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a b s t r a c t

Herein, TNT oxidation by Fenton-like systems in the presence of naturally occurring iron-
bearing minerals was investigated in aqueous suspension at neutral pH. TNT degradation
pseudo-first-order rate constant’s (ksurf) values were found to be: 3.75 × 10−4 L m−2 min−1 > 2.55 ×
10−4 L m−2 min−1 > 1 × 10−4 L m−2 min−1 > 1 × 10−6 L m−2 min−1 for pyrite, green rust, magnetite and
goethite, respectively. Degradation efficiency was correlated with the increasing Fe(II) content in the
mineral structure. Similar behavior was observed in more complex systems, including iron-coated quartz
and iron-doped clays. Particularly, magnetite, Fe3O4 (mixed ferrous–ferric oxides), was efficient to pro-
ron-bearing mineral
yclodextrin
,4,6-Trinitrotoluene

mote Fenton-like reactions at pH 7 and its catalytic activity was preserved when incorporated into mineral
assemblages with silica quartz or clay. For magnetite-bearing mineral systems, the addition of a non-toxic
iron chelatant, carboxy-methyl-cyclodextrin (CMCD), improved TNT mineralization by a factor of 3. This
increase in oxidation yield could in part be explained by the increased iron dissolution rate prompting
higher Fenton’s reaction efficiency. Consequently, CMCD might be used as an alternative to toxic iron
chelating agents such as EDTA and NTA in in situ chemical oxidation (ISCO) processes for contaminated
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soil remediation.

. Introduction

2,4,6-Trinitrotoluene (TNT) has been the most widely used
itroaromatic explosive and is known to be mutagenic, carcino-
enic, and toxic to aquatic and terrestrial organisms [1]. Therefore,
he United States Environmental Protection Agency has classified
NT as a possible human carcinogen (Class C) and has issued
he health advisories for TNT to less than 0.002 mg/L [2]. Soil
nd groundwater contamination by TNT and its derivatives is a
orldwide environmental problem related to production sites,

mmunition plants and demilitarization activities. Alkaline hydrol-
sis [3] and zero valent iron [4] treatments have been successfully
pplied for TNT degradation in the water and soil treatments. How-

ver, these two technologies proceed through reductive pathways
eading to the formation of an uncharacterized polymeric material
f unknown toxicity, mainly in soil, upon prolonged TNT treatment
4]. Incineration is the most effective remediation method but is

∗ Corresponding author at: Laboratoire de Chimie Physique et Microbiologie pour
’Environnement, LCPME, UMR 7564 CNRS-Université Henri Poincaré Nancy 1, 405,
ue de Vandoeuvre, 54600 Villers-les-Nancy, France. Tel.: +3 83 68 52 42;
ax: +3 83 27 54 44.

E-mail address: khalil.hanna@lcpme.cnrs-nancy.fr (K. Hanna).
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xpensive, and generates concern about air emissions. Bioremedia-
ion is often effective but cannot be applied in highly contaminated
ites, requires long treatment times, and often produces toxic
nd/or mutagenic by-products [5]. Advanced oxidation processes
AOPs) have shown great potentials for the treatment of a large
ange of refractory organic pollutants in waters and soils. AOPs rely
n the generation of strong oxidants, such as hydroxyl radicals.
his type of radicals can be easily generated by using hydrogen
eroxide and dissolved iron (Fenton chemistry), but low pH con-
itions (pH 3) are required to prevent the precipitation of iron.
nlike the Fenton’s reagent, the reaction of iron minerals with
ydrogen peroxide can effectively catalyze the oxidation of con-
aminants at circumneutral pH [6]. This process called Fenton-like
r modified Fenton may be advantageous for the in situ remediation
f contaminated groundwater and soils where lowering the pH is
npracticable. Recently, the degradation of TNT by Fenton’s reagent
7] and Fenton-like system was mainly reported at pH 3 [8]. In con-
rast, the Fenton-like degradation of TNT at circumneutral pH was
carcely investigated. This will be the contribution of this work.

