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This paper reports on recent developments in homogeneous Advanced Oxidation Processes (AOPs) for the treatment of water
and wastewater. It has already been established that AOPs are very efficient compared to conventional treatment methods for
degradation and mineralization of recalcitrant pollutants present in water and wastewater. AOPs generate a powerful oxidizing
agent, hydroxyl radical, which can react with most of the pollutants present in wastewater. Therefore, it is important to discuss recent
developments in AOPs. The homogeneous AOPs such as O,, UV/O,, UV/O,/H,0,, and UV/H,0,, Fe*'/H,0,, UV/Fe** /H,0, on
the degradation of pollutants are discussed in this paper. The influence on the process efficiency of various experimental parameters
such as solution pH, temperature, oxidant concentration, and the dosage of the light source is discussed. A list of contaminants used
for degradation by various AOPs and the experimental conditions used for the treatment are discussed in detail.

1. Introduction million children under five die every year as a result of
diseases linked to a lack of access to water and sanitation
as indicated by World Health Organization (WHO) [3]. It
was estimated that about 1.8 million deaths annually are
due to lack of access to safe drinking water and poor

sanitation.

Wastewater is water that contains various pollutants, which
means it cannot be used like pure water and should not
be disposed of in a manner dangerous to humans, living
organisms, and the environment. Water pollution has a
serious impact on all living creatures, adversely affecting
water use for drinking, household needs, recreation, fishing,
transportation, and commerce. It has been estimated that
the total global volume of wastewater produced in 1995 was
in excess of 1,500km’ [1]. On July 28, 2010, the United
Nations General Assembly declared safe and clean drinking
water and sanitation a human right essential to the full

In the past, economically viable chlorination has been
used for water treatment. Yet the potentially adverse health
effects of the by-products formed, together with raised
drinking water standards, have led researchers to search
for effective and economical alternatives to chlorinating
drinking water [4, 5]. Various wastewater treatment processes

enjoyment of life and all other human rights [2]. It is a
concern that nearly 900 million people in the world do
not have access to safe drinking water. Approximately 1.5

have been tried using physical, chemical, and biological
methods [6-12]. Some of these methods have disadvantages,
however, and cannot be applied for large scale treatment.
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TaBLE 1: The oxidation potential of various reactive species.

Substance Potential (V)
Hydroxyl radical ("OH) 2.86
Oxygen (O) 2.42
Ozone molecule (O5) 2.07
Hydrogen peroxide (H,0,) 1.78
Chlorine (Cl,) 1.36
Chlorine dioxide (ClO,) 1.27
Oxygen molecule (O,) 1.23

For example, one drawback of precipitation methods is
sludge formation. Chemical coagulation and flocculation use
a large amount of chemicals and the generated sludge may
contain hazardous materials, so sludge disposal remains a
problem. Adsorption techniques have been used widely for
the removal of various water and wastewater pollutants.
Their disadvantage is that the pollutants may only transfer
to the adsorbent, which needs to be regenerated regularly,
resulting in additional costs. Membrane technologies such
as ultrafiltration, nanofiltration, and reverse osmosis have
been used for the full scale treatment and reuse of water
and chemicals. Yet these methods have several operational
difficulties in addition to high capital costs. Thus physical
methods may not be suitable for the complete removal of
pollutants from the environment. Similarly, two different
basic biological wastewater treatment methods have been
employed: aerobic and anaerobic treatments. These methods
also do not completely remove the high concentration of
pollutants present in wastewater. Other biological methods
involve cost-effectiveness or operational difficulties, making
biological means unsuitable for wastewater treatment.

Among the chemical methods, oxidation is efficient and
applicable to large scale wastewater treatment. Generally
air, oxygen, ozone, and oxidants such as NaOCl and H,0,
are used for chemical treatment. The oxidation potential of
some of the oxidants is listed in Table 1. The basic chemical
oxidation process with air and oxygen also occurs in nature,
but it is no longer sufficient for highly polluted wastewater.
Therefore there is a significant need to develop a wastewater
treatment process which can remove the pollutants effectively
by a simple method.

Advanced oxidation processes (AOPs) for wastewater
treatment have received a great deal of attention in recent
years. AOPs generate the highly reactive hydroxyl radi-
cal ("OH) to degrade the recalcitrant chemicals present
in wastewater [13-15]. These OH radicals attack the most
organic molecules rapidly and nonselectively. The versatil-
ity of AOPs is also enhanced by the fact that they offer
various alternative methods of hydroxyl radical production,
thus allowing a better compliance with specific treatment
requirements. The eco-friendly end product is the special
feature of these AOPs, which are more efficient as they are
capable of mineralizing a wide range of organic pollutants.
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Interestingly, AOPs can make use of solar energy rather than
artificial light sources. The latter rely on high electrical power,
which is costly and hazardous.

AOPs such as ozonation (Oj;), ozone combined with
hydrogen peroxide (O5/H,0,) and UV irradiation (O5/UV)
or both (0O3/H,0,/UV), ozone combined with catalysts
(Oj/catalysts), UV/H,0O,, Fenton and photo-Fenton pro-
cesses (Fe**/H,0, and Fe**/H,0,/UV), and the ultrasonic
process and photocatalysis have been successfully used for
wastewater treatment [16-23]. This review reports on recent
advances in the aforementioned AOPs for water and wastew-
ater treatment. The authors discuss the principle of hydroxyl
radical generation from each AOP, the influence of various
experimental parameters, and their consequences for the
treatment process.

1.1. Ozone Based Advanced Oxidation Processes

(i) Ozonation. Ozone is an environmentally friendly oxidant
since it decomposes into oxygen without producing self-
derived by-products in the oxidation reaction. It is widely
used in the purification of drinking water, the treatment
of wastewater and process water, the sterilization of water
in artificial pools, and so forth. In an ozonation process,
two possible oxidizing actions may be considered. The
first or direct method involves the reaction between ozone
dissolved compounds. The second is known as the radical
method because of the reactions between the hydroxyl
radicals generated in ozone decomposition and the dissolved
compounds [24]. Some oxidation products are refractory
to further oxidative conversion by means of ozone, thus
preventing a complete abatement of TOC. Yet the high
energy cost of direct ozonation limits many practical appli-
cations. To increase the efficiency of the ozonation pro-
cess, the ozone is combined with H,O, and UV light,
which is expected to increase the removal rate substan-
tially by producing more hydroxyl radicals in the treatment
system.

(ii) O3/H,0, Process. Hydroxyl radicals are generated by a
radical chain mechanism through the interaction between
ozone and H,0, as shown in (1). Degradation is facilitated
by both ozone and hydroxyl radical:

H,0, + 20, — 2'OH + 30, 1)

(iii) O3/UV Process. Hydroxyl radicals are generated in the
O;/UV process by photolysis of ozone in the presence of
water as shown in the following:

O;+hv+H,0 — 2°0OH + O, (2)

(iv) O;/UV/H,0,. This combined process may generate
hydroxyl radicals in different ways as mentioned in (1)-(2).
It is considered to be the most effective treatment process for
highly polluted effluents.

Wastewater was treated using the Fenton process or
homogeneous AOP employing iron salt with hydrogen
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peroxide. The combination of Fenton’s reagent with UV
light is called a photo-Fenton reaction. UV light irradiation
enhances the efficiency of the Fenton process. The hydroxyl
radical generated in the Fenton process is due to the iron
catalysed decomposition of H,O, as shown in the following:

Fe’" + H,0, —"OH + Fe’* + OH~ (3)

In addition to the above reaction the formation of hydroxyl
radical also occurs by the following reactions in the photo-
Fenton process shown in the following:

Fe’* + H,0 + UV —"OH + Fe’* + H* (4)

This is also attributed to the decomposition of the photoactive
Fe(OH)** which leads to the addition of the HO® radicals:

Fe(OH)*" + hv — Fe*' +'OH (5)

A considerable increase in oxidation power is observed
mainly due to the photoreduction of Fe(III) to Fe(II), which
can react with H,O,, establishing a cycle:

Fe’* + H,0 + hv — Fe’* +'OH + H' (6)

Among various AOPs, Fenton’s reagent (H,0,/Fe**) is one
of the most effective methods of organic pollutant oxidation.
The advantage of Fenton’s reagent is that no energy input is
necessary to activate hydrogen peroxide. These processes are
economic and can be operated and maintained easily.

1.2. UV/H,0, Process. The UV/H,0, process is a homoge-
neous advanced oxidation process employing hydrogen per-
oxide with UV light. Hydrogen peroxide requires activation
by an external source such as UV light and the photolysis of
hydrogen peroxide generates the effective oxidizing species
hydroxyl radical ("OH). The rate of photolysis of H,O,
depends directly on the incident power or intensity. The
hydrogen peroxide decomposition quantum yield is 0.5 at
UV (254 nm) irradiation. Solar light could also be used as
a radiation source but the rate of photolysis may be low
compared to UV light. In this process the dosage needs
to be optimized, however, since excess H,O, may scavenge
hydroxyl radical.
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(7) Flow cell

(8) Mass-flow controller
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(10) Valve
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(3) Thermostatic water baths
(4) Stirring apparatus

(5) Semibatch reactor

(6) UV spectrophotometer

FIGURE 1: Experimental setup of the ozonation process.

