This is an author generated post-print of the article:

Jodo Peres Ribeiro, Maria Isabel Nunes, 2021. Recent trends and developments in Fenton
processes for industrial wastewater treatment — A critical review. Environmental

Research 197, 110957.

The final publication is available on https://doi.org/10.1016/j.envres.2021.110957



Recent trends and developments in Fenton processes for industrial wastewater
treatment — A critical review

Jodo Peres Ribeiro?, Maria Isabel Nunes2*

aDepartment of Environment and Planning and CESAM - Centre for Environmental and Marine Studies,
University of Aveiro, 3810-193, Aveiro, Portugal

*Corresponding author: isanunes@ua.pt; +351 234370200. Departamento de Ambiente e Ordenamento,
Universidade de Aveiro. Campus Universitario de Santiago, 3810-193, Aveiro, Portugal

Abstract

This study reviews the recent developments in the application of Fenton processes in real
industrial wastewater treatment, focusing on heterogeneous catalysts and catalyst
regeneration/reuse. This article presents the features, inherent advantages or drawbacks, and
primary experimental results obtained on established and emerging Fenton processes,
highlighting the course of innovations and current scenario in a research field that has recently
undergone rapid transition. Therefore, a comprehensive literature survey was conducted to
review studies published over the last decade dealing with application of Fenton processes to
industrial wastewater treatment. The research in this field is primarily focused on discovering or
synthesizing new materials to substitute conventional iron salt Fenton catalysts and/or regenerate
and reuse the spent catalyst, in contrast to optimizing the application of existing materials. Hence,
the emphasis is on producing reusable materials, transitioning from linear to circular economy.
Some of the major challenges identified herein include analyzing or improving heterogeneous
catalyst lifetime, determining the predominant pathway of heterogeneous and homogeneous
catalysis to pollutant degradation, and defining the best layout to incorporate Fenton processes

into full-scale treatment plants, particularly its coupling with biological treatment.
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Nomenclature

)) — Ultrasonic irradiation

AC — Activated carbon

AOP — Advanced oxidation processes
AOX — Adsorbable organic halides
BODs — 5-day biochemical oxygen demand
BDD — Boron doped diamond

COD - Chemical oxygen demand

CPC — Compound parabolic collector
CT — Chitosan gel

DOC - Dissolved organic carbon

EDDS - Ethylenediamine-N, N’-disuccinic acid
EDTA — Ethylenediaminetetraacetic acid
HDPE — High-density polyethylene

HRT — Hydraulic retention time

hv - UV irradiation

IE — lon-exchange

MBC — Magnetic biochar composite
MICOS - Mixed-iron coated olive stone
NTA — Nitrilotriacetic acid

PAN — Polyacrylonitrile

PEF — Photo-electro-Fenton

R — organic pollutants

SS - Suspended solids

T — Temperature

t— Treatment time

TOC - Total organic carbon

X — Heterogeneous catalyst surface
ZVAl — Zero valent aluminum

ZVI1 — Zero valent iron



1. Introduction

It is widely accepted that the toxic and recalcitrant nature of certain industrial wastewater render
conventional biological processes ineffective for wastewater treatment. For example, textile
(dyeing) wastewater has strong color and high chemical oxygen demand (COD), and certain
azo-dyes are either toxic or convertible to carcinogenic and mutagenic compounds under
anaerobic conditions (Bae et al., 2015; Guo et al., 2018). Olive-oil mill wastewater contains
several grams per liter polyphenols, which are toxic to bacteria used in common biological
wastewater treatment plants and increase heavy metal solubility in the aquatic environment
(Gernjak et al., 2004; Hodaifa et al., 2013). The cosmetic industry wastewater contains
xenobiotics, including numerous toxic chemical compounds, such as phenol derivatives,
mixtures of surfactants, dyes, fragrances, and cosolvents. This type of wastewater is also
characterized by high levels of suspended solids (SS), fats and oils, detergents, and low
BODs/COD (biochemical/chemical oxygen demand) that hinder biological treatment (Bautista et
al., 2007; Pliego et al., 2012). Pulp bleaching wastewater typically has low biodegradability and
high contents of COD, SS, dissolved lignin, color, complexing agents such as EDTA, and
several organochlorine compounds, including adsorbable organic halides (AOX), which are of
utmost concern due to their toxic effects on fish and zooplankton (Ashrafi et al., 2015; Hubbe et
al., 2016; Oller et al., 2011; Toczytowska-Maminska, 2017).

In this context, advanced oxidation processes (AOPs) are rapidly emerging technologies with
several applications, such as organic pollutant destruction through toxicity reduction,

biodegradability improvement, and odor and color removal (Mandal et al., 2010). The AOPs

effectively fractionate complex high-molecular weight compounds to simple intermediate
compounds, which are part of the bioenergetic cycle of living organisms and therefore
compatible with biological treatment. These compounds may include acetic, maleic, and oxalic
acids and acetone (Rabelo et al., 2014). Among AOPs, the homogeneous Fenton processes
are commonly utilized, as they are based on the Fe-catalyzed decomposition of oxidant H202
into *OH, which non-selectively destroys organic compounds. The efficiency of such processes
may be improved when combined with other techniques, such as UV or sonic irradiation, which
yield additional *OH and enhance the regeneration of the Fe?* catalyst from Fe3*. In addition to

efficiently removing recalcitrant compounds, Fenton processes have reported the following



advantages: they can be performed at room temperature and atmospheric pressure. The
required reagents are readily available and easy to handle; these have shortest reaction time
among AOPs. They can be implemented simply, without requiring special equipment, and easily
integrated into existing water treatment processes, such as coagulation, filtration, and biological
oxidation (Babuponnusami and Muthukumar, 2014; Bokare and Choi, 2014; Hodaifa et al.,
2013; Ochando-Pulido et al., 2017).

The primary drawbacks associated with the homogeneous Fenton process are the continuous
loss of iron ions and solid sludge formation, which requires further management (Karthikeyan et
al., 2011; Kishimoto et al., 2013; Ochando-Pulido et al., 2017; Zhang et al., 2019). Another
disadvantage is the high cost of chemicals, particularly H202 (Babuponnusami and
Muthukumar, 2014; Balabani€ et al., 2012; Hermosilla et al., 2012). The expenses incurred in
the homogeneous Fenton process range from 0.2 to 17.7 €-m=3, which highlights the relevance
of the adopted operating conditions and their impact on the overall effectiveness of the method
(Cafiizares et al., 2009).

To overcome some of these disadvantages, several recent advances have been made
regarding the supply of the Fe catalyst in the solid (heterogeneous) state: zero-valent iron has
been reported as highly effective in acidic conditions, wherein the surface layer of the catalyst
particles oxidizes for in-situ production of Fe2*, through the Fenton process. Synthesis of iron-
supporting catalysts has also gained recent attention, with the iron in the synthesized catalyst
obtained from either iron minerals or iron salt and generally entrapped or impregnated in a solid
support. Iron can also be supplied in its natural mineral state. Oxide hydroxides can be
dehydroxylated to their oxide compounds under specific conditions, possibly modifying the size,
orientation, dimensionality, and morphology of oxides (Wang et al., 2012). The utilization of
waste material is a promising alternative, wherein low-cost residues may be used either as an
iron source or as a catalyst support, reducing the exploitation of iron ores and applying circular
economy principles. Furthermore, nanomaterials can be suitably applied as Fenton catalysts,
because they have a high surface area, low diffusion resistance, are easily accessible to
reactants, and have numerous active sites (Wang et al., 2012, 2016). Fig. 1 shows the common

Fenton processes, as discussed in this study.
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Figure 1. Variations of Fenton processes addressed in the literature and reviewed in this work.

Presently, comprehensive reviews are already available that have focused on applying Fenton
processes in wastewater treatment, with various target compounds and process combinations
(Ashrafi et al., 2015; Dewil et al., 2017; Kamali and Khodaparast, 2015; Miklos et al., 2018;
Wang et al., 2016). However, in the last decade, several improvements have been made to
Fenton processes as the research focus transitioned from process optimization to actual
process modification, which was achieved through heterogeneous catalyst development and
catalyst recovery or reutilization.

This article aims to critically review the recent trends and developments in the application of
Fenton processes to treat real industrial wastewater. It primarily focuses on heterogeneous
Fenton catalysis or recovery or reuse of the exhaust catalyst to improve the efficiency of Fenton
catalysts, thereby reducing the economic and environmental costs associated with continuous

iron consumption and wastage.

2. Methodology



A comprehensive literature survey was conducted using the primary international
interdisciplinary platforms for research support in different areas: Science Direct, Scopus, and
Web of Science. Combinations of the following keywords were used to conduct the search:
“advanced oxidation process”, “Fenton”, “Fenton catalyst”, “heterogeneous catalyst”, and
“wastewater”. The “semi-systematic” review approach was followed, according to the
classification proposed by Snyder et al. (2019).

As the wastewater characteristics highly influence the effectiveness of Fenton processes,
compared to their application in removing synthetic target compounds, this review focuses only
on studies dealing with real industrial wastewater. Studies on synthetic wastewaters are only
referenced when it is required to discuss the synthesis processes developed recently for novel
heterogeneous catalysts.

Herein, literature from the last decade have been considered. A total of 64 articles were
reviewed, accounting for 86 case studies, all selected under the conditions stated previously.
The subsequent part of this article comprises six sections. Conventional and modified
homogeneous Fenton processes are reviewed in Sections 3 and 4, while Sections 5 and 6 aim
to present emerging technologies constituting the latest developments reviewed in this study:
catalyst regeneration techniques are discussed in Section 5, and Section 6 presents catalyst
substitution in the heterogeneous Fenton process. Future challenges in this field of research are
discussed in Section 7, and the main conclusions of the study are presented in Section 8. Fig 2
shows the distribution of the reviewed literature by industrial sector, highlighting the increasing
attention given to industrial sectors producing wastewaters with large amounts of recalcitrant

pollutants, particularly the pulp and paper and textile industries and landfills.
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Figure 2. Distribution of the reviewed articles by industrial sector.

3. Conventional homogeneous Fenton process

The overall homogeneous Fenton chemistry is highly complex, including both oxidation and
coagulation reactions, and is well described by equations (1)—(14) (Babuponnusami and

Muthukumar, 2014; Brink et al., 2017; Hermosilla et al., 2015, 2009; Umar et al., 2010).