ron minerals were selected because of their occurrence in natu-
al soils and sediments, often associated to clays and silica sands.
ssemblages of iron/silica or iron/clay are one of the most abun-
ant reactive surfaces typically present in aquatic and terrestrial
nvironments under suboxic and anoxic conditions. Therefore, the

http://www.sciencedirect.com/science/journal/13858947
mailto:khalil.hanna@lcpme.cnrs-nancy.fr
dx.doi.org/10.1016/j.cej.2008.07.013
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suspensions to bubble out the CO2. The pH value of the sus-
pension was adjusted with titrant solutions (HCl or NaOH) and
recorded with the Orion pH meter model 710A having combi-
nation glass electrode. The blank titrations were also performed
with similar solutions in the absence of the solid. Major physic-
54 R. Matta et al. / Chemical Engin

valuation of Fenton-like degradation of pollutants in the presence
f naturally occurring iron-bearing minerals deserves to be inves-
igated. Additionally, previous studies had shown that the use of
helating agents such as EDTA and NTA could maintain iron in dis-
olved form and could enhance the Fenton’s reaction [9]. However,
hese latter chemicals are regarded as emerging priority contami-
ants for water resources because of their ability for remobilization
f heavy metals from sediments or solid aquifers [10]. As an alter-
ative, we suggest the use of carboxy-methyl-cyclodextrin (CMCD),
n environmentally friendly agent and a non-toxic metal chelatant
11,12]. CMCD also offer the advantages of high water solubility, low
eactivity with soil, relative insensitivity to pH and ionic strength
ffects, and high biodegradability.

. Materials and method

.1. Chemicals

2,4,6-Trinitrotoluene (>98%) was from the chemical stock of
he University of Provence. Stabilized hydrogen peroxide (30%,
/v) with NaH2PO4·7H2O was purchased from Fischer Scientific

Illkirch, France), CMCD (>95%, DS = 3) from Cyclolab (Budapest,
ungary), bentonite from IKO (Kolen, Germany), Quartz (99%) from
hempure (Ohio, USA), pyrite (99.9%) from Alfa Aesar (Karlsruhe,
ermany).

.2. Synthesis of iron-bearing minerals

Ferrihydrite (proposed formula as Fe2(OH)6), lepidocrocite
�-FeOOH), magnetite (Fe3O4) and hematite (�-Fe2O3) were
ynthesized according to previously published methods [13,14],
oethite sample (�-FeOOH) was prepared as described by Villalo-
os and Leckie [15], and chloride green rust (GR) was synthesized
y a coprecipitation method described by Refait et al. [16]. Quartz
ith a grain size range of 0.3–10 �m (mean diameter 2 �m) and

pecific surface area of 5.6 m2 g−1 was used to prepare all iron/silica
xides. The mineralogy of the silica sand was characterized by
-ray diffraction (XRD) and was found to be exclusively made
f quartz. Iron-coated quartz was synthesized by preparation of
ron oxide phases in quartz aqueous suspension as explained in

previous work [17]. The solids were washed several times with
eionised water to remove all the salts, dried under N2 atmo-
phere, and stored at ambient temperature until further use. The
our resulted mixed oxides include quartz/amorphous iron (III)
xide, quartz/maghemite, quartz/magnetite and quartz/goethite.
he major component of the clay used (bentonite from Georgia)
s Na-montmorillonite (>80%). This bentonite has low organic con-
ent and CEC equal to 90 ± 10 meq/100 g [18] and was treated to
emove impurities according to Nachtegaal and Sparks [19]. In order
o eliminate carbonates, the pH of a clay suspension was adjusted
o 5 with an acetic acid solution and heated at 80 ◦C during 8 h. The
rganic matter was removed with a 2 M H2O2 (30%, w/w) solution
y heating the suspension at 70 ◦C during 16 h [18]. Pedogenetic
xides and hydroxides were removed by adding 1 g of clay into
0 mL of a solution containing 0.1 M sodium bicarbonate, 0.3 M
risodium citrate and 0.1 M sodium dithionate at 80 ◦C. A homoionic
a-bentonite was obtained by washing the clay twice with a 1 M
aCl solution and twice with deionised water. The <0.2 �m fraction
as separated by sedimentation and centrifugation. Then, this puri-

ed clay material was used to synthesize two iron-doped bentonite.
e3+-rich bentonite was prepared by cationic exchange method
20,21]. A suspension (0.5 g in 25 mL) of bentonite was mixed with
0 mL of 0.02 M FeCl3·6H2O and was stirred for 20 min. The amount
f added iron salt was equal to the cation exchange capacity of

