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Abstract—Clayey soils are essential materials used to reduce hydraulic conductivity and pollutant
migration, common at sites of waste disposal. This study investigates the possible use of a Tunisian soil as a
lining material for disposal sites for acidic-fluoride wastes. A permeability test on a waste-solution sample
(pH = 2.7) obtained from a disposal site in southern Tunisia was conducted over a period of about 2 years.
The test results show that the permeability decreased with time until stabilized at 8.33610�11 m/s. After
the permeability test, the samples retrieved from the permeameter show a degradation state which varied
with the thickness of the specimen. These samples can be classified into three zones (Z1: unaffected, Z2:
moderately affected; and Z3: extensively affected). Physicochemical characterization of the three samples
(Z1, Z2, and Z3), and of the original argillaceous soil, was by X-ray diffraction, Fourier transform infrared
spectroscopy, differential thermal and thermal gravimetric analysis, 29Si and 27Al nuclear magnetic
resonance, and N2-adsorption techniques. The original sample consists essentially of palygorskite,
kaolinite, and quartz. Sample Z3 underwent complete dissolution of kaolinite which supports the
precipitation of fluoroaluminate and the appearance of an X-ray amorphous silica phase. In samples Z1 and
Z2, the soil adsorbs fluoride at a rate of ~68.5 mg/g and is highly resistant to acidic attack.

KeyWords—Acidic-fluoride Waste Storage, Clay, DTA-TG, FTIR, Permeability, 29Si and 27Al NMR,
XRD.

INTRODUCTION

Fluoride-contaminated wastes are generated by many

industrial processes including the manufacture of

fertilizers and textiles. Argillaceous material is regarded

as a possible host for disposal of fluoride waste (Kau et

al., 1997a and 1998). Therefore, it is important to

understand the properties of the clays in the argillaceous

material. The long-term evolution of the waste in its

environment is crucial in assessing the performance and

the safety of the disposal site.

Little research has been done on the interaction of

acidic-aqueous fluoride waste with clay minerals (Kau et

al., 1997a; Peterson and Gee, 1985). The permissible

limit of fluoride in drinking water is 1.5 mg/L according

to the World Health Organization guidelines (WHO,

1993). Therefore, the sorption rate and the transport

behavior of the pollutant in the clay liner material are

crucial in terms of protecting ground water and in the

assessment of the long-term mobility of the fluoride

contaminant.

Adsorption of fluoride in aluminosilicates is essen-

tially related to the presence of alumina in the structure,

as its point of zero charge (pzc) reaches a value of up to

8.3. The other main constituent, silica, possesses a pzc of

2.5 in the experimental pH range, resulting in little

adsorption of fluoride (Chaturvedi et al., 1988). The

adsorption concept for kaolinite, presented by Kau et al.

(1997b), may be viewed in terms of equation 1, where

the sorption process is defined as an equilibrium

reaction.

(clay � OH)(s) + F� > (clay � F)(s) + OH�
(aq) (1)

Additionally, for low pH (<3), Kau et al. (1997a)

showed that the removal of fluoride by clay is achieved

by means of sorption. It also involves the precipitation of

some fluoroaluminates such as chiolite (Na5Al3F14 or

5NaF·3AlF3). We were unable to find any published

work on the subject of the dissolution mechanism of

palygorskite in HF solution. Most such work focuses on

acidic activation of palygorskite by HCl in order to

increase the specific surface and adsorption properties

(e.g. Cai and Xue, 2004; Myriam et al., 1998; Gonzalez

et al., 1989).