1.3. Heterogeneous AOPs

1.3.1. Catalytic Ozonation Process. Heterogeneous catalytic
ozonation is a novel type of AOP that combines ozone with
the adsorptive and oxidative properties of solid phase cata-
lysts to decompose pollutants at room temperature. Catalytic
ozone decomposition at room temperature is advantageous
compared to thermal decomposition in terms of energy
conservation since it does not require large volumes of air
to be heated. It is therefore a promising advanced oxidation
technology for water treatment.

1.3.2. Photocatalysis. Heterogeneous photocatalysis through
illumination by UV or visible light on a semiconductor
surface generates hydroxyl radicals. The photocatalyst can be
used successfully for the effective treatment of pollutants in
water and wastewater.

2. Ozone Based AOPs

As noted above, ozone reacts with various organic and
inorganic compounds in an aqueous solution, either by direct
reaction of molecular ozone or through a radical mechanism
involving hydroxyl radical induced by the ozone decomposi-
tion. Figure 1 shows the experimental setup of the ozonation
process. This process is strongly influenced by a number of
experimental parameters such as solution pH, influent ozone
dosage rate, and temperature. The primary reactions initiated
by ozone in water are strongly pH dependent. Ozone reacts
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TaBLE 2: Degradation of some model pollutants by ozone based AOPs under different experimental conditions.
Reference AOPs applied Pollutant(s) Conclusions
. . The O,/AC process was the most efficient for the
(25] 05, UV/H,0,, Ellti;h};lrg }:At’};:el?t;fgiz)&g ter. and removal of DEP in all three types of water. The
0,/H,0,, 05/AC wastfwater ’ ’ 0,/H,0, and O5/AC processes are more efficient
than ozonation alone.
O;, UV photolysis, The O;/H,0,/UV process was most efficient for
[26] 05/UV, H,0,/0;, 1,4-Dioxane 1,4-dioxane removal at pH 10, with H,0, : O, ratio
0;/H,0,/UV of 0.5.
The UV/H,0,/0O; process at pH 7 with H,O, =
05, 0;/H,0,, 10 mM was most ecoeffective with 100% of phenol
[27] UV/H,0,, UV/O, Phenol removal within 30 min and 58.0% TOC removal
UV/H,0,/0, after 1h. UV/H,0,/O; was the most effective
process for phenol wastewater mineralization.
The general trend of ozone and hydroxyl radical
Twenty-four micropollutants reactivity with the selected micropollutants was
28] 0,, 0,/H,0,, including endocrine disrupting explained. Suitable technology for the removal of
UV/H,0, compounds, pharmaceuticals, and these micropollutants was suggested based on the
personal care products micropollutant reactivity with ozone and
hydroxyl radical.
0;, UV photolysis,
05/UV, O;/catalyst, The UV/H, 0, process with or without perovskite
[29] UV/catalyst, Pyruvic acid catalysts facilitates pyruvic acid removal fastest.
0;/UV/catalyst, 4 The O,/UV/perovskite process was efficient for
H,0,/UV, mineralization.
H,0,/UV/catalyst
Operating conditions such as initial pH,
concentration of H,0,, and ferrous salt were
[30] 8:/]’ /[I_JIV(/)H/Z(()) » UV/0s, _Chloroshenol optimized for each process. The UV/Fenton and
UV /Feznt(z)n » P p UV/H,0,/0, processes were found to be the
most effective for the degradation and
mineralization of p-CP.
Nitroaromatics such as Ozonation and/or Fenton’s reagent were found to
(31] 0,, H,0,/0;,, nitrotoluene. dinitrotoluene. and be efficient for TNT degradation. The O,/H,0,
UV/Fe**/H,0, trinitrotol )n ’ process at pH > 7 was most efficient for 2-MNT
orotuene and 2.4-DNT removal.
0./UV. H.O./UV. Haloacetic acids (HAAs), The O,/UV process was the most efficient of the
(32] 03 JH ’O 2maE dichloroacetic acid (DCAA), and six degradation methods for DCAA and TCAA in
03 /H2 02’/UV trichloroacetic acid water. Decomposition by AOPs was easier for
3 (TCAA) DCAA than for TCAA.
The optimum H,0, dosage and solution pH were
studied. Adding H, O, to the ozonation process
O3, 05/UV, 0,/H,0,, accelerated thegoxiilatzion of O—nitrotoluIeJne bya
[33] UV/H,0,, O-Nitrotoluene Y
o /U\;/I-% 0 factor of 8. The O;/UV and UV/H,0, processes
3 22 are 20 and 10 times more efficient than the
ozonation process, respectively.
O.. UV-vis AOQP efficiencies are in the following order:
03’+ UV-v;s TiO. + Phenol, adsorption < TiO, + UV-vis < UV-vis < O; +
[34] U3V—Vis 0 +’ UV-ZViS . 4-nitrophenol, and TiO, = O, < O; + UV-vis = O, + UV-vis + TiO,.
TiO a’n dSO +TiO 4-chlorophenol The O, + UV-vis and O, + UV-vis + TiO,
» 3 2 methods are the most economically attractive.
Ozone treatment was a very effective method for
0. O./H.O complete removal of colour but in COD removal
cid Blue it was not efficient. The removal o in
[35] » U2y Acid Blue 92 (AB92) i fficient. Th lof COD i

ozonation, O;/H,0,, and O,/AC processes, 30%,
80% and 100%, respectively.
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TaBLE 2: Continued.

Reference AOPs applied Pollutant(s) Conclusions
O, or O,/H,0,, Sodium Comparison of the O,/PAC system with the O,
[36] O,/powdered activated Dodecylbenzenesulfonate(SDBS) and O;/H, 0, processes showed that the O;/PAC
carbon (PAC) Y system was more effective in the removal of SDBS.
The AOP efficiency is dependent on the pH and
[37] 0,, 0,/UV, UV/H,0, Dye house effluent dosage of H,0,. The UV/H, 0O, process is 50 times
more efficient than the O,/H,0O, process.
The efficiency of the various AOPs at two different
Ozonation. sonication pH was in the following order. At pH 2,
5 : US/UV/0, »0,/UV > US/O; > US/UV > O, >
UV photolysis,
[38] O;/ultrasound, Phenol Us>Uv.
At pH 10.0, US/UV/O, > O,/UV > O, > US/O, >
UV/ultrasound, .
0./UV /ultrasound uUS/uv > UV > US. The maximum rat.e of phenol
3 degradation was observed in the combined
application of O;/UV/US at basic pH.
Us
O, The UV/O; process was more effective at all times
0,/US . than the US and/or O, process. The O;/US/UV
(39] 0,/UV Acid Orange 7 process was the most efficient for colour and
Us/uv aromatic removal and AO7 dye mineralization.
0,/US/UV

with organic substrate at low pH as a molecular form, but
at high pH it decomposes before reacting with the substrate.
Ozone decomposition is catalyzed by hydroxide ions and
proceeds more rapidly with increasing pH, eventually to
produce hydroxyl radicals. The influence of solution pH
on ozonation process efficiency has been observed in a
number of studies. For example, Jung et al. investigated the
effect of pH on the ozonation of ampicillin from pH 5 to
9, concluding that higher pH conditions are necessary for
effective removal [66]. They also discussed how changing
pH influences the charge of some specific functional groups
on the ozonation process. Can and Gurol investigated the
effect of solution pH on the ozonation of humic substances.
They found that rapid ozone decomposition was caused by
the interaction of ozone with the humic substance, which
eventually yielded hydroxyl radical [67]. They further noted
that increasing humic substance concentration facilitates
fast ozone decomposition into hydroxyl radical. Similarly,
the influence of solution pH and temperature on the ozona-
tion of six dichlorophenols was investigated by Qiu et al. [68].
They revealed that the changing solution pH was strongly
influenced the decomposition and the rate was increased
by raising the hydroxyl radical concentration from acidic to
alkaline pH [68].

Although hydroxyl radical formation is highly favourable
to produce more "OH radicals by ozone self-decomposition
at pH 10, a portion of carbonate or bicarbonate ion formation
could play a key scavenging role in trapping “OH radicals,
appreciably decreasing the degradation rate. Wu et al. found
that 2-propanol degradation decreases at pH10 and sug-
gested bicarbonate formation as the possible reason for the
decreasing degradation rate at this pH [19]. Other studies
reached quite different results. Moussavi and Mahmoudi
noted a higher removal rate of Reactive Red 198 azo dye in
an ozonation process at pH 10 [69]. Interestingly, Begum and

Gautam noted that as the pH increased from 9 to 12 in the
ozonation process the endosulfan and lindane removal rate
also increased [70]. In contrast to the above results other
authors noted that the oxidation rate is relatively independent
of solution pH values [71]. Hong and Zeng found that the
rates of pentachlorophenol decomposition were very similar
between pH 7 and 12, indicating then negligible influence of
pH values [72]. These results clearly showed that the nature
of pollutants being used for the ozonation process played
an important role besides the favourable hydroxyl radical
formation at higher pH. Based on the above discussion it is
concluded that the influence of pH on the ozonation process
needs to be optimized.

