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RETENTION OF FLUORIDE FROM INDUSTRIAL ACIDIC
WASTEWATER AND NaF SOLUTION BY THREE
TUNISIAN CLAYEY SOILS

Noureddine Hamdi,2 Ezzeddine Srasra?®
Tunisia

SUMMARY: Clayey soil samples, Sebkhat EI Malah-EI Mkhacherma (MK), Jebel
Haidoudi (H), and Zemlet El Beidha (ZB), from three regions in Southeast Tunisia
were evaluated for their effectiveness to remove fluoride (F) from acidic industrial
waste water with pH 2.75-3.0 and [F] = 2360 mg/L. F removal by these soils from
solutions containing 50 to 10,000 mg/ NaF/L at pH 3.0, 4.0, 5.5, and 6.5 with a contact
time > 24 hr and pH = 3.0 was optimal for treating the acidic wastewater. For the three
soils the sorption capacity was found to be in the order of 50-60 mg F/g, and it
reached to 85% of the fluoride removal from the wastewater in the case of the MK soil.
Fitting the results to the Langmuir isotherm adsorption model gave correlation
coefficients (r?) ranging from 0.982 to 0.994 and a better fit than with the Freundlich
model. The MK soil containing palygorskite clay and calcite was superior as a F
sorbent (MK>H>ZB) where the adsorption capacities (Qg) calculated from the
Langmuir isotherms were, respectively, 71.94, 66.62, and 55.80 mg F/g soil from the
NaF solution and 93.45, 84.03, and 69.44 mg F/g soil from the acidic wastewater.

Keywords: Acidic wastewater; Clayey soil; Fluoride removal; Freundlich isotherm model;
Industrial wastewater; Langmuir isotherm models; Tunisian clayey soils.
INTRODUCTION

For the storage of highly acidic waste charged with fluoride (F), the protection of
groundwater from F contamination for human consumption is of primary
importance to avoid the risk of fluorosis. In this context, several methods have
been proposed to remove F from aqueous solution, namely adsorption,l'4
precipitation,>® electrodialysis’ and electrochemical methods.>® However,
adsorption is still one of the most extensively used methods for defluoridation of
wastewater. Clayey soils retain F better than others soils,lo’11 and calcium in the
soil tends to increase retention. F is adsorbed onto clays (smectite, palygorskite,
illite, and kaolinite) in ion-exchange reactions where the F ion (F~) competes with
hydroxyl ions (OH"), but the primary exchange reaction appears to be with iron
and aluminium hydroxides at low F levels. High levels of F will result in exchange
of F~ by OH™ in clay minerals themselves.!?!3 Therefore, the adsorption concept
for the kaolinite presented by Kau et al.,! may be viewed in terms of a chemical
reaction, where the sorption process is defined as an equilibrium reaction (Eq. 1).

n(clay — OH)(s) + NF~ (5 f n(clay — F)sy + NOH™ 5 (Eq.1)

Here we report on F adsorption from acidic industrial waste by three clayey soils
in southern Tunisia. This waste is an aqueous solution containing ca. 2360 mg F/L
at pH~3. At present there is no information available on the F removal capacity of
Tunisian soils and clays. The F adsorption capacity of these clayey soils was tested
using a synthesized solution of NaF at pH 3—6.5. Adsorption isotherms of three
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samples were determined for waste solution at pH~3. Adsorption equilibrium was
compared to Freundlich and Langmuir models.
MATERIALS AND METHODS

Materials: The samples used in this study were collected from three locations
designed for acidic waste storage in Gabes from South-East Tunisia. The samples
were MK (Sebkhat El Malah-El Mkhacherma), H (Jebel Haidoudi), and ZB
(Zemlet El Beidha) and were generally formed by clay-silt melange coloured light
brown, light green, and dark grey, respectively. The geology of these regions can
be simplified into three main stratigraphic units: Segui formation from Mio-
Pliocene (MK), Aleg formation from Coniacian/Santonian (H) and Intercalated
Continental formation from Lower Cretaceous (ZB). The physico-chemical
characterization of the three soils is presented in Table 1.

Table 1. Mineralogical composition, specific surface areas, and cationic exchange capacities of samples

according to Hamdiet al.™

Sample Mineralogical composition of clay samples (%) SgeT CEC
Paly Smec Kao I Q Ca Do (m2/g) (meq/100g)
MK 35.5 2 15 - 28.5 19 - 35.4 165
H - 56 6 - 12 26 - 57.1 49.8
ZB - - 23 63 9 - 5 91.5 246
mgorskne Smec: Smectite, Kao: Kaolinite, II: lllite, Q: Quartz, Ca: Calcite, Do: Dolomite.

