AFMW. Furthermore, the chemical
treatment of the clay substrates with acidic or basic
solutions was found to enhance significantly the
adsorption capacities of some clay by increasing the
porosity and surface area [40]. As a result, it was
decided to investigate the removal of fluoride from
AFMW utilizing locally available clay and to evaluate
the influence of certain experimental parameters (ini-
tial pH, activated clay mass, initial fluoride concentra-
tion) on the ability of the activated clay to adsorb the
fluoride ions and to compare the efficiency of this
adsorption process with the results obtained from pre-
cipitation-neutralization process.

3.4.1. Effect of activated clay dose

The effect of adsorbent dose (ranging from 1 to 20
g/L) on the fluoride removal was studied at pH 2.5+
0.1, room temperature and 167 mg/L of fluoride. The
results obtained are shown as fluoride concentration
and time in Fig. 9. It was observed that an increase in
clay dose from 1 to 10 g/L decreases the fluoride con-
centration from 167 to 143 and 30mg/L, respectively,
after 60 min of treatment. However, an increase in clay
dose to 20g/L decreases the fluoride concentration
only to 21 mg/L. From this result, it can be deduced
that the dose of activated clay affects largely the effi-
ciency of fluoride adsorption but up to certain level at
which higher applied doses will not affect the removal
efficiency. The optimal clay dose necessary to elimi-
nate the maximum of fluorides from aqueous solution
having a concentration equal to 167 mg/L was found
to be 10 g/L. This result can be interpreted as the fol-
lowing:

180
160

140

120 4

—a— lgclay/l |
—+— Sgclay/L
—— 7.5g clay/L
—e— 10g clay/L
—=— 15pclay/L
—— 20pclay/L

100 4

80 4

Fluoride (mg/L)

[

40 A

20 4

1] 2’0 4’0 6’0 8’0 160 liO _14;0 1E‘|D léU 2;)0
Time (min)
Fig. 9. Effect of clay quantity on the changes in fluoride

concentration with time (initial pH 2.5 +0.1, initial fluoride
concentration 167 mg/L, and temperature 25 +1°C).
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Fig. 10. Effect of clay quantity on the changes in pH with
time (initial pH 2.5+0.1, initial fluoride concentration 167
mg/L and temperature 25+ 1°C).

e For low doses of activated clay, the number of
activated sites of clay is limited. Consequently,
there are not sufficient active sites to retain fluo-
ride ions and the majority remains in solution.

¢ An increase in clay amount increases the number
of active sites and promotes the adsorption of
fluoride ions.

o As excess clay amount exceeds 10 g/L, the physi-
cal  equilibrium  adsorption-desorption  is
increased. This phenomenon limits the retention
of fluorides on activated sites of adsorbent.

Fig. 10 presents the evolution with time of pH dur-
ing the treatment of this industrial aqueous wastewater
at different clay doses. This figure shows that in all
cases, the pH increases gradually during the first 60
min of treatment and then it remains constant. Further-
more, this figure shows that increasing clay quantity
from 1 to 10 g/L increases the pH medium from 2.5 +
0.1 to 3.2+0.1 and 7.2 +0.1, respectively, after 60 min,
while higher clay dose was found to have no significant
affect on pH changes. These results indicated that a
clay dose of 10 g/L is optimal to neutralize AFMW and
to obtain high fluoride removal than 80%. An increase
in clay dose from 1 to 10 g/L increases the number of
adsorption sites and then more fluoride ions can be
adsorbed on the activated clay. However, for higher
activated clay doses than 10g/L, adsorption equilib-
rium is obtained and a saturation state is established.

3.4.2. Effect of initial pH

Several previous studies [23] demonstrate that the
pH is an important variable affecting defluoridation at
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Fig. 11. Effect of initial pH on the changes in fluoride con-
centration with time (initial pH 2.5+0.1, initial fluoride
concentration 167 mg/L, clay mass 10g/L, and tempera-
ture 25 +1°C).

water-adsorbent interfaces. To study the effect of ini-
tial pH on fluoride adsorption efficiency on activated
clay adsorbent, some experiments are carried out
keeping constant clay dose of 10g/L and initial con-
centration fluoride of 167 mg/L at initial pH values
varying from 2.5+0.1 to 12+0.1 at room temperature
of 25+1°C over 3h. Fig. 11 shows the evolution with
time of fluoride ion concentration at different initial
pH values. It can be observed that the rate of elimina-
tion of fluorides ions does not depend on initial pH of
aqueous solutions at the initial stage and maximum
fluoride elimination was obtained after 30 min of the
treatment. However, it was found that increasing the
initial pH from 2.5+0.1 to 5+0.1, 7+0.1 and 9+0.1
lead to decrease in the equilibrium concentration of
fluorides to 30, 18, 15, and 7.5mg/L, respectively. In
the mean time, it was found that increasing the initial
pH to 10.5 and 12.1 lead to an increase in equilibrium
fluoride concentration to 25 and 30 mg/L, respectively,
which in turn indicates that initial pH has strong
influence on fluoride removal efficiency by adsorption.
Fig. 12 presents the changes in pH with time during
the treatment of AFMW by adsorption on activated
clay at different initial pH. It can be observed, increas-
ing initial pH from 2.5+0.1 to pH 5+0.1, and 7.1 0.1
increases equilibrium pH to 6.2+0.1, 8.5+0.1 and 8.7
+0.1, respectively. Contrary, for high initial pH of
10.5+0.1 and 12.1+0.1, a decrease in equilibrium pH
to 92+0.1 and 11.1+0.1, respectively, was observed.
In the mean time at pH 9+0.1, no significant change
in pH was observed.