Fe?* + H,0, —» Fe(OH)3* —» Fe®* + *OH+OH~ k=40—-80L-mol™*-s7? (@h)
Fe** + H,0, > Fe?* + *0,H + H* k=10"3-10"2L-mol'-s? @)
R+ *OH - R' + H,0 k=107 -10°L-mol ! -s7! 3)
R+ *OH - R°OH k=107 —10°L-mol™!-s™? 4)
R* + Fe3* - R* + Fe?* (5)
R* +OH™ - R—OH (6)
Fe?* + *OH — Fe3* + OH~ k=(25-50)x10%L -mol™t-s71! @)
Fe?* + *0,H - Fe3* + HO3 k=(07—-15)x10°L -mol™t-s7?! (8)
Fe3* + *0,H —» Fe?* + 0, + H* k=(03-21)x10°L-mol™t-s7?! 9)
"OH + *0,H - H,0 + 0, k=14x10°L-mol s (10)
2°0,H > H,0, + 0, k=(01-97)%x10"L-mol"*-s* (11
2°0H > H,0, k=(50—-80)x10°L-mol"-s1  (12)
“OH + H,0, — "0,H + H,0 k=(17—-45)x10"L-mol"*-s*  (13)

*0,H + H,0, — "OH + H,0 + 0, k=30L-moll-s! (14)



Fe?* regeneration (Eq. 2, 5, and 9) is kinetically slow compared to its consumption (Eqg. 1),
leading a higher Fe?* requirement than commonly needed in catalysts and iron sludge formation
(Babuponnusami and Muthukumar, 2014; Garcia-Segura et al., 2016; Umar et al., 2010).

The highly reactive hydroxyl radicals (*OH) produced in the Fenton process control the oxidation
of organics (R) in the wastewater by (i) hydrogen abstraction, Eq. (3); (ii) *OH addition, Eq. (4);
(iii) radical interaction, Eq. (10)—(12); and (iv) electron transfer, where high-valency ions (or an
atom or free radical, if a mono-negative ion is oxidized) are formed, Eqg. (1), (7)—(9). High-
valence iron intermediates, obtained through visible light absorption by the complex formed
between Fe3* and H20: (ferryl species Fe(IV), denoted as Fe(OH)2?*) also directly react with
organic pollutants via the electron transfer pathway (Bautista et al., 2008; Bokare and Choi,
2014; Hermosilla et al., 2015; Sivagami et al., 2018).

Ferric hydroxo-complexes may induce chemical coagulation during the final stage of the Fenton
process; chemical coagulation is dominant at lower H202/Fe?* ratios, while chemical oxidation is
dominant at higher ratios (Feng et al., 2010; Umar et al., 2010).

The primary operating conditions affecting the performance of the Fenton processes are pH,
oxidant and catalyst concentration, and temperature (Guo et al., 2018; Hermosilla et al., 2015;
Mandal et al., 2010). In terms of pH, Fenton processes exhibit maximum catalytic activity at pH
approximately 2.5-3.5 (Guo et al., 2018; Hermosilla et al., 2015; Torrades and Garcia-Montafio,
2014). At lower pH values, the iron complex species [Fe(H20)e]?* exist, which reacts more
slowly with H202 than other species (Babuponnusami and Muthukumar, 2014; Guo et al., 2018).
Moreover, such high concentrations of H* stabilize H202 to HzO2", inhibiting the regeneration of
Fe?+ (Bautista et al., 2007; Guo et al., 2018). On the other hand, at higher pH, iron precipitates
as Fe(OH)s, which decreases Fe?* in the solution, hinders Fe?* regeneration via Fe3* and H20:
reaction, and favors H202 decomposition into Oz and H20 in basic medium, thus decreasing
*OH production.

The degradation rate of organics generally increases with increasing H202 and Fe?*
concentrations, owing to a higher *OH generation (e.g., Rabelo et al., 2014; Ramos et al., 2019;
Ribeiro et al., 2020a, 2020b). However, beyond a certain threshold, the increase in

concentration decreases organics removal: excess Fe?* results in an increase in the SS content
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and electrical conductivity of the treated wastewater, and iron sludge formation; excess H20:2
contributes to COD, is harmful to many organisms (e.g., Bautista et al., 2008), and increases
scavenging of *OH through competitive reactions indicated by Eq. (7)—(14) (Brink et al., 2017;
Guo et al., 2018; He and Zhou, 2017; Ramos et al., 2019; Wang et al., 2016). A method of
reducing competitive H202-consumption reactions involves adding H20:2 by stages or as a
continuous feed throughout the reaction time. This alleviates the dramatic increase in H20:
concentration and subsequent *OH and +*O:H formation during the initial oxidation stages,
avoiding scavenging side reactions and increasing the availability of these species throughout
the oxidation process (Munoz et al., 2014; Wang et al., 2016).

Finally, increasing the temperature enhances the kinetics of the process; however, above 50 °C,
the decomposition of H202 towards Oz and Hz0 is favored, whose rate increases by
approximately 2.2 times every 10 °C in the range 20-100 °C (Bautista et al., 2008; Lucas and
Peres, 2009; Wang et al., 2010). Lal and Garg (2017) reported over 90 % H20O2 degradation at
40-60 °C, compared to approximately 70 % degradation at 30 °C.

Table 1 summarizes the experimental studies applying the homogeneous Fenton process for
real wastewater treatment. The differences in optimal conditions highlighted the importance of
performing optimization studies before application, and the impact of wastewater characteristics
on the overall process efficiency. In this manner, advancements in the field of Fenton process

application must focus on real wastewater prior to pilot or full-scale implementation.
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Table 1. Compilation of results reported on the application of conventional homogeneous Fenton process
to real industrial wastewater treatment.

. . Wastewater Removal
Operating conditions treated Parameter (%) Ref. Notes
[H202] = 13.24 mM; [Fe?*] = 3.60 mM; pH Recycled paper COD 63.0 Brink et al. After 1-day aerobic
=3.8;t=60 min; T=25°C mill wastewater Phenol > 85.0 (2017) treatment
[H202] = 92.65 mM; [Fe?*] = 3.60 mM; pH Neutral sulphite COoD 44.0 Brink et al. After 1-day aerobic
=3.8; t=60 min; T = 25°C semi chemical Phenol >85.0 (2017) treatment
after anaerobic
[H202] = 25 mM; [Fe?*] = 0.90 mM; pH = . Fernandes L2
2.8: t = 360 min: T = 259C Pulp mill DOC 48.0 etal. (2014) digestion and yeast
treatment
[H202] = 35 mM; [Fe?*] = 0.90 mM; pH = . Lucas et al. After biological
2.8; t = 250 min; T = ambient Pulp mill poc 36.0 (2012) treatment
AOX 82.2
. COD 8.0 o
[H202] = 169 mM; [Fe?*] = 12.5 mM; pH = Pulp bleaching Ribeiro et
2.0:t= 10 min; T = 60 °C wastewater BODs/COD _ 0.05100.09 " 5550p)
2-fold
Color .
increase
[H202] = 29.41 mM; [Fe?*] = 22.38 mM; Pulp bleaching cob 62.4 Sevimli et
pH=7.3;t=60min; T=24°C wastewater ) al. (2014)
Reverse osmosis
TOC 50.0 - 60.0 .
[H202] = 59.2 mM; [Fe?*] = 39.5 mM; pH =  retentate from a Hermosilla
28, T=25°C L(qeitl:lovered paper coDp 80.0 — 90.0 etal. (2012)
[H202] = 4.0 mM; [Fe**] = 4.2 mM; pH = ) cob 84.0 Bae et al. Preceded by 6 h pure
e e . Textile Color 77.0 .
3.5; t = 30 min; T = ambient - (2015) O3 activated sludge
Aromatics 78.0
TOC 64.0
D 70.
[H202] = 48.53 mM; [Fe?*] =3.86 mM; pH Textile gc?lor gg 8 Blanco et
=3.0; t =120 min; T = ambient Ss 999 al. (2012)
Aromatics 96.8
TOC 92.0
[H202] = 44.65 mM; [Fe?] = 1.19 mM; pH Textile gc?l(?r ggg Blanco et After 1-day aerobic
=3.0; t = 120 min; T = ambient : al. (2012) treatment
SS 99.9
Aromatics 98.0
TOC 88.2
[H202] = 17 mM; [Fe?*] = 1.7 mM; pH = . . Feng et al. Followed by 18 h
5.0;t=35min; T=20°C Texile dyeing BODs/COD 0.10100.44 (2010) membrane bioreactor
Color 91.3
Torrades
TOC 58.1
[H202] = 73.5 mM; [Fe?*] = 1.79 mM; pH = Textile and
3.0;t=120 min; T=25°C cop 62.9 Montafio
) (2014)
[H202] = 75 mM; [Fe?*] = 50 mM; pH = ) Hermosilla
2.5: 1= 60 min: T = 25 °C Landfill leachate COD 70.0 et al. (2009)
cop 94.0 After 13 day
Municipal (non- activated sludge
[H202] = 800 mM; [Fe?*] = 24.35 mM; pH hazardous) landfil BODs 99.0 Trapido et treatment, and
=4.0;t=24 h; T = ambient leachate al. (2017) followed by 1 day
Phenol 100 activated sludge
treatment
[H207] = 509 mM; [Fe®] = 6.20 mM; pH = O'.'I‘l’e a”i.o""e‘O" cop 97.0 Gassf‘}"
3.0; t = 240 min; T = ambient mill (washing Phenol 99.0 Hodaifa et
- ' step) enol : al. (2013)
Lucas and
— . 2+] — .
LH§%?]t"zlggﬁi$“4’:[F;0 }C‘ 6.86 MMipH v mil cop 70.0 Peres
.5; ; (2009)
[H202] = 51.47 mM; [Fe?*] = 26.86 mM; Olive mill COD 82.4 Ozdemir et
pH = 4.6; t = 90 min; T = ambient Phenol 62.0 al. (2010)
TOC 75.2
[H202] = 1000 mM; [Fe?*] = 360 mM; pH =  Benzene dye COoD 85.3 Guo et al.
4.1;t =60 min; T = ambient production BODs/COD 0.08 to 0.49 (2018)
Color 99.9
[:0:] = 26.47 mM; [Fe2] = 5372 mum;  Chemicaiindustry 93.9 Padoley et Followed by 12-day
pH = 3.0; t = 180 min; T = ambient p)F/)ridine ’ al. (2011) aerobic treatment
Chemical industry
[H202] = 17.65 mM; [Fe?*] = 42.97 mM; ) . ; Padoley et Followed by 12-day
pH = 3.0; t = 150 min; T = ambient product|_or_1 of 3 cop 99.2 al. (2011) aerobic treatment
cyanopyridine
. TOC 700-750 After coagulation-
[H202] = 3268 mM g/L; [Fe?*] = 1.79 mM; Pesticide Pliego et al. adsorption with 0.5
pH =3.0; t = 240 min; T = 120 °C manufacture coD 60.0 - 65.0 (2012) g/L FeClz and 4 g/L

bentonite
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Table 1 (cont.). Compilation of results reported on the application of conventional homogeneous Fenton
process to real industrial wastewater treatment.