Several investigations were conducted into the effect of
temperature on the ozonation process. Changing the tem-
perature generally influences the ozonation process in two
ways. Firstly, when the temperature increases, the solubility
of ozone may decrease, since Henry’s law coeflicient of
ozone increases with rising temperatures. Secondly, raising
the temperature increases the activation energy which may
positively assist the ozonation process. Muruganandham
etal. noted that N-methyl pyrrolidone (NMP) mineralization
was substantially increased when the ozonation temperature
rose from 5 to 50°C [13]. They also concluded that the increas-
ing removal rate due to the higher reaction temperature
is not balanced by the lower solubility of ozone. Similar
results were noted in other ozonation studies [68, 73-76].
Some researchers found, however, that increasing temper-
ature in the ozonation process decreases the removal rate
by decreasing the ozone solubility [77, 78]. Interestingly, Ku
et al. found that the reaction rates of phorate decomposition
were relatively independent of solution temperatures and pH
values [71]. Yet some mineralization formation of products
such as phosphate and carbonate was increased significantly
with raised solution temperature.



Another important experimental parameter influenc-
ing ozonation process efficiency is influent ozone dosage.
Treatment cost increases with a higher applied ozone dose,
so it is necessary to optimize this dosage. For semibatch
experiments, increasing the ozone dosage will enhance the
mass transfer rate of ozone from the gas phase to the liquid
phase, which is expected to enhance the degradation rate
appreciably. As the ozone concentration in the liquid phase
is saturated, however, ozone mass transfer is limited at a
very high ozone dosage [79]. Many authors investigated how
the influent ozone dosage affects the degradation rate in the
ozonation process within different experimental parameters.
Muruganandham et al. reported that the optimal ozone
dosage for NMP mineralization is 18.4 mg min~" [13]. More-
over, an ozone dosage of 27.6 mg min~" was noted as optimum
for the degradation of dimethyl sulphoxide (DMSO) [80].
Begum and Gautam reported an optimum ozone dosage
of 57mgmin~' for endosulfan and lindane degradation
although a higher ozone dosage slightly increased the endo-
sulfan decomposition [70]. Yet other studies reported a linear
increase in removal efficiencies with ozone dosage [81]. The
above discussion clearly indicates that ozone dosage needs to
be optimized in an ozonation process and that a number of
experimental factors could influence the removal rate.

Though the ozonation process is effective for treating
some organic compounds, a key problem is the accumulation
of refractory compounds which interfere with the mineraliza-
tion of the organic matter present in water. Some compounds
were even found to be refractory to the ozonation process
[15, 82, 83]. To improve its efficiency, ozonation was therefore
combined with other oxidants. The combination of single
oxidants can offer very effective treatment by producing more
hydroxyl radicals.

It was reported that ozone in the presence of UV light
enhances the decomposition rate of pollutants present in
wastewater. The hydroxyl radicals generated in the UV/O,
process are shown in (2). Decomposition may proceed in
three different ways: (i) by ozonation, (ii) by direct UV
photolysis, and (iii) by photolysis of ozone which generates
hydroxyl radicals. The detail of the ozone photolysis mech-
anism is shown in (6)-(10) [84]. These combined processes
should synergistically accelerate the degradation rate in the
UV/O; process compared to the ozonation process. Many
authors found that the UV/O; process is more efficient than
ozonation in organic compounds degradation and mineral-
ization [85-88]:

O;+hy — O(1D) + O, (7)

O (1D) + H,0 — H,0, (hot) (8)
H,0, (hot) — 2°OH 9)
H,0, (hot) - H — 2H,0, (10)
H,0, + hv — 2°0OH (11)

Recent studies also combined H,0, and TiO, with the
UV/O; process [89-91]. These processes are more efficient
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than O;/UV alone due to their synergistic effect. The dosage
of H,0, in the O;/H,0, process needs to be optimized,
however. For example, Medellin-Castillo et al. studied diethyl
phthalate degradation using the O;/H,0O, process with 0.45
to 1.80 mM of H,O,, noting a linear relation with the degra-
dation rate [25]. Kwon et al. studied 1,4-dioxane degradation
with H,0,/0; (w/w) ratios of 0, 0.25, 0.5, 0.75, 1, 1.25, and 1.5.
They found the optimum dosage ratio to be 0.5 and noted a
strong retardation effect at a ratio of 1.5 [26]. Similar results
were also reported by Kusic et al. for the mineralization of
phenol [27]. This could be because an excess of hydrogen
peroxide could react with the hydroxyl radical produced
during the decomposition process as shown in (11) and (12).
So the H, 0O, dosage needs to be optimized in the degradation
process. Many authors have used various combined AOPs for
pollutant degradation and their conclusions are summarized
in Table 2. Consider

H,0, + OH — H,0 + HO," (12)

HO," + 'OH — H,0 + O, (13)

The presence of transition metal ions such as Mn**,
Co®", Ag’, and Fe** in the ozonation process has signif-
icant catalytic effects in producing hydroxyl radical [92,
93]. Abd El-Raady and Nakajima studied the degradation
of formic, oxalic, and maleic acids in the presence of first
row transition metal ions such as Co**, Ni**, Mn**, Cu**,
Zn**, Cr’", and Fe** and compared the process efficiency
with the O; and O5/H,0, processes [93]. They concluded
that the presence of Co®" and Mn*" ions has the highest
catalytic activity for the decomposition of oxalic acid and that
0;/Co*" and O,/Mn**are more efficient than the O;/H,0,
process. Similarly, Cortes et al. reported that the O,/Mn**
and O,/Fe*" processes were more effective in the removal of
organochloride compounds than the O,/Fe’" and O,/high
pH systems [92]. Beltran et al. found that the presence of
Co®" in water significantly enhances the ozonation rate of
oxalic acid at acidic pH and that catalytic ozonation proceeds
through the formation of a Co(HC,0,), complex [94].
Heterogeneous catalytic ozonation has received increasing
attention due to its potentially higher effectiveness in the
degradation of recalcitrant pollutants [95-101].

3. Fenton and Photo-Fenton Based AOPs

3.1. Fenton Reaction. The Fenton process has its root in the
finding reported in 1894 that ferrous ion strongly elevated the
oxidation of tartaric acid by hydrogen peroxide [102]. In the
Fenton process, hydrogen peroxide is added to wastewater
in the presence of ferrous salts, generating species that are
strongly oxidative with respect to organic compounds. "OH is
traditionally regarded as the key oxidizing species in Fenton
processes. The Fenton process mechanism is quite complex
and is described in detail with equations in the literature [103,
104]. In summary, the classic Fenton free radical mechanism
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FIGURE 2: Treatment flow sheet for Fenton oxidation [123].

in the absence of organic compounds mainly involves the
following sequence of reactions [102, 105]:

Fe’" + H,0, — Fe’* + 'OH + OH~ (14)
Fe’" + H,0, — Fe’* + HO," + H' (15)
"OH + H,0, — HO," + H,0 (16)
"OH + Fe’" — Fe’* + OH~ 17)
Fe’* + HO,” — Fe’" + O,H" (18)
Fe’* + HO,” + H" — Fe’* + H,0, 19)
2HO," — H,0, + 0, (20)

*OH radicals are rapidly generated through (14). In the
above reactions, iron cycles between Fe** and Fe’* and plays
the role of catalyst. The net reaction of (14)-(20) is the
decomposition of H,O, into water and O, catalyzed by iron
as follows (21):

2H,0, — 2H,0 + 0, (1)

As iron(II) acts as a catalyst, it has to be regenerated,

which seems to occur through the following scheme [102]

Fe’* + H,0, = Fe-OOH*" + H" (22)

Fe-OOH*" — Fe*" + HO," (23)

Generally speaking, Fenton’s oxidation process is com-
posed of four stages including pH adjustment, oxidation
reaction, neutralization and coagulation, and precipitation.

