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ABSTRACT

The aluminum fluoride manufacturing generates large amounts of wastewaters containing fluoride
(AFMW). The aim of this study was to investigate the removal of fluoride from AFMW using natural
Tunisian clay as an adsorbent. X-ray fluorescence analysis showed that SiO, (30.7%) and CaO (26.3%)
were the major constituents of clay. Batch experiments were performed to study the influence of
initial fluoride concentration (525-2003 mg/L), adsorbent dose (0.5-5 g/L) and initial pH (2 to 11).
Kinetic tests showed that fluoride sorption to natural clay reached equilibrium after around 2 h. An
optimal value of pH 2 was observed. The experimental data showed the data could be fit to Langmuir
and Freundlich isotherm. Pseudo-second-order rate and an intra-particle kinetic model fit well the
adsorption kinetic data. It was found that intraparticle diffusion contributes to the rate of removal of
fluoride. Fourier transform infrared analysis and X-ray diffraction patterns of the adsorbent before
and after adsorption indicated that fluoride ions were chemisorbed by this adsorbent. Results from
this study demonstrated potential use of Tunisian clay in defluoridation of AFMW.

Keywords: Natural clay; Aluminum fluoride manufacturing; Batch experiment; Defluoridation;

Adsorption; Isotherms

1. Introduction

Water supply sources may contain a wide variety of
physical and chemical components that pose a threat to
public health such as fluoride. According to several stud-
ies, long-term ingestion of water that contains fluoride can
cause a reduction of protein synthesis and functional dam-
ages in such organs as thyroid, kidney, and liver [1,2]. As
a result, the US EPA has set a concentration of 1.5 mg/L
as the maximum allowable fluoride concentration level
for drinking water. The same standards are adopted in
Tunisia. However, the fluoride content usually exceeds the
acceptable standards in many regions of southern Tunisia.
Fluoride contamination in this region is attributed essen-
tially to local industry including about 80% of Tunisian
plants of phosphoric acid and mineral fertilizers manu-
facturing and a factory of aluminium fluoride production.
Hence, large quantities of wastewaters containing fluoride

*Corresponding author.

are released from these processes and discharged in the
environment. For instance the fluoride concentrations of
131-2000 mg/L and pH ~2 are found in typical waste-
water from aluminum fluoride manufacturer. Effective
treatment of wastewater containing fluoride is therefore
a major concern in Tunisia to meet the regulatory and
environmental requirements increasingly more complex,
strict and evolutionary. The current discharge standards
for wastewater containing fluoride vary from country to
country. For instance, the recommended values for some
countries are reflected in Table 1.

Examination of Table 1 shows that Tunisia is among the
most stringent countries with respect to fluoride contents.

When the fluoride concentration is high, lime treatment
is commonly used to precipitate fluorite (CaF,). Although
the theoretical solubility of CaF,is 17 mg/L at 25°C in
water [9], CaF, precipitation can only reduce the fluoride
concentration to 1020 mg/L in practice. Depending on
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Table 1
Discharge standards of fluoride in wastewater

Country Norms (mg/L) Reference
USA 4 [3]
Tunisia 3-5 [4]
Japan 5-15 [5]
China 10 [6]
France 15 [7]
Poland 25 [8]

the discharge standards for industrial wastewater shown
in Table 1, a subsequent step may be necessary. Adsorp-
tion is commonly used mainly because of cost-effective-
ness and simplicity of operation [10-32]. In this step, the
water containing 10-20 mg/L fluoride is usually passed
through different adsorbents, such as limestone, double
layered hydroxides, activated alumina, aluminum alginate
particles, aluminum and doping chitosan-Fe(III) hydrogel,
composite materials like Ca-Al-La, biomaterial loaded with
metal ion such as carboxymethyl cellulose loaded with zir-
conium, synthesized materials for example CaO loaded
mesoporous ALO,, hydrous ferric oxide, etc [33-39].

Availability of clay in nature and its high potential
toward the adsorption of organic and inorganic com-
pounds have attracted the attention of many researchers
to use it for the removal of fluoride [40]. They have exam-
ined the adsorption of fluoride to china clay [41], fluoride
removal by montmorillonite under various contact times
and temperatures [42], treatment of high fluoride solution
by Mg/Al layered double hydroxide [43], and fluoride
adsorption to montmorillonite with and without cal-
cium [44]. They also investigated the removal of fluoride
by acid activated kaolinite [45], adsorption of fluoride to
metal oxide incorporated bentonite [46], enhancement of
fluoride removal by chemically modified bentonite with
magnesium chloride [47], and fluoride ion removal by
organosmectites [48].