] . Wastewater Removal
Operating conditions treated Parameter %) Ref. Notes
After coagulation-
[H202] = 2327 mM; [Fe**] = 1.79 mM; pH Ink manufacture Toc 65.0-70.0 Pliego etal.  adsorption with 0.5
20 f= T = o
=3.0; t=240 min; T=120°C coD 600 - 65.0 (2012) g/L Ftes and 4 g/L
bentonite
After coagulation-
[H202] = 934 mM; [Fe?*] = 1.79 mM; pH = Cosmetic ToC 65.0-70.0 Pliego etal.  adsorption with 0.5
i = T = o
3.0; t=240 min; T =120 °C manufacture coD 65.0 - 70.0 (2012) g/L Fe_Cls and 1 g/L
bentonite
Leachate from oil CcoD 78.0
[H202] = 25.03 mM; [Fe?*] = 3.04 mM; pH shale processing Trapido et :(f:tt(ievraiddslﬁd e
=4.0;t=24h; T = ambient semicoke landfill _ BODs 96.0 al. (2017) 9
treatment
area Phenol 94.0
[H202] = 40 mM; [Fe?*] = 40 mM; pH = ) Zhu et al. After anaerobic
4.0;t=1.2 h; T = ambient Coking cob 751 (2011) digestion
[H202] = 1008 mM; [Fe®*] = 122.8 mM; pH  Petroleum TOC 70.0 Hasan et al.
=3.0;t=30 min; T=20°C refinery cCOoD 98.0 (2012)
[H202] = 384 mM; [Fe?*] = 19.05 mM; pH Pharmaceutical AOX 90.8 Xie et al. After anaerobic
=3.3;t=2.2 h; T = ambient TOC 71.6 (2016) digestion
o COoD 96.9 . .
[H202] = 4.41 mM; [Fe?**] = 0.432 mM; pH Antibiotic Color 973 Xing and After polyferric
=4.0;t=60min; T =20 °C fermentation : Sun (2009) sulphate coagulation
SS 86.7
Sawmill (from
[H202] = 188.2 mM; [Fe®*] = 0.45 mM; pH chemical/fungi ToC 700 Mufioz et al.
= t= in: = 0 )
3.0; t=60 min; T =120 °C preservatives coD 80.0 (2014)
wood treatment)
CcoD 99.0 After 3 day activated
Plywood industry . sludge treatment,
— . 2+] — .
[_HzOz.] __402'9_ mli/l, [Fe' 1=48.9 mM; pH (from hardwood BODs 99.7 Trapido et and followed by 0.2
=4.0;t=24h; T =ambient soaking basin) al. (2017) day activated sludge
Phenol 100 treatment
[H202] = 441.2 mM; [Fe**] = 11.91 mM; Photographic TOC 80.0 Bensalah et
pH = 3.0; t = 50 min; T = ambient processing ' al. (2013)
[H202] = 2.765 mM; [Fe?*] = 3.37 mM; pH 5:::52;58”;%5; cob 05107'20 Van Aken et
=3.0;t=20 min; T = ambient graphical industry BODs/COD 0.25-0.30 al. (2013)
[H202] = 1623 mM; [Fe?*] = 65.9 mM; pH ) Bianco et
=3.0:t= 60 min: T = 30 — 35 °C Industrial complex  COD 80.0 al. (2011)
[H202] = 3265 mM; [Fe?*] = 21.58 mM; pH . _ Mandal et
=3.5:t= 30 min: T = 50 °C Industrial complex  COD 85.0-90.0 al. (2010)
Followed by
[H202] = 1306 mM; [Fe?*] = 21.58 mM; pH ) Mandal et . i
=35 t=30min: T = 50 °C Industrial complex  COD 97.0 al. (2010) Thlobacpllus
Ferrooxidans
TOC 89.6
[H202] = 1324 mM; [Fe**] = 4.92 mM; pH Containers and COD 86.8 Gunes et al.
=3.0; t=160 min; T = ambient drum cleaning BODs 89.1 (2019)
BODs/COD 0.421t00.38
Iron already present
T 4. . .
[H202] = 2575 mM; [Fe?*] = 48.4 mM; pH V\i/aefltii‘g?:i;:%m oc 84.0 Pliego et al. in the wastewater, no
=3.0; t = 30 min; T= 90 °C Pip 9 “cob 92.0 (2013) external addition

at power plant

needed

4. Modified homogeneous Fenton process

4.1. Photo-Fenton process

In the photo-Fenton process, the degradation of organics is enhanced by UV irradiation via

three main pathways: (i) photo-reduction of Fe3* to Fe?*, according to Eq. (15), promoting the

regeneration of the catalyst (Zhang et al., 2019); (ii) direct photolysis of H202 to *OH, according

to Eq. (16), which is a slower «OH generation route, usually contributing to a low degradation

rate (Xu et al., 2007; Zhang et al., 2019); (iii) photo-decarboxylation of ferric carboxylates,
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depending on the ligand-to-metal charge transfer in the complexes formed between Fe®* and
the carboxylic acid moiety, as in Eq. (17)—(18) (Garcia-Segura et al., 2016; Hermosilla et al.,

2015; Umar et al., 2010).

h
Fe(OH)?* - Fe?* + *OH (15)
hv
H,0, — 2 “OH (16)
h
Fe(II) (RCO,)?* — Fe?* + CO, + R (17)
R* + 0, — RO; — products (18)

In addition to the higher degradation rate, the photo-Fenton process decreases the catalytic iron
requirement and sludge volume generation (Hermosilla et al., 2015; Ribeiro et al., 2020b,
2020a). Hermosilla et al. (2009) treated landfill leachate using a photo-Fenton process with 32
times less iron and 25 times less sludge volume than the conventional Fenton process, with the
same COD removal.

The photo-Fenton process faces certain challenges, such as both process design and process
layout complexity, high cost of UV reactors, short operating lifecycle of artificial UV sources,
high energy consumption, and the variability and limited availability of solar radiation
(Belalcazar-Saldarriaga et al., 2018; Duran et al., 2012; Zhang et al., 2019). Belalcazar-
Saldarriaga et al. (2018) removed acid orange 52 dye using the photo-Fenton process at 1
USD-m-3; dealing with real paper mill wastewater, Balabani¢ et al. (2012) achieved removal at
36.26 €-m2, and Ribeiro et al. (2020b) at 11 €-m-3, highlighting the significance of selecting real
wastewater.

Table 2 presents studies on photo-Fenton treatment of real wastewater, emphasizing the
relevance of wastewater characteristics and operating conditions in the treatment results. For
instance, Bensalah et al. (2013) achieved 85-90 % total organic carbon (TOC) removal after 50
min from a photographic processing wastewater by, using 88.2 mM H202 and 3.6 mM Fe?* in a
Pyrex photo-reactor and a 40 W low pressure mercury vapor lamp emitting at 254 nm.
Eskelinen et al. (2010) reported very low efficiency when dealing with pulp bleaching
wastewater for the same H202 concentration, five times the catalyst concentration (provided as
Fe3*), and using a 125 W UV lamp emitting at 254 nm, obtaining only 20 % COD removal after

60 min. This result verifies that the photo-Fenton process using the Fe?* catalyst is highly
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efficient, because of the rapid reaction of H202 with Fe?*, compared to the Fenton-like reaction
of H202 with Fe3*.

Photo-Fenton reactions are driven by low-energy photons (240-400 nm wavelength for the
Fe?*/H202 system and 550 nm for Fe3*/H2O2 process), which has increased the investigation of
solar-photo-Fenton process over the last few years (Garcia-Segura et al., 2016; Vilar et al.,
2009; Zhang et al., 2019). Fernandes et al. (2014) and Lucas et al. (2012) applied solar photo-
Fenton to treat Kraft pulp mill wastewater after biological treatment, achieving 90 % dissolved
organic carbon (DOC) removal. The former used 41 mM H202 and 0.18 mM Fe?*, with 19 kJ-L
solar irradiation; while the latter used 50 mM H202 and 0.09 mM Fe?*, with 31 kJ-L* solar
irradiation. Both studies were conducted in a pilot-scale solar plant, comprising two compound
parabolic collector CPC units (3.02 m2), with 24 borosilicate tubes connected by flexible HDPE
joints, operated in batch mode. These studies reveal a trend of lower iron requirement on
applying higher irradiation, because of the increased Fe3* photo-reduction efficiency. The DOC
removal using Fenton process was below 40 % in both studies, even with 0.90 mM Fe?*,
Furthermore, Vilar et al. (2009) achieved 94 % DOC removal from cork bleaching wastewater
using 77.1 mM H202 and 0.36 mM Fe?*, with 31.5 kJ-L! solar irradiation. The absence of a
biological pre-treatment in this study leads to higher organic competition for «OH, justifying the
high chemical consumption and irradiation for similar results as Fernandes et al. (2014) and

Lucas et al. (2012).

4.2. Electro-Fenton process

Although the term “electro-Fenton” is generally used to describe the coupling between the
Fenton process and electrochemical oxidation, this coupling may be of four different types,
depending on the addition or formation mechanism of the Fenton reagent:

(i) Type | is usually referred to as the actual electro-Fenton process, in which H20: is
electrochemically produced in situ through the cathodic reduction of dissolved oxygen
expressed as Eqg. (19)—(21), while Fe?* is added externally, initiating the Fenton reaction given
by Eg. (1) and regenerated by cathodic reduction as shown in Eq. (22) (Gumus and Akbal,
2016; Moreira et al., 2017; Nidheesh et al., 2018).

