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ABSTRACT

Clay-driven transformation of polycyclic aromatic hydrocarbons (PAHs) is critically influenced by their
molecular structure and clay surface properties. In the present study, several PAHs were selected as model
molecules to investigate their potential transformation on Fe(Ill)-saturated clay minerals under various
mineralogical and environmental conditions. Results suggest that the reactivity of PAHs is highly corre-
lated with their ionization potential (IP) values. PAHs with IP lower than a threshold between 7.5 and 7.6
prefer undergoing a one-electron transfer reaction. Otherwise, Fe(Ill)-smectite is unable to degrade PAHs
with IP above it. The electron-transfer process leads to the reduction of Fe(Ill) to Fe(Il) and formation of
organic radical cations, which are more stable in clay interlayers than at other clay sites. Subsequent reac-
tions of radical cations with oxygenic species (such as H,0) result in formation of oxygenated products.
The surface chemical properties, i.e., the hydration of cations, fraction of Fe(IIl), layer charge location, and
type of ligands, strongly affect the interaction between PAHs and Fe(lII), thus modulate the reactivity of
surface Fe(Ill)-species on the clay minerals. This study provides the first direct evidence for clay-catalyzed
transformation of PAHs supporting the plausibility of their in situ degradation in soils, and demonstrates
that abiotic reactions with surface-bound Fe(III) may affect or even dominate the long-term behavior of

PAHs in soils, particularly in the presence of swelling clay minerals.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Natural phases such as soil and sediment are contaminated
with polycyclic aromatic hydrocarbons (PAHs) at levels that are
in some instances potentially damaging to human and ecosys-
tem health [1-3]. Ecological impacts and detoxification of those
organic contaminants are correlated with their spontaneous biotic
and/or abiotic transformation processes under natural conditions
[4,5]. Although natural biodegradation has been considered as cru-
cial for PAHs fate in soil, abiotic transformation of PAHs has got
attentions recently. Abiotic degradation of organic contaminants
is strongly affected by their interactions with chemically active
soil components, such as dissolved organic matter, metal oxides,
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and clay minerals [6]. In subsurface soil horizons and aquifer sed-
iments with small amounts of organic matter, clay minerals are of
interest due to their significant impact on natural biodegradation,
chemical transformation and photochemical processes of involved
hazardous substances (including PAHs) [7-10].

Smectite is a representative clay mineral, which generally con-
sists of a center octahedral Al-O sheet sandwiched between two
tetrahedral Si-O sheets. The planar aluminosilicate layers typi-
cally exist in stacked assemblages, which are often referred to
as tactoids. Due to isomorphic substitution in the tetrahedral Si
and/or octahedral Al layers, negative charges, embedded in the
individual layers in a fixed and isolated distribution, are com-
monly neutralized by exchangeable hydrated cations that reside
at or near the negative-charged sites [11]. This unique property
enables it to provide desired active sites for organic pollutants
bonding on mineral surfaces, where various chemical processes
may occur, including the adsorption and transformation of organic
compounds [12-14]. PAHs are rich in delocalized  electrons and
thus may interact strongly with electron-deficient or positively
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Table 1
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Characteristics of clay minerals used in this study and their relevant reaction rates on anthracene transformation.

Clay mineralogy Cation exchange Surface area Octahedral Exchangeable Rate constants Normalized Kops
capacity (cmolkg™) (m?g™) charge (%) iron (%) Kops (d71) (h""mmol-'g)
MMT (Swy-1) 87 82.1 76.5 3.16 0.2894 0.513
MMT (SAz-1) 128 974 88 4.95 0.2507 0.284
Saponite (SapCa-2) 974 75 ~0 341 0.2424 0.398
Hectorite (SHCa-1) 67 53.9 ~100 3.18 0.3410 0.600
Kaolinite 9.5 8.7 - 0.44 0.0020 0.026
Pyrophyllite 135 16.2 - 0.99 0.0068 0.038
Illite 21 89.5 - 1.84 0.0122 0.037

charged species via electron-donor-acceptor interactions [15]. The
formation of cation-1r interactions between  donor and exchange-
able cations has been considered as a crucial factor affecting PAHs
retention and transformation on mineral surfaces [12,16-18].