F
(

Journal 144 (2008) 453–458

entonite. The supernatant was then removed and replaced by a
ew 0.02 M FeCl3·6H2O solution. The intercalation was repeated
hree times. The final product was washed twice with deionised
ater and dried at room temperature. Magnetite-doped bentonite
as prepared using a modified method from Oliveira et al. [22].
riefly, 400 mL of iron solution was prepared by adding 28 mM
eCl3·6H2O and 14 mM FeCl2·3H2O. The reaction vessel was flushed
ith a stream of nitrogen (N2) and placed in a water bath heated

t 90 ◦C. The clay was added to this solution in order to obtain a
lay/iron oxide weight of 2:1. The iron salt was precipitated under
ropping NaOH (5 M, 100 mL) and under stirring during 60 min.
ll these processes were carried out under a stream of N2. After

he synthesis process, a dark black solid was obtained. The product
as centrifuged and washed with deionised water and oven-dried

t 80 ◦C for 3 h.

.3. Sample characterization

In order to verify the crystal structure of minerals, samples
f solids were characterized using X-ray powder. XRD data was
ollected with a Philips PW1710 diffractometer using Co K� radi-
tion (35 kV, 30 mA), equipped with a monochromator and a
osition-sensitive detector. The X-ray source was a Co anode
� = 0.17902 nm). The diffractogram was recorded in the 10–65◦

� range, with a 0.0359◦ step size and a collecting of 3s per
oint. The diffractograms of all iron oxides are shown in Fig. 1.
he diffraction peaks correspond to the more intense lines of
ach iron phase [13]. So, the synthesized oxides were found to be
dentical to the expected ones. Fourier transform infrared (FTIR)
pectroscopy was also used to confirm the mineralogy of iron-
earing minerals. The bulk Fe over the sand was obtained by acid
issolution followed by quantification of Fe by inductively coupled
lasma (ICP-AES). The specific surface area of the mixed oxides
as determined by multipoint N2-BET analysis using a Coulter

SA113) surface area analyzer. The particle size distribution was
easured by a dynamic light-scattering method using laser scat-

ering particle size (HARIBA, LA 200). Potentiometric titrations
f the iron oxide-coated quartz were conducted in thermostated
ouble walled Pyrex cell at 293 K in 0.001, 0.01 and 0.1 M NaCl
olutions. A stream of N2 gas was constantly passed through the
ig. 1. XRD of all synthesized iron oxides minerals. Ferrihydrite (F); lepidocrocite
L); hematite(H); Goethite (G), magnetite (M) and chloride green rust (GR(Cl−).
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Table 1
Major physicochemical properties of iron oxides and hydroxides

Solid Fe content
(wt.%)

Fe(II) content
(wt.%)

SSA (m2 g−1) PZC

Goethite 63 – 50 8.8
Two-line ferrihydrite 62 – 327 8.2
Lepidocrocite 63 – 59 7.4
Hematite 70 – 11 7.9
Magnetite 72.4 24.2 2 7.5
Pyrite 46.6 46.6 0.8 –
Green rust (Cl−) 48.6 38.9 20 –
Ferric hydroxide/quartz 37.1 – 121 6.8
Maghemite/quartz 35.5 – 11.5 5.4
Goethite/quartz 33.4 – 148 6.7
Magnetite/quartz 43.1 14.3 8.6 6.9
Bentonite 0.5 – 75 –
M
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−ln(Ct/C0) as a function of time t, through regression. Good
correlation coefficients (r2 > 0.9) were obtained in our systems.
In some cases (ex. GR system), only initial rate was determined
by plotting first data points that fit well the pseudo-first-order
kinetic model. The rate constant values were: 5.1 × 10−3 min−1
agnetite-doped bentonite 40.7 13.5 90 –
ron(III)-rich bentonite 15 – 46 –

SA: specific surface area, PZC: point of zero charge.

chemical properties of the synthesized minerals are reported in
able 1.