0, + 2H* + 2e” - H,0, (19)
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H,0 » "OH + H* + e~ (20)

2H,0 > 0, + 4H* + 4e" 1)
Fe?* + H,0, > Fe®* + *OH + OH" 1)
Fe3t + e~ - Fe?t (22)

This technology mitigates the costs and risks associated with H202 handling and reduces the
initial Fe2* input and sludge production (Zhang et al., 2019). TOC removal of 83% from paper
mill wastewater was achieved by Klidi et al. (2019), after 12 h of this treatment with a modified
carbon felt cathode and Ti/lrO2-Ta20s anode, under 20 mA-cm=2 and pH = 3.

(ii) Type Il is known as peroxi-coagulation, in which H20: is produced electrochemically
in situ given by Eq. (19)—(21), while Fe?* is produced in situ through the oxidation of a sacrificial
iron anode as shown in Eq. (23).

Fe® - Fe?t + 2e~ (23)

Ferric ions accumulate in the aqueous medium with the increase in electrolysis time, leading to
Fe(OH)s precipitation; however, the use of electricity can reduce its quantity. Thus, in this type,
pollutants are degraded by oxidation and coagulation, but the sludge are untreated (Casado,
2019; GUmis and Akbal, 2016; Moreira et al., 2017; Nidheesh et al., 2018).

This type of electro-Fenton process has been applied successfully to treat textile wastewater,
using a cylindrical reactor comprising an iron anode surrounded by a carbon felt cathode, a
current intensity of 300 mA, and a pH of 3, achieving 71.1 % COD and 80 % color removal, and
a two-fold BODs/COD ratio increase after 120 min (Ghanbari and Moradi, 2015).

(ii) Type Ill, that is, Fered-Fenton, in which both H202 and Fe?* are externally added,
Fe3* is reduced to Fe?* in the cathode, according to Eq. (22) (Gimis and Akbal, 2016; Moreira
et al., 2017; Nidheesh et al., 2018; Wang et al., 2016).

Zhang et al. (2012) recorded COD removal of 86.4 % from landfill leachate after treatment with
340 mM H20:2 and 28.33 mM Fe?* for 120 min using an electrolytic cell with a Ti/RuO2—IrO2
anode and stainless steel cathode, at a current density of 19.2 mA-cm-2 and pH of 3.

(iv) Type IV refers to electrochemical peroxidation, wherein H20: is externally added

while Fe?* is produced in situ (Gimis and Akbal, 2016; Moreira et al., 2017; Wang et al., 2016).

Applying this method, Altin et al. (2017) obtained 91.7 % COD removal from pulp mill
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wastewater after 20 min, under 1.0 A, pH = 3, 29.41 mM H20: supply, and cast-iron anode as
the sacrificial catalyst source. Dealing with tissue paper wastewater, Un et al. (2015) recorded
81 % COD removal after 60 min, using an iron reactor operating as cathode and an iron anode
in the center, at 20 mA-cm2, pH = 2, and 200 mM H20: supply.

Recently, a novel electrochemical reaction system, the 3-D electro-Fenton system, has been
explored. It is based on the packing of certain particles between two-dimensional electrodes,
leading to an increase in efficiency due to (i) a much larger specific surface area of the 3-D
electrodes; (ii) shorter distance between reactants and electrodes, improving mass transfer
efficiency; and (iii) larger area-volume ratio and higher space utilization of the electrochemical
reactor (Zhang et al., 2019).

The effects and optimized levels of each operating condition (electrode composition and
distance, pH, temperature (T), [H202)/[Fe?*] when externally added, electric current, and air or
O:2 supply) have been extensively studied over the last few years (Casado, 2019; Ganiyu et al.,
2018; He and Zhou, 2017; Nidheesh and Gandhimathi, 2012; Ramos et al., 2019; Sevimli et al.,

2014; Wang et al., 2010; Zhang et al., 2019).

4.3. Sono-Fenton process

When ultrasound waves are applied to a liquid, acoustic cavitation occurs, that is, the formation,
growth, and collapse of microbubbles filled with vapor and/or gas (Babuponnusami and
Muthukumar, 2014; Miklos et al., 2018). The rapid collapse of cavitation bubbles produces local
temperature and pressure peaks, leading to decomposition of organics either by direct pyrolytic
cleavage inside the cavitation bubble or by oxidation through <OH, *H, «O2H, or H20: resulting
from the gas phase pyrolysis of water, according to Eq. (12) and (24)—(28), in which “))”
represents ultrasonic irradiation (Eskelinen et al., 2010; Miklos et al., 2018; Wang et al., 2016).
Therefore, the reaction occurs inside the cavitation bubble, in the interfacial region between the
bubble and the liquid phase, and in the bulk liquid (Babuponnusami and Muthukumar, 2014). In
addition to the production of extra radicals, other advantages of coupling ultrasound with the
Fenton process are improved mixing and contact between *OH and pollutants (due to high

turbulence caused by the collapse of cavitation bubbles), enhanced ferrous ion regeneration
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[Eq. (28)], and a clean and reactive surface for a heterogeneous catalyst (Adityosulindro et al.,

2017; Kakavandi and Ahmadi, 2019; Rahmani et al., 2019).

H,02 *OH +H (24)
0+ H,0 - 2°0H (25)
2°0H - H,0, (12)
)
H,0, 5> 2°0H (26)
D .
H,0, + 0, > 2°0,H (27)
24 ) pozt .
Fe — O,H“" - Fe*™ 4+ *0,H (28)

Recently, Rahmani et al. (2019) demonstrated the effectiveness of the sono-Fenton process in
treating sludge from a poulter slaughterhouse wastewater treatment plant, removing 77 % COD
after 60 min under the following operating conditions: 130 mM H202, 2.0 mM Fe?*, pH = 3.0, and
40 kHz ultrasound irradiation. Siddique et al. (2014) also studied the synergistic effect between
ultrasound and the Fenton process, employing a 200 W 20 kHz (Sonic Systems, Inc.) ultrasonic
generator. A 78 % elimination of Reactive Blue 19 was achieved through this process, while
only 50 % was obtained using the homogeneous conventional Fenton process.

Despite exhibiting some notable features and advantages, the technology required for full-scale
application of sono-Fenton is still in an early development stage; therefore, it is not as well

established as the other options (Miklos et al., 2018; Poyatos et al., 2010).

4.4. Combinations and hybrid Fenton processes

The combination of AOPs increases the efficiency of the overall process owing to the increased
production of reactive oxygen species (i.e., cumulative effect) and/or positive interactions
among the individual processes (i.e., synergistic effect) (Dewil et al., 2017). The most common
combination of processes in wastewater treatment is the coupling of AOPs with biological
treatment. Seibert et al. (2019) combined a 45 min photo-electro-Fenton (PEF) and 24 h aerobic
biological treatment to treat landfill leachate, achieving removal of COD, BODs, SS, color and
aromatic content of 68.0 %, 30.2 %, 26.3 %, 92.4 % and 89.2 %, respectively, under the
following conditions: current intensity of 2.3 A, two 13 W UV lamps, 264.7 mM H202, 1.07 mM
Fe?* and pH ranging 3.5-4.5.
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However, hybrid methods such as PEF may not be economically viable techniques for
degrading large volumes of wastewater, as these additions to the Fenton process involve
significant electricity costs, which may or may not compensate for the lower consumption of
chemicals (Babuponnusami and Muthukumar, 2014; Casado, 2019; Moussavi and Aghanejad,
2014). Moreover, these processes do not prevent the continuous wastage of the catalyst. Even
in the electro-Fenton process, where iron can be electro-generated, the catalyst is continuously
lost at the expense of the sacrificial anode material. This limitation justifies the increasing focus
laid recently on catalyst recovery/regeneration techniques, discussed in Section 5, and

particularly in developing heterogeneous Fenton catalysts, presented in Section 6.
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Table 2. Compilation of results reported on the application of modified homogeneous Fenton process to
real industrial wastewater treatment.