In Tunisia, clays are abundant substances and are among
the valuable materials whose valorization is important to
the economy. Recently, clays and clay minerals have been
examined as adsorbents for the removal of contaminants
such as heavy metals [49-53], viruses, pesticides, herbicides,
toluene, and other toxins [54], and smectite from northeast
of Tunisia has been used for fluoride removal from aqueous
solution [48]. Further experiments will improve our knowl-
edge regarding the potential uptake of fluoride by clayey
soils from southern Tunisia.

With the current shortage of water in Tunisia and the
increased demands on fresh water, it is important to treat
wastewater collected from aluminium fluoride industry.
Therefore, this paper discusses a method using clayey soils
from southern Tunisia as an adsorbent for the removal of
fluoride. The characteristics of the clay were elucidated
using X-ray fluorescence (XRF), X-ray diffraction (XRD)
and Fourier transform infrared (FTIR) spectrometers. Equi-
librium and kinetic studies were performed to examine the
adsorption of fluoride by clay. Finally, the effects of adsor-
bent amount, pH, and initial fluoride concentration were
instigated.

2. Materials and methods
2.1. Chemicals and reagents

All chemicals used in the present study were of ana-
lytical reagent grade. Sodium hydroxide (NaOH), sodium
fluoride (NaF), silver chloride (AgCl) and sodium chloride
(NaCl), were purchased from Scharlau Chemie S.A. (Spain).
Double distilled water was used in all the experimental
runs.

2.2. Purification of the clay

The clay used in this study was collected from the
deposit of “Djebel Estah” (DE), located in southern Tunisia
not far from the plant of production of aluminum fluoride.
Before being used as adsorbent, the clay has undergone
purification steps to remove some impurities and homog-
enize the grain size. This was achieved by dispersing the
crude lumps in deionised water (1 kg/10 L). The mixture
was subjected to vigorous stirring for 8 h until complete
homogenization and then sieved with a grain size of less
than 0.45 mm being used unless stated otherwise. Finally,
water was siphoned off, and the clay was dried in air at
around 60 + 1°C.

2.3. Characterization of adsorbent

The chemical composition was investigated using an
XRF spectrometer (Axios, PANalytical, Holland). The sam-
ples were used in briquettes form containing 10 g of DE
clay and pressed with 2.5 g of binder. Surface area was
determined by adsorption-desorption of N, at 77 K with the
Quantachrome Autosorb AS1C equipment.

The mineralogy of the raw clay and the adsorbent after
fluoride sorption was examined using XRD (X'Pert PRO,
IZANalytical, Holland) with a Cu Ko radiation of 1.5406
A at a scanning speed of 0.5° s™'. The FTIR spectra were
recorded on a Thermo Fisher Scientific 380 infrared spec-
trometer (Nicolet). The IR spectra were scanned between
500 and 4000 cm™, with a resolution of 4 cm™. The commer-
cial software, OMNIC (Nicolet Instruments), was used for
data acquisition and spectral analysis.

2.4. Industrial waste effluent

Real effluents from Tunisian aluminum fluoride indus-
try were used in this study. AFMW were known by import-
ant fluctuations for the content of the element fluoride. So,
five samples witch cover the range of variation of contents
in this element were collected. Table 2 presents the compo-
sitions of the representative industrial effluent.

As can be seen from this table, these effluents to be
treated were acidic with pH around 2, which have a
high conductivity and are highly charged in fluoride.
In contrast, silica, calcium, iron, and magnesium levels
(scale-inducing ions) were low. High level of fluoride and
low pHs confirm its toxicity and show that this kind of
waters needs to be treated before it is discharged into the
environment. For all fluoride-containing solutions, only
polypropylene vessels were used for sample preparation
and storage.
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Table 2
Composition of a representative sample of AFMW