Saturation of various cations on clay surface is expected to
modify the structure and physical-chemical properties of the clay
surface, and thus influences the interaction between metal ions
and organic pollutants [ 19]. As reported previously, the presence of
transition metal ions (such as Cu(Il), Fe(Ill), and Ag(I)) on clay sur-
face facilitates the sorption of PAHs due to their strong cation-
interactions [20]. Metal ions such as Fe(Ill) and Cu(Il) ions can
also induce electron-transfer between exchangeable cations and
adsorbed aromatic molecules on clay surfaces, which might be
followed by further transformation processes including oxidation,
dechlorination and polymerization [20-28]. Among commonly
found metal ions, Fe(Ill) associated with clay minerals has been
proposed to act as renewable source of redox equivalents in soils
and sediments [29]. However, limited work has been done to
investigate whether the adsorbed PAHs could also be transformed
on Fe(Ill)-exchanged clay surfaces. In addition, redox reactions of
Fe(II)/(IIT) in clay minerals depend on a variety of mineralogical
and environmental factors that make an assessment of Fe redox
reactivity very challenging [30]. Those factors include the surface
properties of clays, active site location, and chemical natures of
molecules [14,31]. Other species such as water and organic ligands
could also compete for active sites with organic molecules, and
thus influence the catalytic activity of clay surfaces [8]. From this
prospect, we hypothesize that the molecular chemistry relevant
factors may play an important role on clay-driven transformation
of PAHs.

In this work, we demonstrate for the first time the trans-
formation of several PAHs (such as naphthalene, phenanthrene,
anthracene, chrysene, pyrene, and benzo[a]pyrene) on clay min-
erals with various surface physicochemical properties under
environmentally relevant conditions. The principal objectives of
the work are to (1) reveal the influence of organic molecular
structure and clay surface properties on clay-facilitated trans-
formation; (2) probe the role of interactions between PAHs and
Fe(Ill)-smectite composite in their transformation; (3) understand
the transformation process and determine products distribution of
PAHs; and (4) further gain insight into the mechanisms of PAHs
transformation on Fe(Ill)-clay surface. The obtained results could
be of significance in assessing the fate of various PAHs and the
reactivity of surface-bound Fe(Ill) present on different clay mineral
surfaces.

2. Experimental
2.1. Chemicals and materials

Reference smectites (montmorillonite (SWy-1 and SAz-1),
Saponite, and Hectorite), illite, and pyrophyllite were obtained
from the Source Clays Repository of the Clay Minerals Society.
These clays were chosen to provide a range of cation exchange

capacity (CEC), surface charge densities, differences in origin of
charge deficit, and structure of octahedral sheet (dioctahedral vs
trioctahedral) (Table 1).

Anhydrous ferric chloride (FeCls), sodium hydroxide (NaOH),
hydrochloride acid (HCI, 36-38%), hydrofluoric acid (HF, 48%), per-
chloric acid (HClOg4, 70%), nitric acid (HNOs3, 68-70%) were obtained
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
Naphthalene (Nap, 98%), phenanthrene (Phe, 98%), anthracene
(Ant, 98%), pyrene (Pyr, 99%) and methanol (HPLC-grade solvent)
were purchased from Sigma-Aldrich (Shanghai, China).

2.2. Preparation of PAHs contaminated Fe(Ill)-clay

The preparation of Fe(lIll)-saturated clay minerals was carried
out by following the method of Arroyo et al. [32]. Briefly, the clay
suspension was first titrated to pH 6.8 with 0.5 M sodium acetate
buffer (pH 5) to remove carbonate impurities. Clay-sized particles
(<2 wm) were obtained by centrifugation of the clay suspension for
6 min at 600 rpm, and then treated with 0.1 M FeCl3 solutions for
four times. The Fe(Ill)-saturated clays were washed using Milli-Q
water until free of chloride as indicated by a negative test with
AgNOs3. Smectite clays saturated by other types of cations (e.g.,
Na*, AI3*) were achieved by following the same procedures as
described above except the substitution of 0.1 M Fe3* by Na*, and
Al3*, To prepare Fe(lll)-smectite with different Fe(lll) speciation
forms, pH of involved suspension was adjusted to a desired value
using 1.0 M HCl or NaOH, and then freeze-dried. The clay samples
before and after Fe(Ill) saturation were digested by the mixture
of hydrofluoric acid, nitric acid and perchloric acid at 250°C for
90 min, and Fe contents were determined using a Perkin-Elmer
AAnalysis 400 Atomic Absorption Spectrophotometer (AAS, Nor-
walk, CT). The reaction mixtures of 0.1 mg/g PAHs contaminated
clays were prepared by mixing 1g of cation-modified clays with
5 mL of various PAHs in methanol solution, in which naphthalene,
anthracene, phenanthrene, chrysene, pyrene, and benzo[a]pyrene
were, respectively, employed in each sample. Methanol was used as
solvent of PAHs to allow its evaporation under ambient conditions.