: . Wastewater Removal
Operating conditions treated Parameter (%) Ref. Notes
[H202] = 29.41 mM; [Fe?*] = 0 mM
(electrogenerated); pH = 2.5; t = 20 min; .
T = ambient; Two pairs of cast iron Pglp and paper CcCOD 91.7 Altin et al. Electro-Fenton
. mill wastewater (2017)
cathode and anode, 1 cm apart;
Current intensity = 1.0 A
[H202] = 88.24 mM; [Fe®*] = 17.91 mM; ) .
pH = 6.9; t = 60 min; T = 25 °C; 24-30 Pulp bleaching cop 12.0 Eskelinenet o, Fenton-like
L S wastewater al. (2010)
kHz ultrasonic irradiation
[H202] = 88.24 mM; [Fe®*] = 17.91 mM; ) )
pH = 6.9; t = 60 min; T = 25 °C; 12 Pulp bleaching cob 20.0 Eskelinen et ppoto-Fenton-like
2 wastewater al. (2010)
mW-cm= UV
Solar-photo-Fenton
[H202] = 41 mM; [Fe?*] = 0.18 mM; pH = . .
b ! Pulp mill Fernandes After anaerobic
Cd— T - or- -1
2.8; =360 min; T =25 °C; 19 kJ-L™ solar wastewater poc 90.0 etal. (2014)  digestion and yeast
irradiation
treatment
Reverse osmosis TOC =100 ;
[H202] = 35.1 mM; [Fe?*] = 3.51 mM; pH = Hermosilla
o oC o retentate from a Photo-Fenton
2.8, T=25°C; 450 W UV lamp paper mil coD ~100 etal. (2012)
[H202] = 0 mM (electrogenerated); [Fe?*] Electro-Fenton
=0.5 mM; pH = 3.0; t = 12 h; T = ambient; Paper mill Klidi et al TOC removal
Commercial DSA anode (Ti/IrO2-Ta20s) Wagtewater TOC 83.0 (2019) ’ increased to 91 %
and modified carbon felt cathode; Current upon addition of 1
density = 20 mA-cm g-L* NaCl
[H202] = 50 mM; [Fe?*] = 0.09 mM; pH = Pulp mill Lucas et al Solar-photo-Fenton
C = i T — H . -1 . . .
2.8; t_— 25_0 min; T = ambient; 31 kJ-/L wastewater DOC 90.0 (2012) After biological
solar irradiation treatment
[H202] = 15 mM; [Fe*] = 0 mM A
(electrogenerated); pH = 4.0; t = 30 min; Paper recyclin cob 95.7 gllnodussaw
T = ambient; Tinplate sheet cathode and Ia'r)n Wast);wa?er Aghaneiad Electro-Fenton
anode, 2 cm apart; Current density =5 P BODs/COD 0.12t0 0.43 9 !
-2 (2014)
mA-cm
AOX 19.1
[H202] = 29.41 mM; [Fe*]=0.179 mM; ) TOC 24.4
- R N Kraft pulp (final) Rabelo et g .
pH —»23.0, t—_ 120_ min; T = ambient; 475 wastewater COD 61.8 al. (2014) Solar-photo-Fenton
W-m solar irradiation BODs 45.8
BODs/COD 0.40to 0.57
AOX 89.4
[H202] = 178 mM; [Fe?*] = 1.0 mM; pH= ) L
. Pulp bleaching COoD 20.0 Ribeiro et
Lt = ST =@a00C ~
2.0 1= 10 min; T=607C; 150 W LUV wastewater BODJ/COD _ 0.05100.09  al. (2020p) - noto-Fenton
amp
Color 76.0
[H202] = 44.11 mM; [Fe?*] = 0 mM
(electrogenerated); pH = 3.0; t = 45 min; Pulp bleaching Sevimli et .
T = 24 °C; Cast iron cathode and anode, wastewater Ccob 54.9 al. (2014) Electro-Fenton
7 cm apart; Current intensity = 1.0 A
[H202] = 200 mM; [Fe?*] = 0 mM; pH =
2.0; t = 60 min; T = ambient; Iron reactor (Tissue) Paper Un et al. .
operating as cathode, iron anode in the wastewater cob 81.0 (2015) Electro-Fenton
center; Current density = 20 mA-cm
[H202] = 14.71 mM; [F92+] =0mM CcOoD 82.1
(electrogenerated); pH = 3.0; t = 40 min; Textile Ghanbary
T = ambient; Cast iron cathode and BODs/COD 0.14t0 0.34  and Moradi Electro-Fenton
. - o wastewater
anode, 2 cm apart; Current intensity = (2015)
200 mA Color 94.0
[H202] = 0 mM (electrogenerated); [Fe**] coD 64.2
=3mM; pH=3.0;t=160 min; T = Textile Ghanbary Electro-Fenton
ambient; Pt anode surrounded by a BODs/COD 0.14100.36  and Moradi i
! X wastewater 2 Lair-min supply
graphite felt cathode; (2015)
Current intensity = 300 mA Color 77.0
[H202] = 0 mM (electrogenerated); [Fe**] coD 71.1
=0 mM (electrogenerated; pH = 3.0; t = ) Ghanbary .
120 min; T = ambient; Iron anode vTvZ);ttltlz?Nater and Moradi Elfdr;iiinstﬁn |
surrounded by a graphite felt cathode; BODs/COD  0.14100.32  (2015) Al pply
Current intensity = 300 mA
[H20z] = 735 mM; [Fe*]= 179 mM; pH= L TOC 70.4 ;‘]’gades
3.0; t=120 min; T = 25 °C; 6 W UV lamp wastewater Montafio Photo-Fenton
-9 £ in.a-L
(1.38x107 Einstein-s™) COD 76.3 (2014)
[H202] = 0 mM (electrogenerated); [Fe?*]
=2 mM; pH = 3.0; t = 240 min; T = 20 °C;
Pt wire anode, placed in the center of a Textile (dyeing) coD 75.2 Wang et al. Electro-Fenton
hollow cylindrical cathode of PAN-based wastewater ) (2010) 0.15 Loz-min supply

activated carbon fiber cloth; Current
density = 3.2 mA.cm?
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Table 2 (cont.). Compilation of results reported on the application of modified homogeneous Fenton
process to real industrial wastewater treatment.

Operating conditions W?;setzxzter Parameter Re?gﬂ?)val Ref. Notes
[H202] = 58.82 mM; [Fe?*] = 0 mM CcoD 72.0
(electrogenerated); pH = 3.0; t = 20 min;
T = ambient; Two pairs of cast iron Landfill leachate Color 90.0 ,(Azt(r)%agc)a Electro-Fenton
cathode and anode, 1 cm apart;
Current intensity = 2.0 A Phosphate 87.0
[H202] = 75 mM; [Fe?*] = 50 mM; pH = Hermosilla
I2.5; t=60 min; T = 25 °C; 450 W UV Landfill Leachate COD 70.0 et al. (2009) Photo-Fenton
amp
[H202)/[Fe?**] = 1 (externally added); pH = coD 94.0
3.0; t =43 min; T = 28 °C; Aluminum Landfill leachate Mohajeri et Electro-Fenton
cathode and anode, 3 cm apart; Current Color 95.8 al. (2010)
density = 49 mA-cm
COD 68.0
[H202] = 264.7 mM; [Feb] =1.07 mM; pH BODs 30.2
=3.5-4.5; t=45 min; T = ambient; two .
13 W UV lamps; two pairs of cast iron Landfill leachate BOD+/COD 0.18100.40 Slelbert et Photo-electro-Fenton
cathode and anode, 2 cm apart; Current Color 924 al. (2019)
intensity = 2.3 A SS 26.3
Aromatics 89.2
[H202] = 340 mM; [Fe?*] = 28.33 mM; pH
=3.0; t =120 min; T = ambient; Stainless Zhang et al
steel cathode and Ti/RuO2—-IrOz anode, Landfill leachate COoD 86.4 (2012) ’ Electro-Fenton
2.1 cm apart; Current density = 19.2
mA-cm?
[H202] = 0 mM (electrogenerated); [Fe?*]
=06 mM; pH=4.0;t=18h; T= Coking Zhu et al Electro-Fenton
ambient; Titanium anode, activated wastewater COoD 55.8 (2011) ’ After anaerobic
carbon fibre cathode, 5 cm apart; treatment
Current density = 3.7 mA.cm?
[H202] = 0 mM (electrogenerated); [Fe?*]
=1.79 mM; pH =3.0;t =380 min; T = Photographic ToC 85.0-90.0 Bensalah et Electro-Fenton
ambient; BDD anode surrounded by a processing ale (;gla3) € 0 fg L%Z_;ing supply
carbon felt cathode 0.12 L/min O2 wastewater Phenol 100 ’ ’
supply); Current density = 300 mA
[H202] = 88.24 mM; [Fe?*] = 3.58 mM; pH Photographic Bensalah et
=7.8; t=50 min; T = ambient; processing TOC 85.0-90.0 al. (2013) Photo-Fenton
40 W UV lamp wastewater :
COD 65.0 - 75.0
s o BODs 47.0-63.0 Solar photo-Fenton
[M202] = 76.1 mM; [Fe] = .07 mM; PH = 1y pysiling BODJCOD 01810028  Pintoretal.  Hy0s supphed in
2.8; t = 20 days; T = ambient; 13.6 kJ-L -
solar irradiation wastewater DOC 70.0-75.0 (2011) recwcu]ated cork
Phenol 78.0 — 83.0 bleaching wastewater
Aromatics 89.0-91.0
H202] = 77.1 mM; [Fe%*] = 0.358 mM; pH ) )
[: 2.8;]t = Until maxEmurg removal; T = P Cork bleaching DOC 94.0 Vilar etal. Solar-photo-Fenton
ambient; 31.5 kJ-L* solar irradiation wastewater (2009)
Activated sludge
[H202] = 130 mM; [Fe?*] = 2.0 mM; pH = from poulter Rahmani et
3.0; t = 60 min; T = ambient; 40 kHz slaughterhouse CoD 77.0 al. (2019) Sono-Fenton

ultrasound

wastewater
treatment plant

5. Regeneration and reuse of catalyst

One strategy to overcome the problem of catalyst loss and consequent iron sludge generation is

catalyst regeneration and/or reuse. The cheapest and easiest method of achieving this is to

acidify the sludge to pH < 2.0, resolubilize the precipitated iron, and directly reuse it in the

Fenton treatment. The supplied iron would be essentially Fe3*, with the known disadvantages of

lower initial efficiency compared to Fe?* and a higher tendency to form complexes with

carboxylic acids (Fernandes et al., 2014). This approach was demonstrated by Bolobajev et al.

(2014), who treated three types of industrial wastewater by the Fenton process, using iron

sludge as a catalyst after precipitation and centrifugation. The COD and DOC removal were
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similar after four treatment cycles employing the reused iron-containing sludge, thereby proving
the efficiency of this catalyst (Table 3). The loss of iron sludge between cycles due to
precipitation/separation processes was recorded as 5-10 % per cycle, which may be solved
using an additional amount of iron salt at the beginning of each cycle to ensure equal initial iron
concentration.

Cao et al. (2009) introduced a regeneration method to prevent the accumulation of organics in
the regenerated iron catalyst, including sludge dewatering, drying at 105 °C, baking at 400 °C,
and dissolving in H2SO4 to a pH < 2. The obtained regenerated sludge was used in the Fenton
treatment of fine chemical wastewater (10 mM H202; 1 mM Fe?* from the sludge; pH = 3; and
treatment time, t = 200 min), achieving approximately 65 % COD removal over six reuse cycles.
Lal and Garg (2017) studied the possibility of employing coagulation with FeCls as a pre-
treatment to the Fenton process using dissolved ferric ions as Fenton catalysts for lignin and
TOC removal from (synthetic) pulp wastewater. In their experiment, 2 g FeCls-L* was used for
coagulation, after which 275 mg-L-! of dissolved iron remained in solution (Fe3* accounting for
258 mg-L™1). The dissolved iron functioned as an effective Fenton-like catalyst, removing 85 %
lignin and 48 % TOC within 30 min, using 98 mM H20: (pH = 4).