The objective of this research, therefore, was to

investigate the interaction of natural argillaceous soil

with acidic-fluoride wastes, in order to elucidate the

reaction between them, particularly in the case of a

clayey Tunisian soil. This study considered the long-

term permeability of the clay in order to follow the

evolution of the reaction between it and the acidic-waste

solution and its effects on the soil. This study also aimed

to identify the precipitated fluoride products, and to

establish the mechanism of clay dissolution, using

analytical techniques including X-ray diffraction

(XRD), Fourier transform infrared spectroscopy

(FTIR), differential thermal and thermal gravimetric

analysis (DTA-TG), 29Si and 27Al nuclear magnetic

resonance (NMR), and textural study by means of N2-

adsorption.
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EXPERIMENTAL

Materials

The argillaceous soil used in this study was collected

from the southeast of Tunisia; when placed in distilled

water, it gives a basic pH of 8.6 (Table 1). The soil sample

was taken from a depth of 16.1 m at a site reserved for the

storage of industrial waste. It was used in its natural state in

the permeability test and for all other analyses. The

quantitative mineralogical analysis was extracted from the

powder XRD data using an internal standard for each

mineral (Jozja, 2003; Cody and Thompson, 1976). The clay

fraction was quantified, after purification, using the same

method as above, and based on a pure, standard clay

mineral. The mineralogical composition of this sample, the

cation exchange capacities (CEC), and the specific surface

areas (SBET) are summarized in Table 1. The industrial

waste to be disposed of consists of significant amounts of

solid combined with a liquid solution of pH 2.7; the waste

contains large amounts of harmful material, including

fluoride with a concentration of 2360 mg/L. Phosphates

and chlorides are also present, but at lesser concentrations

(Table 2).

Permeability determination

Permeability tests were carried out as per the

procedure described in ASTM D5084 (ASTM, 1991)

using a ‘Tecnotest’ permeameter; as described by Hamdi

et al. (2005), the soil specimen was placed between two

porous discs (Figure 1). The initial head, h1, was

recorded at time t = 0, and then the liquid was allowed

to flow through the soil in order to obtain h2, the final

head, at time t. The hydraulic conductivity, k, was

calculated by the following equation:

k ¼ 2:303
aL
At

log
h1
h2

ð2Þ

where k is the hydraulic conductivity (cm s�1), A is the

cross-sectional area of the specimen (cm2), a is the

cross-sectional area of the standpipe (cm2), and L is the

length of specimen (cm).

Table 1. Mineralogical composition of the starting sample.

Composition of starting
sample

%

Palygorskite 59.5
Kaolinite 12.9
Quartz 23
Calcite 3.2
Dolomite 0.8
Feldspar 0.6
CEC (meq/100 g) = 22.6
SBET (m2/g) = 66.8
pH = 8.6

Figure 1. Permeameter: (1) graduated burette, liquid cell outer diameter = 8 mm; (2) porous discs; (3) sample (soil), e = 2 cm, d =

71.4 cm; (4) entry point of liquid.

Table 2. Composition of the leaching solution.

Ions Initial concentration in waste water
(mg/L)

F� 2360
Cl� 880
PO4

3� 1500
Na+ 2836
Ca2+ 850
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XRD

Powder XRD patterns were obtained using a

PANalytical X’Pert HighScore Plus diffractometer in

the range 3�60º2y, at a scanning rate of 2º min�1 and

employing CuKa filtered radiation.

IR spectroscopy

The IR spectra were recorded using a Perkin Elmer

783 spectrophotometer. The samples were used in pellet

form containing 2 mg of clay mixed and pressed with

200 mg of KBr.

Chemical analysis

The clay samples were attacked by a mixture of three

acids (HCl, H2SO4, HNO3). All elements were dissolved

into solution except for the Si which was determined by

gravimetry. The Al, Fe, Mg, Ca, Na, and K were assayed

by atomic absorption spectrophotometry (AAS Vario 6),

fluoride was analyzed by means of a F-selective

electrode (Metrohm 781 pH/ion meter), and the phos-

phate concentrations were measured by the ‘ASTM

Standard Method’, (APHA, AWWA, WPCF, 1995, i.e.

vanadomolybdophosphoric acid colorimetric method)

using the spectrophotometer Hach DR/4000.

The analytical errors are 5% for Al, Fe, Mg, Ca, Na,

and K, and 10% for Si, F, and P.

Thermal analysis

Differential thermal analysis (DTA) and thermal

gravimetric (TG) analysis were performed using a

SETSYS Evolution-1750 instrument. Approximately

10�20 mg samples were placed in a platinum crucible

on the pan of a microbalance, and then heated from room

temperature to 800ºC at a heating rate of 10ºC/min while

being purged with argon at a flow rate of 100 mL/min

and being weighed constantly.

NMR spectroscopy

The NMR characterizations of the starting and treated

samples were carried out on an MSL 360 Bruker solid-

state, high-resolution NMR spectrometer, equipped with

7.05T wide-bore superconducting magnets at 59.62 and

78.20 MHz for 29Si and 27A1 NMR spectra, respectively.

The 29Si spectra were acquired using 8 kHz spinning

frequency with a 90º pulse of 5 ms and a recycle time of

6 s, and were referenced to tetramethylsilane (TMS).