2.3. Transformation of PAHs on clay surface

The reaction was conducted at room temperature (23 °C). One
gram of obtained PAHs-contaminated clay was laid onto a Petri
dish, and then placed inside the desiccators without light irradia-
tion to prevent any light-induced chemical reactions. The relative
humidity was controlled by the saturated salt solutions in reaction
cells. To conduct the anaerobic reactions, this reaction system was
transferred into an anaerobic chamber. At pre-selected intervals
(suchas 1d,2d, 3d, 4d, and 5d), the samples were sacrificed and
transferred into 50 mL Teflon centrifuge tubes. The residual PAHs
and their products were extracted and analyzed immediately.

Approximately 10 mL of extraction solution (mixture of 5mL
acetone and 5mL dichloromethane) was added to each cen-
trifuge tube containing specified clay samples. The suspensions
were extracted in an ultrasonic bath for half an hour, and then
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Fig. 1. (a) The evolution of various PAHs as a function of reaction time on Fe(IIl)-smectite, (b) relationship between the pseudo-first-order rate constant for PAHs degradation

and their ionization potential (IP) value.

centrifuged at 10,000 rpm for 10 min to separate the supernatants
from the solids. The supernatants were collected and the solid
residues were replenished with another 10mL of extraction
solution. Such procedure was repeated twice to assure all the
PAHs and their products were extracted. The supernatants were
collected together, and filtered using a syringe filter equipped with
a 0.22 pwm membrane filter. The filtrates were stored in amber
HPLC vials, and placed in a refrigerator prior to analysis.

2.4. Detection of PAHs and transformation products

PAHs were quantified using a Thermo Fisher Ultra 3000 HPLC
equipped with a 25cm x 4.6 mm Cosmosil C18 column. A 85:15
(v/v) mixture of methanol:water was employed as mobile effluent.
The flow rate was 1.0 mL min~1, and the ultraviolet detector was set
at 254 nm. The PAHs and its intermediate products were identified
using a Agilent 7890A-5975C gas chromatograph incorporated with
a mass spectrometer operated on a full scan mode (30-500 amu),
where a HP-5MS capillary column (length=30 m; internal diam-
eter=250 wm; film thickness=0.25 um) was employed. Helium
was used as carrier gas at a flow rate of 1.2 mL/min with split-
less injection at 230°C. To detect the products of anthracene,
the oven temperature was programmed from 80°C to 200°C
(20°Cmin~!, 2 min hold), and then to 260°C (20°Cmin~!, 2 min
hold). For pyrene and benzo[a]pyrene, the oven temperature was
programmed from 80 °C to 200 °C (20°C min~!, 2 min hold), then to
260°C (20°Cmin~1, 2 min hold), and then to 310°C (20°Cmin~!,
2 min hold).

Content of Fe(Il) in the reacted system was extracted with water
and measured using ferrozine. Briefly, reacted iron-clay suspension
was mixed using Vortex for 30 s. Then 0.5 mL of suspension was col-
lected and added to 1 mL of ferrozine solution (100 mM), and the
volume of the mixture was adjusted to 15 mL. The suspension was
agitated for 2 h and filtered through a 0.45 pm filter. Concentration
of ferrozine-complexed Fe(Il) was measured by UV-vis spectropho-
tometer at 562 nm.

3. Results and discussion
3.1. Reaction kinetics of various PAHs on Fe(lll)-montmorillonite

Transformation of various PAHs (including naphthalene,
phenanthrene, anthracene, chrysene, pyrene, and benzo[a]|pyrene)
on Fe(Ill)-montmorillonite clay was, respectively, investi-
gated under relatively dehydrated condition (RH is ~8%).
The reaction occurs spontaneously, and the brownish color
of Fe(lll)-montmorillonite samples associated with pyrene

and benzo[a]pyrene changes to gray within couple days. For
Fe(Ill)-montmorillonite clay mixed with other PAHs (such as
naphthalene, phenanthrene, anthracene, and chrysene), no notice-
able change was observed. Correspondingly, the color of extracts
obtained from anthracene, benzo[a]pyrene, and pyrene contami-
nated clays gradually changes to brownish with the reaction time,
while no color changes for samples associated with chrysene,
phenanthrene, and naphthalene. Those color changes indicate
transformation of the organic compounds via electron transfer in
the reaction systems [8,33]. The evolution of PAHs as a function
of reaction time is presented in Fig. 1(a). It is noted that almost
30%, 50%, and 70% of anthracene, pyrene and benzo[a]pyrene was
transformed in 1 day by Fe(Ill)-montmorillonite, while insignifi-
cant changes in naphthalene, phenanthrene, and chrysene were
observed during the experimental period. The reactions gener-
ally follow a pseudo-first-order model. Overall, clay-mediated
transformation rate follows the order: benzo[a]pyrene > pyrene >
anthracene > chrysene ~ phenanthrene ~ naphthalene.