The organic substances are removed at two stages of oxidation
and coagulation [106, 107]. *OH radicals are responsible
for oxidation, and coagulation is ascribed to the forma-
tion of ferric hydroxo complexes [107, 108]. The relative
importance of oxidation and coagulation depends primarily
on the H,0,/Fe** ratio. Chemical coagulation predomi-
nates at a lower H,0,/Fe’" ratio, whereas chemical oxi-
dation is dominant at higher H,O,/Fe*" ratios [107, 109].
Wang et al. [110] and Lau et al. [111] reported that, in
Fenton treatment of biologically stabilized leachate, oxida-
tion and coagulation were responsible for approximately
20% and 80% of overall COD, removal respectively. Fen-
ton oxidation has been tested with a variety of synthetic
wastewaters containing a diversity of target compounds,
such as phenols [112-114], chlorophenols [115], formaldehyde
[116], 2,4-dinitrophenol [116], 2,4,6-trinitrotoluene [117],
2,4-dinitrotoluene, chlorobenzene, tetrachloroethylene [118],
halomethanes, amines, and hexahydro-1,3,5-trinitro-1,3,5-
triazine (RDX) [119]. Many chemicals are refractory to Fenton
oxidation, however, such as acetic acid, acetone, carbon
tetrachloride, methylene chloride, oxalic acid, maleic acid,
malonic acid, n-paraffins, and trichloroethane [116]. It has
been demonstrated that these compounds are resistant under
the usual mild operating conditions of Fenton oxidation
[114, 120, 121]. In addition to these basic studies, the pro-
cess has been applied to industrial wastewaters (such as
chemical, pharmaceutical, textile, paper pulp, cosmetic, and
cork processing wastewaters), sludge, and contaminated soils
[122] resulting in significant reductions of toxicity, improve-
ment of biodegradability, and colour and odour removal
[116].

The oxidation rate was influenced by many factors such as
pH value, Fe** : H,0, ratio, and the amount of iron salt. Some



of these parameters are discussed in detail in the following
sections. The Fenton process seems to be the best compromise
because it is technologically simple, there is no mass transfer
limitation (homogeneous nature), and both iron and hydro-
gen peroxide are cheap and nontoxic. From the economic
point of view, using the Fenton process as a pretreatment can
lower the cost and improve biological treatment efficiency
[107].

A batch Fenton reactor essentially consists of a pressur-
ized stirred reactor with metering pumps for the addition of
acid, a base, a ferrous sulphate catalyst solution and industrial
strength (35-50%) hydrogen peroxide. It is recommended
that the reactor vessel be coated with an acid resistant
material, because Fenton’s reagent is very aggressive and
corrosion can be a serious problem. The pH of the solution
must be adjusted to maintain the stability of the catalyst,
as at pH6 iron hydroxide is usually formed. For many
chemicals the ideal pH for the Fenton reaction is between 3
and 4, and the optimum catalyst to peroxide ratio is usually
1:5wt/wt. Reactants are added in the following sequence:
wastewater followed by dilute sulphuric acid catalyst in acidic
solutions, base or acid for the adjustment of pH at a constant
value, and lastly hydrogen peroxide (which must be added
slowly, maintaining a steady temperature). Since wastewater
compositions are highly changeable, there are some design
considerations to enable the Fenton reactor to operate within
flexible parameters. The discharge from the Fenton reactor
is fed into a neutralizing tank to adjust the pH of the
stream, followed by a flocculation tank and a solid-liquid
separation tank for adjusting the TDS (total dissolved solids)
content of the effluent stream. A schematic representation
of the Fenton oxidation treatment is shown in Figure 2
[123].

As mentioned above, Fenton oxidation was applied to
wastewater treatment based on the following observed opti-
mum pH conditions, since this has been shown to affect the
degradation of pollutants significantly [106, 124, 125]. The best
value pH has been observed to be 2.8-3 in the majority of
cases; [116,126,127], hence this is the recommended operating
pH. Atlower pH (pH =2.5), the formation of (Fe(II) (HZO))ZJr
occurs, which reacts more slowly with hydrogen peroxide,
producing a smaller amount of reactive hydroxyl radicals by
reducing the degradation efficiency [123].

Furthermore, the scavenging effect of hydroxyl radicals
by hydrogen ions becomes important at a very low pH, at
which the reaction of Fe’* with hydrogen peroxide is also
inhibited. At an operating pH of >3, the decomposition
rate decreases because of the decreased free iron species
in the solution, probably due to the formation of Fe(II)
complexes with the buffer inhibiting the formation of free
radicals. At a pH higher than 3, Fe’" starts precipitating as
ferric oxyhydroxides and breaks down the H,O, into O,
and H,O [124, 128], inhibiting the generation of ferrous ions.
Additionally, the oxidation potential of “OH radical is known
to decrease with an increase in pH [123].

Usually the rate of degradation increases with an
increased concentration of ferrous ions [125], though the
increase is sometimes observed to be marginal above a certain
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concentration [106, 129]. Additionally, an enormous increase
in ferrous ions will lead to an increased unutilized quantity
of iron salts, contributing to increased TDS content in the
effluent treatment, which is not permitted. Thus laboratory
scale studies are required to establish the optimum loading
of ferrous ions under similar conditions, unless data are
available in the open access literature [123].

The concentration of hydrogen peroxide plays a more
crucial role in the overall efficacy of the degradation process.
Usually it has been observed that the percentage degradation
of the pollutant increases with an increased dosage of hydro-
gen peroxide [106, 129]. Care should be taken however in
selecting the operating oxidant dosage. The residual hydrogen
peroxide contributes to COD, so an excess amount is not
recommended. The presence of hydrogen peroxide is also
harmful to many microorganisms and affects the overall
degradation efficiency significantly where Fenton oxidation is
used as a pretreatment to biological oxidation. One more neg-
ative effect of hydrogen peroxide, if present in large quantities,
is that it acts as a scavenger for the generated hydroxyl
radicals. Thus hydrogen peroxide loading should be adjusted
so that the entire amount is utilized. This can be decided
based on laboratory scale studies with the effluent in question
[123].

It should be noted that the dose of H,O, and the
concentration of Fe** are two relevant and closely related
factors affecting the Fenton process. The H,O, dose has to
be fixed according to the initial pollutant concentration. An
amount of H,0O, corresponding to the theoretical stoichio-
metric H,O, to chemical oxygen demand (COD) ratio is
frequently used [116], although it depends on the response of
the specific contaminants to oxidation and on the objective
pursued in terms of reducing the contaminant load. Usually
a lower initial pollutant concentration is favoured [125], but
the negative effects of treating a large quantity of effluent
need to be analyzed before the dilution ratio can be set.
For real industrial wastes, some dilution is often essential
before any degradation is observed using Fenton oxidation
[123].

As noted above, as the maximum degradation rates
are observed at a pH of approximately 3, the operating
pH should be maintained constant around this optimum
value. The type of buffer solution used also affects the
degradation process [125]. Acetic acid/acetate buffer provides
maximum oxidation efficiency, at least as observed for phos-
phate and sulphate buffers. This can be attributed to the
formation of stable Fe’*complexes under these conditions
[123].

Not many studies are available depicting the effect of
temperature on degradation rates and ambient conditions can
safely be used with good efficiency [123]. Besides, reaction
temperature is another crucial parameter in the Fenton
process. In principle, increasing the temperature should
enhance the kinetics of the process, but it also favours
the decomposition of H,0, towards O, and H,O. This
increases at a rate of around 2.2 times each 10°C in the
range of 20-100°C [130]. Oxidation with Fenton’s reagent
has already been proved effective and promising for the
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TaBLE 3: Typical findings observed in work related to the use of Fenton.

Reference Process conditions Pollutant(s) Conclusions
Optimum experimental conditions for the
simulated acid dye bath effluent were established as
. Fet = — _
Synhetc aciddye 0% eane (7= 20 C. whichyelded an
baths (SADB) P = > y

A temperature controllable magnetic stirrer ensures

perfect mixing at a constant rate of 300 rpm during all
experiments. The effect of Fe** concentration on COD

consist of three
different acid

overall COD removal efficiency of 23%. The
corresponding colour removal efficiency was 92%
and the first-order COD abatement rate constant