Parameters Value
Conductivity at 25.0°C, mS/cm 195
Temperature, °C 25
pH 2
Silt density index (SDI), mL/g 0.01
Turbidity, NTU 90
Total suspended solids (TSS), mg/L 260
Total organic carbon (TOC), mg/L 36
Total Kjeldahl nitrogen (TKN), mg/L 2
Total phosphorus as P (TP), mg/L 4
Oil, fat and grease (FOG), mg/L <05
Cations
Ca, mg/L 61
Mg, mg/L 32
Na, mg/L 1120
K, mg/L 1.5
Al, mg/L 381
Sr, mg/L 0.7
Ba, mg/L 0.7
Fe, mg/L 10
Mn, mg/L <0.05
Anions
HCOS, mg/L <1
NOS, mg/L <1
Cl, mg/L 420
SO, mg/L 86
F, mg/L 1100
Other
SiO,, mg/L 1500
Free chlorine, mg/L 0.5

2.5. Instrumentation

The fluoride concentration in AFMW was determined
using an ion selective electrode as per standard methods
[55]. We used the Metrohm 781 pH/Ion meter equipped
with an ion-selective electrode (Metrohm 6.0502.150) and
Ag/AgCl reference electrode (Metrohm 6.0726.100).

The pH of the wastewater was measured using a
Metrohm 780 pH Meter equipped by a HF resistant glass
electrode (Metrohm 6.0421.100). The instrument was cali-
brated each time the analysis was done by using pH cali-
bration buffers.

2.6. Batch experiments

Real wastewaters with initial fluoride concentrations
ranging from 525 to 2003 mg/L were used. For every exper-
iment, 200 mL of AFMW was taken into polypropylene bot-
tle and known weight of adsorbent was added into it. The
bottle was closed tightly and placed in a thermostated air
bath shaker at 25 + 1°C and a shaking speed of 350 rpm for

2 h to attain the equilibrium. The samples were collected
every 10 min, filtered through a 0.45 pm membrane filter
and the filtrate was analyzed for residual fluoride.

Next, kinetic batch experiments were performed at dif-
ferent initial fluoride concentrations namely 525, 1040 and
2003 mg/L. A desired volume of AFMW of desired concen-
tration was transferred into the polypropylene bottles and
a know mass of adsorbent was added to it. The suspension
was stirred using horizontal orbital shaker at 350 rpm.
Samples were withdrawn from the bottle frequently and
analyzed for the concentration of fluoride by ion selective
electrode.

The defluoridation capacity q was calculated according
to the following mass balance equation:

=(( C))— 1
q(U E)W ()

where q (mg/g) is the amount of adsorbed fluoride, C;
(mg/L) and C, (mg/L) are the initial and equilibrium con-
centration of fluoride in the solution, respectively, W (g) is
the dry weight of the adsorbent used and V (L) is the vol-
ume of fluoride solution.

3. Results and discussion
3.1. Characterization
3.1.1. XRF analysis

The chemical analysis of the clay is shown in Table 3, it
can be noticed that the analyzed material is an aluminosil-
icate with high calcium content compared to the average
of argillaceous minerals, due to the presence of calcic com-
pounds in DE clay.

3.1.2. FTIR analysis

To get a better insight into the nature of the removal
mechanism, FTIR spectra of the adsorbent before and after
adsorption were recorded. The detected bands of the infra-
red spectra (Fig. 1a and 1b) are reported in Table 4a and 4b.

In the FTIR spectra of the clay before adsorption
(Fig. 1a), a band recorded at 3636 cm™ corresponded to
O-H stretching vibrations for OH groups bonded to Al
ions [56], a band recorded at 3375 cm™ corresponded to the
deformation bands of H-O-H. A band at 1646 cm™ is the
valence bands of O-H; the one at 1434 cm™ was attributed
to stretching vibration of C-O and is characteristic of pres-
ence of organic material [57]. The other peak at 1008 cm™
was the valence bands of Si—O-Si [56]; that at 873 cm™ of
clay before adsorption from the deformation bands of Al-
Mg-OH, and the band at 514 cm™ from the deformation
bands of Si—-O-Al [58].