The varied transformation rates for individual PAHs can be
ascribed to their physicochemical characteristics such as elec-
tronic properties, which can give direct information about their
reactivity and stability during transformation processes associ-
ated with electron transfer [34,35]. The energy of the highest
occupied molecular orbit (HOMO) is considered as one of the
basic electronic descriptors, which is roughly related to the
ionization potential (or ionization energy) (IP) of a molecule.
The correlations between PAHs transformation rates and their
IP values (those values are obtained from the National Insti-
tute of Standards and Technology (NIST) Chemistry Web Book
http://webbook.nist.gov/chemistry/ion-ser.html) are shown in
Fig. 1(b). It is noted that a threshold of IP for PAHs transformation
exists between 7.5 and 7.6. PAHs with IP lower than this value pre-
fer undergoing electron-transfer reaction, while Fe(Ill)-smectite
is unable to degrade compounds with IP above this threshold
value. Similar results were observed in other reaction systems. As
reported previously, lignin peroxidase and other metabolism pro-
cesses in cells merely transform PAHs with IP values of <7.55eV
[36,37]. Manganic acetate, on the other hand, was found to be inca-
pable of oxidizing PAHs with IPs equal to or greater than that of
chrysene (approximately 7.6 eV) [38]. Those observations are con-
sistent with a mechanism of one-electron oxidation, which is the
ability of the tested substrates to form products correlated well
with their individual IPs. Based on previous reports (Huckel and
Slifkin’s theory), the relationship between IP and excited state of
PAHs can be expressed with the equation:

I =«a+bE
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Fig. 2. GC-MS chromatograms of 1:1 acetone/dichlormethane extract of the (a) Fe(Ill)-montmorillonite/anthracene reaction mixture after 2h of reaction time, (b)
Fe(Ill)-montmorillonite/pyrene reaction mixture after 0.5 h of reaction time, and (c) Fe(Ill)-montmorillonite/benzo[a]pyrene reaction mixture after 1 h of reaction time.

where I denotes the IP of PAHs molecules, E is the energy of excited
state, and « corresponds to threshold IP value of PAHs that can
be excited by electron-acceptor species. This value might be vari-
able with the oxidation capability of an oxidizing agent. Generally,
PAHs with lower IP are characterized by higher charge transfer, thus
being easier to undergo a definite one-electron transfer reaction
and oxidized by the interlayer transition-metal ions [27]. Com-
pared to phenanthrene and naphthalene, pyrene (or anthracene)
has lower IP value and higher electron-donating capacity, and is
thereby easier to act as an electron-donor to interact with Fe(III).
This makes pyrene and anthracene have a strong tendency to form
radical cations, thus induce the further transformation and oxi-
dization products [39]. In other systems, the transformation rate
of organic molecules with conjugated m-system was found to be
linearly correlated with their IP [40]. For example, the values for
the percent recoveries of most of the PAHs compounds with IP
value between 7.2 and 8.1eV correlated very well with their IPs
in manganese peroxidase-mediated lipid peroxidation reactions
[41]. However, no significant correlation was found between oxi-
dation rate and IP value of transformable PAHs (such as pyrene,
anthracene, and benzo[a]pyrene)in the present study. For example,
pyrene was more degradable than anthracene on Fe(Ill)-smectite
although both compounds have a similar IP (7.44 vs. 7.43 eV). This
indicates that PAHs transformation in Fe(Ill)-smectite catalyzed

processes is more complicated and the transformation rate of PAHs
not merely depends on their IP value.

3.2. Reaction products of PAHs on Fe(Ill)-montmorillonite

Major transformation products of anthracene, pyrene, and
benzo[a]pyrene were obtained by extraction of the reaction sam-
ples with 1:1 acetone/methylene dichloride and were identified
by GC-MS analysis. Fig. 2 displays the GC-MS chromatograms of
those compounds and the corresponding transformation prod-
ucts related to GC peaks. The main transformation products
of anthracene could be identified as anthraquinone, formed by
ketonizing the intermediate benzene ring of anthracene. It is noted
that anthranone can be considered as a major detectable interme-
diate for the transformation from anthracene to anthraquinone.
For cation-anthracene complexes, the metal ion bounds symmet-
rically to the parent system, giving lower interaction energy than
the ones that bounds asymmetrically. This complexation increases
the electron density of carbon atoms located at the central ring
of anthracene, and consequently the electron density of carbon
atoms on the central C6-ring is higher than that of outer rings
[42-44]. Therefore, the carbon located on the central ring tends
to be oxidized compared to others, and 9,10-anthraquinone is
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Fig. 3. The evolution of Fe?* as a function of reaction time in the reaction system of
anthracene transformation on Fe(Ill)-smectite.