.4. General experimental procedure

0.11 mM TNT was allowed to dissolve in deionised water
vernight in an ultrasonic bath. Reactions were conducted in well-
tirred batch reactors at 20 ◦C in the absence of light. Each reactor
as first prepared by adding H2O2 (3%, w/v) to the contami-
ated water and reactions were initiated by adding appropriate
mounts of iron catalyst. Oxidation experiments conducted in
he presence of CMCD were prepared by first equilibrating TNT
olutions with CMCD (5 mM) and the mineral catalyst (5%, w/w)
uring 24 h. Reactions were initiated by the addition of H2O2. As
or TNT concentration, the H2O2 concentration was also moni-
ored along the oxidation experiment. In all experiments, solution
H was adjusted to 7 using 1 M HClO4 and/or 1 M NaOH solu-
ions and maintained constant by an acid–base titration system
uring the reaction time. No attempt was achieved to optimize
he iron mineral/H2O2 ratio and to improve reaction efficiency.
orption experiments of TNT on iron minerals were conducted in
he same conditions but without adding H2O2. For determining
he enhancement factor (Ef) in the bentonite system, two flasks
ontaining each 5% (w/w) of bentonite and 25 mM of TNT: the
rst in water and the second in a 5 mM CMCD solution were
llowed to equilibrate at 20 ◦C under vigorous agitation. After 24 h
quilibration time supernatant was filtered and injected in the
PLC apparatus to determine the concentration of TNT in both

ystems. 10 mL aliquots were withdrawn at selected time inter-
als for analysis. The reaction was quenched by adding 100 �L
oncentrated H2SO4 [23,24]. Each experiment was achieved in
riplicate. All results were expressed as a mean value of 3 exper-
ments.

.5. Chemical analysis

Nitrate ions concentration was determined by a DIONEX-600
on chromatography system with chemical suppression and con-
uctivity detection, eluent consisted of a weak base solution
1.7 mM NaHCO3 + 1.8 mM Na2CO3) and a flow rate of 2.5 ml min−1.
otal organic carbon was measured with a Shimadzu TOC-5050

otal Organic Carbon analyzer, total iron by an ICP/AES sys-
em. TNT concentration was measured by liquid chromatography
LC)/UV detection at � = 254 nm under an isocratic elution mode
nd using a C-18 column. The system was operated in an iso-
ratic mode (methanol/water; 60/40, v/v) at a flow rate of

F
m
(

Journal 144 (2008) 453–458 455

mL/min. The retention time of TNT in these conditions was
.4 min (±30 s). H2O2 concentration was determined by an iodo-
etric titration with 0.1N Na2S2O3 solution [25]. Total iron was
easured by inductively coupled plasma/atomic emission spec-

rophotometry (detection limit 0.02 �M, JY 2000 Ultrace, Jobin
von). For TNT concentration analysis in bentonite systems, sam-
les were centrifuged at 5000 rpm during 20 min. Solid fraction
as dried at 40 ◦C and extracted by means of a pressurized
uid extraction (ASE 300, Dionex) device with the operating con-
itions described by Matta et al. [8], while aqueous fractions
ere analyzed after filtration through 0.45 �m filters. TNT con-

entration in bentonite was expressed as the sum of TNT in
olid and aqueous phases due to the sortion of TNT on ben-
onite.

. Results and discussion

.1. Iron mineral-catalyzed oxidation

The results for mineral-catalyzed oxidation of TNT at pH 7 ([iron
ineral] = 2 g/L and [H2O2] = 3%) are shown in Fig. 2. Maximum con-

aminant removal was reached in the green rust system (60%), while
ery low TNT concentration abatement was observed in the fer-
ihydrite, lepidocrocite and hematite systems. The degradation of
rganic compounds by HO• is typically described as a second-order
eaction:

dC

dt
= −kC[HO•] (1)

here C and [HO•] are concentrations of TNT in water and hydroxyl
adical, respectively, k is the second-order rate constant, and t is the
eaction time. By assuming that HO• instantaneous concentration is
onstant, the kinetics of TNT degradation in water can be described
ccording to the pseudo-first-order equation as given below:

dC

dt
= −kappt (2)

t = C0 exp(−kappt) (3)

here C0 is the initial concentration of TNT and kapp is the pseudo-
rst-order apparent rate constant (min−1). The kapp constants
ere obtained from the slopes of the straight lines by plotting
ig. 2. Fenton-like oxidation of TNT (0.11 mM) in the presence of six different iron
inerals (2 g/L) at pH 7: (�) hematite, (�) ferrihydrite, (*) lepidocrocite, (�) goethite,