Sger: Specific surface areas by apphcatlon of the BET (Brunauer-Emmett-Teller) method. e

CEC: Cationic exchange capacities. 16

The initial F content in all clays does not exceed 0.02% of the hydrated sample.
For all samples, the powder was sieved to particle sizes <106 um, and the samples
were dried at 90°C for a minimum of 24 hr before sorption studies.

Instruments and procedure: The F concentrations and pH were measured using a
Metrohm 781 pH/lon Meter and an HI9321 pH meter (HANNA Instruments),
respectively.

Kinetic studies: Adsorption capacities for the different samples were determined
at different pH values (3, 4, 5.5, and 6.5) by shaking 1.0 g of sieved and dried soil
in 10 mL of 500 mg/L of aqueous NaF solution in capped polyethylene bottles at
25°C. Small amounts of 0.5 or 0.05 M of HNO3; were also added initially to adjust
to the desired final pH values. The volume was then made up to 30 mL with
deionised water. The bottles were agitated in a rotary agitator for periods ranging
from 2 hr to 5 days before being centrifuged at 3000 rpm for 10 min. After
centrifugation, total F concentrations in the recovered solution were measured
after addition of TISAB buffer.!”

Adsorption Isotherm using NaF solutions: F sorption isotherms were determined
by a procedure similar to that described above. One gram of soil sample and 10
mL of NaF solution at various concentrations (50 to 10000 mg/L) were adjusted to
pH 3, and the solute was made up to a volume of 30 mL with deionised water
mixed in polyethylene bottles at 25°C.

Adsorption Isotherms using F waste solution: Sample adsorbent (1g) was
suspended in 30 mL of waste solution containing ca. 2360 mg F ion/L, at pH~3.
This solutlor}r was also found to contain ca. 880 mg CI'/L, 850 mg Ca /L and
1410 mg Na /L. Solutions of the wastewater with F concentrations ranging from



41 Research report Retention of fluoride from industrial acidic wastewater and NaF solution by 41

Fluoride 42(1)39-45
January-March 2009

three Tunisian clayey soils
Hamdi, Srasra

23.6 to 2360 mg F/L were prepared by dilution with deionized water while

maintaining pH 3 with 0.5M HNO;.

RESULTS AND DISCUSSION

Equilibrium  time and pH
effect: The pH of the solution is
a controlling factor in the
adsorption process. The
equilibrium time for the F
sorption reaction is defined as
the agitation period necessary
for the F concentration in
solution to achieve a steady
state. In this study, in order to
evaluate the effect of the
complex composition of
wastewater on the sorption
speed compared to a single
solution (500 mg/L of NaF), the
kinetic adsorption experiments
were carried out using both
solutions. It is found in the case
of NaF solution that the removal
of F ions increases to some
extent with increasing of contact
time. Initial observations on the
uptake of F ions on the
adsorbent samples at their
optimum pH values indicate that
the processes are quite rapid. On
average, more than 60% of the
adsorption occurs within a few
hr of the initial contact of the
NaF solution with raw clays
sorbents (Figures 1-3). Kau et
al.?> observed similar results
using kaolinite and bentonite
clay as the adsorbent.
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Figure 1. Effects of reaction time on sorbed fluoride
at pH values between 3 and 6.5 for MK soil.
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Figure 2. Effects of reaction time on sorbed fluoride at
pH values between 3 and 6.5 for H soil.

This initial rapid adsorption subsequently gives way to a very slow approach to
equilibrium. Saturation is reached in 24 hr for ZB and 48 hr for MK and H. This
contact time was considered as the equilibrium time for the rest of the adsorption

studies using NaF solution.

On the other hand, we observed a decrease in the F adsorption with increase in
the pH of the solution. In the case of MK and H sorbents, the percentage of
adsorption increased almost linearly between pH 3 and 6.5, attaining a maximum
F removal at pH 3. Figure 4 shows that two samples (MK and H) have a very high
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F adsorption capacity even at pH 6.5, but in the case of soil ZB the adsorption
capacity is weak, which is probably due to the high fraction of the illite having a
low F adsorption capacity.18 The higher adsorption capacity is related, firstly, to
the composition of the clayey soils (sample MK is composed of palygorskite and
soil H is mostly composed of smectite), which have a higher F adsorption
capacity.z’18 Secondly, the important amount of calcite fraction in MK and H soils
is very significant for F removal from solution. According to Brett et al.,'® the

calcite promotes F removal.
The kinetic test of adsorption of

F from wastewater solution was 1.4

carried out using 1 g of powdered 16
soil in 30 mL of solution. The 14
results for all three samples are 1.2
shown in Figure 5. It can be seen 10
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Figure 4. Effects of pH on the percentage removal of

fluoride.

