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Abstract:

The basic and applied aspects of Fenton and Fenton-like processes for removal of pollutants using zerovalent
iron materials, including nanoparticles, are reviewed in this article. Only those examples including the use of
the iron materials together with hydrogen peroxide addition are included. The mechanistic aspects of homoge-
neous and heterogeneous Fenton processes, still under discussion, are displayed. The use of biogenic generated
iron nanoparticles for removal of pollutants is discussed due to their novelty and economy of synthesis.
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1 Introduction

1.1 The Fenton reaction

The Fenton reagent, a mixture of hydrogen peroxide and ferrous salt, and derived Fenton-like processes have
been recognized since long time as efficient processes for the treatment of organic and inorganic compounds in
water (see e. g. references [1-3]. H.].H. Fenton was the first to describe the oxidation of tartaric acid in the pres-
ence of H,O, and ferrous iron ions [4]. Due to Fenton’s initial research, the oxidation of organic and inorganic
substrates by iron (II) and H,O, is known as the Fenton reaction. The Fenton processes are, until now, one of
the most effective methods for the oxidation of organic pollutants [5, 6]. Their use for the chemical degradation
of industrial wastewater components such as aromatic amines [7], dyes [8-10], pesticides [11-13], surfactants
[14-16], and explosives [17], among others, is very well established and rather well understood.

The Fenton process is a rather low-cost technology useful to treat wastewater with total organic carbon
(TOC) contents below 15mg L~!. This process is a convenient tool to increase the biocompatibility of the efflu-
ent, as it converts most of the organic pollutants into low-molecular-mass organic acids. Even mineralization,
i.e., formation of CO,, water and small inorganic molecules, can be achieved in some cases. Generally, the
working pH in Fenton processes should be around 3 to avoid the precipitation of iron oxohydroxides that can
inhibit the process. In addition to pH, the H,O, /Fe?* ratio, the temperature and the reaction time are variables
affecting the efficiency of Fenton processes [5, 18-20].

1.2 Main characteristics of the Fenton reaction
1.2.1  Mechanism of the Fenton reaction

The mechanism of the Fenton reaction is still under investigation due to the uncertainty of the identity of the
main involved species. Two reaction pathways have been proposed [21]. One involves the participation of free
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radicals through a chain reaction (Haber-Weiss mechanism) [22-25], and the other (Kremer-Stein mechanism)
implicates an ionic mechanism through the formation of the FeO?* intermediate, involving Fe(IV) [25-31], pro-
posed first by Bray and Gorin [32].

The typical accepted reactions involved in Fenton processes according to the first chain mechanism are dis-
played in below [6]. Equations (1-5) display reactions of Fe?* and Fe** with H,0, and the subsequent interme-
diates in the absence of other ions and/or organic substances. Reaction of eq. (1), known as the classical Fenton
reaction, is the initial step that produces the strong oxidizing radical HO®. In the process, H,O; is continuously
consumed during the reaction, and the iron added in small amounts serves as a catalyst [6]. The regeneration
of Fe?* can be achieved by continuous addition of H,O, to the system, where Fe>* ions are present (eq. (2)).

Fe’* + H,0, — Fe** + HO™ + HO®* 40— 80M 157! 1)
Fe3* + H,0, — Fe?™ + HO + HT 9.1x 107 'M~1s7! )
Fe’* + HO® — Fe** + HO™ 2.5 —5x108M~1s7! 3)
Fe3* + HO,® — Fe?t + HT 4+ 0, 0.33 —2.1x10°M~ 157! 4)
Fe’* + HO,®* — Fe3* + HO,~ 0.72 — 1.5 x 0° M~ 157! (5)
H,0, + HO®* — HO,* + H,0 1.7 —45x0" M 1s! (6)
2HO®* - H,0, 5-8x10°M1s7! (7)

2HO,* - H,0, + 0, 0.8 —22x10°M 157! 8)
HO® + HO,* — H,0+0, 1.4 x 10 M~ 157! 9)

Equations (1-5) are the rate limiting steps in the Fenton chemistry since H,O, is consumed and Fe?" is regen-
erated from Fe>* through these reactions. Equations (6-9) are proposed also to occur in Fenton processes.

Besides Fe(Il), other transition metal ions such as Fe(III), Cu(I) or Mn(Il) can promote similar processes,
which are then called Fenton-like or Fenton type. The efficiency is lower with Fe>* than when using Fe’* because
of the lower reactivity of Fe>* towards H,0,.

Regarding the fate of the generated HO®, this species can oxidize Fe?*, eq. (3), but this will be an unproduc-
tive reaction regarding its utility for transformation of pollutants. Otherwise, HO® are able to react by hydrogen
abstraction from aliphatic carbon atoms, eq. (10), electrophilic addition to double bonds or aromatic rings, eq.
(11), and electron transfer reactions, eq. (12). HO® can also oxidize metals or metalloids such as As(III). The
hydroperoxyl radicals, HO,*®, can react with organic compounds, but they are less sensitive than HO®.

RH + HO® + H,0 —» ROH + H;0% (10)
R — CH = CH, + HO®* —» R — C*H — CH,0H (11)
RX + HO® - RX*" + HO™ (12)

Fe>* and Fe?* can oxidize or reduce organic radicals, or the radicals can recombine:
R® + Fe** — Rt 4 Fe?+ (13)

R® 4+ Fe?* — R~ + Fe3* (14)
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2R* > R—R (15)

After the work of Walling [25], the radical mechanism has been broadly accepted for reactions in acid media,
but the existence of the second mechanism [13, 21, 33, 34] was suggested from several evidences, e. g. molecular
dynamics simulations of the Fe?* /H,0, system (33) and DFT studies [35], where it was proposed that the FeO**
radical [36] is the transitory species instead of HO®. According to Kremer [30, 31], the mechanism of the Fenton
reaction is based on the following steps:

Fe’* + H,0, — {Fe’*"H,0,} — FeO** + H,0 (16)
FeO** + H,0, — Fe?* + 0, + H,0 (17)
FeO*" + H™ 4 Fe?* — 2Fe3* + 2HO™ (18)
FeO?* + Fe>* — {FeOFe}’* (19)
{FeOFe}’" + H,0, — Fe** + Fe** + 0, + H,0 (20)

The intermediate ferryl ion (FeO*, involving Fe(IV)) oxidizes HA or H, A species yielding Fe3* or Fe?*:

FeO?t + HA — A + Fe’t + HO™ (21)

FeO’" + Hy,A — A + Fe?* + H,0 (22)

The formation of a hydroperoxy complex [Fe(OOH)]** was also proposed as an intermediate in Fenton mech-
anisms at pH < 2 and at very high H,O, concentrations in homogenous solution [37]:

Fe’* + H,0, — [Fe (OOH)]** + H* — FeO~ + HO® + H* (23)

where Fe?* is oxidized through an inner sphere electron transfer mechanism. Other complexes, formulated as
[Fe(OH)]** or [Fe(OH)(HO,)]", can be found in Fenton reactions [37, 38], together with the peroxo complex
(Fe(OOH)") [1].

Bossmann et al. [39] postulated the formation of an iron(IV) complex (Fe**(aq)), which may react further,
leading to the formation of a free HO® and Fe®*(aq).

1.2.2 Advantages and disadvantages of the Fenton processes

The common Fenton process occurs at room temperature and atmospheric pressure. The reagents are easy to
acquire, store and handle, and they do not represent an environmental problem. Nevertheless, the formation
of a solid sludge due to the precipitation of iron oxides, and the wastage of H,O, represent two important
disadvantages in this treatment [6]. Due to the fact that the rate constant of eq. (1) is much higher than that of
eq. (2), the consumption of Fe?* is more rapid than their regeneration. A large amount of ferric hydroxide as
a sludge is formed during the process, posing additional separation and disposal problems, especially in the
treatment of large volumes of water.