©) magnetite, (�) pyrite, (♦) green rust. H2O2 (3%, w/v).
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tion and the use of CMCD as iron-chelating agent can improve
the pollutant removal. However, magnetite can be found in nat-
ural soil attached to silica mineral or alumino-silicates, which may
affect its removal capacity. The evaluation of removal ability of mag-
netite/mineral complexes will be the aim of the following section.
56 R. Matta et al. / Chemical Engin

green rust) > 3.1 × 10−4 min−1 (pyrite) > 2.03 × 10−4 min−1 (mag-
etite) > 1 × 10−4 min−1(goethite). When normalized to the
xide surface area, the rate constant values (ksurf) become:
.75 × 10−4 L m−2 min−1 (pyrite) > 2.55 × 10−4 L m−2 min−1 (green
ust) > 1 × 10−4 L m−2 min−1 (magnetite) > 1 × 10−6 L m−2 min−1

goethite). Pyrite contained the highest Fe(II) fraction (46.6%), fol-
owed by green rust (38.9%), and magnetite (24.2%), while goethite,
ematite and ferrihydrite were only Fe(III) bearing minerals. Con-
equently, degradation efficiency was positively correlated with
he Fe(II) content in the mineral structure and the iron oxidation
tate appeared to be the key parameter in Fenton-like oxidation of
NT. Oxidation efficiency was assessed by the following equation:

(mol/mol) = �[TNT]
�[H2O2]

(4)

here E (mol/mol) is the stoichiometry efficiency while �[TNT]
nd �[H2O2] represent the variation in molar concentration of
NT and H2O2 in our experimental conditions ([iron mineral] = 2 g/L
H2O2] = 3% and t = 1400 min). A high E value means a high reac-
ion yield between TNT and hydroxyl radicals. E (mol/mol) was the
ighest in the magnetite system (0.079) and the lowest in the ferri-
ydrite system (0.89 × 10−2). This difference in oxidation efficiency
ight be due to the differences in mineral structural properties

crystallography, mineral impurities). For instance, ferrihydrite has
ore vacant Fe sites and OH groups able to scavenge hydroxyl rad-

cals than crystallized iron oxides [26]. Although previous findings
tated the elimination of chlorinated pollutants (e.g. chlorophe-
ols) by Fenton-like reaction using goethite or hematite as catalysts
t circumneutral pH [27], goethite and hematite were found to be
nefficient in degrading TNT in our experiments. This discrepancy

ight result from electrostatic effects that increase the sorption
nd the oxidation rates of charged dissolved organic compounds
uch as chlorophenols, while neutral compounds such as TNT are
ot affected [28]. This hypothesis was supported by the fact that
orption of TNT on the surface of iron minerals was found to be
nsignificant (<5%). As far as green rust is concerned, Fig. 3 shows
hat TNT removal rate was fast at the beginning and reached a
lateau after 3 h of reaction, probably because of the fast oxidation
f GR by H2O2 into ferric green rust [29]. Partial mineralization was
nly recorded in pyrite and green rust systems, with a decrease of
1% and 35% of the TOC value, respectively. LC/mass spectrometry
MS) analysis carried out according the methodology implemented
y Matta et al. [8] revealed that aromatic intermediates fully disap-
eared after 24 h treatment time. Note also that none by-product
riginating from a reductive pathway (hydroxylamine and amine
erivates) was detected during the treatment time. Fenton-like
eactions occurring at the iron mineral surface can be explained
y the following reactions:

e(III) + H2O2 → Fe(II) + H+ + HOO• (5)

e(II) + H2O2 → Fe(III) + HO− + HO• (6)

e(II) + HO• → Fe(III) + HO− (7)

e(II) + HOO• → Fe(III) + HOO− (8)

e(III) + HOO• → Fe(II) + H+ + O2 (9)