The 27Al spectra were acquired using an 8 kHz spinning

frequency with a 15º pulse of 6 ms and recycle time of

1 s and were referenced to AlCl3·6H2O.

CEC and texture analysis

The CEC was determined using the copper ethylen-

diamine ((EDA)2CuCl2) complex (Bergaya and Vayer,

1997): the CEC was calculated from the quantity of

Cu(EDA)2
2+ adsorbed by the clay (i.e. the amount initially

added to the clay suspension minus the amount remaining

in the supernatant solution after adsorption and centrifu-

gation). The specific surface area was measured at 77 K

by the BET method with a Quantachrome Autosorb-1

instrument using N2 gas. The total pore volume was

derived from the amount of nitrogen adsorbed at a relative

pressure close to unity (p/po = 0.99) by assuming that all

accessible pores had been filled with condensed nitrogen

in the normal liquid state.

RESULTS AND DISCUSSION

Permeability

At the point of water saturation, the permeability of

this soil is in the order of 2.5610�10 m/s. The results of

the permeability of the waste water are given in

Figure 2. The curve shows the variation of permeability

as a function of time. The permeability using wastewater

Figure 2. Variations in the permeability of sample by acidic-waste solution with time.
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decreases with time from 2.5610�10 to 8.33610�11 m/s

within 741 days. This decrease in permeability could be

explained by structural variations, i.e. reductions in the

pore size, and by the halt of water flow by precipitates

formed from pollutants in the soil, which indicates the

integrity of the clay and its superior resistance to acid

attack.

Following the permeability test using the waste-water

solution, the specimen was removed from the permea-

meter. The sample retrieved shows a variation in terms

of the degree of degradation and formation of precipi-

tates, varying with different levels in the soil specimen.

The sample was divided into three parts depending on

the state of acid attack (Figure 1). The first part, Zone 1

(Z1), was the top of the specimen which had a chestnut

color, comparable with the initial clay; the second part,

Zone 2 (Z2), was from the middle of the specimen, and

had a clear and somewhat lighter chestnut color; the

third part, Zone 3 (Z3), from the bottom of the specimen,

<2 mm thick, was in direct contact with the acid

solution, and was almost white in color.

Chemical analysis

Table 3 shows the chemical composition (wt.%) data

of the clayey soil before and after the permeability test.

The data indicate that the percentage of SiO2 in all the

samples was relatively high. This is consistent with the

presence of quartz as shown by XRD (Figure 3). After

the permeability test, the concentrations of Al, Mg, and

Fe ions decreased in all zones; this was caused by the

acidic dissolution of kaolinite and palygorskite, con-

firmed by the XRD analysis. For Z1, most of the Ca was

removed because of the acid dissolution of calcite

(%CaO decreased from 3.61 to 1.89%). On the contrary,

Figure 3. XRD patterns of starting clay and of samples from the three zones (Z1�Z3) which have recuperated after the permeability test.

Table 3. Composition (wt.% oxide) of the starting soil and of samples from each of the three zones which have recuperated
after the permeability test.

SiO2 Al2O3 Fe2O3 MgO Na2O CaO K2O F P2O5 I. Lo

Starting soil 64.5 8.77 4.78 2.78 0.73 3.61 1.74 0.02 0.07 13.2
Z1 73.8 6.93 3.19 1.90 1.42 1.89 1.40 0.42 0.18 8.3
Z2 68.6 6.59 2.87 1.60 1.89 3.52 1.60 1.87 0.74 10.9
Z3 62.4 6.33 2.55 0.89 6.12 5.22 1.72 2.63 1.28 11.7
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for Z2 and Z3, the percentage of CaO increased, due to

the adsorption of Ca (which was present in the leachate)

onto the clay. Similar results were obtained in the case

of Na. On the other hand, there was a notable increase in

the concentration of fluoride and phosphate from sample

Z1 to Z3, after the permeability test. The largest amount

of F (2.63%), in Z3, is in good agreement with the

formation of pachnolite in the same zone, as observed by

XRD.

Mineralogical composition

Figure 3 presents the XRD patterns of raw and

leached samples. As shown, this soil essentially com-

prises palygorskite and a small amount of kaolinite. The

associated minerals are quartz, calcite, dolomite, and

feldspar. X-ray diffraction analysis of the treated

samples showed a decrease in peak intensity for kaolin-

ite (reflection at 7.15 Å) which reached almost zero for

Z3 (Figure 3), reflecting the dissolution of kaolinite.