Also, the need of using high Fe?* concentrations (40-80 ppm) is an important disadvantage of the Fenton
homogenous processes [40, 41].

1.2.3 Influence of the temperature
The efficiency of the Fenton process is not affected if the temperature is increased from 10 to 40 °C [19], but if

the temperature overcomes 40 °C, the reaction mixture should be cooled down. An optimum temperature of
30 °C was reported for Fenton reactions [20].
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1.2.4 Influence of pH

In the Fenton process, the degree of reaction between Fe?* and H,O, species is highly related to the solution
pH [26]. As said above, the optimum working pH is around 3, regardless of the target substrate [19, 42—44]. At
pH < 1, the reaction is limited to the oxidation of Fe** by H,O,. Also, at pH below 3, a reduced efficiency in the
degradation of a substrate by the Fenton reaction was noticed [45]. This effect is in part caused by the formation
of [Fe(H,0)4]** complexes at low pH, which makes slower the reaction between Fe?* and H,O, [46]. Solvation
of H,O, in presence of H* to form [H30,]* enhances the stability of H,O, and reduces its reactivity with Fe?*
[45, 47]. Above pH 1 and in the presence of an excess of H,O,, the decomposition of H,O, occurs:

2H202 d 02 + szo (24)

The formation of relatively inactive iron oxohydroxides, precipitation of ferric hydroxide and the acceleration
of the H,O, autodecomposition are favored at high pH [48], reducing consequently the reactivity of the Fenton
reagent. Due to the existence of less free iron ions, less HO® are generated in the media; besides, the oxidation
potential of this radical diminishes when the pH is increased [6, 49]. Thus, Fenton reactions for the degradation
of several compounds are considerably reduced at low and high pH values as well.

1.2.5 The photoFenton process

Fenton (H,0,/Fe?*) and Fenton-like (H,0,/Fe**) can be highly improved under UV /visible irradiation
(A <600nm). As opposed to dark Fenton processes, where Fe®* ions are accumulated in the system and the
reaction cannot proceed once Fe?* ions are totally consumed, in the photoFenton reaction, Fe?* ions are regen-
erated from Fe>* by photoreduction. The enhancement was explained by four main reasons [50]:

1. Photolysis of iron (III) hydroxocomplexes (A < 580nm) yields extra HO® and regenerates Fe(II) (egs. (25)
and (26)) by a metal to ligand charge transfer reaction [51-53]:

[Fe(OH)**] + hv — Fe?* + HO® (25)

[Fe (H,0)]’" + hv — Fe?* + HO® + H* (26)

1. Photogenerated Fe(II) participate in the Fenton reaction of eq. (1) to produce additional HO®, increasing
the oxidation rate in comparison with the dark Fenton process [54, 55].

2. If A < 310 nm is used, photolysis of H,O, via irradiation at short wavelengths takes place [50]; the production
of HO® by direct photolysis is an additional HO® source:

H,0, + hv — 2HO® 7)

1. Photolysis of Fe(III) chelates (Fe;L) formed between Fe** and the organic substrate, its degradation inter-
mediates or other possible ligands present in the reaction medium, makes efficient the use of the photons
up to the visible [1, 56]:

[Fe;L] + hv — [Fe’*L]" — Fe?* + L° (28)

Depending on the ligand, the Fe(IlI) complexes can have different light absorption properties, and reactions of
egs. (25), (26) and (28) take place with different quantum yields and at different wavelengths. Fe(IIl)-carboxylate
complexes have much higher quantum yields than Fe(Ill)-water complexes and promote the reaction inten-
sively. However, the presence of iron complexes in the media can promote a lesser photodegradation of organic
contaminants due to their stronger capacity to absorb radiation [57, 58].

In addition, the total amount of iron needed and the sludge generation processes are considerably reduced
in the photoFenton system [59]. Consequently, this increases the degradation rate of organic pollutants, such
as 4-chlorophenol (4-CP), nitrobenzene (NB), anisole, polychlorinated biphenyls (PCBs) and herbicides [51, 60,
62-64].

The best performance of the photoFenton process is also at pH around 3 because of the formation of
Fe(II)-hydroxyl complexes from Fe>* and water. At pH 2.8, the dominant iron species in solution is [Fe(OH)]**,
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which is also the most photoactive Fe(Ill)-water complex. These complexes start to dissociate between pH 2—4
as shown in egs. (29) and (30). These species are also more soluble, making less possible precipitation of iron
[51, 65]:

[Fe(1,0),]”" = [Fe(1,0), HO)|" +H* (29)

[Fe(H,0), (HO)]2+ = [Fe(H20)4(HO)Z]+ +HY (30)

Thus, species such as Fe(OH)** and [Fe(H,0)s5(HO)]** are more photoactive or photosensitive to electromag-
netic radiation comprised in the 280-405 nm range; this allows the use of sunlight for reactions of egs. (25) and
(31):

[Fe (OH) (H,0), ] + H,0 + hv — [Fe(H,0),]" + HO* @31)

Pignatello and coworkers [21] suggested the participation in these systems not only of ferryl but also of Fe(V)=0
species in conjunction with visible absorbing iron species.

Acid conditions around pH 3 also favor the conversion of the HO® scavengers carbonate and bicarbonate
into carbonic acid, which has a low reactivity against HO® [66]. However, in photoFenton experiments in the
presence of oxalate, citrate or in the absence of organic ligands, HO® production rate was equal to Fe?* photo-
production rate, revealing that, at pH 3-8, HO® was generated with a perfect yield in the photoFenton reaction
[63]. In the same way, formate oxidation rates were consistent with HO® formation in the photoFenton reaction
at pH 6 and in the presence of fulvic acid [67]. Otherwise, the study of photoFenton reactions in natural waters
at circumneutral pH suggested that oxidant species such as HO® and ferryl could be significant for contaminant
degradation [54].

The photoFenton reactions are very useful to treat high strength organic wastewaters [54].

1.2.6 Heterogeneous Fenton reactions starting from zerovalentiron

As said, in the homogeneous Fenton processes, the use of Fe(II) /Fe(IIl) suffers from a major disadvantage, the
need to remove a high amount of iron sludge after the water treatment. In addition, large amounts of Fe?*
are required (ca. 50-80 ppm), with a H,O,-Fe?" molar ratio as high as 9:1. It is important to recall that it is
mandatory to acidify the effluents before the reaction and subsequently neutralize the treated solutions before
disposal. Due to these problems, in the mid-1990s, researchers started to develop heterogeneous catalysts for
the Fenton reaction using solid iron-containing compounds or solid materials rich in iron for the degradation
of a wide range of organics at lower operational cost [18, 40, 68-74]. Decomposition of aqueous H,O, over some
metals (Ag, Cu, Fe, Mn, Ni, and Pt) and their oxides on supported silica, alumina, and zeolites has been a sub-
ject of research since the beginning of the previous century [75]. In recent years, heterogeneous catalysts for
the Fenton reaction have been increasingly developed. Clays, activated carbon, activated carbon impregnated
with iron and copper oxide, metals, silicas, zeolites, iron or copper supported on zeolites, alumina, carbon and
fly ashes catalysts, transition metal-exchanged zeolites, pillared clays, iron-oxide minerals, iron oxide nanocat-
alysts, metal-exchanged zeolites, hydrotalcite-like compounds, metal-exchanged clays, metal-exchanged resins
and layered materials, Nafion film or Nafion, resin-supported Fe(Il) or Fe (III), iron-containing ashes, iron-
coated pumice particles, iron immobilized aluminates, etc., have been tested (see [70, 74] and references therein).
Zerovalent state metals, such as Fe?, ZnY, Sn® and Al°, are well known since several years ago for their effec-
tiveness in remediation of contaminated groundwater [76, 77]. Also, iron oxides have been amply used.