After adsorption of fluoride ions onto clay the peak at
795 cm™ was due to the quartz [59], as shown in the XRD
patterns. The peaks corresponding to hydroxyl and molec-
ular water were affected. It was observed, for the adsorbent,
that the intensity of peaks decreased which indicated that
the surface hydroxyl groups on the adsorbent almost dis-
appeared. Thus results showed the involvement of surface
hydroxyl group in defluoridation of AFMW. Parallel obser-
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Table 3
Chemical composition (in wt %) of the DE clay used in the
experiment

SiO, 30.7
AlLO, 75
CaO 26.3
Fe,O, 4.6
MgO 1.8
K,0 0.6
SO, 0.8
Na,O 0.5
PO, 0.1
TiO, 0.4
ZnO <0.1
LOI* 26.5

*Loss on ignition at 975°C

Table 4
Attributions of bands observed by infrared spectroscopy for
clay (a) before adsorption (b) after adsorption

Wave number (cm™)  Assignment Reference

(a)

3636 Vv1AL-OH [55]
V4Al,-OH
v,AL-OH

3374 6 H-O-H

1646 v, H-O-H

1434 v, C-O [57]

1008 v Si-O-Si [56]

873 8 Al-Mg-OH

514 4 Si-O-Al [58]

(b)

2159 § Ca-F Present study

2034

1023 v, Si-O-S5i [56]

795 vs Si-O-S5i (quartz)  [59]

521 4 Si—O-Al [58]

vations, i.e., complexation of calcium and aluminium with
fluoride ions have been reported in literature related to the
defluoridation of wastewater using calcium and aluminum
salts [60-62]. However, none of these publications report the
FTIR spectral evidence. Likewise, in the FTIR spectrum of
DE clay after the adsorption (Fig. 1 b) of fluoride ions new
intense peaks at 2034 and 2159 cm™ were observed corre-
sponding to the Ca—F bond. This observation suggests that
the removal of fluoride ions by DE clay is by chemisorption.

3.1.3. XRD patterns

The XRD patterns of the DE clay before and after treat-
ment with fluoride ion were also recorded to confirm the

wi o @ N

Wayapnmbsr (em™)

Fig. 1. FT-IR spectra of the samples: (a) DE clay before fluoride
ion adsorption, (b) DE clay after fluoride ion adsorption.

mechanism of the adsorption process. Representative XRD
patterns of DE clay before and after adsorption are depicted
in Fig. 2a and 2b, respectively. As shown in Fig. 2a, the
XRD pattern of this adsorbent shows some main peaks at
diffraction angles of 20 = 22.8, 26.5, 29.0, 30.8, 36.0, 39.6,
43.2, 47.5 and 48.6°. The peaks are strong and character-
ized by calcite, palygorskite and quartz. The other weak
peaks are attributed to the presence of minor phases, such
as phosphate, potassium and titanium. The XRD study of
DE clay loaded with fluoride ions (Fig. 2b) showed signifi-
cant changes when compared to that of DE before adsorp-
tion. This suggests that the uptake of fluoride ions by DE
clay is by chemical adsorption which consequently alters
the structure of the adsorbent. The reaction between fluo-
ride ions and calcium to yield Ca-F bond is evident from
the appearance of characteristic new peaks at 28.5 and 47°
after adsorption. Hence, it is confirmed that, in the present
study, fluoride ions are adsorbed by the adsorbent through
chemisorption via the formation of Ca—F bond. On the other
hand, there is no formation of Al-F although the DE clay
used contains calcite and alumina. The high adsorption
capacity of the adsorbent in thus attributed to the content
of calcite in DE clay.

3.1.4. BET analysis

The specific surface area of the raw clay was found as
81 m?/g. The low value of specific surface obtained for DE
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Fig. 2. XRD pattern of the samples: (a) DE clay before fluoride
ion adsorption, (b) DE clay after fluoride ion adsorption.

clay compared to the montmorillonites whose specific sur-
face varies from 600 to 700 m?/g, is related to the presence
of the impurities.

3.2. Effect of adsorbent amount

The effect of adsorbent dosage on the extent of fluoride
removal was studied. The adsorbent amount was varied
from 0.5 to 5 g/L for a contact time of 2 h. It can be seen that
the DE sorbent exhibited excellent removal efficiency for
fluoride. As shown in Fig. 3a, 2 g/L of DE clay can remove
more than 97% of F- from 200 mL of 525 mg/L solution.
Meanwhile, it was found that increasing the adsorbent dos-
age increased the percent removal until the percent removal
approached to nearly 98%. For example, as the increase in
DE clay amount from 0.5 to 2 g/L, the percent removal of
F- increased rapidly from 73 to 97%. The concentration of
surface hydroxyl groups is related to DE clay concentration
through surface site density. With a further increase in DE
clay dosage to 4 g/L, the percent removal increased to 98%.
The results indicated that the DE clay can be used as effi-
cient adsorbent for removal of fluoride from AFMW. For DE
clay amounts above 4 g/L no significant increase in fluoride
removal was observed (% removal of fluoride = 98% at an
amount of DE clay 5mg/L). Hence, 4 g/Lis considered to be
the optimum amount of the adsorbent for fluoride removal

from AFMW. This parameter obtained in this study (4 g/L)
is higher than the amount of 3 g/L reported by Thakre et
al. [47] during studying of the defluoridation of drinking
water by magnesium incorporated bentonite clay.