readily formed during the transformation of anthracene by the
Fe(Ill)-modified clay. Similar with anthracene, the final transfor-
mation product of benzo[a]pyrene is benzo[a]pyrene-6,9-quinone,
accompanying with benzo[a]pyrene-6-one and benzo[a]pyrene-9-
one as intermediates. As described previously, anthraquinone and
benzo[a]pyrene-quinone were also identified as the principal prod-
ucts during micro-biological degradation oxidation of anthracene
and benzo[a]pyrene [34,45]. On the other hand, 1-hydroxypyrene
is detected as the main product of pyrene. Therefore, the products
formation was found to be structure dependent. Radical cations
localized at L-regions, such as those formed from anthracene and
benz[a]anthracene, react preferentially with H,O or/and O, to
produce quinines as primary products, whereas radical cations gen-
erated from hydrocarbons without an L-region, such as pyrene
typically react with H,O to form hydrolyzed derivatives as primary
products.

3.3. Reactivity sites for PAHs transformation

Transformation of PAHs not only depends on their organic
molecular structure but also the oxidization power of the
interlayer metal ions. Only metal ions with suitable oxidiza-
tion power such Fe(Ill), Cu(Il), and Ru(Ill) ions can induce the
electron-transfer and make the subsequent reactions possible.
In this study, electron-accepting sites in clay minerals are con-
sidered to be derived from the interlayer transition-metal ions
(i.e.,, exchangeable Fe(Ill)). This is supported by the increas-
ing Fe(II) concentration on Fe(Ill)-montmorillonite with reaction
time (Fig. 3). In addition to the Lewis acid character of the
Fe(Ill)-montmorillonite, the hydrated cation-exchanged montmo-
rillonites (such as Al(Ill)-smectite and Fe(Ill)-smectite) act as
strong Bronsted acids, where the reactive protons are derived from
the dissociation of hydrated water molecules because of polar-
ization by exchangeable cations. This type of active site is also
effective on the transformation of certain organic molecules such as
organophosphorus pesticides [27]. However, the presence of Al(III)
on clay surface exhibits insignificant effect on PAHs transformation
(Fig. 4). This confirms that the transformation of PAHs is mainly
due to the Lewis-acid sites (electron-accepting sites) derived from
the transition-metal ions (such as Fe(Ill)) on clay minerals in this
reaction system.

3.4. Reactivity sites of different clay
Fe(Ill) located on different mineral sites exhibits various reac-

tivities with contaminants. Three different types of exchangeable
Fe(IIl) species can be found on clay minerals simultaneously, i.e.,
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Fig. 4. The evolution of anthracene as a function of reaction time at smectite mod-
ified by various cations.

Fe(Il) complexed by hydroxyl groups at edge surfaces, Fe(Ill) within
the clay interlayers, and Fe(Ill) bound by ion exchange at exter-
nal basal siloxane surfaces. To compare the relative reactivities
of those Fe(Ill) species, transformation of anthracene on three
types of Fe(lll)-saturated 2:1 structural clays such as pyrophyl-
lite, illite, and montmorillonite were investigated. As displayed
in Table 1, the exchangeable iron contents were ca. 3.16%, 1.84%,
and 0.99% for Fe(lll)-saturated montmorillonite, illite, and pyro-
phyllite, respectively. This order is consistent with the order of
cation exchange capacity (CEC) values of the clays. Montmorillonite
possesses the greatest CEC, and is expandable clay with accessi-
ble cation exchange sites present in the interlayers as well as on
the external surfaces of the stacked layer assemblages. Pyrophyl-
lite clay has essentially no isomorphic substitution and the small
amount of negative charges result mostly from the dissociation
of hydroxides at edge sites, hence a small quantity of exchange-
able Fe resides primarily on the edge sites. For illite, though it
possesses high surface negative-charged density on clay layers,
most of structural charges originating from isomorphic substitu-
tion in clay interlayers are compensated by fixed K* which cannot
be replaced by the added Fe(Ill), thus exchangeable Fe(IIl) ions
are mainly located on external surfaces. Therefore, anthracene
transformation on Fe(Ill)-saturated pyrophyllite was conducted to
examine the reactivity of Fe(Ill) bound on edge surfaces, while illite
was used to reflect the reactivity of Fe(Ill) bound by surface com-
plexes to hydroxyl groups and by ion exchange on external surfaces.
Compared with pyrophyllite and illite, Fe(Ill) located on montmo-
rillonite could refer to the reactive sites in clay interlayers.