removal varied in the range of 0.5-10 mM (these i);?zluﬁl{feﬁsl(ES;LZ increased from 0.02 min™ to 0.03 min™' by
[40] factors were kept constant: H,0, = 30 mM; pH = 3; CL Acid Red 3 6’ 0 increasing the temperature from 20 to 50°C. The
t = 30 min; COD = 2741 mg/L). The selected H,O, ar'l d CI Acid Blue; first-order reaction rate constant for
concentration was in the range of 10-100 mM while 264) a.n.d two dve H,0, consumption increased from 0.15 min" to
pH =3 and Fe’* = 10 mM at 30 min. The tested pH iliaries ( Y 034 min™! by increasing the temperature from 20 to
values ranged between 2 and 5. ?eu‘zlul::le: ean tand 50°C. Further increases in temperature did not
an aci dgdoi or) improve oxidation and oxidant consumption rates.
H,0, consumption ran parallel to COD removal at
a rate approximately 10 times faster than COD
abatement.
The Fent " tirred at ‘ ture i The Fenton process was decolourized more than
© reron reactor was shirred at room temperature 90% in all cases. The best mineralization extent, that
an open-batch system with a magnetic stirring bar RB49 Reactive . imal TOC removal. 72.1%. was obtaine d’ for
and was treated for 2 h. The Fe"*: H,0, ratio was Blue 49 1S, maxima S 2
[41] . . degradation of RB49 by Fenton process, Fe*" : H,0,
varied in the range of 1:5,1:10,1:20,1:30,1: 40, and  RBI37 Reactive ~ _ 1:20. Fe** = 0.5 mM at pH = 3. The molecular
1:50, pH in the range of 2-4, and Fe*" in the range 0.5 Blue 137 e ) p o
and 1 mM. structure of the dyes studied plays a significant role
in oxidation by Fenton type processes.
- . . Fenton’s process proved highly effective in the
500 L e boties The o st weenimer o bleach Ethylenediamine  degradation of EDTA in spiked integrated
was first adjusted to '3 with H,S0,. Degradation of tetra aceticacid ~ wastewater. With an initial molar ratio of 70: 1
[42] EDTA in distilled water was czond4ucted by Fenton’s (EDTA), novel (H,0, and EDTA) or higher, EDTA degradation
reagent with Fe concentrations 0-0.9 mM and a complexing was nearly complete within 3 min of reaction time.
maximum reaction time of 15 min. The temperature agents, namely, =~ Lower EDTA degradation levels at pH 4 and low
. o . BCA5and BCA6 temperature in bleaching effluent are a major
reaction and pH were fixed at 60°C and 3, respectively. drawback in this study.
The initial concentrations of Fe(II) used in this study
T —
and 0.0%7, 2and the concentration of H,0, was kept the initial concentrations of Fe™” and H,0,. The
[43] constant at 500 mg/L. The initial concén tzra tions of Azo dye CI. Acid optimum operational conditions were obtained at
H.O. used in this study were 50. 100. 200. 500. and Yellow 23 (AY 23) pH 3. The results show that as much as 98% of AY
272 5oy T e 23 can be decolourized by 13.95 mg/L ferrous ions
700 mg/L, the Fe™" : H,O, ratios were set at 0.0199, and 500 me/L H.O
0.0279, 0.06975, 0.1395, and 0.279, and the & 2
concentration of Fe(II) was fixed at 13.95 mg/L.
All tests were conducted in a 200 mL double glass
cylindrical jacketed reactor, which allows cycle water
to maintain the reaction mixture at a constant The results showed a suitable decolourization
temperature. Temperature control was realized condition of initial pH 4.0. H.O. dosage
through a thermostat and a magnetic stirrer was used 10 x 102 M. and nlljolar .ra)tiozofz[H Og] /[Fe?']
to stir reaction solutions. Operating pH was in the Zé 6:1 The d’ecolourization . Hicienczie SZ within
range of 2.5-6.0 .and. decolouration time wa§360 min. 60 mln were more than 94.6%. It was found that the
(44] 4Hg(ir(;%eir21 II\)/[e Z:giﬁ:;g;f ézzfgeoii.?h: 10 to Azo dye Orange G decolourization efficiency of OG enhanced with
’ (0G) increased reaction temperature but the presence of

decolourization of OG with different initial
concentrations from 5.0 x 107 t0 3.5 x 107> M.
Reaction temperature was varied in the range of
20-50°C. The effect of the presence of chloride ion
(2.82 x 107 t0 2.82 x 10”' M) on the decolourization
of OG was investigated. The decolourization of
different concentrations of OG was studied in the
range of 2.21 x 10~ t0 1.66 x 10™* M.

chloride ion had a negative impact on the
decolourization of OG. The decolourization kinetics
of OG by Fenton oxidation process followed the
second-order reaction kinetics, and the apparent
activation energy E was detected to be 34.84 kJ/mol.




10

TaBLE 3: Continued.

International Journal of Photoenergy

Reference Process conditions Pollutant(s) Conclusions
Total organic carbon (TOC) reduction occurred

Chemical oxidation of the red dye solutions with gan .( ) L

y . . . after 120 min of reaction; however, the reaction time
Fenton’s reagent was carried out in a closed jacketed . .

- . required to achieve colour removal levels above 95%
batch reactor (1L capacity). The reactor was provided . . . .
. o . is around 15 min. Four operating variables must be

with constant stirring, accomplished through a - .

. L considered, namely, the pH, the concentration of
magnetic bar and a Falc magnetic stirrer. The . .

Azo dye (Procion hydrogen peroxide, the temperature, and the

temperature of the reaction mixture was kept constant

[45] by coupling the reactor to a Huber thermostatic bath Deep Red H-EXL concentration of ferrous ion, between 3-4, 5.9 mM,
Y . . . .. gran) 20 min, and 0.27 mM, respectively. It was concluded
Operating pH and H,O, concentration were varied in . .
the range of 2-5 and 5.9-8.8 mM, respectively. The that temperature and ferrous ion concentration are
effect of the Fe** concentration and reaction the only-variables that affect TOC removal, and,
temperature was investicated in the range of due to cross interactions, the effect of each variable
0 ISP—)I 1 mM and 20—70“gC respectivel 8 depends on the value of the other one, thus affecting
U > Tesp Y the process response positively or negatively.
At a constant simazine concentration, the
percentage of TOC removal increased with
Fenton’s reagent experiments were carried out at room increasing H,0, and Fe(I) conceptratlons P t.o
temperature (23 + 2°C) using different H,0, and 15'mg/L'Fe('H) and 50 mg/L peroxide above Whlch
Fe(IT) doses at pH 3.5. The percentage variation of mineralization decreased due to the scavenging

[46] simazine removal was investigated with H,0, Simazine ei;f:;tcsigi (}11(2)(0); ;) znhgigéylgild;iiz' g;f;n;;?;
concentration at different simazine doses between 0.5 Eb tained with IO-I O, /Fe(Il)/simazine rati(l: of
and 5.0 mg/L and at different Fe(I) doses between 5 55:15:3 (mg/L) ZSiIilazine deeradation was
and 30 mg/L at the end of a 6 min reaction time. o gL gre . .

incomplete, yielding the formation of intermediates
which were not completely mineralized to CO, and
H,O0.
Fenton oxidation is an effective method to
The experiments were performed in an insulated transform TNT totally in contaminated aqueous
vessel with a capacity of 1L mounted on a steel frame solution. This is feasible by the efficient generation
and stirred at 130 rpm. The pH of initial solutions was of hydroxyl radicals during H,O, catalytic
set at 3. Gradation efficiencies were compared by decomposition with Fe(IT) ions. TNT degradation

[47] varying Fenton’s reagent concentration and ratios. The kinetics and efficiency are largely influenced by
parallel monitoring of Fenton’s reagent concentrations H,0, and Fe** concentrations. Using
allowed the evidencing hydrogen peroxide or ferrous [H,0,], : [Fe(II)], molar ratios equal to or lower
ion contents as limiting factors for TNT removal. The than 0.5 leads to the formation of the maximum
[H,0,],/[Fe(II)], ratio was varied in the range of number of intermediates. The absolute rate constant
0.1-2mM. of the reaction between hydroxyl radicals and TNT

is 9.6-10x 10° M 57",
The Fenton reactor was a 0.5 L beaker placed in a . .
thermostat water bath with constant temperature and Z)l:iedzgf)l?g} OAIz:irjltg(gll apc f?(l;]l;zjzef%rstgjnl;\e/[mon
stirred by a magnetic stirrer, with operating pH values :
of 250, 3.00, 350, 4.00, and 5.00, inital H,0, [H,0,); and 0.025 mM [Fe™"] for 50 mg/L [dyel, at
oI P 22 ) an initial pH of 3.50 at a temperature of 25°C. Under
concentration in the range of 0.10 mM to 4.00 mM,  Azo dye Amido . o . .

(48] initial concentration of Fe** from 0.01 mM to Black 10B Fhese condltlonsf 99.25% dyg degradation eﬂflaency
0.10 mM, and initial Amido Black 10B concentration mn aq}leous solution was achieved after 60 min of
on its degradation in the range of 10-100 mg/L. A reaction. ﬁie Fenton treatment process showed that
series of experiments were conducted by varying the 1t was easier to destltuct. the -N = N—group than to
temperature from 15°C to 45°C. destruct the aromatic rings of Amido Black 10B.
Fenton oxidation was performed in a batch reactor
under initially anaerobic conditions to determine the
effect of [MTBE], on the degradation of MTBE with . .

FR: MTBE degraodation at di%‘ferent [MTBE], in the FR partially degradefi low [MTB.E ].0 n waFer (L4
range of 1, 2, and 5 mg/L when treated with the same and 22.7 uM). Experiments at acidic pH yielded the
amount o’f F)R This study was performed using best results of MTBE degradation (>90%), and
. L Methyl tert-butyl ~small differences were observed between the results
[49] solutions containing [MTBE], of 11.4 and 22.7 mM,

each one in individual experiments at pH values of
3.0, 3.6, 5.0, 6.3, and 7.0. The FR to MTBE molar ratio
varied in the range of 0.5:1 and 200: 1. The initial
concentration of pollutant was 22.7 uM and FR was
used in a 1:1 molar ratio of ferrous iron (Fe?*) and
hydrogen peroxide (H,0,) at pH = 3.

ether (MTBE)

at pH 3.0 and 5.0. The majority of MTBE
degradation and generation of intermediates
occurred during the initial phase and followed
pseudo first-order kinetics.
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TaBLE 3: Continued.