Solid catalysts must satisfy a number of requirements for the use as Fenton reagents, as having high activity
for contaminant removal, presenting no leaching of active cations, pH and temperature stability, and ability to
promote a high H,O, conversion with minimum decomposition. Also they should be reasonably priced. One
of the most important advantages of the use of a heterogeneous catalyst is the possibility of its separation from
the waste stream.

The use of zerovalent iron (ZVI) in a Fenton-type process for the degradation of pollutants (known as Ad-
vanced Fenton Process (AFP)) has become of considerable interest over the last few years as a way to avoid or at
least reduce the problems arising in homogeneous Fenton processes. It can be proposed that oxidation occurs
through two different mechanisms: a) from iron ions released into solution, or b) through reactions between so-
lutes and surface-species. The use of these materials avoids the precipitation of iron hydroxides/oxides because
few iron ions are present in the aqueous phase, with the easy separation of the catalyst after the application (and
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possible reuse in some cases), and the broadening of the pH working range as additional advantages. Although
different types of ZVI have been used in Fenton processes, and many papers have been published, we will only
focus in this review on the use of ZVI materials in combination with H,O, due to the higher performance in
remediation reactions.

An important disadvantage of heterogeneous reactions is that target molecules must diffuse to the surface
of the material to reach active sites before their degradation. Also, these reactions are generally much slower
than the homogeneous ones at the same concentrations; however, heterogeneous reactions are sometimes more
efficient as they consume less H,O,.

1.2.7 Mechanism of heterogeneous Fenton and photoFenton reactions with zerovalent iron

Using iron particles together with H,O,, reactions additional to (1-23), dealing with iron corrosion, have to be
considered [78]. ZVI undergoes a series of corrosion reactions in water. The anodic process is the dissolution of
Fe(0), while the cathodic process is the evolution of H;(g) under anaerobic conditions and O, reduction under
oxic conditions [79, 80]. Metallic iron (Fe(0)) produces, upon immersion, iron corrosion products including
nascent oxides and Fe?*, which play a crucial role in H,O, activation.

A simplified scheme of the mechanism for Fenton reactions with zerovalent iron is shown in Figure 1.

Fe?*

0,+ 2H

Fe*+ H,0,

HO*
RH

RH  Oxidized products
(ROH, RCOOH,
CO,, H,0)

Figure 1: Simplified mechanism of heterogeneous Fenton reactions with ZVI.

According to Figure 1, Fe¥ is oxidized by O, producing Fe?* and H,O,. In addition, Fe” can reduce Fe* to
Fe?*. Then, the course of reactions would follow the Fenton typical mechanisms to yield oxidized products or
the total mineralization of the organic compound.

A detailed mechanism involves the following processes. Oxidation of Fe(0) by H* in the absence of O, yields
FeZ* (eq. (32)), which is available for reaction with H,O, (eq. (1)). Equation (33) is the reaction of ZVIwith H,O,,
ending in water production. Degradation and oxidation of organic compounds by HO® take place through egs.
(10-13).

Fe(0) + 2H' — Fe?* + H, (32)

Fe (0) 4+ H,0, + 2H" — Fe?* 4 2H,0 (33)

In the presence of oxygen, the following additional equations take place.

Fe(0) + O, + 2H' — Fe?™ + H,0, (34)

2Fe (0) + O, + 4H" — 2Fe?* + 2H,0 (35)
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2Fe(0) + O, + 2H,0 — 2Fe?" + 4HO™ (36)
6Fe’t + 0, + 6H,0 — 2Fe;0, | +12H" (37)
4Fe?* + O, + 10H,0 — 4Fe(OH), | +8H* (38)
4Fe?* + 0, + 6H,0 — 4FeOOH | +8H™" (39)

In addition, faster recycling of Fe>* at the iron surface takes place through the following reaction [81]:

2Fe3* + Fe (0) — 3Fe?™ (40)

Of course, once Fe?* is formed, reaction of eq. (1) begins to be operative, and the HO® contributes to the oxi-
dizing capability of the system [82]. Therefore, reactive oxygen substances (ROS) including H,O, and HO® are
generated in the Fe(0)/H,O/O, system under acidic conditions through the two-electron oxidation of Fe(0)
followed by the Fenton reaction (eqs. (1) and (34)). In the pH range of natural waters, Fe?* may hydrolyze
and form Fe(OH), at the Fe(0) surface (eq. (42)). Fe?* is very sensitive to O,, and its oxidation by O, is quite
rapid, increasing the reaction rate with pH. The resulting Fe>" readily hydrolyzes, precipitates and transforms
to (hydr)oxides such as Fe;Oy, Fe(OH)3;, FeOOH (egs. (37-39), depending on the O, availability, forming a thick
layer of iron oxides, even more oxidized like maghemite or lepidocrocite, thereby decreasing the reactivity of
ZVL

The kinetics of iron corrosion depends on the intrinsic reactivity of the used Fe(0) material and other factors
such as O, concentration and pH. The corrosion rate decreases with increasing pH up to pH 4, becomes almost
stable at pH between 4 and 10 and decreases slightly above pH 10. Fe** recycling also occurs in the presence of
Fe®* (eq. (40), but this phenomenon is not favored, since the solubility of Fe*" is very limited at pH > 5.

Fe(0) 4+ 2Fe3t — 3Fe?* (41)

Fe?* 4+ 2H,0 — Fe(OH), | +2H* (42)

Instead, Fe?* can be regenerated after reaction of radical species with Fe3* (eq. (13) [83].

The mechanisms of oxidation in the ZVI/O, system are pH dependent. Under acid conditions, oxidation
takes place by H,O, generated during ZVI oxidation, which then reacts with Fe?* via the Fenton reaction (eq.
(1)) to produce HO® [84, 85]. At neutral pH values, Fe?* oxidation by O, produces a different oxidant, most
likely the ferryl ion (Fe(IV)) (eq. (16) [2, 84, 85].

An excess of ZVI can be detrimental, as it can promote the decomposition of H,O, toward non-reactive
oxygen species (eq. (33)), and the scavenging of HO® (eq. (1)) [83]. Iron metal sheets showed to be corroded in
the presence of phenol and benzoic acid together with H,O,. Iron corrosion increased with the decrease of pH
(in the range 1.5-3.0) [86, 87].

1.2.8 Examples of heterogeneous Fenton reactions using macro- or microsized zerovalent iron materials

Initially, microsized iron, e. g., iron powders at different sizes (from a few to hundreds of microns) has been
used. For example, Wada et al., possibly the first study of a Fenton reaction using metallic iron, examined the
oxidation of components of a wastewater using H,O, and iron powder [88]. The initial wastewater had a chem-
ical oxygen demand (COD) of 4500 mg L~!. This COD was decreased up to 160 mg L=}, while using ferrous
sulfate in solution, COD was reduced only to 270 mg L~!. Additionally, the amount of Fe-ions in solution com-
ing from the iron powder was less than half of that from FeSOy,, leading to a reduced volume of sludge. The
authors proposed that a heterogeneous mechanism participated in the H,O, decomposition.