3.3. Influence of pH

It is well known that the pH of the aqueous solution
plays an important role which controls the adsorption at
the solid-water interface. Therefore, the effects of solution
pH were studied in the range of 2-11. The effect of pH on
the percentage removal of fluoride ion was examined at the
initial fluoride concentration 2003 mg/L and temperature
25 +1°C and the results are presented in Fig. 3b. It could be
inferred that the fluoride removal decreases with increasing
pH. The maximum fluoride removal was achieved at pH
2.0. Such types of adsorption behavior of fluoride had been
reported for Algerian clay [44] but at pH of 4. This behavior
might be due that at lower pH values, the surface of the clay
will be surrounded by the hydrogen ions (positive charge)
which enhance the fluoride adsorption through electrostatic
attraction. However, at high pH, lower adsorption capacity
of fluoride is due to the fact that the surface acquires neg-
ative charge in alkaline pH, and hence there is repulsion
between the negatively charged surface and fluoride [63].

It was found that the pH changed during the treatment
as shown in the Fig. 4. As it can be seen, for acid pHs, there
is an increase of pH, while for alkaline pHs, the pH drops.
There is noticeable neutralization phenomenon for acidic
conditions resulting in pH increases.

3.4. Effect of initial fluoride concentration

The removal efficiency of fluoride at varying initial flu-
oride concentration in the range of 131-2003 mg L keeping
other parameters constant is presented in Fig. 3c. Three
trend stages of removal efficiency of fluoride variation were
obtained: % removal increased quickly up from 131 to 256
mg/L, afterwards steep removal efficiency increase from 91
to 95% for 1040 mg/L, finally a pseudo plateau for high ini-
tial fluoride concentration reached. With the increase of the
concentration of fluoride in solution, the availability of flu-
oride ions increases at the solid-solution interface, resulting
in the increase of adsorption performance. Further the het-
erogeneous nature of the adsorbent with regard to the dis-
tribution of the binding sites predicts that the active sites are
not equally effective. The sites which have a higher affinity
for fluoride ion will have contributed more to adsorption.

3.5. Isotherm model

Equilibrium relationships between adsorbent and
adsorbate are described by adsorption isotherms. The
adsorption isotherm is important from both a theoretical
and a practical point of view, isotherm data should be tested
with different isotherm models to find a suitable model that
can be used for the design of adsorption process. The two
most commonly used isotherms, named Langmuir and Fre-
undlich isotherms have been adopted [64]. The Langmuir
theory is valid for monolayer adsorption onto a surface
containing a finite number of identical sites and is one of
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Fig. 3. Fluoride removal as function of: (a) adsorbent amount (volume of solution = 200 mL, equilibrium time = 120 min, tempera-
ture = 25.0 + 1°C and shaken speed = 350 rpm), (b) pH (volume of solution = 200 mL, initial fluoride concentration = 2003 mg/L,
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the most popular isotherm models due to its simplicity and
its good agreement with experimental data. The Langmuir
isotherm equation is expressed in the linear form as:

1 1 1

Z B Q_O ’ QOKLCe (2)

where g, (mg/g) is the amount adsorbed at equilibrium; Q,
(mg/g) is the maximum monolayer adsorption capacity;
and K, (L/mg) is the constant related to the free energy of
adsorption. A linear plot is obtained for the sorbent when
1/4, is plotted against 1/C, which gives Q, and K, values
from the intercept and slope, respectively with the calcu-
lated results listed in Table 5.

The Freundlich isotherm model is an empirical equa-
tion and the model is valid for heterogeneous surfaces. It
assumes that the adsorption process occurs on heteroge-
neous surfaces and the adsorption capacity is related to the
concentration of fluoride at equilibrium.
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The Freundlich model can be represented with the fol-
lowing linear equation:

In(g,) = In(K;) + %ln(Cf) 3)

where K, (g mg™) is the empirical constant of Freundlich
isotherm; the constant # is the empirical parameter related
to the intensity of adsorption, which varies with the hetero-
geneity of the adsorbent. The Freundlich model parameters
K, and n are calculated from the slope and intercept of the
plot (Fig. 5) of In g, vs. In C, with the obtained results shown
in Table 5.