Though the intensity of the palygorskite peaks (reflec-

tion at 10.49 Å) also decreased, peaks persist in analyses

of Z3. This indicates that palygorskite is more resistant

to acidic attack than kaolinite. An explanation for this is

that the Al�O bonds are considerably more prone than

Si�O bonds to attack by acidic-fluoride solution (Kau et

al., 1997a), as determined by the level of each bond type

in the aluminosilicate 2:1 clay type, such as palygors-

kite. The peaks for calcite and dolomite (reflections at

3.03 Å and 2.88 Å, respectively) disappeared even for

Z1. The XRD patterns of Z2 and Z3 (Figure 3) show the

presence of new peaks appearing at 3.94 and 2.79 Å,

corresponding to hkl reflections of 220 and 224 for

pachnolite (CaNaAlF6(H2O)). However, under acidic

conditions, the Al ion derived from clay dissolution

reacted with the free fluoride, Na, and Ca obtained from

waste-water solution after calcite dissolution. This

allows the product to be described by equation 3.

Ca2+ + Na+ + 6F� + Al3+ > CaF2 + NaF + AlF3 (3)

FTIR spectroscopy

Figure 4 shows the FTIR spectrum of a natural soil

sample containing quartz (798 cm�1) and calcite

(1430 cm�1). The calcite disappeared from all zones

after the permeability test. An asymmetric band,

centered at 1645 cm�1, appeared in all zones. This

corresponds to the bending modes of adsorbed and

zeolitic water (Suárez and Garcı́a-Romero, 2006). The

structural OH-stretching band at 3615 cm�1, together

with the well defined AlAlOH deformation band at

912 cm�1, and a slight inflection near 860 cm�1

(AlMgOH), reflect the mainly dioctahedral character of

palygorskite (Madejová and Komadel, 2001). The

intensity of the absorption bands at 3615, 912, and

860 cm�1 decreased and almost disappeared for sample

Z3. In addition, Si-O-Si deformation bands appeared at

479 cm�1, and the characteristic bands of Si�O

stretching modes were indicated by bands at 986,

1030, and 1194 cm�1(Madejová and Komadel, 2001).

In the case of Z3, the Si�O stretching bands at

1090 cm�1 became dominant. This is due to the

formation of an X-ray amorphous silica phase

(Temuujin et al., 2004).

NMR spectroscopy

29Si NMR spectra. Figure 5 shows the 29Si NMR spectra

of the starting sample with two well resolved resonances

Figure 4. IR spectra of starting clay and of samples from the three zones (Z1�Z3) which have recuperated after the permeability test.
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at �91.6 and �107 ppm. In addition, two less intense

resonances at �97.2 and �85 ppm were also observed.

However, the spectra at �91.6 and �97.2 ppm, have

previously been attributed to two specific Q3 (O�Al) sites

of palygorskite (Komarneni et al., 1986; Barron and Frost,

1985). The minor resonance at 85 ppm is attributed to Q2

(Si�OH) Si nuclei (Kuang et al., 2004). As established

earlier, the resonance at �107 is characteristic of quartz

(Spearing and Stebbins, 1989; Fiske et al., 1998). For Z1

NMR spectra, no great variations from spectra of the

starting mineral were observed. In the case of Z2, the

NMR spectra show two resolved resonances at �100 and

at �111 ppm formed under acid treatment and assigned to

Q3(1OH) and Q4 in an X-ray amorphous hydrous silica

phase (Engelhardt and Michel, 1987). In Z3, where the

clay is in direct contact with acidic waste, the dissolution

is very important, reflected through the decreased

resonance intensity of peaks relative to Q3(0Al),

Q3(1OH), and quartz. However, the peak intensity of Q4

increases. For sample Z3, the peak intensity for Q3

(O�Al) disappeared, indicating the maximum destruction

of clay structure.