Takemura et al. [89] investigated steel wool, steel foil, and reticulated iron (manufactured by impregnating
urethane foam with an iron powder slurry) to oxidize perchloroethylene (PCE) in the presence of H,O,. All
solids reduced the PCE concentration from 100 mg L~ to less than 0.1 mg L~! in 24 h, but the reaction with
reticulated iron could be conducted at pH 5-9 with no apparent iron oxide byproduct. While organic chlorine
compounds added in pure water were easily decomposed by the Fenton reaction using reticulated iron, it was
difficult to achieve high efficiency in the case of a real wastewater from a laundry process. This effect was
explained by the coexistence of competing high COD residuals, such as dirt and organic acids.
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Tang and Chen [68] studied the oxidation of three dyes, Reactive Red 120, Direct Blue 160, and Acid Blue
40, by the use of iron powder (<10 pm size) and H,O,, finding the optimal pH between 2 and 3, depending on
the structure of the dyes and the dissolution rate of iron. The authors concluded that the combination H,O, /Fe
powder was better than the homogeneous Fenton process due to the continuous dissolution of iron and the
possibility of adsorption of the dye on the iron powder. The authors proposed that, at pH below 2.5, dye removal
occurred mainly by adsorption, whereas, at higher pH values, where adsorption was less important, addition
of H,O, doubled (at pH 3) or quintupled (at pH 3.5) dye removal to more than 90 % of the initial concentration.

Liicking et al. [90] reported the use of iron powder (70-100 um) to replace iron salts as a catalyst for Fenton
reactions, and tested the system in the oxidation of 4-CP with H,0,. Using iron powder (1g L™!) and 5.3 g
L~! H,0,, a stoichiometric production of C1~ and 50 % DOC removal after 2 h were obtained for 1 g L-!4-CP.
In contrast, the Fenton reaction (1 mg L1 Fe?*, added as FeSO,), gave only 40 % Cl~ production and 5 % DOC
removal after 150 h. Later, the same system was studied by Zhou etal. [91]. At an initial pH of 4, the degra-
dation kinetics of 4-CP followed a two-stage first-order: an initial slow degradation stage followed by a rapid
second degradation stage, with a kinetic constant one magnitude larger than that of the former stage. A scheme
of 4-CP degradation pathways in the system was proposed, where the molecule is attacked by HO® forming
p-chlorophenolperoxyl radicals, finally leading to the production of low molecule aliphatic organic acids (Fig-
ure 2).

OH
OH
v L . HO®
OH / \\ OH
OH
OH OH | - HO= | e o
H'D' iy '--'- HD* '---‘
. /
Ci OH
e
Cl i N’i‘
lﬂw RCOOH
OH
|)\H ng' O-‘
-

0 +++ | organic substances of ring
W
O cleavage

ET: electron transfer

OH RCOQOH: aliphatic organic acids

Figure 2: Degradation pathways of 4-CP with the nZVI/H,0, system (adapted from reference [91]).

Bremner et al. [81] studied the degradation of phenol (1 g L~!) with ZVI (iron bars, 80 x 25 x 1 mm, cut from
an iron sheet (99.5 % pure)) and relatively concentrated H,O, (9.5M) in 1M H,5S0,. The degradation of phenol
and of its degradation intermediates (catechol, hydroquinone, benzoquinone and maleic acid) was complete
after 15 min of reaction, although an unknown compound (suspected to be an organic complex of iron and
catechol) began to appear. The reaction a pH 6 was slower, with the complete phenol degradation after 2h,
but about 4 h were needed for the disappearance of most of the intermediates. Under less stringent conditions
(6 mL of 0.34 M H,0,) in the absence of acid, the same products were obtained but formed over a much longer
timescale, with only a partial removal of phenol (40 %) after 10 h.

Kallel etal. [92] pretreated an olive mill wastewater (OMW, COD 19¢ L1, pH 5.2) with ZVI (a residual
product from a metal turner) and H,O, to improve the degradation of phenolic compounds and COD removal.
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The optimal conditions (92 % COD removal in 1h) were the continuous presence of iron metal, pH 24 and
1M H,0,. The biodegradability of the OMW increased during the treatment. In a further work [93], a conven-
tional Fenton process (CFP) was compared with an AFP (using iron particles of 10 pm size) for the removal of
COD and phenol from an OMW. It was observed that COD and phenol were removed by AFP more rapidly
compared with the CFP [93]. The optimum conditions for CFP were [Fe?*] =1500 mg L1, [H,0,] =1750 mg
L~1, pH 4.6 (original pH of the OMW), which yielded 82.4 % COD and 62 % removal of phenolic compounds.
For AFP, the optimum conditions were [Fe(0)] = 2000 mg L™, [H,0,] =2000 mg L=}, pH 3, with 82 % COD and
63.4 % removal of phenols. Even though COD and phenol removal efficiencies were very close, COD and phenol
removal rates of AFP were higher than those of CFP.

A degradation system using commercial iron wool as iron source and H,0, was employed for the degra-
dation of diuron in a flow system where the solution passed through the iron wool. The pH and H,0, con-
centration were varied from 2.5 to 8.5 and from 2 to 4 M, respectively; Fe amount was evaluated from 1 to 3 g
in the best pH and H,O, concentration. In the best condition (pH 2.5, 2 g of iron, and 2mM of H,0,), diuron
(10mg L~!) was completely removed from the solution in 10 min of reaction [94]. The process also resulted in
an excellent degree of effluent mineralization, with ca. 40 % TOC removal in 10 min of treatment.

The pretreatment of a pharmaceutical wastewater by Fenton oxidation with ZVI and H,0O, was investigated
by Segura et al. [83] to improve the degradation of the mixture of organic compounds present in the wastewa-
ter. Commercial iron metal powder and iron shavings obtained from wastes from a metallurgical process were
used. The optimal conditions for degradation led to TOC reductions of up to 80 % in only 1 h of treatment. Mod-
erate loadings of ZVI and H,O, (ZVI/TOC weight and H,O, /TOC molar ratios of 12 and 3.2, respectively) were
used. As said before and found by the authors, an excess of ZVI was detrimental due to H,O, decomposition
toward non-reactive oxygen species and HO® scavenging (egs. (1) and (33)).

Fu etal. [95] reported the degradation of the Acid Red 73 (AR 73) azo dye by a Fenton process using ZVI
(analytical grade, 99 % purity, 200 mesh) and H,O,. Various amounts of ZVI and H,O, were tested (solid /liquid
ratios of 0, 0.1, 0.2, 0.3 and 0.4 gL~!) or H,O, concentration of 0, 1.0, 2.0, 2.5 and 3.0 mM. The pH was varied
from 2 to 5. AR 73 removal efficiency (measured by absorbance at 509 nm) increased with the increase of the
ZVI amount, H,O, concentration, mixing rate and temperature, but decreased with the increase of pH. After
30min of reaction time, the color removal percentage was 97.0, 96.8 and 89.8 % at initial dye concentrations
of 100.0, 200.0 and 300.0 mg L=}, respectively. At the optimum conditions, [ZVI] =0.3 g L=}, [H,0,] =2.0mM,
mixing rate =100 rpm, T =20 °C, pH 3, the residual AR 73 concentration ([AR 73]y =200.0mg L~!) could be
reduced to only 6.4 mg L' after 30 min treatment.

The treatment of a coking wastewater was investigated by an AFP using Fe powder (30-70 pm, purity higher
than 98 %) and H,O, [96]. Higher COD and higher total phenol removal rates were achieved with a decrease in
the initial pH and an increase in H,O, dosage. At pH < 6.5 and [H,0,] = 0.3 M, COD removal reached 44-50 %,
and approximately 95 % of total phenol was removed after 1h. The oxygen uptake of the effluent at 1h in-
creased ca. 65 % compared with that of the raw coking wastewater, indicating a significant improvement of the
biodegradation. Various organic compounds present in the wastewater, such as bifuran, quinoline, resorcinol
and benzofuranol, were removed completely.

Two papers reported the treatment of soils using ZVIand H,O,. In the first one [97], a TNT-contaminated soil
was treated by AFP, CFP, and calcium peroxide. All the treatments reduced TNT soil concentration below the
required USEPA goal (17.2 mg TNT kg~!). Using 2 % (w/w) fine-grained Fe(0) with a surface area of 3.3 m? kg !,
TNT soil concentration in the treated soil at pilot scale (5mg kg™!) was reduced below the required standard
within 4 h; however, in this case, no significant TNT destruction improvement was observed when 2 % Fe(0)
(w/w soil) was combined with four sequential additions of 0.25 % H,O,. In contrast, a time greater than 24h
was required either with the aqueous Fenton reagent (Fe?*/H,0,) or with CaO,. In the second paper [98],
nanoscale zerovalent iron was used and it will be described in the following section.