Reference Process conditions

Pollutant(s)

Conclusions

The experiments were conducted in batch mode. 4L

borosilicate reactors were filled with 3.6 L of deionized

(50] (DI) water at pH = 3.0 and purged with high-purity
below 0.01 mg/L and the oxygen concentration in the
head space was negligible (= 0.01%).

Methyl tert-butyl
nitrogen until the dissolved oxygen (DO) reading was ether (MTBE)

The added amount of FR proved to be an important
controlling parameter for the overall MTBE
degradation mineralization efficiency. An FR to
MTBE molar ratio of 20 : 1 was the minimum
required to achieve complete MTBE degradation.
Kinetic analysis is reported to be pseudo first-order
given the good linear correlation found between k'
and FMMR. Other intermediates not identified in
this study are generated in significant
concentrations at these conditions.

A series of experiments were conducted at pH 3 for 5,
15, or 60 min of mixing followed by 30 min
clarification. The studied H,0,/Fe** stoichiometric
molar ratios were 1, 2, 3, 4, 5, and 10 with H,0, dose of
1000 mgL ™, and the H,O,/Fe** stoichiometric molar
[51] ratios were 0.5, 2, 3, 5, and 10 with H,0, dose of
500 mgL ™. A further series of experiments were
conducted at an initial pH of 3, 4, 5, 6, or 7 with 5min
mixing followed by 30 min clarification. Comparisons
between the Fenton process and Fe’* coagulation were
carried out at an initial pH of 3 and 7.

Nuclear laundry
water

The experimental data generally indicated
decreased removal efficiencies of organic
compounds with an increasing H,0,/Fe*" ratio. Yet
taking into account all factors, thermostat
cost-effective degradation conditions were at
H,0,/Fe** stoichiometric molar ratio of 2 with
5min mixing and an H,O, dose of 1000 mgL™". The
initial pH of the laundry water can be as high as 7.
Fe®" coagulation experiments were conducted in
order to interpret the nature of the Fenton process.
Since the removal efficiency of organic compounds
in the Fenton process was slightly higher than in
coagulation, the treatment of the nuclear laundry
water can be called Fenton-based Fe’* coagulation.

destruction of several compounds and consequently for the
treatment of a wide range of wastewaters, as described in
several reviews (e.g. [102, 104, 116, 123, 131, 132]). Table 3
summarizes recent Fenton processes for some wastewater
treatments.

3.2. Photo-Fenton Processes. The photo-Fenton process, as
its name suggests, is rather similar to the Fenton one but
also employs radiation [102, 104, 123, 133]. The photo-Fenton
reaction is also well known in the literature [104, 134] as
an efficient and inexpensive method of wastewater and soil
treatment [104, 135]. Photo-Fenton process is known to
be capable of improving the efficiency of dark Fenton or
Fenton-like reagents by means of the interaction of radiation
(UV or Vis) with Fenton’s reagent [136]. This technique
has been suggested as feasible and promising for removing
pollutants from natural and industrial waters and increasing
the biodegradability of chlorophenols when used as a pre-
treatment method to decrease water toxicity [104]. Some of
its most innovative applications include oxalate as a ligand of
iron ions [104, 137].

The effectiveness of photo-Fenton processes is attributed
to the photolysis of Fe(III) cations in acidic media yielding
Fe(Il) cations (24), in conjunction with reaction between
Fe(II) and *OH to yield hydroxyl radicals (Fenton’s reaction,
step 24):

Fe(OH)** + hy — Fe** +" OH (24)
Fe’* + H,0, — Fe(OH)*" +" OH (25)

In this process, the photolytic decomposition of
Fe(OH)?*" (24) is accelerated, providing an additional source

of highly oxidative hydroxyl radicals compared to the
“simple” Fenton process [102]. The photo-Fenton process
produces more hydroxyl radicals than the conventional
Fenton method (Fe(II) with hydrogen peroxide) or
photolysis, thus promoting organic pollutant degradation
rates. This process consists of a combination of Fenton
reagents (Fe*"/H,0,) and light energy [138, 139] and thus of
two reactions [136]:

Fe’* + H,0, — Fe’* +"OH + OH~ (26)

Fe’* + H,0 + hv — Fe’" +" OH + H' (27)

The first reaction is a reaction of Fe** with H,0,, which
generates the powerful reactive species “OH radicals and
oxidizes Fe’* to Fe’*. In other words, the hydroxyl radical
generation in Fenton processes is due to the iron catalyzed
decomposition of H,0,. The first photo-Fenton reaction
causes the formation of hydroxyl radicals. The second reac-
tion of the photo-Fenton process is a reaction of Fe** with
water, which occurs when light is used at a wavelength from
300 nm to 650 nm. This generates "“OH radicals and reduces
Fe’* to Fe**. These two oxidation-reduction reactions occur
repeatedly and completely mineralize organic pollutants to
CO, and H,O [136]:

Pollutants +'OH — Intermediates (28)

Intermediates +'OH — CO, + H,0 (29)



12 International Journal of Photoenergy
TABLE 4: Typical findings observed in work related to the use of photo-Fenton.
Reference Process conditions Pollutant(s) Conclusions
Phenol transformation efficiencies of 100% and
total COD reduction percentages of 85% were
Natural pH conditions with phenol rgached within .the first hour of phototreatment,
L with an aromatic free effluent as the final product
concentrations in the range of 180-733 mg/L. . .
- . in both types of reactor. The ferrioxalate type
The photochemical treatment was mediated . .
. . 1 complexes using mass ratios of oxalate/phenol =
[52] with ferrioxalate and peroxide in two Wastewater 34
. 1.5, oxalate/Fe”" =15, and H,O,/phenol > 5.0
photoreactors of different volumes and A
. L . were shown to be very effective in the treatment
operation conditions (batch and with closed -
flow) of these effluents, even at pH conditions close to
' neutral, the pH region in which Fenton type
processes begin to lose efficiency due to the
precipitation of iron as a hydroxide.
The results showed that the total transformation
of dihydroxybenzene compounds was obtained
. . o o
Photo-Fenton process in a CPC solar . WI.th N rr‘llne%rallzatlon Of. over 80%. The .
. Natural organic mineralization of organic compounds dissolved
photoreactor. The effect of solar activated . . N
matter (NOM) in natural water was higher than in Milli-Q
photo-Fenton reagent at pH 5.0 before and . .
[53] . . model compounds water, suggesting that the aqueous organic and
after a slow sand filtration (SSF) process in . . - 2
. . . (dihydroxy- inorganic components (metals, humic acids, and
waters containing natural iron species was b h . . itively affect th
investigated enzene) photoactive species) positively affect the
) photocatalytic process. When 1.0 mg/L of Fe**
was added to the system, photo-Fenton
degradation improved.
Two laboratory scale photo-Fenton
experiments were performed with the solar The photo-Fenton degradation of SMX was
simulator and SMX dissolved in diluted water strongly influenced by the seawater matrix when
(DW) and in seawater (SW) at the same compared to distilled water. Indeed, in seawater
concentration (50 mg/L; DOC = 23.75 mg/L) it is proposed that degradation occurs mainly
as in the pilot plant experiments for their through Cl,'"and CI'"” (or HO, ") and not
comparison with natural solar radiation. The Antibiotic through HO™. The increased iron concentration
initial DOC of SW was 2.6 mg C/L. The showed a slight improvement on the pollutant
[54] . sulfamethoxazole . . L
experiments were performed at three degradation and mineralization rate. The
. s . (SMX) ) .
different initial concentrations of increase of H,0, concentration up to 120 mg/L
FeSO,-7H,0 (2.6, 5.2, and 10.4 mg/L). Initial in distilled water reduced the sample toxicity
H, O, concentrations ranged from 30 to during the photo-Fenton process, which
210 mg/L. The solar pilot plant reactor demonstrates that this is a feasible technology
consisted of a compound parabolic collector for the treatment of wastewater containing this
(CPC) with a 3.0 m? irradiated surface and compound.
total volume of 39 L.
Photo-Fenton oxidation was carried out using
a cylindrical Pyrex thermostatic cell with a The results demonstrated that a photo-Fenton
300 mL capacity (T = 23 + 1°C), equipped reaction can be used successfully as a
with a magnetic stirrer. The dye solution pretreatment process to biocompatibilize
volume was 250 mL. A 6 W Philips black light Procion Red H-E7B reactive dye solutions. The
fluorescent lamp which basically emits at best pretreatment results were obtained with
350 nm was used as an artificial light source. 60 min of photo-Fenton irradiation time and
The incident light intensity, measured with a . . 10 mg/L Fe(II) and 125 mg/L H, O, of initial
. iy . Homo-bireactive . .
[55] uranyl actinometer, was 1.38 x 10~ Einstein dye (Procion Red reagent concentration. Under these conditions,
s”!. A few Fenton reagent doses were tested in Y H-E7 B) the BOD5/COD index increased from 0.10 to

the present work (a series of three
experiments): 5 mg/L Fe(II) and 125 mg/L
H,0,, 10 mg/L Fe(II) and 125 mg/L H, O,

10 mg/L Fe(II) and 250 mg/L H,0,.
Contaminants with a ratio of BOD5/COD >
0.4 are generally accepted as biodegradable,
while those with ratios between 0.2 and 0.3
units were partially biodegradable.