27Al NMR spectra. The 27Al NMR spectra of the initial

sample and of the treated waste samples are reported in

Figure 6 and provide very interesting information on the

changes in the local structure of the clay samples. The

results for the initial sample are indicated through a

sharp peak at 4.2 ppm corresponding to octahedral Al in

palygorskite (Kinsey et al., 1985). After acid treatment

of the Z1, Z2, and Z3 samples, a small peak appeared at

~60 ppm, related to a trace of tetrahedral Al which

became visible after degradation of carbonate and some

of the octahedral sheet. The assignment of Al to

tetrahedral or octahedral coordination is based on

previous studies (Muller et al., 1981; Fyfe et al., 1983;

Komarneni et al., 1986). In the case of Z2 and Z3, the

shift of the initial peak from 4.2 to 3.6 and 2.6,

respectively, was attributed to the acid attack (Kiyoshi

et al., 2006; Imre et al., 1999). Figure 6 (sample Z3)

shows a resonance peak at �4.7 (Jerry and Hellmut,

2001; Dirken et al., 1992) which corresponds to the

octahedral coordination of Al by F (fluoride) in

pachnolite fluoroaluminate (CaNaAlF6). Thus, the

peaks at the sides of the Al spectra are due to spinning

sidebands (SSB).

Thermal analysis

The thermal properties of palygorskitic clay have

been studied by many (e.g. Guggenheim and Koster Van

Groos, 2001; Viseras and Lopez-Galindo, 1999; Kuang

et al., 2004; Gonzalez et al., 1989). The DTA and TG

analyses of the present crude sample (Figure 7a) are in

general agreement with data from previous investiga-

Figure 5. 29Si NMR spectra of samples before and after the

permeability test.

Figure 6. 27Al NMR spectra of samples before and after the

permeability test.
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tions. The first large endothermic reaction, at ~120ºC,

corresponding to ~10 wt.% loss between 27 and 170ºC,

is attributed to the release of water adsorbed on the

external surface and in the channels (zeolitic water) of

palygorskite; the amount depended on relative humidity

or water-vapor pressure. The second endothermic reac-

tion took place at ~240ºC with a weight loss of 2.5% (at

170�300ºC), and can be attributed to the release of

crystalline H2O, presumably bound at layer edges in the

palygorskite channels (Guggenheim and Van Groos,

2001; Kuang et al., 2004) (Figure 13). The third

endothermic reaction at 500ºC with a weight loss of

7.9 wt.% (at 300�600ºC) is attributed to the sum of

weight lost due to structural dehydroxylation of the

palygorskite (Kuang et al., 2004) and the kaolinite

(Carolina et al., 2002). After the permeability test, the

dissolution of kaolinite and palygorskite was, therefore,

represented by the decrease in the intensity of the third

endothermic peak at 500ºC for Z1, which disappeared

completely in samples Z2 and Z3 (Figure 7). For all

samples, a sharp endothermic peak appeared immedi-

ately after the third endothermic peak at ~576ºC, which

was assigned to the allotropic transformation of a-quartz
to b-quartz (Mackenzie, 1970; Monteiro et al., 2005). In

addition, comparing the DTA patterns of Z3 to the

starting sample (Figure 7) revealed a downward shift of

the first and second endothermic peaks from 120 to

102ºC and from 240 to 218ºC, respectively. The

corresponding TG patterns also revealed a decrease in

the rate of weight loss, reaching 2.7 and 0.9 wt.%,

respectively, compared to 9.8 and 2.9 wt.% for the initial

sample. At high temperature (>600ºC), a small weight

loss was observed, which is associated with the X-ray

amorphous product phase after acid attack.

Texture analysis and CECs

The shape of the N2 adsorption-desorption isotherms

(Figure 8) of the unleached and leached clay samples

(Z1, Z2, and Z3) was similar to type II in the IUPAC

classification system and typical of macroporous or non-

porous adsorbents. The hysterisis was of H3 type,

characteristic of layered materials with slit-shaped

pores (Sing et al., 1985). The decrease in adsorbed

volumes of the leached samples with leaching zone can

be explained in terms of decreasing numbers of pores

from top to bottom of the specimens. This is due to the

adsorption of ions (existing in waste solution) at the

surface and the dissolution of some of the clay fraction

under the acidic conditions.

The specific surface area, total pore volume, and

CEC of the samples before and after the permeability

test are presented in Table 4. The specific surface area

decreases significantly as a function of degradation state

of the specimen, from 66.8 m2/g (starting sample) to

26.7 m2/g (Z3 sample), due to the exchange of ions in

the interlayer space and to adsorption on the surface of

clay. The same results were obtained for the CEC, where

the minimum (1.2 meq/100 g) was observed in sample

Z3. The pore volume (Vp), however, decreased only

slightly from 0.251 to 0.209 cm3/g.