Another strategy involves the sequential use of ZVI and CFP and was observed in three papers. Barreto-
Rodrigues et al. [99] explored the use of commercial iron wool combined with Fenton processes for the treat-
ment of a wastewater of the 2,4,6-trinitrotoluene (TNT) industry. The wastewater had pH 1, COD =638 mg Lt
and [TNT] = 156 mg L™, and various treatability experiments were conducted at different pH values (1.6, 3.0,
5.0, 7.0 and 8.3), amounts of metallic iron (0, 0.2, 0.6, 1.0 and 1.3 g) and reaction times (0, 6, 15, 24 and 30 min)
according to an experimental design using a response surface methodology. The optimization study indicated
that the acid pH favored the leaching of the iron wool, and the most efficient condition, which produced an 80 %
TNT conversion, was at pH 3 and with an iron wool mass of approximately 3.2 g L~!. This condition supplied
sufficient amounts of Fe(Il) in solution for an oxidative treatment through the Fenton reaction. The residual
Fe(IT) was used with the addition of H,O, (30 %) at a Fe?*:H,0, ratio of 1:5 to complete the treatment. The pro-
cess was highly efficient since it reduced acute toxicity, removed 100 % of TNT, 100 % of the organic nitrogen
and 95.4 % of the COD. The main advantage was associated with the primary conversion of TNT in chemical
species with a greater susceptibility to oxidative degradation. It is important to point out that the Fenton or
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photoFenton processes using Fe?* did not significantly remove TNT, total nitrogen or COD, strengthening the
hypothesis that the treatment with the iron wool forms chemical species with increased biodegradability, more
easily degraded by the Fenton process.

In another work [100], NB was treated submitting first the pollutant to a ZVI pretreatment to avoid direct ox-
idation through the CFP, which produces a considerable amount of highly toxic 1,3-dinitrobenzene (1,3-DNB)
as byproduct. Both, ZVI treatment and CFP were first optimized independently and then, the ZVI-Fenton inte-
grated system (Figure 3) was constructed and tested to degrade NB. Since the ZVI pretreatment could produce a
sufficient amount of ferrous ions for the subsequent Fenton oxidation, the addition of Fe?" to the Fenton reactor
in the integrated system was not required. Aniline and ferrous irons were generated in the ZVI pretreatment,
and it was proved that they produced an inhibitory effect on the formation of 1,3-DNB in the Fenton process.
For the integrated process, ZVI was added into the wastewater at 1.5kg m~ at pH in the 1.8-2.2 range, and
H,0, aqueous solution was added at 40 kg m—>. The integrated system achieved a high NB removal efficiency
(93.0 %), producing only 0.4 % 1,3-DNB. The integrated system increased the biodegradability and decreased
the acute toxicity of the wastewater significantly more than the CFP. A NB-rich (1.15mM) wastewater from
a chemical plant was treated by the novel ZVI-Fenton integrated system. For the ZVI pretreatment, ZVI was
added at 1.5kg m~3 at pH 2. For the subsequent Fenton oxidation, 10 kg m~ H,O, (27.8 %, w/w) was added
at pH 3, and no ferrous sulfate was necessary. The novel ZVI-Fenton integrated process achieved 96.2 % NB
removal, with a low content of DNB isomers (0.8 mg L~!), showing an increase in the biodegradability and a
reduction in the acute toxicity in comparison with the untreated wastewater with a relatively low operation
cost.

VIl
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Figure 3: Integrated ZVI-Fenton system for NB treatment (adapted from reference [100]).

In a third paper, ZVI (2.0 g L~!) was used to pretreat p-chloronitrobenzene (p-CNB, 25 mg L=}, pH 3). p-CNB
could be completely transformed in 3 h, and the major product was p-chloroaniline (p-CAN). Adding H,O, to
the system after reaction, further p-CAN degradation was obtained, attributed to Fenton oxidation due to FeZ*
released (50.4mg L~!) during the ZVI corrosion. The sequential treatment was more effective than a Fenton
oxidation alone since the removal rate of total organic carbon (TOC) was improved by about 34 %. It was sug-
gested that the amino function group of p-CAN is more susceptible to oxidative radical attack than the nitro
function group of p-CNB [101].

A combination of ZVIreduction, Fenton oxidation process and biological treatment was tested for a wastew-
ater containing 2,4-dinitroanisole (DNAN, 123.1 mg L_l), 2 4-dinitrochlorobenzene (DNCB, 249.3 mg L~ and
2 4-dinitrophenol (DNP, 110.4mg L~!) at pH 7.2. Iron scrap, especially 30CrMoSi steel shavings containing
more than 95 % iron, was used for the ZVI process. When ZVI was used alone (with iron shavings modified
with 0.2 wt.% of copper on the iron surface by reductive precipitation), almost complete reduction of all ni-
troaromatic compounds was achieved at an empty bed contact time (EBCT) of 8 h, with removal efficiencies of
99.8,99.9 and 97.9 % for DNAN, DNCB and DNP, respectively. The effluent of the ZVI bed was further treated
in a column shaped Fenton reactor with H,O, and FeSO,-7H, 0O solutions; the optimal pH, H,O, to Fe(II) molar
ratio, H,O, dosage and hydraulic retention time were found to be 3, 15, 0.216 mol L~! and 5h, respectively.
By the pretreatment by the combined ZVI-Fenton process under the optimal conditions, the aromatic organic
compound removal achieved 77.2 %, while the majority of COD remained. The effluent of the Fenton reactor
entered a coagulation-sedimentation tank containing 1 M Na,CO; (pH 7.5-8.0), for precipitation of Fe(Il) and
Fe(III) ions and coprecipitation of byproducts. The sludge was separated through a sedimentation tank, and
the supernatant was submitted to an anaerobic/aerobic biotreatment. Figure 4 shows the integrated system at
bench scale. Then, a coupled ZVI-Fenton-biological process was operated for 3 months. Although COD and
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TOC removal were not high (54.0 and 39.5 %, respectively), the ZVI-Fenton coupled process exhibited an excel-
lent performance on removal of aromatic compounds, toxicity and color reduction. The reduction of biological
toxicity reflected the improvement of biodegradability [102].
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Figure 4: Bench scale experiment for the integrated ZVI-Fenton-biological treatment: (1) reservoir; (2) ZVI bed; (3) Fenton
reactor; (4) coagulation-sedimentation tank; (5) anaerobic reactor; (6) biofilm reactor; (7) peristaltic pump; (8) air pump
(adapted from reference [102]).

1.3 Zerovalent nanoparticles (nZVI)
1.3.1  Abriefdescription of the characteristics of nZVI

In recent years, several works reported the use of nanoparticulate zerovalent iron (nZVI) in Fenton reactions.
Nanoparticles possess inherent characteristics, quite different from those of the macroscopic or bulk iron forms,
which makes them to present highly improved catalytic properties. The activity and selectivity of nanocatalysts
for removal of pollutants are strongly dependent on their size, shape, and surface structure, as well as on their
bulk composition [103, 104].