In dealing with the reactivity of Fe(Ill) bound to the mineral
surfaces, observed rate constants are normalized to the content of
surface-bound Fe(IIl), which reflect different intrinsic reactivities
of various active sites in the clay minerals [46]. As shown in Table 1,
the transformation rates normalized to the content of reactive
Fe(Ill) sites are 0.513, 0.037, and 0.038 mmol-! g in the cases of
Fe(Ill)-montmorillonite, Fe(Ill)-illite, and Fe(Ill)-pyrophyllite,
respectively. The reactivity of Fe(Ill) adsorbed on montmorillonite
is about 10 times higher than that on illite and pyrophyllite clays.
This indicates that Fe(IlI) located in the clay interlayers exhibits the
highest reactivity among the reactive Fe(lIl) sites on clay surfaces,
in agreement with what reported previously [47]. On the other
hand, the comparatively low reactivity of pyrophyllite and illite
suggests that Fe(Ill) ions on external surface and clay edge sites
play only a minor role in anthracene transformation. This can be
attributed to the stabilization effects of the planar montmorillonite
clay interlayers for organic radicals [8,44]. During the PAHs trans-
formation process, the electron-transfer reaction could induce the
formation of organic radical cations, which are more stable in clay
interlayer than in outer spaces [8,44]. Therefore, montmorillonite
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Table 2
Transformation rate constant (kops) of PAHs on Fe(Ill)-smectite surface with various physicochemical parameters.

PAHs Relative humidity (%) Iron (IIT) fraction (%) Organic ligands Atmosphere Kobs
Naphthalene 8 100 None Oxic ~0
Phenanthrene 8 100 None Oxic ~0
Chrysene 8 100 None Oxic ~0
Pyrene 8 100 None Oxic 0.9466
Benzo[a]pyrene 8 100 None Oxic 1.3524
Anthracene 8 100 None Oxic 0.2894
Anthracene 11 100 None Oxic 0.3117
Anthracene 30 100 None Oxic 0.2073
Anthracene 60 100 None Oxic 0.1425
Anthracene 90 100 None Oxic 0.0814
Anthracene 8 90 None Oxic 0.2547
Anthracene 8 50 None Oxic 0.1502
Anthracene 8 10 None Oxic 0.0314
Anthracene 8 100 Oxalate acid Oxic 0.0145
Anthracene 8 100 Citric acid Oxic 0.0295
Anthracene 8 100 EDTA Oxic 0.0083
Anthracene 8 100 None Anoxic 0.2885

with significant amount of interlayer surface areas exhibits the
highest reactivity than other tested clays.

3.5. Reactivity of various smectite

The location and amount of isomorphic substitution in clay
sheets also influences the interactions between PAHs and cations
and hence the transformation of PAHs [20,31]. Smectite clays
with different lattice charge distribution (i.e., saponite, montmo-
rillonite, and hectorite) saturated with Fe(Ill) were chosen, and
anthracene transformation rates on those clays are presented
in Table 1. As shown in Table 1, Fe(Ill)-hectorite is the most
effective in promoting anthracene transformation, followed by
Fe(IlI)-montmorillonite and Fe(Ill)-saponite. The isomorphic sub-
stitution of montmorillonite is mainly derived from octahedral
(Mg?* for AI?*) substitution along with a small quantity of tetra-
hedron (A13* for Si**), and hectorite is a trioctahedral smectite
entirely substituted in the octahedral layer (Li* for Mg2*) where
charge deficit originates in the octahedral layer. For saponite,
the negative charge deficit originates primarily from isomorphic
substitution of Si** by AlI3*, which results in the distribution of
negative charges in tetrahedral layers [48]. Therefore, the isomor-
phic substitution of hectorite and montmorillonite occurs in the
central octahedral layer resulting in the negative charges being
distributed over more oxygen atoms on both sides of the 2:1 clay
layers, but with a smaller portion of negative charge associated
with each oxygen atom. The more distributed structural charge
on montmorillonite surfaces suggests comparatively weak inter-
actions with exchangeable cations as evidenced by the formation
of fully hydrated outer-sphere complexes [49]. Due to tetrahe-
dral layer isomorphic substitution, saponite develops relatively
strong interactions with inorganic exchangeable cations such as
Fe(Ill) involving formation of inner-sphere complexes [49,50]. This
stronger binding of Fe3* to the smectite surface is related to the
weaker affinity of anthracene to montmorillonite in the position
Poct than in the position P reversely. Therefore, smectite clays
with a lower tetrahedral charge (such as hectorite and montmo-
rillonite) are more favorable for the interaction between cation
and anthracene, which is a requisite for electron transfer and
anthracene transformation.