An important step in such methodologies is the location and time at which the sludge
separation/regeneration operations should be incorporated in a treatment system. Kishimoto et
al. (2013) studied the performance of two sludge separation methods within the electro-Fenton
process: sequential and separation batch modes. In the sequential batch mode, electro-Fenton
reaction, pH neutralization, sludge sedimentation, and sludge re-dissolution occurred
successively in the same reactor; in the separation batch mode, electro-Fenton treated
wastewater passed through a second reactor, where pH neutralization and sludge
sedimentation occurred. Then, sludge was reintroduced into the electro-Fenton reactor, where it
was re-dissolved before the next treatment cycle. The results showed that the separation batch
mode was the most efficient (100 % iron recovery) owing to the formation of insoluble iron
oxide. According to the authors, the reuse of iron sludge can decrease the chemical cost by 96
% (Kishimoto et al., 2013).

Zhang et al. (2017) used Fenton sludge as an iron source for the synthesis of nickel ferrite

(NiFez04), which in turn was used as the Fenton catalyst for phenol degradation, in the initial
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step in real wastewater treatment. The catalyst was synthesized by adding Ni(NO3)z2 to the
Fenton sludge (Fe:Ni molar ratio of 2:1), followed by dropwise addition of NaOH, washing, and
sintering of the resultant product at 800 °C. The obtained NiFe204 was then used as the Fenton
catalyst (2 g-L%, in the presence of 120 mM H203), removing approximately 95.0 % phenol and
94.4 % TOC after 330 min, with approximately 6.3 % of the total iron leached into the solution
(pH = 3). The recovery of the solid catalyst after the reaction was approximately 97 %.

Another technique for iron recovery from treated wastewater is ion exchange (IE), a simple, low-
cost technology that is recognized as an alternative for the removal or recovery of inorganic
pollutants, particularly heavy metals (Martins et al., 2017). Victor-Ortega et al. (2016) utilized
two IE resins (strong-acid cation exchange and weak-base anion exchange resins) to recover
iron from olive mill wastewater. The apparatus included two acrylic columns filled with resins,
operating in series through recirculation or continuous mode. Equilibrium was reached after
approximately 20 min in continuous mode, with the wastewater passing through two IE
columns, the first with the strong-acid cation exchange resin, and the second with the weak-
base anion exchange resin. Under this configuration, 20 g-L* and 30 g-L-! for the cationic and
anionic resins, respectively, were the minimum dosages to ensure an ion removal efficiency
over 90 %. Reis et al. (2018) integrated IE with the Fenton process for COD removal from real
olive mill wastewater; The commercial resin Lewatit TP 207 was used, and for dosage above 40
g-Lt, approximately 90 % iron was removed from the wastewater after treatment with the
Fenton process under optimized conditions (735 mM H202; 0.90 mM Fe?*; pH = 3.5; t = 60 min,
T = 25 °C). According to the authors, the loaded resin can be regenerated using a 1.5 M H2S04
solution, rendering it effective for multiple adsorption/desorption cycles, as the iron removed
from the resin was reutilized in the Fenton process.

A different approach to tackle catalyst wastage is by adding a reducing agent, such as
hydroxylamine (NH20H), to regenerate Fe?* from Fe3* in situ during the Fenton treatment. The

generation of ferrous ions in the presence of NH2OH occurs according to Eq. (29)—(31) (Lal and

Garg, 2017):

Fe3* + NH,0H — NH,0° + Fe?* + H* (29)
Fe3* + NH,0' - NHO + Fe?* + H* (30)
5Fe3* 4 2H,0 4+ NH,0° - NO3 + 5Fe?* + 6H* (31)
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Lal and Garg (2017) used ferric ions from coagulation as Fenton catalyst and adding NH20OH to
the system increased TOC removal from 48 % to approximately 56 % after 30 min. Fayazi et al.
(2016) added NH20H in the Fenton-like removal of methylene blue dye from wastewater, using
12 mM H202 and 2.0 g-L™! of a magnetically activated carbon/maghemite (AC/y-Fe20z3) catalyst.
After 40 min, the addition of 2 mM NH20H (hydroxylamine) increased the dye removal from 50
% to approximately 100 %. Moreover, if the NH2OH concentration was increased to 6 mM, the
same result was obtained after 10 min. He et al. (2020) added NH20H to the Fenton process to
degrade benzoic acid. The addition of 0.2 mM NH20H increased the degradation from 25.3 % to
81.3 % after 20 min, at pH = 3, with 0.4 mM H202, and 0.01 mM Fe?*. The benzoic acid was
significantly degraded even at pH 5. Moreover, only approximately 30 % of Fe2* was converted
to Fe3*, indicating the effectiveness of NH20H in catalyst recovery. It must be stated that
NH20H is toxic, which severely limits its full-scale application; hence, research focused on
mitigating its toxic effects and studying its end-products should be conducted. The entrapment
of NH20H in specific solid matrices could effectively minimize this hazard, limiting the leaching
of toxic compounds.

Another method to increase Fe2* performance during the reaction involves the addition of a
chelating agent (L). Ahile et al. (2020) reported that the major advantages of this technique are
the increased solubility of nonpolar and lipophilic pollutants, and enhanced dissolution of iron in
a wider pH range than conventional Fenton processes. In the photo-Fenton process, chelates
with higher quantum yields can be obtained from *OH compared to other Fe (lll)-complexes,
facilitating the application of a wider spectrum of solar radiation. A suitable chelating agent must
be used to provide more than two appropriate functional groups, whose donor atoms can
donate a pair of electrons to a metal atom. Furthermore, the functional groups must form a ring
between the metal atoms and the chelating agent L (Zhang and Zhou, 2019). The
biodegradability and the increase in toxicity due to the formation of heavy metal complexes, as
well as the stability constant of the complex, must also be considered when selecting a
chelating agent.

This technique was used by De Luca et al. (2014) to obtain a feasible photo-Fenton method at

neutral pH. The authors achieved improved results using EDTA and NTA as chelating agents,
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which formed photoactive species Fe3*L that maintained the solubility of iron. Using Fe(lll)-
EDTA and Fe(lll)-NTA chelates at neutral pH, sulfamethoxazole removal of 77.3 % after 75 min
and 82.2 % after 120 min, respectively, were attained. The authors identified two drawbacks: (i)
EDTA and NTA are only slightly soluble in acidic water, thus, this method cannot be applied for
the entire pH range; (ii) *OH reacts with both sulfamethoxazole and chelate, cleaving complexes
and releasing iron to the solution, thereby limiting catalytic activity. Ye et al. (2020) used EDDS
in the PEF process to treat pharmaceutical fluoxetine from urban wastewater at circumneutral
pH. The use of an IrOz/air diffusion cell at 50 mA with 0.20 mM of catalytic complex Fe(lll)-
EDDS (1:1) achieved the complete removal of fluoxetine in 60 min, exhibiting better
performance than uncomplexed Fe(lll). This was due to the higher amount of Fe?* formed
during Fe(lll)-EDDS photo-reduction, causing higher «OH production.

Despite promising advances in catalyst regeneration techniques, the unsolved drawbacks
associated with such methods have led to the recent research for the development of effective,
safe, and low-cost heterogeneous Fenton catalysts, as a cutting-edge technique to overcome

the iron wastage issue. Section 6 presents the primary outcomes of these investigations.

6. Heterogeneous Fenton process

Generally, the heterogeneous Fenton process has the same principles as the homogeneous
process. However, the *OH production is catalyzed on the surface of the heterogeneous
material, represented by “X” in Eq. (32) — (33). Thus, in addition to Fenton chemistry, adsorption
of reactant molecules occurs at the active sites of the catalyst surface. At the end of the
reaction, the product molecules are desorbed and the active sites are available to bind with
other reactant molecules (Garcia-Segura et al., 2016; Queirés et al., 2015; Sreeja and
Sosamony, 2016). The Fenton reaction rate at the interface increases with increasing catalyst
surface area and porosity (Vorontsov, 2019).

X — Fe?* + H,0, » X —Fe3* + *OH + OH™ (32)
Fe3* + H,0, » X — Fe?* + *0,H + H* (33)
An ideal catalyst has suitable characteristics, such as high activity and selectivity for «OH

generation, large surface area, high porosity, physical-chemical stability (including low
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leaching), homogeneity, resistance to poisoning and attrition, non-selectivity in most cases, and
low cost (Poyatos et al., 2010; Poza-Nogueiras et al., 2018; Wang et al., 2016).

Regardless of the heterogeneous nature of the Fenton catalyst, its recyclability is an important
feature of such processes which is affected by the leaching of the active metal element to the
solid catalyst surface, resulting in its deactivation (Wang et al., 2016). Iron leaching is not easily
prevented because surface iron is extracted into the solution due to complexation with organic
acids, which are formed during the oxidation of water pollutants. The leached iron exhibits the
same catalytic activity as in the homogeneous Fenton process, with the highest performance at
pH of approximately 3; increasing the pH should limit iron leaching, favoring catalytic activity
throughout the active sites of the catalyst surface (Vorontsov, 2019; Wang et al., 2016).

The heterogeneous Fenton process has several advantages over the homogeneous process. It
can be operated at a wide pH range, without neutralizing the treated wastewater; it mitigates the
formation of iron sludge and associated issues/cost. The catalyst can be easily handled, safely
stored, efficiently recovered by sedimentation, filtration, or magnetic separation, and reused.
The reaction is not inhibited due to the concentration of inorganic carbonate (Bokare and Choi,
2014, Casado, 2019; Dulova et al., 2011; Poza-Nogueiras et al., 2018; Sreeja and Sosamony,
2016). Moreover, Rodriguez et al. (2016) also emphasized that heterogeneous Fenton may
lead to 77 % reduction in the water footprint for treatments in factories and approximately 40 %
for the final discharge in an urban wastewater treatment plant. However, the drawbacks of the
process include high dosage of hydrogen peroxide (almost four times that of the homogenous
system (Rodriguez et al., 2016)); slow kinetics, limited by mass transfer of H20: to the active
sites on the catalyst surface and by the lower reaction between H>O and Fe3*, in all iron-
impregnated catalysts; and potential formation of catalyst agglomerates, reducing free surface
availability; production cost of the solid catalyst, which increases with increasing catalyst loading
(Bokare and Choi, 2014; Garcia-Segura et al., 2016; Wang et al., 2016). Therefore, the choice
of materials and operating conditions in the heterogeneous Fenton process are of utmost
relevance. In the following sections, different catalyst materials have been reviewed. Table 3
presents the major outcomes of the application of the heterogeneous Fenton process to real

wastewater.
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6.1 Zero-valent state metal catalyst

The Fenton process can be easily modified using zero-valent iron (ZVI or Fe?) as a
heterogeneous catalyst, that has several advantages, such as low toxicity and cost, high
reactivity in *OH generation, easy separation from the liquid after treatment, and decreased
leaching of iron into the treated wastewater (Bokare and Choi, 2014; Dulova et al., 2011).