In acidic conditions, the decrease in fluoride
removal can be attributed to the stability of hydroflu-
oric acid HF (pKa=3.18), which is a weak acid in the

A. Ezzeddine et al. | Desalination and Water Treatment 54 (2015) 2280-2292

—— pH=15
- —+— pH=50
14 —x— pH=7.1
—— pH=90
—x— pH=105
12 4 —— pH=12.1
10
— —t—% —¥ ¥ . |
8
I
a
6 4
4
2
0 T T T T T T T T T ]
[i] 20 40 60 80 100 120 140 160 180 200

Time (min)

Fig. 12. Changes in pH with time at different pH condi-
tions (initial pH 2.5+ 0.1, initial fluoride concentration 167
mg/L, clay mass 10 g/L, and temperature 25 +1°C).

form ions pair (H*, F) in water. Hydrofluoric acid
(H", F) is weakly dissociated in acid pH, which pre-
vents fixing fluoride ions on the active surface of acti-
vated clay [41]. Furthermore, high acid conditions
facilitate the dissolution of metal cations (AI’* and
Fe®*) contained in the clay layers, which decreases
active sites on the surface of activated clay. In alkaline
conditions, the decrease in fluoride removal when pH
is increased from 9+0.1 to 12+0.1 may be due to
competition between hydroxide and fluoride ions to
be adsorbed on the surface of activated clay. Such
types of adsorption behavior of fluoride had been
reported for waste residue from alum manufacturing
process [42] but at pH from 10 to 12. In addition, the
adsorbent surface becomes negatively charged due to
the formation of SiO5*~ and AlO, as shown in Egs. (7)
and (8). Consequently, fluoride adsorption becomes
difficult due to electrostatic repulsion between active
surface and fluoride anions.

SiOs(s) +2NaOH = 2Na* + SiO3™ + H,O @)
AlO3(s) + NaOH = Na® + AlO, + H,O ®)

For pH ranging from 7+0.1 to 9+0.1, higher adsorp-
tion efficiency may be due to much more free active
sites on the surface of activated clay capable to interact
with fluoride ions in water. Similar trend was observed
by Liang et al. [43] in an adsorption system involving
fluoride and MgAI-CO; layered double hydroxides.

It is known that clay minerals possess attractive
properties as solid acids [44,45]. Their acidities are
due to active centers on the surface that exhibit
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Bronsted and Lewis acidities and govern most of the
clay’s interactions in so many application areas.
Acid-activated clays exhibit significantly different
physicochemical characteristics compared to their
non-activated counterparts and one of these physico-
chemical properties is surface acidity, which is a
combination of its Bronsted and Lewis acidities [46].

4. Conclusion

The results found in this work demonstrate that
the precipitation—neutralization and adsorption pro-
cesses are very efficient to reduce the concentration of
fluoride anions contained in industrial wastewater of
aluminum fluoride manufacturing in order to meet
environmental regulation for wastewater discharge in
terms of residual fluoride concentration and medium
pH. Chemical precipitation—neutralization using Ca
(OH), has the advantage to obtain SCFL to be reused
in the hydrofluoric acid manufacture, making the pro-
cess more technically and economically feasible. The
use of limestone as precipitation-neutralization agent
allows obtaining SCFL contain small amounts of silica,
and therefore, it also acceptable for HF manufacture
but in small quantity. It was found that lower [Ca®*]/
[F'] molar ratio of 0.8 was required for precipitation
using lime, compared to 2 required for precipitation
using lime stone. Furthermore, more calcium fluoride
of about 80% was found in the precipitate using lime
as reagent, compared to only 48% when using lime
stone, making precipitation—neutralization using lime
more attractive and contributes to an environmental
friendly production; however, more detailed techno-
economical analysis is need as limestone present more
cost-effective reagent compared to lime. The adsorp-
tion process offers satisfactory results in terms of fluo-
ride removals, and in addition, clay is obtained from
natural raw source and is an environmental friendly
material of low cost; however, discharge of large
quantity of residual solid and difficulty in regenera-
tion of clay should be considered.
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