0.35 units with 39% mineralization and
16.5mg/L of residual H,O,. The use of
photo-Fenton type reactions as a pretreatment
allows the SBR system to remove Procion Red
H-E7B Reactive Dye from aqueous solution,
which improves the low success rate of aerobic
biological removal of dye colour.
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Reference Process conditions Pollutant(s) Conclusions
The optimum conditions for the degradation of
PNA in water were considered to be pH 3.0,
This study explored the application of the 10 mmol/L H,0,, 0.05 mmol/L Fe*",
solar photoFenton process to the degradation 0.072-0.217 mmol/L PNA, and temperature
of PNA in water. The operating pH value was 20°C. Under optimum conditions, the
varied in the range of 3-6. The effect, of H,0, degradation efficiencies of PNA were more than
and Fe** dosage on the degradation of PNA P-Nitroaniline 98% within a 30 min reaction time. The
[56] by solar photo-Fenton process were (PNA) degradation characteristic of PNA showed that
investigated between 2.5-40 and the conjugated systems of the aromatic ring in
0.025-0.1mM, respectively. Also the effect, of the PNA molecules were effectively destroyed.
temperature and initial pollutant The experimental results indicated that the solar
concentration were investigated in the range photo-Fenton process has advantages over the
0f20-50°C and 72 x 107°-217 x 10~ mM. classic Fenton process, such as higher oxidation
power, a wider working pH range, and a lower
ferrous ion usage.
During the experiment, H,0, was added
continuously to the reactor at a flow rate of
;?Z)Tﬁ?ovrﬁgtli? g\l}l?ag;prg}%gvgif(x th an Under these conditions, the toxicity unit
e p measured by Microtox test with 5 min exposure
emission range between 280 and 360 nm) was decreased from 47 to 6 and the
were plflced axially in the reactor ar}d kept i biodegradability evaluated by BOD 5/COD ratio
place with a quartz sleeve. The UV intensity of was increased from 0 to 0.76 after a 60 min
[57] one 8 WUV lamp is 60 yW/cm. The reaction Carbofuran reaction. The results ob tai.ne d in this study
o +1°C uci .
;efvlizagztrﬁ Vriv?;a;:ct?é??gltjzyi;; la(r:r;lei;ng demonstrate that the photo-Fenton process is a
. ) . promising pretreatment to biological treatment
out using H,0, dosage rate ranging from I to for carbofuran removal from contaminated
10 mg/L min and Fe** dosage from 1 to
. . o water or wastewater.
100 mg/L to investigate their influence on
carbofuran degradation under the
photo-Fenton process.
fﬁ?ﬁgﬁlﬁi;ﬁﬁ (;a;‘(;lle (()i rzucii:;r?efe);r:)ri flass With increasing Fe dosage the decolourization
OYZ 0m height. The woridn volume was 1L rate increased, but the enhancement was not
aﬁd all ex; geri;nents were c%)nducted in batch pronounced beyond 10 mg/L. Although the
pert - - addition of H,O, increased the decolourization
mode. The initial solution pH was adjusted to rate up to around 1000 mg/L of H,0,, further
3 which is the optimal value for the Fenton additions of H,0, did not enhancze czo’lour
and photo-Fenton reactions using sulphuric
[58] acid. All experiments except those in the dark Acid Orange 7 removal. At excess dosages of Fenton reagents,

and at night were carried out between 10 am
and 4 pm. The mean solar radiation during
the experiments from October to January was
in the range of 2.55-3.01 kWh (m” day) ™. The
effects of solar light, initial Fe concentration,
and initial H,O, concentration were
investigated.

colour removal was not improved, due to their
scavenging of hydroxyl radicals. It was found
that the pseudo first-order decolourization
kinetic constant based on the accumulated solar
energy is the sole parameter unifying solar
photo-Fenton decolourization processes under
different weather conditions.

The oxidation power of the photo-Fenton process is
attributed to the generation of OH radicals. Without irra-
diation, a Fenton-like reaction occurred instead of a photo-
Fenton reaction. The Fenton-like reaction is a reaction of Fe>*
with H,0,, which causes the reduction of Fe’* to Fe**:

Fe’" + H,0, — Fe’* +'OOH + H" (30)

Since Reaction (30) occurs instead of Reaction (27),
organic pollutants are mineralized even without irradiation.
It should be noted, however, that Reaction (30) is rather
slower than Reaction (27). Thus the degradation rate under

dark conditions is rather lower than that of the photo-
Fenton reaction [136]. Figure 3 shows the reaction pathways
for the process starting with the primary photoreduction of
the dissolved Fe(III) complexes to Fe(II) ions followed by
Fenton’s reaction and the subsequent oxidation of organic
compounds. Additional hydroxyl radicals generated in the
first step also take part in the oxidation reaction [140].

Appropriate
treatment depends mainly on the operating variables—

H,0,/COD molar ratio, H,0,/Fe’* molar ratio, and
irradiation time. The conventional method is to optimize

implementation of the photo-Fenton
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_)| Oxidation of organic compounds |

CO,+ water +- - -

FIGURE 3: Reaction pathways of the photo-Fenton process.

the operating variables by changing one factor at a time;
that is, a single factor is varied while all other factors
are kept unchanged for a particular set of experiments.
Likewise, other variables are individually optimized through
single-dimensional searches, which are time consuming and
incapable of reaching the actual optimum as interaction
among variables is not taken into consideration [141]. Some
illustrative works from recent years are discussed in detail in
Table 4.

4. UV/H,0, Process

Like other AOPs, the oxidizing ability of UV/H,0, may
be attributed to the formation of "OH, HO,", and O, " as
reflected by their mechanistic pathways (Reactions (1), (19)-
(23)). In fact, the AOP occurs via a reaction with ‘OH
radicals, produced by UV irradiation of H,O,. The molar
absorptivity of hydrogen peroxide is low at 253.7 nm, about
20M™'ecm™, and "OH radicals are formed per incident
photon absorbed [104]. At this wavelength, the photolysis
rate of aqueous hydrogen peroxide is about 50 times slower
than that of ozone [104]. This technique requires a relatively
high dose of H,0, and/or a much longer UV exposure time
than, for example, the UV/Oj; process. In contrast, the rate
of photolysis of hydrogen peroxide has been found to be
pH dependent and increases when more alkaline conditions
are used, because at 253.7 nm peroxide anions HO,  may
be formed, which display a higher molar absorptivity than
hydrogen peroxide, namely, 240 M~ cm™" [104, 142]. In this
AOP, the formation of "OH radicals is directly facilitated
by the photolysis of H,O, [143]. The radicals, which are
formed by the homolytic splitting of the oxidant’s O-O bonds,
transform the chemical structures of target chelating agents
[143, 144]. Consider the following:

Initiation (Rate Constant)

H,0, +hv — 2'OH(k=5:3x10° M's™") (3]

H,0, = HO, +H" pKa=11:62
(32)
(k=1:25x107s")
Propagation [144] (Rate Constant)
"OH + H,0, — HO," + H,0
(33)
(k=2:7x10M"s™")
H,0,+0,” — 0, + OH"
(34)
(k=05M"'s")
HO,” + 0, — HO," + 0O, (35)
Termination [144] (Rate Constant)
‘OH +HO,” — H,0+0, pH=3
(36)
(k=715x10"M"'s7™)
"OH +' OH — H,0,
(37)

(k =52x10° M s_l)

It is important to note that the effectiveness of UV/H,0,
systems depends on various conditions that affect their ability
to degrade chelating agents. The variables include the type
and concentration of contaminants or dissolved inorganic
substances (such as carbonates and iron cations), organic
substances present in surface water, light transmittance in
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TaBLE 5: Typical findings observed in work related to the use of UV/H,0,.