Its versatility is exhibited in the complexity of the reaction mechanism of ZVI, involving oxidation,
reduction, coprecipitation, surface adsorption, etc., which varies according to the contaminants
it reacts with (Thomas et al., 2021).

At acidic conditions, the surface layer of the Fe? particles oxidizes causing in-situ production of
Fe?*, initiating ZVI-catalyzed heterogeneous Fenton chemistry, according to Eq. (34)—(37)
(Segura et al., 2013; Sevimli et al., 2014). As Fe® should be solubilized to catalyze the reaction
with H202, maintaining a constant acidic pH is very important for the oxidation of pollutants in
wastewater (Sevimli et al., 2014). Moreover, increasing the pH may cause ferric oxyhydroxide
accumulation on the metal surface, resulting in surface passivation and loss of reactivity

(Babuponnusami and Muthukumar, 2014; Bokare and Choi, 2014).

Fe® + 2H* - Fe?* + H, (34)
Fe® + 0, + 2H* - Fe?* + H,0, (35)
2Fe3* + Fe® — 3Fe?t (36)
Fe® + H,0, + 2H* - Fe?* + 2H,0 (37)

Kallel et al. (2009) studied the COD removal from olive mill wastewater using ZVI as a Fenton
catalyst, observing a three-stage degradation mechanism. (1) After adding iron, the reaction is
slow due to the low production of Fe2* from corroding iron metal, implying lower *OH generation.
(2) When the optimum Fe?* concentration is achieved, Fenton chemistry occurs and the
degradation rate increases. (3) Fe?* generation continues even after H202 depletion, indicated
by the resurgence of color in the treated wastewater. Degradation of organics with the depletion
of H202 occurs due to the oxidizing effect of ferryl ion species; Segura et al. (2013) reported that
such species may be formed at approximately neutral pH and can act as oxidants when using
ZVI as a Fenton catalyst in pharmaceutical wastewater treatment. This occurrence was

supported by the fact that neutral pH values (5.3-5.5) were obtained as the reaction
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progressed. This is consistent with Sevimli et al. (2014) who observed a gradual increase in the
pH of pulp wastewater during the ZVI heterogeneous Fenton process. In that study, COD
removal increased from 44.5 % in the conventional homogeneous Fenton process to 58.2 %
with less than half the catalyst dosage, because of the efficient conversion of Fe3* to Fe?* at the
metal surface.

In a study on picric acid degradation, Dulova et al. (2011) obtained approximately equal
amounts of dissolved iron from ZVI after 30 min, compared to the homogeneous Fenton
process with a catalyst dosage of 100 mg-L! (at pH = 3). This proves that, after the initial Fe2*
leaching, the organics primarily degrade through Fenton oxidation, though the adsorption onto
the metal surface and subsequent in-situ oxidation by «<OH may also contribute to the overall
efficiency (approximately 7.5 %).

Furthermore, Ramos et al. (2020) estimated an operating cost of approximately 4.6 USD-m-
using ZVI as Fenton catalyst for 90 % COD removal from textile industry.

An alternative to the most commonly studied ZVI is zero-valent aluminum (ZVAI), which
provides a greater thermodynamic driving force for electron transfer than ZVI, and is lighter than
Fe (Bokare and Choi, 2009, 2014). Reactions in the ZVAI/O2 system start with the corrosive
dissolution of the aluminum oxide layer on the catalyst surface, with reactions expressed in Eq.
(38) — (39) and (11), leading to H20:2 formation. As AI3* cannot act as the reducing agent for
H20:2, the Fenton reaction does not occur; according to Bokare and Choi (2009), the possible
mechanism of *OH generation is the direct electron transfer from Al° to H20: given by Eq. (40).
The authors reported approximately 90 % degradation of 4-clorophenol after 275 min using 1

g-L't ZVAl at pH = 2, and in-situ H202 generation of approximately 0.1 mM.

Al° - APt + 3e” (38)
0, +H*+e” - *0,H (39)
2'0,H - H,0, + 0, (11)
Al° 4+ 3H,0, - AI3* + 3°0OH + 30H" (40)

However, the surface AlzOs layer is not easily degraded under neutral or near-neutral pH
conditions, limiting the applications of ZVAl-based systems to pH < 4, such as Fe-based Fenton

processes (Bokare and Choi, 2014).
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6.2 Synthesized iron-supporting catalyst

The development in heterogeneous Fenton catalysis research is evident in the synthesis of iron-
supporting catalysts. The iron in the synthesized catalyst may be obtained either from iron
minerals or iron salts and is usually entrapped or impregnated in a solid support. Catalyst
support has three primary functions, as summarized by Poyatos et al. (2010): (i) increasing the
catalyst surface area; (ii) decreasing sintering and improving hydrophobicity, as well as the
thermal, hydrolytic, and chemical stability of the catalyst; and (iii) governing the useful lifecycle
of the catalyst. The suitability of the supports are determined by the following characteristics:
high porosity, large surface area, high adsorption capacity facilitating degradation of organics,
strong physicochemical adsorption of the iron particles without affecting their reactivity, ease of
separation from the liquid, and chemical inertness (Babuponnusami and Muthukumar, 2014;
Poyatos et al., 2010; Wang et al., 2016). The commonly used supports include zeolite, AC, clay,
polymers, silica, fibers, and alumina (Poyatos et al., 2010; Wang et al., 2016).

Zeolites are hydrated aluminosilicate minerals, characterized by a highly crystalline SiO, and
very high external surface area and cation exchange capacity (Poza-Nogueiras et al., 2018;
Soon and Hameed, 2011). At least 41 types of natural zeolites are known to exist, and several
others may be synthesized, particularly by reaction of sodium aluminate with sodium silicate.
The catalysts can be obtained by impregnation of synthetic zeolite with ferric ions followed by
calcination, or by IE of sodium in zeolite with ferric ions (Poza-Nogueiras et al., 2018; Soon and
Hameed, 2011). A significant limitation of using common zeolites as supports is that their active
sites are often highly selective to specific reactant and product molecules (Soon and Hameed,
2011). Aleksic et al. (2010) prepared the FeZSM5 zeolite catalyst from NH4ZSM5 via solid-state
IE under aerobic conditions, achieving an 37 mg-g! iron content in the zeolite, which is 10 times
that in the original zeolite. The synthesized Fenton catalyst was utilized in the degradation of
RB137 azo dye, with 58 % TOC removal achieved after 1 h using 1.49 g-L* of FeZSM5 and 10
mM of H20:2 at pH 5 and 25 °C. By adding UV irradiation to this system, 81.1 % TOC removal
and complete decolorization were recorded under the same conditions, at pH 6. The authors
also observed that the bulk iron concentration due to leaching from the zeolite support was 17
times lower than that in the homogeneous Fenton process. In another study on dye wastewater
treatment (Orange |l dye), color, TOC, and COD removal efficiencies of 91 %, 36 %, and 29 %,
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respectively, were obtained after 90 min with 6 mM H202, at pH 3, and 70 °C, using commercial
FeZSM5 zeolite as the catalyst (Queirds et al., 2015); the iron concentration in the treated
solution was 0.173 mg-L%, corresponding to a leaching rate of 0.13 %.

Another well-addressed iron-supporting Fenton catalyst is the Fe-activated carbon (AC/Fe)
catalyst. Carbon materials, synthetic or reutilized waste, can be activated by improving its
porosity and increasing its surface area for a specific reaction (Soon and Hameed, 2011).
Duarte et al. (2013) analyzed an iron-based Fenton catalyst supported on commercial AC for
real textile wastewater treatment in a continuous packed-bed reactor. Activated carbon particles
were wet-impregnated with iron (II) acetate solution, and then the particles were thermally
treated (2 h at 300 °C in a He stream) to obtain the AC/Fe catalyst with 7 wt. % Fe. Using 30
mM H202, at pH 2.5 and a catalyst/wastewater inflow ratio of 3.3 g catalyst-min-mL-1, removal of
96.7, 73.6, 66.3, and 72.5 % of color, TOC, COD, and BODs, respectively, was achieved at
hydraulic retention time of 22.5 min. The authors also reported very low iron leaching, with only
1.25 % of the initial Fe load lost after 60 h of continuous operation. Fayazi et al. (2016) achieved
complete degradation of methylene blue dye after 40 min of heterogeneous Fenton treatment in
the presence of 4 mM NH20H with 12 mM H203, at pH 5, and 2 g-L™! of a catalyst with 71.3 wt.
% iron content; the catalyst was prepared by impregnating AC with maghemite via
coprecipitation of FeCls and FeSO4 on oxidized AC at room temperature. 85 % degradation was
obtained even after seven consecutive cycles, with a maximum iron leaching of 1.1 mg-g-,
establishing the stability and reusability of the catalyst. Lan et al. (2015) impregnated AC fibers
with Fe(NOs)s and calcinated it at 500 °C for 2 h in argon flow to obtain an AC/Fe20Os3 catalyst
with 1.2 % wt. Fe, and a significantly high surface area of 1237 m2.g1. This catalyst was used in
the photo-Fenton degradation of acid red B dye, and complete removal was achieved under
optimized conditions, with negligible loss of activity after four consecutive cycles and low iron
leaching.