Fluoride-sorption isotherms

This fluoride sorption study was an attempt to

evaluate the fluoride removal potential of the Tunisian

soil. These investigations focused mainly on the

determination of adsorption capacity, determined from

adsorption kinetics and the effect of pH on adsorption.

The rate of fluoride adsorption was found to be

relatively slow and saturation persisted for more than

24 h. In addition, the percentage of adsorption increased

almost linearly with the decrease in pH, although

experiments with solution pH values of <4 were avoided

because of reported clay dissolution under such condi-

tions (Budd, 1961). The fluoride sorption isotherms at

pH 4 were determined by using 1 g of sample and 10 mL

o f NaF so l u t i on a t v a r i ou s concen t r a t i o n s

(50�10,000 mg/L) where the pH was adjusted to 4

(where F� is the major species in solution, see

Figure 10) and the solute was diluted to 30 mL with

deionized water. In the case of adsorption using waste

water, the sample adsorbent (1 g) was suspended in

30 mL of waste-water solution with different concentra-

tions, prepared by diluting the initial solution to achieve

a range of concentrations from 20 to 2500 mg/L,

preserving pH at 4 by adding aliquots of 0.5 M solutions

of either NaOH or HNO3. The XRD analyses of the

starting and final clay during adsorption experiments (at

pH = 4) showed the degradation of calcite, but neither

the dissolution of the clay fraction nor fluoride

precipitation was detected. This confirms that under

these conditions the main phenomenon is adsorption and

not precipitation. The amount of F� sorbed (mg of F�/g
of sample) was plotted vs. the equilibrium F� concen-

tration (mg/L). The experimental sorption data for the

removal of fluoride ions at pH = 4 was then compared to

a plot that would be obtained assuming either the

Langmuir (equation 4) or Freundlich (equation 5)

adsorption isotherm model.

q
C

Ce
m e

e

Q b

b
=

+1
ð4Þ

Table 4. CEC, surface area (SBET), and pore volume (VP) of
samples before and after the permeability test.

Sample SBET
(m2/g)

VP

(cm3/g)
CEC

(meq/100 g)

Starting soil 66.8 0.251 22.6
Z1 42.5 0.236 14.6
Z2 37.0 0.211 12.0
Z3 26.7 0.209 1.2
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Figure 7. DTA-TG curves of: (a) starting soil; (b) sample from Z1; (c) sample from Z2; and (d) sample from Z3.
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q Cee F
nK=

1 ð5Þ

where qe is the amount of adsorbate adsorbed per unit

weight of adsorbent (mg/g); Ce, the equilibrium con-

centration (mg/L); Qm and b, the Langmuir constants

related to monolayer capacity and energy of adsorption,

respectively; and KF and 1/n, the Freundlich constants.

Figure 9 presents the experimental sorption isotherms

with NaF and waste solution and the correlation using

both models at pH = 4. Note that the sorptivity gradients

for this soil by waste water or NaF solutions were very

similar, as predicted by the modeled bonding constants.

Isotherms of fluoride sorption fit the Langmuir model

well, with a correlation coefficient of 0.98�0.99. The

maximum sorption capacity, calculated from this model

and reported in Table 5, is 68.5 mg/g for waste solution

and 64.9 mg/g for NaF solution, which values are greater

than for other clay minerals reported in the literature

(Kau et al., 1998; Chaturvedi et al., 1988).

Reaction mechanism of clay minerals under acidic-

fluoride solution

Two possible mechanisms of clay dissolution under

acidic-fluoride solution are suggested, as shown in

Figure 11, and the mechanism of attack of Si�O and

Al�O bonds are assumed to be similar (Kau et al.,

1997a). Many previous workers (e.g. Bergaya et al.

2006; Gonzalez et al., 1989; Kau et al., 1997a)

suggested that attack of the alumina sheet would be

more favored than the silica sheet because silica is more

stable in an acidic medium. This is explained by the low

point of zero charge for silica (i.e. pH & 2), whereas for

alumina it is ~8.3. Thus, alumina is more highly charged

(positively) than silica, creating greater bonding instabil-

ities in the acidic pH region. This explains the greater

dissolution rate of kaolinite than of palygorskite

(Figure 3).

Palygorskite is the major fraction in this soil and its

dissolution mechanism under acidic-fluoride solution

apparently has not been examined before. The structural

Figure 8. N2-adsorption isotherms of the starting material and products leached after the permeability test.