Reference Process conditions Pollutant(s) Conclusions
For photolytic experiments, the samples Under the optimized conditions of
were irradiated with a UV lamp with an 62 uMdye, 5.5 mM H,0,, and pH 4, the
output of 254 nm operating at 50-60 Hz experimental values were as predicted,
with a current intensity of 0.12 A at indicating the suitability of the model and
(59] ambient temperature. The photolytic Carmine the success of RSM in optimizing
decolouration of carmine via UV (C.I. Natural Red 4) photooxidation conditions for carmine
radiation in the presence of H,0, was dye. In the optimization, R* and R*,
optimized using response surface correlation coefficients for the quadratic
methodology (RSM) utilizing model were evaluated quite satisfactorily
Design-Expert 71. at 0.998 and 0.997, respectively.
UV/TiO,/H,0,, UV/TiO,, and
UV/H,0, were compared as e 4—Chlo1'rop henol (4CP), Chlorophenol photodegradation was well
pretreatment processes to detoxification 2,4-dichlorophenol . N
described by a first-order model kinetic
and treatment. The tubes were then (DCP), >
. . N . . (r* > 0.94) and the shortest 4CP, DCP,
[60] irradiated for 40 h (initial concentrations 2,4,6-trichlorophenol . .
. . TCP, and PCP half-lives were achieved
of 50 mg/L) or 56 h (initial concentrations (TCP), and . .
oo during UV/TiO,/H,0, treatment at 8.7,
0f 100 mg/L) at 300 yW cm ™~ with two pentachlorophenol 7145 and 3.3 h. respectivel
18 W UV bluelamps and an initial (PCP) I -2, TESp Y-
chlorophenol concentration of 50 mg/L.
A 60 W mercury vapour lamp (UV C,
253.7 nm) with a frequency of 50 Hz and UV/H, O, was shown to remove the
a voltage of 240 V was used. The initial colour associated with melanoidin
concentrations of H,O, and melanoidin effectively. The process was less effective
were manipulated while pH, flow rate, in removing the DON and DOC present
irradiated surface area, volume, lamp - in the melanoidin solution. At the
[61] . . Melanoidin . .
intensity, and temperature were kept optimum H, 0, dose (3300 mg/L), with
constant. The relative change of each an initial melanoidin concentration of
constituent was identified at various 2000 mg/L, the removal of colour, DOC
initial concentrations of H,O, (up to and DON was 99%, 50%, and 25%,
12000 mg/L) and melanoidin respectively.
(263-5314 mg-Pt Co/L).
This study com‘pared. the efﬁcacy of UV These results demonstrated that the
photodegradation with that of different S
1 treatment of naphthalene sulphonic acids
advanced oxidation processes (Os, . . . .
- with UV radiation is not effective in their
UV/H,0,, O,/activated carbon). .
AT . . removal from aqueous solutions. The
Photo-irradiations were carried out using .
presence of duroquinone and
a merry-go-round photoreactor (MGRR), 4-carboxybenzophenone during the
DEMA equipped with a 500 WTQ Naphthalene sulphonic earoxy P &
[62] . . irradiation of naphthalene sulphonic
718 Heraeus medium-pressure mercury acids 1 e L
lamp (239-334 nm) or a TNN 15/32 acids increases their elimination rate.
O;/activated carbon and UV/H,0, based
Heraeus low-pressure mercury lamp systems were found to be more efficient
(254 nm). The temperature in the MGRR 4 . . .
. . than the irradiation process in the
was kept at 25.0 + 0.2°C during all T
) . . removal of naphthalene sulphonic acids
irradiations. The concentration of H,O, -
from aqueous solutions.
used was 3 mM.
The reactor had a 1L capacity and was
equipped with a mercury
medium-pressure steam UV lamp which In a batch reactor it was possible to
was 110 mm in length and used 1000 W, demonstrate that the sulphur compounds
145V, and 7.5 A. In the UV light/H, O, of the sulphurous waters could be
flow reactor system, the initial oxidized to sulphate in a UV light/H,0,
[63] concentration of sulphide was Sulphurous water air system with very small concentrations

6.34 mg L™". The initial concentrations of
sulphurous water were 6.34 mgL™" of
HS™,1000mgL™" of SO,*", and
1.5mgL™" of SO,* . The amount of
hydrogen peroxide added was of
6x10* mLL™.

of hydrogen peroxide (6 x 107> mLL™).
In a flow reactor it was possible to obtain
the same results by adding only

6 x 107 mL L™ of hydrogen peroxide.
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TaBLE 5: Continued.
Reference Process conditions Pollutant(s) Conclusions
The fastest degradation rate was obtained
. 40W
Radiation energy was supplied by two VbVItIl_lI tlcl)e /HUZ\%{"ULthOZYS}Ee:}?é followed
lamps. Two different types of lamp were YRV & o
used: (1) two Philips TUV lamps with an phOtOC.atalytlc process was effective in
input power of 15 W each and (2) two degrading DCA, the reaction rate was
Heraeus UV-C lamps operated with an much slower when compared with the
input power of 40 W each. Both types of homogeneous processes. For the
) . L H,0,/UV*" reaction, the DCA
conversion at f g = s (ca. o
(64] lamp are low pressure mercury vapour Dichloroacetic acid . = 5305 (ca. 4h of

lamps with one single significant
emission wavelength at 253.7 nm. DCA
concentration and radiation absorbing
species concentration (H,0,) were

60 ppm, 145 ppm and pH and
temperature were kept at 3.4 and 20°C,
respectively.

(DCA) reaction) is more than 80%, whereas the

H,0,/UV"Y system reaches half of this
value. The DCA and TOC conversion
values are similar in each process. This is
in agreement with the fact that there are
no stable reaction intermediates and
DCA is rapidly converted into HCl and
CO,.

Low pressure mercury vapour lamps with
a maximum emission primarily at
253.7 nm were used as the light source.
The changes in the pH of dye solutions as
a function of the irradiation time for
different initial pH values are carried out.
The effect of the initial H,O,
concentration in a range of 10-100 mM
[65] on the rate of RO16 decolourization was
investigated. The effect of the initial RO16
concentration in a range from 20 to
80 mg dm > on the efficiency of dye
degradation was also investigated. The
influence of UV light intensity on the
decolourization of RO16 azo dye was
monitored by varying the light intensity
from 730 up to 1950 uW cm 2.

Azo dye Reactive

The UV/H, 0, process could be used
efficiently for the decolourization of
aqueous solutions of the azo dye Reactive
Orange 16. It was found that the rate of
decolourization is significantly affected
by the initial pH, the initial hydrogen
peroxide concentration, the initial dye
concentration, and the UV light intensity.
The decolourization follows pseudo
first-order reaction kinetics. Peroxide
concentrations in the range from 20 to
40 mM appear to be optimal. Colour
removal was observed to be faster in
neutral pH solutions than in acidic and
basic ones. The hydroxyl radical
scavenging effect of the examined
inorganic anions increased in the order
phosphate < sulphate < nitrate < chloride.

Orange 16

solutions (as indicated by turbidity or colour), pH, tempera-
ture, and the optimum oxidant dose [145]. An excessive con-
centration of H,0, would act as a radical scavenger, slowing
down the rate of oxidation [146], while a low concentration of
H, 0, insufficiently forms OH radicals in aqueous solutions,
leading to a slower oxidation rate [143, 147]. The UV/H,0,
process is sensitive to the scavenging effects of carbonate ions
at a pH ranging from 8 to 9. Furthermore, the UV/H,0,
process requires a long UV exposure time with a powerful
output at a wide range of wavelengths. Nevertheless this
treatment is more economically attractive than the UV/O;
process, due to its lower energy consumption [143, 148].

Tubular reactor configurations are usually employed for
direct photolysis and photo-Fenton processes or processes
based on H,0,/UV reagent, in order to achieve a good
interaction between CPs, other intermediates, and radiation
[104, 149]. Also various lamps are employed to generate the
radiation supplied to CP samples for direct UV photolysis
and for techniques based on UV/H,0,, UV/O,, photo-
Fenton processes, and photocatalysis. The various commer-
cial radiation sources employed include high, medium, and

low pressure mercury vapour lamps for the generation of
UV radiation [149-151] and solar-simulated xenon lamps as
a source of visible radiation [152]. The lamp can be located
either in an axial position housed by a sleeve [150] or
vertically, in its centre [104]. The typical findings observed in
the UV/H, 0, process are listed in Table 5.

Ultimate oxidation of CPs to carbon dioxide and water
has rarely been obtained under typical test conditions. As
summarized in Table 4, typical half-life times are between
0.3 and 20.1 minutes for CP degradation, depending
on the initial concentration of CP and hydrogen
peroxide, the intensity of radiation, and the degree of
chlorination. It is observed that the degradation rates
increase when the number of chlorine substituents decreases
(104].

5. Conclusion

Recent developments in various homogeneous AOPs have
been analysed comprehensively. The principle of individual
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and combined AOPs and their efficiency on the degradation
of various pollutants was discussed. The influence of various
experimental parameters such as oxidant dosage, solution
pH, flow rates, substrate concentrations, water matrix, and
light intensity on the AOPs was explored. This review also
listed various AOPs applied for the degradation of con-
taminants under different experimental conditions. Com-
bined AOPs substantially enhanced the degradation rate by
generating more reactive radicals under suitable conditions.
The optimum oxidant dosage and solution for efficient
removal were reported.
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