In addition, the variation in the reactivity of different clay sites is
also related with surface densities of reactive Fe(Ill) [12,46]. Among
the investigated smectites, SAz-1 (montmorillonite) has the high-
est CEC (and surface charge density) resulting in a larger number
of cations per unit cell (as shown in Table 1). However, crowding
interlayer cations may increase the electrostatic repulsion among

these cations, thereby contributing to the reduction of pollutants
adsorption by more highly charged clay [12]. On the other hand, the
lower charged clay apparently has larger exposed areas between
the neutral siloxane surfaces, which contribute more exchangeable
cations on favorable PAHs adsorptive domains. Thus, SAz-1 exhibits
lower reactivity for anthracene transfortion than SWy-1 clay. These
results suggest that for anthrecene transformation, the CEC of the
swelling clays is not the limiting factor.

3.6. Influence of surface physicochemical parameters

To investigate the influence of clay surface properties and
environmental factors on transformation rate of PAHs, kinetic
experiments were conducted under various experimental condi-
tions such as relative humidity (RH), Fe species, organic ligands, and
reaction atmosphere. As shown in Table 2, the increase in the mois-
ture content that ranges from 8% to 11% leads to a small amount of
improvement in anthracene transformation. This might be due to
that the ligand water molecules around exchangeable cation partic-
ipate in the transformation reaction. Further increase in RH above
this percentage results in a steep decrease in the transformation
rate. When RH is 90%, the transformation of anthracene on clay
surfaces is almost completely retarded. This result is in agreement
with previous reports, in which the addition of water to a system
associated with arene transformation on silica-alumina resulted in
a rapid decay of reaction rate [51]. The suppress effect by water is
attributed to a competition between arene and water molecule for
the Lewis acid site (such as Fe(Ill) on clay surfaces) [51]. Generally,
cations on clay surface tend to be hydrated, resulting in the forma-
tion of water layer in interfacial region [14]. The coverage of water
molecules leads to an increasing detachment of anthracene from
the inner-sphere coordination sites of cations. Thus, the hydration
status of smectite clay interlayers appears to be an important factor
influencing the interaction between cation and organic contami-
nants, which is controlled by the size of hydrated exchangeable
cations and the distance between the positive- and negative-
charged centers [20]. Meanwhile, the decreasing anthracene-Fe(III)
interaction on clay surface induces the decrease in electron trans-
fer reaction rate and PAHs transformation rate on clay surface
[44]. On the other hand, dehydration of Fe(Ill)-smectite enhances
PAHs chemisorptions, which, in turn, allows the reaction of electron
transfer [24]. Therefore, the presence of free water blocks the active
sites and hinders the catalytic effect of the clay surface; the inter-
layer water must be removed to certain extent for the oxidative
reaction of organic molecules to proceed.
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In natural soil environment, Fe(Ill) on clay surfaces may
form small oligomers such as [Fe(OH);_4]n"1~%* and Fey(organic
ligands),"*, combining with OH~ and/or organic ligands. Those
complexes could exhibit distinct properties for electron-donation
or interaction with organic molecules. However, the organic com-
pound should assume a direct ligand position with the metal cation
for the electron-transfer reaction occurring [24]. It is hypothesized
that the exchangeable Fe(Ill) ions forming inert species such as
polymeric iron hydroxides might reduce the oxidation potential
of the metal ion or hinder the access of the PAHs molecules to the
metal ion positions, inducing the decrease of PAHs transformation
on the clay surface. To test this hypothesis, Fe(Ill)-saturated mont-
morillonite samples were aged under various pH conditions, and
the Fe(Ill) fraction was calculated based on the theoretical Fe(III)
species-pH relationship. The reactivity of Fe(Ill)-montmorillonite
samples with various Fe(lIl) fractions was evaluated by anthracene
transformation. As shown in Table 2, the kqps value is 0.2547 h~1
when Fe(Ill) fraction is 90%, and it rapidly decreases to 0.0314h!
when decreasing the Fe(Ill) fraction value to 10%. Thus, the disap-
pearance of anthracene is correlated with Fe(Ill) species, indicating
that the PAHs transformation is mainly owing to the electron trans-
fer from aromatic ring to electron-acceptor such as Fe(Ill) on clay
surface. On the other hand, the presence of organic ligands (such as
oxalate, citric acid, and EDTA) also suppresses the transformation
of anthracene on clay surface. Organic ligands with higher affin-
ity such as EDTA show greater restraining effect on transformation
rate than other lower affinity molecular ligands. This suggests that
strong complexation between Fe(Ill) and organic ligands may hin-
der the access of the PAHs molecules to the metal ion positions, thus
inhibiting the electron transfer and radical formation. Similarly, the
presence of soil organic matter also decreases the transformation
of organic compounds due to the decreased number of active sites
available at the clay surfaces [52]. These results indicate that the
direct coordination of organic molecules to metal ions ensures the
electron transfer and further transformation for organic contami-
nants [24].