Kwan and Voelker [6] reported that reaction (5) was the rate
imiting step. If only Fe(III) is originally present, Fe(II) is slowly
enerated by reaction (5) or (9) initiating oxidation reactions. But
n the case of iron(II)-bearing minerals, presence of iron(II) can

nhance the production rate of OH• [30]. The chain reaction could
e initiated by reactions (2) and (3) and then propagated by dis-
olved species [6]. In all the studied mineral-catalyzed systems,
he dissolved iron concentration was found to be below the limit
f detection of the analytical method. At pH > 4, iron precipitates

F
n
C
(
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nd the propagation of the solution chain reaction is expected to
e insignificant. To overcome this problem, two complexing agents
EDTA and CMCD) have been used to maintain dissolved iron in
olution. Fig. 3A shows TNT decays in solutions containing either
agnetite only (5%) or magnetite (5%) with either EDTA (10 mM)

r CMCD (5 mM). At pH 7, 10 mM EDTA and 5 mM CMCD sup-
lied similar numbers of carboxylic functional groups per mole
f complexing agent. Magnetite was chosen due to its relatively
igh abundance in nature comparing with the other Fe(II) bearing
inerals. Without complexing agent, TNT removal yield or percent-

ge was 25% (ksurf = 1 × 10−6 L m−2 min−1) while values of 50% and
2% were obtained in the presence of EDTA (10 mM) and CMCD
5 mM), respectively. Kinetic constant values were not calculated
n the latter cases because data did not fit with any kinetic model.
he degree of mineralization was assessed by measurements of
itrate ion concentrations in solution [31]. In the magnetite sys-
em, nitrate ion concentration reached 13% of the initial nitrogen
oncentrations, while in the CMCD or EDTA/magnetite catalyzed
ystems, 40% and 21% were obtained at the end of the treat-
ent time (see Fig. 3B). As a conclusion, the mineralization as
ell as the degradation rate of TNT was improved at the same

ime in the presence of iron-chelating agents. However, CMCD
llowed higher TNT degradation and mineralization rates than
DTA.

Finally, magnetite seems to be relevant for Fenton like oxida-
ig. 3. (A) Fenton-like oxidation of TNT (0.11 mM) at pH 7 in the presence of mag-
etite (5%, w/w): (�) without chelating agent, (�) with EDTA (10 mM), (�) with
MCD (5 mM). H2O2 (3%, w/v). (B) Evolution of nitrate ion concentration in solution:
�) without chelating agent, (�) with EDTA (10 mM), (�) with CMCD (5 mM).
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ig. 4. Fenton-like oxidation of TNT (0.11 mM) in the presence of iron-coated
uartz, at pH 7: (�) quartz/amorphous iron (III) oxide, (�) quartz/maghemite, (�)
uartz/magnetite, (×) quartz/goethite, (�) quartz/magnetite + CMCD (5 mM). Each
ineral at 5% (w/w) and H2O2 at 3% (w/v).

.2. TNT oxidation in iron-coated quartz and iron-doped clay
ystems

Fenton-like oxidation of TNT in the presence of naturally occur-
ing iron/silica and clay were studied at pH 7. Figs. 4 and 5
epict TNT decay trends over time in iron-coated quartz and

ron-coated bentonite systems, respectively. In our experimental
onditions, only magnetite-coated quartz and magnetite-coated
entonite were able to catalyze TNT degradation with ksurf equal to
.12 × 10−6 L m−2 min−1 and 1.18 × 10−6 L m−2 min−1, respectively.
he Fenton catalytic efficiency of magnetite was therefore pre-
erved in mixed mineral oxide (silica sand or clay). By adding
MCD to magnetite-coated quartz and to magnetite-doped ben-
onite systems an increase in TNT removal yield from 22% to 36%
nd from 23% to 40%, respectively was also observed. Similar TNT
batements were therefore obtained in spite of different kinds of
nteraction between TNT and the two solids. The iron/silica mate-
ials did not sorb significantly TNT (<5%), while the sorption of TNT
n the surface of magnetite-coated bentonite was relatively sig-
ificant (Kd = 70 L/kg). The enhancement factor (Ef) was calculated