Table 5. Estimated isotherm parameters for fluoride adsorption.

———————————— Isotherm type ————————————
———— Langmuir ———— ———— Freundlich ————

Source of F� ions Qm (mg/g) b (L/mg) r2 KF 1/n r2

Waste solution 68.5 6.65 10�3 0.988 0.67 0.75 0.982
NaF solution 64.9 4.48 10�3 0.991 0.33 0.87 0.990
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evolution of palygorskite under acidic-fluoride leaching

for each zone is presented in Figure 12. In these

proposed mechanisms, we have taken into account the

results of XRD, chemical analysis, NMR spectra, and the

distribution of the fluoride species with pH (Figure 10).

In the case of Z3, where the sample was in direct contact

with waste solution (pH<3, where HF was the major

species in the solution; Figure 10), the greatest degree of

dissolution of palygorskite was observed, along with the

precipitation of fluoroaluminate and formation of an

X-ray amorphous silica phase. This also allowed an

increase in the pH of solution due to the exchange of OH

by F (equation 1). For this reason, in zones 1 and 2, the

dominant reaction, apparently, is fluoride sorption with

little dissolution. Hence, the chemical analysis data of

Z3 have shown that dissolution of the octahedral sheet

occurs in preference to that of tetrahedral sheets,

because the percentages of Al2O3, Fe2O3, and MgO

decreased significantly compared to that of SiO2. This

study also suggests that the dissolution reaction is

caused primarily by HF and not by the individual

hydrogen or fluoride ions alone.

In order to understand more fully the modification of

the palygorskite structure under acidic-fluoride solution,

consider two possible reaction mechanisms (Figure 13).

The first shows adsorption (where pH> 4), the second

reveals dissolution (where pH <2). This is according to

the predominance of the fluoride species with the pH

(Figure 10). Between pH 2 and 4, both phenomena

(adsorption and dissolution) exist simultaneously.

Figure 9. Fluoride adsorption isotherm at 25�2ºC and pH 4�0.2: (a) using NaF solution; and (b) using a waste solution.
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Furthermore, under lower pH, dissolution and precipita-

tion are the major phenomena and the acidity of the HF

solution is believed to assist in the protonation of the

silica surface and thus weaken the siloxane bonds,

allowing fluorinated species to react with Si, as shown in

Figure 13. Hydrofluoric acid is highly toxic and

corrosive and capable of chemically attacking clay-

lined impoundments.

CONCLUSION

This permeability study of a Tunisian soil by

aqueous, acidic-fluoride waste over a long period of

time, shows that the permeability decreases as a function

of time, from 2.5610�10 to 8.33610�11 m/s, after 741

days. However, the samples ‘recuperated’ after the

study, indicating a degree of variation of degradation,

depending on the thickness of the sample.

The XRD results revealed the structural dissolution

of kaolinite and palygorskite, showing that kaolinite is

more vulnerable than palygorskite. In the case of sample

Z3, we observed new peaks appearing at 3.94 and

2.79 Å, attributed to precipitation of pachnolite

(CaNaAlF6·(H2O)).

Comparing the materials from the three zones to the

starting sample, the textural investigations suggest that

Z3 presents few textural properties (SBET = 26.7 m2/g

and Vp = 0.209 cc/g) which renders it non-exchangeable,

with a weak CEC (1.2 meq/100 g). The results of the

NMR spectroscopy confirmed the attack of the clay

fraction in Z3, proven by the increase in the amount of

X-ray amorphous silica phase at �111 ppm (29Si NMR)

and the resonance at �4.7 ppm (27Al NMR) which is

attributed to octahedral coordination of Al by F in

pachnolite. This study also suggested that the dissolution

reaction is caused primarily by HF and not by the

individual hydrogen or fluoride ions alone. The results

of the adsorption isotherms show that this soil has a

capacity for fluoride adsorption of ~68.5 mg/g. This

study eliminates a gap in our understanding of the

reaction between acidic-fluoride solution and a clay

mineral (palygorskite), and helps to envisage the safe

Figure 10. The species distribution diagram of 0.1 M fluoride with varying pH (Vanderborgh, 1968; Kau et al., 1997a).

Figure 11. Dissolution of silicon-oxygen and aluminum-oxygen bonding under acidic fluoride solution.
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storage of HF-contaminated wastes in clay-lined land-

fills sites.
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