Reducing the particle size of granular Fe(0) materials (mm) to 10-100 nm increases the surface area and thus
the chemical reactivity. The higher efficiency of nano-Fe(0) for contaminant removal contrasted with the results
using granular Fe(0) and is highly related to the surface to diameter ratio of the particles: the smaller the nZVI
particle size, the larger the specific surface [105].

nZVI particles exhibit a typical core-shell structure. The core consists primarily of zerovalent iron whereas
an oxide shell, composed of Fe(Il) and Fe(IlI), is formed as a result of the oxidation of the metallic iron [103].
Some images about nZVI particles are shown in Figure 5 [106]. On the other hand, ZVI nanoparticles tend to
quickly aggregate into micro- to millimeter scale flocs, because of magnetic attraction, the huge area to volume
ratio, the high surface energy and the reactivity.
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Figure 5. Micrographs of (a) a single nanoparticle, (b)—(d) aggregates of iron particles. From reference [106], with permis-
sion.

It has been reported that the use of nanoscale ZVI for remediation provides various advantages compared
with microscale ZVI, including a decrease of the dosage, an increase of the rate, less risk of release of toxic
intermediates, and generation of nontoxic final products [107].

1.3.2 Methods for synthesizing nZVI

Traditional methods to prepare nZVI particles are the bottom-up synthesis using aqueous-phase borohydride
reduction [108-110], sonication and sol-gel methods [111, 112] and micro-emulsion-based techniques [113].
From them, the most widely used method was the borohydride reduction, as it uses less environmentally
dangerous solvents or chemicals. The synthesis comprises the reduction of ferrous or ferric ions in aqueous
solutions using sodium borohydride, a strong reducing agent, under inert conditions [110]:

2Fe(H,0),’" + 6BH,™ + 6H,0 — 2Fe’ (s) + 6B(OH), + 21H, (g) (43)

2Fe?* 4+ BH,~ + 4H,0 — 2Fe’ (s) + B(OH),” + 4H" + 2H, (g) (44)

However, the high cost of NaBH, is the major concern for the wet chemical synthesis of nZVI. On the other hand,
amorphous iron nanoparticles (approximately 10nm) can be fabricated by sonication of iron pentacarbonyl
under Ar, yielding amounts of iron higher than 96 % [111, 114, 115]. Also, chemical vapor deposition (CVD)
has been employed to synthesize iron nanoparticles [116]. Generally, the industrial nZVIis produced by thermal
reduction of iron oxide precursors with hydrogen gas.

The top-down approach is the process of breaking large bulk materials to smaller particles, generally by
mechanical means as ball milling [117]. Figure 6 shows SEM images of the microZVI precursor used in the ball
milling process, and the final nanoscale material.
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200 nm

Figure 6: (a) and (b) SEM images of microiron (1-5 pm); (c) and (d) nanoiron (10-50 nm). From reference [117], repro-
duced by permission of The Royal Society of Chemistry.

A low-cost and green method for the synthesis of nanoparticles has been recently tested, which uses iron
salts and polyphenolic compounds extracted from natural products (leaves or grains of plants), as tea leaves
[118] or sorghum bran [119]. The concentration and type of the extracts has a high influence of size and mor-
phology of the resulting nanoparticles. In this way, nZVI might be formed in situ by injecting the reductants
into the subsurface to treat waters containing dissolved Fe?*/Fe®" ions. However, a discrepancy still exists on
the composition and chemical structure of materials regarding if these nanoparticles are composed of Fe(0) or
of iron oxides.

1.3.3 Examples of heterogeneous Fenton reactions using zerovalent iron nanoparticles

The mechanism of the heterogeneous Fenton process in the presence of nZVI has been proposed to be the
same as that for macrosized iron (egs. (32—40) plus (16) and (1)) [120, 121]. Actually, experiments performed
by Xu and Wang with HO® scavengers, such as n-butanol and KI, determined that these radicals, especially
the surface-bounded HO®, had a dominant role in the degradation of organic compounds by AFPs using nZVI
in the presence of H,O, [122]. However, some degradation of the compounds was attributed to the action of
alternative Fe(IV) species [36, 84, 85].

Bergendahl and Thies [123] investigated the use of nZVI, synthesized by reduction of FeSO, with sodium
borohydride, for methyl tert-butyl ether (MTBE) oxidation. The conditions were: [MTBE] =1000mg L},
[nZVI] =250 mg L=}, a H,0,:MTBE molar ratio of 220 to 1 and pH 4. These conditions yielded over 99 % of
MTBE degradation in 10 min, with significant generation (and subsequent degradation) of acetone as oxida-
tion byproduct. At pH 7, MTBE was reduced in a similar extent (96 %) but, at pH 3, only 72 % of reduction
efficiency was found. The rate of degradation of MTBE increased with the increase in the H,O,:MTBE ratio. Xu
and Wang [122] reported the use of nZVI spheres (80-150 nm), prepared from KBH,, for removal of 4-chloro-
3-methylphenol (CMP) in the presence of H,O,. However, in this case, the CFP was much faster. The optimal
dosage of reagents at pH 6.1 and [CMP] = 0.7 mM was 0.5g nZVI L~! and 3.0 mM H,0,. The increase of H,O,
concentration from 0.6 to 3.0mM led to a gradual increase of the reaction rate; however, a further increase
(up to 6.0 mM) was detrimental. This can be explained by HO® scavenging by hydrogen peroxide, forming the
less-reactive HOO® species (eq. (44)).

HO® + H,0, — HOO® + H,0 (45)
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As mentioned before, Xu and Wang performed quenching experiments, with n-butanol and, especially iodide
ions as surface radical quenchers, and proved that HO® radicals, mainly surface-bonded HO®, were the main
oxidants. However, as some degradation was still reached when n-butanol was added, it was suggested that
some minor CMP degradation was due to alternative Fe(IV) species. Carboxylic acids and chloride ion were
identified as degradation intermediates. Lepidocrocite (yv-FeOOH) was also detected, indicating that the initial
nZVI is not stable and is transformed, impeding the reusability of the nanoparticles, a general detrimental
characteristics of the material.

The performance of nZVI (prepared by reduction of FeSO,.7H,O by NaBH,) in the heterogeneous Fenton
process was compared with electroFenton (EF), and photoelectroFenton (PEF) processes. Phenol was chosen
as the model compound for degradation. The removal efficiency increased with an increase in nZVI dosage
and decreased with an increase of the initial phenol concentration and initial pH. In one experiment with [phe-
nol] =200mg L' at pH 6.2, the optimum dosage of nZVI and H,O, for PEF was 0.5g L~! and 500mg L7},
respectively. The most efficient process was PEF, with a complete phenol removal in 30 min, compared with
65.7 and 87.38 % of phenol removal after 60 min for the Fenton and EF processes, respectively [120].

As said above [98], a paper reports the use of nZVI with H,O, for treating soils. In this case, different sampled
soils were contaminated with 1000 mg pentachlorophenol/kg and treated with different percentages of nZVI
(synthetized from NaBH,), and 1% H,0,. Among three types of soils, the most effective was that with the
highest content of ferrooxygen mineral, which helps to initiate the oxidation.

1.4 Advanced Fenton processes using modified iron particles and mixtures with iron oxides

Some successful results have been obtained in AFP using iron particles modified with metals or their mixtures
with iron oxides, and they will be summarized below.

Composites with several Fe(0)/Fe;Oy ratios, prepared by two different methods, i) mechanical alloying of
Fe(0) and Fe;O, powders and ii) controlled (temperature-programmed) reduction of Fe;O, with H,, were pre-
pared and tested in the methylene blue oxidation (MB) at different MB, iron promoter and H,O, concentrations,
and pH values [124, 125]. Conversion electron Mdssbauer spectroscopy of a Fe(0)(50 wt%)/Fe;0O4 composite
indicated the lack of the Fe(0) signal, suggesting that the Fe(0) particles were located in the most internal part of
the mixture and covered by the particles of the oxides; high resolution transmission electron microscopy stud-
ies showed that most of the small Fe(0) particles were surrounded by the oxide phase, indicating the existence
of an extensive interface between the metal and the oxide phase. The oxidation of 10 mL MB (100 mg L~1) with
H,0, (0.3mol L~!) at pH 6 with 30 mg of the catalyst produced a very rapid MB discoloration and 75 % TOC
removal after 2 h of reaction. The studies suggest that the reactions proceed via HO® generated from Fe?*
species and H,0O, in a Fenton-like mechanism. A simple mechanism for the oxidation of organic compounds
is outlined in Figure 7. An efficient electron transfer from the Fe(0)/Fe;0, composite to H,O, takes place, with
the formation of HO®, reinforced by the formation of very reactive small particle size Fe(0) and Fe;O4 with
increased reactivity towards electron transfer reactions.

cl'l c.,_
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Figure 7: Simple mechanism for HO® generation in the Fe(0)/Fe;O, samples (adapted from reference [124].