Table 5
Values of Freundlich and Langmuir isotherm parameters of clay

Langmuir isotherm model Freundlich isotherm model
Q,(mg g K, (L mg’) R? 1/n K. (mg g R?
334 0.0072 0976 079 3.88 0.984

0,045

L {8}.__r= 0,414x+ 0,003
004 - R*=0,976

0,035
003

0,025

1/qe

0,02

0,015

001

L

0,005

According to this table, it is found that the adsorption of
fluoride on the DE clay was fit well with the Langmuir and
Freundlich equation under the concentration range stud-
ied indicating possibility simultaneous validity of multiple
isotherms. The magnitudes of 1/n lying between 0 and 1
and the n value lies in the range of 1-10 suggested that the
adsorption of fluoride onto DE clay was quite favorable.
Similarly, other investigators have also reported R? that are
both high and close when fitted to the two models [65,66].
The comparison of Freundlich constants of different adsor-
bents for fluoride adsorption is given in Table 6.

3.6. Adsorption kinetics

The kinetic experiments were carried out at different
initial concentrations at dose of 4 g/L. This kinetic study
showed that a contact time of 120 min was sufficient to
achieve equilibrium of fluoride. It was observed that the
uptake of fluoride increase with time. However, the adsorp-
tion of fluoride was rapid in the first 30 min after which the
rate slowed down as the equilibrium approached.

(b)y=0.788x+ 1,356 e
R2= 0,984
45
=
é? 4t
L]
2 2.5 3 4 45 5

L‘U‘g Ce

Fig. 5. Isotherm modeling for fluoride adsorption on clay (a) Langmuir isotherm; (b) Freundlich isotherm (clay amount 4 g L™, equi-
librium contact time 120 min, initial pH 2 + 0.1, temperature 25 + 1 °C, shaking speed 350 rpm, and initial fluoride concentration =
131-2003 mg/L).

Table 6
The comparison of the Freundlich capacity constants for fluoride adsorption clays reported in the literature

Type of adsorbent used K. (mg/g) n Reference
Montmorillonite 0.26 1.77 [67]
Chemically modified bentonite clay 0.56 1.53 [46]

Granular acid-treated bentonite 0.094 2.082 [68]
Bentonite-based 0.135 2978 [69]
Pyrophyllite clay particle size 0.42-0.85 mm 0.174 0.250 [70]
Pyrophyllite clay particle size 0.25-0.42 mm 0.213 0.224 [70]
Pyrophyllite clay particle size 0.15-0.25 mm 0.204 0.246 [70]
Pyrophyllite clay particle size < 0.15 mm 0.247 0.244 [70]

Tunisian clay 3.88 1.26 Present study
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A pseudo-first-order model, and a pseudo-second-order
model [71] were used to describe the adsorption kinetics of
fluoride on DE clay. The mathematic equations representing
the models are given as

Pseudo-first-order equation,

7.-4.(1-¢") )
Pseudo-second-order equation,
ot
I - (5)
1+qg,k,t

In Egs. (4) and (5), g, (mg/g) is the adsorption amount
at a given time t (min), and g, (mg/g) is the adsorption
equilibrium capacity at the final experimental time. In
the equations, k, (min™), and k, (g/mg min) represent the
adsorption rate constants for pseudo-first-order and pseu-
do-second-order adsorption, respectively. The linear forms
of the pseudo-first and pseudo-second order equations are

log(q, —q,) =1ogq, + k¢ (6)
11,11 @)
q 4. gkt

By plotting log (g,— g,) versus time in Eq. (5) a straight
line was obtained, from which the pseudo-first-order rate
constant k, was obtained from the slope of the plot. Accord-

0.18
[ ® 2003mel y=10,727x+ 0,016
16 ¢ R3= 0930
r -1
oas | 4 1040 mg L
0.12 : m 525 m,ng
w01
oo [
= 008 |
= L v=0302x+ 0,010
0.06 + Ri=0082
004 F
F v=0270x+ 0,003
0.02 R*=10,981
D . 1 1 1 1
0 0.05 0.1 0.15 0.2 0.23

1/t (min)

Fig. 6. Pseudo-second order kinetic for fluoride adsorption by
DE clay.