Table 2. Summary of kinetics of adsorption by three soils using waste solution

Soil sample Q.4 (MgF/g) % of F removed te(hours)
MK 60.18 85 72
H 57.93 81.82 96

ZB 51.91 70.31 48
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Fluoride sorption isotherms: This sorption study was an attempt to evaluate the
F removal potential of these three Tunisian soils. The experimental sorption
isotherm is used to plot the amount of F adsorbed, expressed in milligrams of F per
gram of sample against the equilibrium F~ concentration (mg/L). The
experimental sorption data for the removal of F ions at pH =3 was then compared
to plot that would be obtained assuming either the Langmuir (Eq. 2) or Freundlich
(Eq. 3) adsorption isotherm model.

_ QpbCq = 1/n
Qe 1+bC, (Eq.2) 9e = KeCo (Eq.3)

Where ¢, is the amount of adsorbate adsorbed per unit weight of adsorbent (mg/
g); C,, the equilibrium concentration (mg/L); O, and b, the Langmuir constants
related to monolayer capacity and energy of adsorption, respectively; and K and
1/n, the Freundlich constants.

Figure 6 presents the experimental sorption isotherms with NaF solution and the
correlation using both models for three soils at pH 3. Note that the sorptivity
gradients for the MK and H soils were very similar, as predicted by the modelled
bonding constants, with sorption capacity slightly higher for the MK sample.
Isotherms of F sorption fit the Langmuir model well, with a correlation coefficient
of 0.99. The maximum sorption capacity calculated from this model and reported
in Table 3 is 71.94 mg/g for the MK sample, which value is greater than for other
clay minerals reported in the literature.?°

Figure 7 shows the sorption isotherm of the three clay samples using the F waste
solution at pH~3. The maximum sorption capacity found by experiment for the
three samples was 60.18, 57.93 and 51.91mg F/g respectively for MK, H and ZB.
The results of modelling of adsorption isotherms by Langmuir and Freundlich
models are summarized in Table 4. Both models fit the experiment isotherms well,
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with a correlation coefficient of 0.98-0.99. The higher sorption capacity of the MK
and H soils may be partially attributed to the prevailing clay type and to their
comparatively higher amount of calcite compared to ZB soil. Free calcium from
carbonate dissolved in case of the MK and H samples also assists in F
immobilisation through CaF, precipitation.6 Although, the solubility of carbonate
minerals such as calcite or dolomite, makes the application of adsorption theory
difficult. For that reason it is not easy_ to differentirate adso?ﬁion from
precipitation. Moreover, the presence of Ca” , Na , Al” , and Fe~ in waste
solution can form precipitates with F (Can,6 ﬂuoroaluminate,2 ! etc.), which are
apparently responsible for the higher removal capacity found by using the
wastewater compared to the synthetic solution.

Table 3. Summary of optimized isotherm parameters (NaF solution)
Isotherm type

Soil sample Langmuir Freundlich
Qo (mg/g) b (L/mg) r? Ke 1/n r?
MK 71.94 4.2810° 0.991 0.34 0.89 0.985
H 66.62 4.4410° 0.992 0.33 0.88 0.989
ZB 55.80 2.4910° 0.994 0.18 0.86 0.977
Table 4. Summary of optimized isotherm parameters (waste solution)
Isotherm type
Samples Langmuir Freundlich
Qo (mg/g) b (L/mg) r? Ke 1/n r?
MK 93.45 4.9110° 0.994 060 0.83 0.991
H 84.03 4.2910° 0.982 052 0.80 0.981
ZB 69.44 4.2210° 0.986 048 0.76 0.983
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Figure 7. Experimental sorption of
fluoride (waste solution) by the three
samples with fitted Langmuir and
Freundlich isotherms.

Figure 6. Experimental sorption of fluoride
(NaF solution) by three samples with fitted
Langmuir, and Freundlich isotherms at pH=3.
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CONCLUSION

This study of F adsorption behaviour by clayey soils shows clearly that the
adsorption capacity depends on the clay structure, the percentage of carbonate in
the sample, and the pH of the medium, which is responsible for the charge
distribution on the surface of adsorbent. The results of the kinetic studies show a
maximum of F adsorption capacity for all samples at pH 3. The experimental
sorption isotherm results indicate that the MK and H soils are favourable
adsorbents for removal of F~ from the waste solution (60.18 and 57.93 mg F/g
respectively). However, for characterising the experimental sorption isotherm, the
utilisation of a suitable model of sorption isotherm is most important. In this
context, the Langmuir isotherm was found to provide a more accurate
approximation than the Freundlich isotherm, mainly because of the asymptotic
nature of the isotherm, and this is confirmed by a better approximation of .
Following these results, the maximum of F~ adsorption capacity Q obtained for
the MK soil is equal to 71.94 mg/g using NaF solution and 93.45 mg/g with the
waste solution. For the H soil we also observed a high F adsorption capacity equal
to 84.03 mg/g with the waste solution, but in the case of the ZB soil, the illito-
kaolinitic fraction and small amount of dolomite are responsible to the low F
adsorption capacity.
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