Heterogeneous Fenton-like catalysts with iron modified with Pt, prepared from Pt(II) acetylacetonate and
Fe(CO)s5, have been used in MB discoloration, and their performance was compared with that of Fe;O4 nanopar-
ticles. Both FePt and Fe;O, exhibited high activity toward MB discoloration (5mg L=}, pH 5.5, 3.5 % H,0,, 1 to
5 ppm of FePt NP). After 90 min reaction, the absorbance maximum near 665 nm of MB decreased by 26 % and
90 % for the 1 and 5 ppm solutions, respectively. The pseudo-first-order reaction rate constant for 5 ppm FePt
nanoparticles was approximately 100 times faster than that obtained when using 5 ppm Fe;O, nanoparticles
under identical conditions. Furthermore, a concentration of 2500 ppm Fe;O, was required to achieve the same
reaction extent as 5 ppm FePt. The authors claim that an advantage of the use of these materials is that both FePt
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and Fe;O, NPs are superparamagnetic and can be easily separated with a magnet and reused for subsequent
catalytic cycles [126].

A series of nanocomposites consisting of nZVI encapsulated in SiO, microspheres showed an excellent per-
formance for MB degradation (10-16 mg L™!) in the presence of H,O,. The MB degradation with the nanocom-
posite with the highest iron content (19.2 %) and 5 mL L~ H,0, was almost complete after 24 h treatment. The
nanocomposites could be magnetically separated from the treated MB solution [127].

1.5 Heterogeneous Fenton reactions using modified iron nanoparticles prepared from natural plants

Although nanoparticles of iron oxides are very much used in solid Fenton reactions, the huge number of
works performed on the subject makes impossible their inclusion in this review. However, as said, synthe-
sis of nanoparticles from iron salts and natural leaves or grains of plants appears as advantageous due to their
novelty and low cost. Therefore, we will shortly review the use of these materials on Fenton processes (only
nanoparticles plus H,O, addition).

Nanoparticles (claimed to be composed of zerovalent iron) obtained by a green single-step synthesis using
green tea (GT, Camellia sinensis) and FeCl; (GT-nZVI) were used for bromothymol blue (BB) treatment in the
presence of H,O,. The reaction of BB (500 mg L~!) with GT-nZVI at different concentrations (0.03, 0.06, 0.12
and 0.33mM) and adding 2 % H,O, at pH 6 was effective for BB degradation; 0.33 mM GT-nZVI yielded the
fastest degradation, with around 85 % removal in 15 min reaction time [118]. A similar result but with lower
efficiency was obtained by using nanoparticles synthesized from aqueous sorghum (Sorghum spp.) extracts
under the same conditions, yielding 60 % degradation after 30 min with 0.33 mM of nanoparticles, although
the yield increased to 90 % when 0.66 mM NPs were used [119].

Shahwan et al. [128] synthesized iron materials from FeCl,-4H,0 and GT, and determined that they con-
sisted mainly of iron oxide/oxohydroxide nanoparticles. When 50.0 mg of these nanoparticles were added to
solutions containing 5.0 mL of 10 % H,O, and 45mL of 50mg L~! MB solution at pH around 8, the removal
of the dye proceeded almost instantaneously, with more than 80 % being removed within the first 5 min. Com-
paratively, the removal of methyl orange (MO) was slower, with 80 % of the dye being degraded after about
1h of operation. Almost complete removal was achieved in 200 and 350 min for MB and MO, respectively. The
same experiments but with iron nanoparticles synthesized using the conventional borohydride method, i.e.,
composed of Fe(0), gave a slightly lower efficiency for MB removal and significantly lower results in the case of
MO.

Kuang et al. [129] tested iron nanoparticles prepared from three different tea extracts, GT, oolong tea (OT)
and black tea (BT), for their capacity as catalysts for oxidation of monochlorobenzene (MCB, 50 mg L~!). GT
nanoparticles were able to remove 69 % of MCB at pH 6.1 followed by 53 % by particles prepared from OT and
39 % by those prepared from BT in 180 min, using [NPs] = 0.4 g L~ and [H,0,] = 0.0894 M. With GT nanoparti-
cles, i. e., the most efficient, and under the optimum experimental conditions (0.6 g L~! NPs, 0.045 M H,0,, and
pH 3), the material was able to oxidatively degrade 81 % of MCB along with a 31 % COD reduction in 180 min.

Machado et al. [130] tested nanoparticles synthesized using Fe(III) and grape marc, BT, and vine leaf extracts,
for their degradation efficiency against ibuprofen, finding an enhancement of the reaction when H,O, was
added to the system. Here, it was not indicated if these NPs were composed of Fe(0) or iron oxides. For ibuprofen
at 10mg L1, 40-200 uL amounts of 3 % H,0, and 30 mL of iron extract were incorporated. Samples of soils
(50g) contaminated with ibuprofen (2.8 mg kg~!) were mixed with 10mL of the iron extract, and different
amounts of 3 % H,O, (60-240 pL) were added in order to promote the Fenton reaction. The degradation process
in sandy soil was slower than that in aqueous solution due to the time required for percolation. The combination
of these nanoparticles in a Fenton reaction showed improved efficiency up to 95 % [131].

In another paper, GT nanoparticles prepared like in reference [119] were used for oxidation of malachite
green (MG). When 0.74g L~! GT nanoparticles and 7.4mM H,0, were added to 250mL of MG solution
(50mg L71), a very rapid degradation was obtained in few minutes (around 80 %), with low temperature
effect (25-45 °C and [H,0,] (1-15mM). The degradation efficiency declined slightly as the NPs dosage in-
creased (0.3-1.1g L~1). Changes on pH (3-7) produced very few differences on MG removal, with the conclu-
sion that the heterogeneous Fenton-like oxidation of MG using these NPs can occur over a wide pH range.
p-Dimethylaminobenzaldehyde was identified as a product of MG degradation [132].

1.6 Supported nanoparticles as Fenton catalysts

As said before, one of the problems of the use of nZVI is the instability of the nanoparticles, as they aggregate
and transform rapidly in water (Figure 5). A strategy to avoid this undesired aggregation is the immobilization
in adequate supports, which also allows the recovery of the material after use and impedes its passage to water.
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nZVI supported on NaY zeolite (nZVI/NaY) was synthesized by in-situ reduction of Fe?*-exchanged NaY
zeolite. 50-100 nm spherical nZVI particles supported on the surface of NaY have been obtained, as shown by
TEM analysis. Composition and structural characterization showed that x-Fe nanoparticles (50-100 nm) were
supported on the surface of the zeolite at a loading of Fe>* around 2 wt%. This material was compared with
unsupported nZVI (spherical particles, average diameter of about 80 nm) and with the CFP for the degradation
of potassium hemiphthalate (KHP, 425 mg L~!) [133]. The experiments were performed with a KHP solution
(500 mg L~! COD), 30 mM H,0, and 1.5 mM iron at pH 3.5. The catalytic activity of nZVI/NaY was close to that
of the homogeneous CFP but with less than 50 % leaching of iron cations; it also performed well under a much
wider pH range (pH 1.7-5). The concentration of Fe?* ions in solution was higher when using nZVI/NaY com-
pared with nZVI (around 23 and 18 % of total iron content, respectively), attributed to the ability of nZVI/NaY
to reduce Fe3* to FeZ*. At an initial pH of 1.7, 90 % COD reduction was achieved, while at pH 5 the COD de-
crease was 60 %. Upon three reuses at initial pH 3.5, the catalyst activity decreased from ca. 80 to 61 % COD
removal.