Table 7

195

ing to Eq. (7) a plot of 1/, versus 1/t (Fig. 6) also generates
a straight line and the values of g, and k, can be calculated
from the slope and intercept of this line. Fitting results of
kinetics data by two models were shown in Table 7. As indi-
cated in table, the R? values of pseudo-second-order model
(> 0.98) were larger than that of pseudo-first-order model
(£0.972).

As a result, we can say that the pseudo-second-order
kinetic model suggested a better correlation for the adsorp-
tion of fluoride on the clay than the pseudo-first-order
model. For most of the initial concentrations tested the
pseudo-second-order rate constant k, was low, indicating
that the rate of the fluoride adsorption process is fast. It was
evident that the rate constant decreased with the initial feed
concentrations. This can be attributed to the increased num-
ber of fluoride ions available for adsorption. Similar results
have been obtained by Ma et al. [68] for the adsorption of
fluoride onto acid-treated bentonite and by Fan et al. [72]
onto low-cost materials.

In case of surface adsorption, a variation of adsorption
rate should be proportional to the first power of concen-
tration. The intra-particle diffusion model given by Weber
and Morris is also commonly used to characterize the sorp-
tion data. In order to test the contribution of intra-particle
diffusion on the adsorption process, the rate constant for
intra-particle diffusion was obtained by using following
equation.

g=kpr ®)
where k, (mg/g min'/?) is the intra-particle diffusion rate
constant.

Fig. 7 shows the plot of kinetics data of fluoride removal
by DE clay from AFMW solution as per Eq. (8). A linear cor-
relation represents the control of sorption by intra particle
diffusion and solute ions presumably diffuse within the
pores and capillaries of the media and available sites for
adsorption. The values of k, calculated from the slope of the
linear portions of the curves, are found as 1.4, 5.9 and 4.0
mg/g min'/? for initial concentration of 525, 1040 and 2003
mg/Lof fluoride respectively (Table 7). The kp values thus,
increases initially with increasing fluoride concentrations
(525 and 1040 mg/L), but decreases at 2003 mg/L. This
shows that the adsorption is governed by intra-particle pore
diffusion controlled with increasing concentration. The plot
of the intra-particle pore diffusion present two plateaus it
means that the kinetics adsorption of fluoride removal by
DE clay is complex.

Kinetics parameters of pseudo-first order, pseudo second order and intra particle pore diffusion parameters for clay at 25 + 1 °C

C, Pseudo-first order Pseudo-second order Intra-particle diffusion constant

(mg L) k, R? 102k, q. R? K R?
(min™) (g/mg min') (mg/g) (mg/g min'?)

525 0.021 0.961 0.035 62.5 0.980 1.400 0.809

1040 0.018 0.954 0.019 100.0 0.982 4.986 0.905

2003 0.034 0.972 0.009 200.0 0.981 3.980 0.677
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4. Conclusion

The results of this study demonstrate that the adsorp-
tion process was very efficient to reduce the concentration
of fluoride anions in industrial wastewater of aluminum
fluoride manufacturing in order to meet environmental
regulation for wastewater discharge in terms of residual
fluoride concentration. The adsorption process offers sat-
isfactory results in terms of fluoride removals. The struc-
ture and the grade of calcite are the factor that contributes
to the high adsorption capacity of fluoride. The results
of the kinetic studies show that the equilibrium adsorp-
tion is practically achieved within 2 h. Also the observed
kinetics behavior for the DE clay is better explained by
the pseudo-second-order kinetic model. Both external and
intra-particle diffusion contribute to the rate of removal of
fluoride on the DE clay. However, the intra-particle diffu-
sion is slow at low concentrations. The experimental sorp-
tion isotherm results indicate that both the Langmuir and
Freundlich adsorption isotherm represent well the fluoride
adsorption on the adsorbent. The foregoing results and
discussions indicated that the adsorption occurs through
chemisorptions, i.e., via the formation of Ca-F bond. The
adsorption can only reduce the fluoride concentration to
10 mg/L against 5 mg/L maximum value according the
Tunisian standard. Consequently, another defluoridation
process must be performed.

These experimental data obtained in this study,
demonstrated that the DE clay appears to be a promis-
ing, environmental friendly material, and cost-effective
alternative sorbent for removing fluoride from indus-
trial wastewater. However discharge of a large quantity
of residual solid and difficulty in regeneration of clay
should be considered.
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