In some oxidation reactions, such as those of aromatic amines
and phenols, oxygen assists in the formation of radicals (cations),
even in the absence of transition metal ions [27]. Moreover, the
formed aromatic radicals could also be oxidized by the adsorbed
oxygen [27]. In the present study, the transformation process of
PAHs involves the carbonylation and hydroxylation of parent com-
pounds, indicating that the oxygenic species participate in the
oxidative reaction. To investigate the potential role of oxygen, the
anthracene transformation reaction was conducted under anoxic
conditions. As shown in Table 2, the absence of oxygen has no
influence on anthracene transformation rate, indicating that oxy-
gen may not participate in the oxidative reaction. Besides oxygen,
other species such as H,O, anions and organic molecular might
also be incorporated into the reaction products [53]. For example,
the presence of water molecules during the equilibration of ben-
zene with the partially hydrated clay film may have contributed
to the formation of bands attributable to oxygen and/or hydrogen
containing surface species [54].

3.7. Mechanism

Based on the results above, the reaction pathways of PAHs abi-
otic transformation oxidation by Fe(Ill)-montmorillonite are likely
to be accomplished by several stages of electron-exchange reac-
tions. First of all, one electron is initially transferred from a
orbital of adsorbed PAHs to the nonbonding orbital of the iron
center, thereby resulting in the formation of cation-m complexes
on clay surfaces (as shown in Fig. 5). This process decreases the
electron density of the PAHs and induces the formation of organic
radical cations. Meanwhile, the iron is reduced from Fe(Ill) to

PAHs

[Fe(H,0)]* [Fe** (I,0), --- PAHs]
clay - clay
[Fe(H,0),.,]** [Fe** (H,0), --- “PAHs"]
Oxygenic PAHs

Fig.5. Proposed mechanism for the transformation of PAHs on Fe(Ill)-modified clay.

Fe(Il). Finally, the reaction of radical cation intermediates with
oxygenic species such as H,O results in the formation of prod-
ucts containing additional oxygen atoms (such as PAH-quinones
or PAH-hydroxyls) [8,28,51]. While, Fe(II) on smectite clay can be
easily oxidized to Fe(Ill), which could undergo another catalytic
cycle. The key role of montmorillonite, in addition to providing
the necessary Fe(Ill)/Fe(I) couple and acting as microreactor for
electron-transfer reaction, is apparently to stabilize the reactive
radical cation intermediate [51]. Comparatively, hydrated transi-
tion metal ions in aqueous solution are incapable of inducing the
electron transfer so that the radical cation species is not formed,
indicating the unique role played by the planar silicate surface
[55].

4. Conclusions

The present work demonstrates the plausibility of PAHs
transformation on the surfaces of natural smectite clays under envi-
ronmentally relevant conditions. Those transformations greatly
depend on the chemical properties of the PAHs. The PAHs with up
to four rings (such as benzo[a]pyrene and pyrene) that have low IP
values are readily transformed on Fe(lIIl) saturated clay minerals.
The products, such as PAH-quinones, usually have higher solubil-
ity and enhanced biological activity than their parent compounds.
This abiotic transformation of PAHs may represent the first step in
the sequence of events leading to the observed biological activity
of the hydrocarbon. This raises the possibility that clay-based sys-
tems such as transition-metal ion saturated smectite may be used
as a new type of materials in the contaminated soil or other sub-
surface. Advantages of this system are that Fe(Ill)-smectite is easily
prepared from inexpensive natural materials such as smectite min-
erals, and the reaction temperature is quite moderate. Thus, there
is great potential, in developing techniques of Fe(Ill)-modified clay
for treatment of the PAHs contaminated field, altering their envi-
ronmental toxicity and bioavailability and accelerating the pace of
in-situ and ex-situ remediation.
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