Trinitroglycerin (TNG), a chemical used in the manufacture of dynamite, was degraded by using nZVI free
and supported on the surface of nanostructured silica SBA-15 (Santa Barbara Amorphous No. 15), an inert
polymer. ZVINs/SBA-15nanoassembly was prepared by treating SBA-15 with FeSO,4-7H,0O, followed by NaBH,
reduction. Batch degradation experiments were performed at different pH values under Ar or air in 20mL
serum bottles, at which 10 mL of TNG solution (3.5 pmol) and the equivalent of unstabilized or stabilized nZVI
(0.5¢ L~!) were added. Both nZVI and nZVI/SBA-15 degraded completely TNG in short times (5-15min),
producing glycerol and ammonium, but the reaction was faster with nZVI/SBA-15, which retained its original
efficiency after five successive cycles [134].

1.7 PhotoFenton

The first examples of the use of the combination of UV radiation with H,O, and solid iron materials have been
performed by Doong and Chang [135, 136] for degradation of organophosphorous pesticides (OPPs) such as
parathion, methamidophos, malathion, diazion, phorate and ethyl O-(p-nitrophenyl) phenylphosphonothion-
ate (EPN). They treated 10mg L~! OPP, with 20 mg L~! H,O, and 1 g L~! ZVI (> 99.5 % purity) or 50 uM ferrous
ion at pH 7 under UV irradiation (100 W medium pressure mercury lamp, quartz photoreactor). There was no
significant difference in the degradation rate between the UV /Fe(0)/H,0O, and the UV/ Fe?* /H,0, systems.
The order of reactivity of OPPs was phorate > methamidophos > EPN > diazion > malathion. In the case of
parathion, diethylphosphoric acid, p-nitrophenol, diethylmonothiophosphoric acid, O,0-ethyl-p-nitrophenyl
monothiophosphoric acid and oxalate were identified as intermediates, which shown to be oxidized further.

Application of Fenton and photoFenton type processes, UV /Fe?* /H,0, and UV /Fe(0)/H,0,, to the treat-
ment of a dye wastewater was investigated. For this, the destruction of a model azo dye, C.I. Acid Orange 7
(AO7,20mg L_l), was studied under different conditions, monitoring the discoloration and mineralization ex-
tent. First, the Fe?* /H,0, and Fe(0)/H,0, dark Fenton processes were optimized in terms of the iron catalyst
concentration and the iron catalyst/H,O, ratio. The highest mineralization extent, 34.67 % of TOC removal af-
ter 60 min was achieved with [Fe?*] = 1.0mM and Fe?*/H,0, = 1:40. A higher value, 39.78 %, was obtained in
the case of [Fe(0)] =0.5mM and Fe(0)/H,O, ratio of 1:20, i. e. 5.21 % higher in comparison with that achieved
by Fe?* /H,0,, although the concentration of iron catalyst was lower. Systems at those optimal conditions were
combined with UV-C radiation (125 W mercury lamp, 254 nm) to test an enhancement of dye degradation. All
processes have shown high efficiency for bleaching of the model dye solution, with complete discoloration in
all cases. More than 95 % of color removal was obtained in the UV /Fe**/H,0, process almost immediately,
while the complete bleaching was achieved after 20 min of reaction time. It was suggested that UV light was
able to degrade Fe-complexes formed between iron and organic species, yielding a higher discoloration. AO7
mineralization by both Fe?* /H,0, and Fe(0)/H,0, processes was significantly enhanced in the presence of UV
irradiation, from 34.67 up to 84.12 % and from 39.78 to 90.09 % of removed TOC, respectively [137].

Devi etal. [138] investigated a photoFenton process to degrade Alizarin Red S anthraquinone dye (ARS).
ARS degradation was investigated by using ZVI in powder (95 % purity, 300-mesh size, electrolytic) with
H,0,. For irradiation, a 125 W medium pressure mercury vapor lamp was used. The best conditions, evalu-
ated through rate constants, were: [ARS] =200mg L1, [2zVI] =50 mg L~! and [H,0,] =100 mg L~ !at pH 3.

A photoFenton like method using commercial nZVI combined by UV and H,0, was applied for removing
total petroleum hydrocarbons (TPH) from a gas station diesel fuel in a water-oil emulsion using sodium dodecyl
sulfate (SDS) [139]. An optimal removal between 95 % and 100 % was achieved. The nZVI particles can be reused
in a magnetic field. This process may enhance the rate of diesel degradation in polluted water and could be used
as a pretreatment step for the biological removal of TPH from diesel fuel in the aqueous phase. The influence of
different parameters on TPH reduction rate including the initial TPH concentration (0.1-1 mg L1, H,O, con-
centration (5-20 mM), nZVI concentration (10-100 mg LY, pH (3-9), and reaction time (15-120 min) were in-
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vestigated. A variance analysis suggested that the optimal conditions were: [TPH]y = 0.7 mg L7, [nZVI] =20 mg
L7, [H,O,] =5mM, pH 3, 60 min. The predicted removal rate in the optimal conditions was 95.8 %, what was
confirmed by the obtained data (95-100 %).

2 Conclusions

Homogeneous Fenton processes in their various types have been extensively studied and applied in remedi-
ation processes. The processes are cost effective, the reagents are easily available and the systems can be effi-
ciently scaled up for practical applications. However, the need of acid pH through further neutralization and
the removal of iron ions at the end of the treatment are costly and require technical operation and maintenance.
Thus, the use of zerovalent iron, either macro-, micro- o nanosized, allows to reduce the concentration of iron
ions in the treated water, with the possibility of extending the working pH range.

Remediation with zerovalent iron is rapidly growing for application in several sites and effluents, and many
evidences have proven that Fe(0) is a highly efficient and affordable material. In recent years, the focus was
mainly directed on the use of nanoscale Fe(0).

Due to the chemical and physical structures of ZVI and nZV], this type of materials are very promising to
develop heterogeneous catalysts of high activity, especially in the case of nZVI due to the high specific sur-
face area and the improved catalytic activity. However, considerable performance improvement is still pending
due to unsatisfactory activity and efficiency, especially the tendency to agglomerate, loosing efficiency, and to
undergo leaching with limited reusability.

The selection of ZVI as solid catalysts must fulfill requirements of a high activity, marginal leaching of
active cations, stability over a wide range of pH and temperature, and a high H,O, conversion with minimum
decomposition. Last but not least, the materials should be available at a reasonable cost.

The combination of ZVI or nZVI with H,O, in an AFP needs, as in the case of CFP, especial conditions of pH,
temperature and amount of H,O, for optimization. Comparing the particle size, nZVI systems present a clear
advantage over ZVI systems in terms of H,O, consumption. However, nZVI systems do not exhibit excellent
reusability results because of a rapid oxidation of iron nanoparticles within the experimental duration in the
presence of H,O,. In contrast, ZVI can be reused for numerous cycles of reaction.

Additionally, the development of processes combining a Fenton treatment with further biological meth-
ods, or the pretreatment with nZVI followed by H,O, addition are possible routes to improve the removal of
recalcitrant pollutants.

Summarizing, big efforts should be done to advance and adapt this technology for water and soil treatment,
combining the studies with fundamental work for thorough understanding of the mechanisms and kinetic
aspects related to the systems.
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