s the ratio between TNT concentration in a 5 mM CMCD solu-
ion/bentonite mixture and TNT concentration in water/bentonite

ixture (bentonite at 5%, w:w) (See the General experimental pro-
edure). The Ef value was found to be negligible (about 1.031),
robably because of the lack of strong complexation between TNT

ig. 5. Fenton-like oxidation of TNT (0.11 mM) in the presence of iron-coated clay, at
H 7: (�) bentonite, (�) iron (III)-rich bentonite, (�) magnetite-coated bentonite, (�)
agnetite-coated bentonite + CMCD (5 mM). Each mineral at 5% (w/w) and H2O2 at

% (w/v).
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ig. 6. Concentrations of total dissolved iron after 24 h reaction time in magnetite,
agnetite-coated quartz and magnetite-doped bentonite systems at pH 7. Each
ineral at 5% (w/w) and H2O2 at 3% (w/v).

nd CMCD [32]. About 35% of the TNT initial concentration was
orbed to magnetite-doped bentonite system and elimination was
ainly achieved in the aqueous phase (about 95% of the total TNT

limination), while concentration in the sorbed phase was almost
ept constant. Hydroxyl radicals were assumed to be the main
pecie responsible for TNT oxidation in solution because, in the
resence of 2-propanol, a well-known hydroxyl radical scavenger, a
ramatical decrease in TNT removal yield was recorded in all cases.

n the iron (III)-rich bentonite system, only 7% and 11% TNT removal
as achieved without and with CMCD (5 mM), respectively. These

ow TNT oxidation yields were related to the low iron dissolution
n the two systems (<0.003 mM).

.3. Iron dissolution rate in the presence of chelating agents

Total iron concentrations were measured after 24 h reaction
ime, in magnetite, magnetite/CMCD (with or without H2O2), and in
he magnetite/EDTA (with or without H2O2) solutions. Results are
eported in Fig. 6 and show that the enhancement in TNT oxida-
ion might be due to a higher iron dissolution rates in the presence
f CMCD. Before adding H2O2 the iron dissolution rate with EDTA
as three times higher than that obtained in the presence of CMCD

result not shown), while after adding H2O2 the trend was reversed.
t has been previously demonstrated that cyclodextrins degraded
nto short chain linear carboxylic acids, mainly oxalic acid under
enton chemistry [12]. These compounds probably contributed to
he increase in iron dissolution. Consequently homogeneous Fen-
on’s reaction was assumed to be responsible for improvement
f TNT degradation. The degree of TNT mineralization was twice
igher in the presence of CMCD than in the presence of EDTA.
n additional mechanism than iron dissolution could take place,

mproving TNT oxidation yields in the presence of cyclodextrin. One
ypothesis should be the formation of ternary complexes between
he pollutant, iron and cyclodextrin allowing the generation of
ydroxyls radicals in close proximity to pollutant. In other words,
he ternary complex is capable of directing HO. towards reaction
ith the pollutant substantially minimizing the negative effect

f radical scavenger. The formation of such complexes has been
lready demonstrated in homogeneous catalysis and has turned out
o be related to the enhancement of the degradation of hydrophobic
rganic pollutants under Fenton’s chemistry [12,33].
. Conclusion

Fe(II) content in iron-bearing minerals was found to be the key
arameter in the Fenton-like oxidation of TNT at neutral pH. The
enton catalytic efficiency of magnetite (mixed FeII/FeIII phase)
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as not modified by mixing it with silica sand or clay. The cat-
lytic efficiency of magnetite, which was representative of naturally
ccurring iron minerals, was improved by the addition of CMCD.
he degree of TNT mineralization was three times higher with
han without CMCD. This enhancement could in part be due to
he increase in iron concentrations in the bulk solution. Con-
equently, CMCD might be used as an alternative to toxic iron
helating agents such as EDTA and NTA in in situ chemical oxida-
ion (ISCO) processes for contaminated soil remediation. Further
tudies will be conducted to optimize the oxidation conditions and
o deeply understand the interaction mechanisms of CMCD in iron

ineral/oxidant systems.
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