Clays are another category of effective catalyst supports because of their abundance in nature,
ease of customization for specific applications, catalytic activity over a wide pH range (3.0-9.5),
and high reuse efficiency, though they require pretreatment before use (Soon and Hameed,
2011). A bentonite/Fe catalyst was prepared by Gao et al. (2015) by adding bentonite to a

mixture of sodium carbonate and ferric nitrate, and ageing it at 60 °C for 1 d. Subsequently, the
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precipitate was separated and dried overnight to obtain the catalyst, which had approximately
four times the surface area and 1.5 times the pore volume of raw bentonite. Almost complete
degradation of rhodamine-B was attained by heterogeneous photo-Fenton process after 300
min of reaction at pH 4.2, using 0.25 g-L* of Bentonite/Fe catalyst and 12 mM H20>. The
authors verified that rhodamine-B removal occurred due to the equal rate of degradation and
adsorption, and that the synthesized catalyst could be reutilized in five consecutive cycles,
without loss of catalytic activity, and with only 0.48 mg-L-1 iron leaching. In another study (Guo
et al., 2014) using clays as the iron-supporting catalyst, kaolin/Fe was prepared using a
technique similar to Gao et al. (2015) and it was employed for the photo-Fenton degradation of
rhodamine-B. In addition to achieving 98 % discoloration and 66 % mineralization of rhodamine-
B, the study presented certain notable conclusions regarding the kaolin/Fe catalyst, such as the
high activity over pH ranging 2.21-10.13, ease of separation using a simple precipitation
process, and unaltered performance even after five cycles, with negligible iron leaching.
Natural polymers are another suitable choice as catalyst supports. The disadvantage of using
such materials is their higher selectivity and lower catalytic activity compared to other materials;
hence, further research in this field is required (Soon and Hameed, 2011). Chagas et al. (2019)
incorporated Fe?* into soluble chitosan gel (CT), usually used for chromium (Cr) adsorption; the
composite material containing structurally immobilized Cr (CT/Fe/Cr) was used as the Fenton
catalyst for the degradation of methylene blue dye, achieving 93.8 % degradation under optimal
conditions. After six cycles, the degradation decreased to approximately 70 %, and the catalyst
was rinsed with ethanol, improving the degradation in the next cycle to approximately 80 %.
Another relevant result of that study was that the hemolytic potential of the treated wastewater
was always below the 5 % limit, indicating limited toxicity of Cr released to the environment.
Melero et al. (2009) co-condensed FeClz and tetraethoxysilicate to support iron oxide Fe20s3
onto an SBA-15 silica mesostructured material (SBA-15/Fe203), which was then successfully
applied as a Fenton catalyst to treat pharmaceutical wastewater in a continuous fixed-bed
reactor. Under optimized conditions, 59% TOC and 81 % COD removal were obtained, with
BODs/COD increasing from 0.20 to 0.30 (Melero et al., 2009). Su et al. (2011) investigated the
treatment of textile wastewater (86.7 % COD and 96.6 % color removal under optimized

conditions) using the fluidized-bed Fenton process, where Fe3* produced in the Fenton reaction
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is converted to iron oxide on the surface of SiO2 carriers through crystallization or
sedimentation. This prevents catalyst agglomeration, improves kinetics by overcoming mass
transfer limitations due to catalyst fluidization, and reduces sludge production (Garcia-Segura et
al., 2016). The iron oxide immobilized on the SiO2 carrier could further be used as a catalyst
(Garcia-Segura et al., 2016; Su et al., 2011). From another perspective, Manenti et al. (2015)
conducted solar photo-Fenton treatment of textile wastewater using different Fe3*-organic ligand
complexes, such as Fe3*-oxalate and Fe3*-citrate, which have high solubility and stability to
prevent iron precipitation, and high photoactivity under UV-visible light. Among these, Fe3*-
oxalate achieved the best results because of its high quantum yield for Fe2* production. The
complex was formed in situ by adding H2C204-2H20 (an organic acid) and FeCls to the
wastewater.

Ganiyu et al. (2017) presented another application of iron-supporting materials, using them as
functionalized cathodes in a heterogeneous electro-Fenton process, thereby preventing sludge
production. The functionalized cathode acted both as an electrode and a catalyst source. In
several cases, the catalysts are impregnated or supported on materials with a high capacity to
generate H202, such as active carbon/fiber, carbon felt, graphite felt, and recently, carbon
aerogel; the technique used influences the adhesion and mechanical wear of the catalyst from
the cathode matrix (Ganiyu et al., 2018).

Table 3 presents the results of studies published over the past years focusing on
heterogeneous Fenton treatment of real wastewater, highlighting the array of catalysts and
techniques that have been analyzed and the discrepancy in the results, for different

materials/technologies and raw wastewater characteristics.

6.3 Iron minerals and low-cost catalysts from waste

Several iron oxides may be used in their natural state in Fenton catalysis. Oxide hydroxides can
be dehydroxylated to their oxides under specific conditions, with the ability to alter their size,
orientation, dimensionality, and morphology (Wang et al., 2012). Of the 16 known iron oxides
and hydroxides, some have been successfully used in heterogeneous catalysis, for example
magnetite (Fes04), goethite (a-FeOOH), wistite (FeO), maghemite (y-Fe203), and hematite (a-
Fe203) (Pouran et al., 2014; Wang et al., 2012). According to Pouran et al. (2014), magnetite,
the most abundant Fe?*-containing iron oxide, exhibits certain characteristics that distinguish it
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from the other iron oxides, such as the presence of octahedral sites (significantly contributing to
the catalytic effect) on its surface; magnetic properties, allowing easy separation from the
reaction system; high dissolution rate and resultant electron mobility; and its spinel structure.
Goethite is also highly suitable because of its ability to operate over a wide pH range, solar
applications, high stability, environmental friendliness, and low price (Pouran et al., 2014).

The possibility of deriving Fenton catalysts from waste materials is an important development in
this field, as low-cost catalysts could be produced under the circular economic concept. Sludge
is the commonly utilized waste material that acts as a catalyst support, owing to its high carbon
content. Gu et al. (2012) used simple physiochemical activation and carbonization processes to
synthesize a porous carbon-containing magnetite from sewage sludge at a carbonization
temperature of 600 °C. The catalyst was then analyzed for the degradation of the model
compound 1-diazo-2-naphthol-4-sulfonic acid, achieving 96.6 % removal (90.2 % after three
cycles), compared to 57.5 % obtained using commercial FezOs nanoparticles. At high
temperatures, the manufactured catalyst exhibited decreased activity owing to structural
changes in the iron during thermal treatment. In another study (Grassi et al., 2020), a Fenton
catalyst was obtained from the sludge of a water treatment plant after calcination at 600 °C, with
hematite (Fe20s3) as the primary active phase (12.65 wt. % in calcined sludge). This waste-
derived catalyst was used (0.75 g-L) in the Fenton degradation of amaranth dye, achieving 97
% decolorization after 30 min, at pH = 2.8, and 5.5 mM H20:. The efficiency and stability of the
catalyst were maintained after three cycles of reuse. Zhang et al. (2018) converted ferric and
biological sludge from a real dyeing wastewater treatment plant into a magnetic biochar Fenton
heterogeneous catalyst under hydrothermal conditions. 47 % COD and 49 % TOC removal
were achieved after 30 min under optimized conditions (1 g-L* catalyst and 8.82 mM H20>), and
after four cycles; the leached iron was less than 0.9 mg-L* after five cycles.

Park et al. (2018) prepared a novel Fe-impregnated sugarcane residue biochar-based catalyst
with one-step pyrolysis and used it as a Fenton catalyst to degrade the model compound,
orange G. Under optimal conditions (22.1 mM H203, 0.5 g-L! catalyst with Fe content of 163.4
mg-g?, and pH = 5.5), 99.7 % orange G removal was achieved (over 89 % after four cycles).
Martins et al. (2012) analyzed the applicability of iron shavings as ZVI catalysts for the Fenton

treatment of landfill leachate. After 60 min, 48 % COD removal was achieved for wastewater
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pre-treated using biological methods, while 38 % COD removal was achieved for that pre-
treated using biological and chemical methods. The iron shavings maintained a catalytic activity
of over 60 % over four cycles. Martins et al. (2013) also used iron shavings without modification
as Fenton catalysts, removing 60% TOC, 30 % COD, and 90 % phenol from olive mill
wastewater after 30 min; however, the catalyst dosage was significantly high at 40 g-L* (with 35
mM H202 and pH 3).

Finally, Vilardi et al. (2018) reported 58.4 % COD removal from tannery wastewater using an
iron-based coated olive stone as the heterogeneous Fenton catalyst. The olive stones were
ground and coated, first with nano-zZVI (with FeSO4 using the borohydride reduction method)
and then with nano-magnetite (immersing the nano-ZVI-coated particles in a Fe?*—Fe3*
solution), to obtain the catalyst. The reusability of the material was verified for up to five cycles

after regeneration with NaOH and C2H204 solutions.

6.4 Nanomaterials

Nanomaterials have a particularly high surface area, improving their suitability for wastewater
treatment, namely as heterogeneous catalysts, owing to their low diffusion resistance, easy
accessibility to reactants, and numerous active sites (Wang et al., 2012, 2016). The activity and
selectivity of catalyst nanoparticles are highly dependent on their size, shape, and surface
structure, as well as on their bulk and surface composition (Rosales et al., 2017). Nanopatrticles
can be commonly synthesized using several methods, such as chemical coprecipitation,
hydrothermal treatment, and different physical-assisted methods, including the Langmuir-
Blodgett technique, gamma-ray radiation, and microwave irradiation (Wang et al., 2016). Among
iron oxides, nano-hematite is most widely prepared, because of its scientific and technological
advantages as the most stable iron oxide under ambient conditions (Wang et al., 2012).
Materials used for iron ion immobilization may also be analyzed for immobilizing nano-2VI,
however, the associated catalytic efficiency may decrease when immobilized onto support
materials (Babuponnusami and Muthukumar, 2014; Wang et al., 2012).

Another notable application of nanoparticles as a heterogeneous Fenton catalyst was presented
by Trotte et al. (2016), who synthesized iron nanoparticles by adding tea extracts of the yerba
mate plant to a solution of Fe(NOs)s and silica gel (acting as support). Under optimal conditions,
80% decolorization of the methyl orange solution was achieved; however, the authors could not
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successfully recycle the catalyst, and the catalytic activity decreased to half in the second cycle.
Carvalho and Carvalho (2017) also synthesized a Fenton nanocatalyst from tea extracts and
FeClz using SiOz as a support. The iron nanopatrticles were immersed in the polyphenol
compounds from the tea extract, which could sufficiently reduce Fe®* to Fe?* (but not to FeY),
forming Fe?*/Fe3* oxide/hydroxide nanoparticles. The study achieved complete decolorization in
less than 3 h under optimized conditions.

Nevertheless, the application of nanomaterials to wastewater treatment presents serious
drawbacks. The primary concerns are separating them from the treated wastewater and their
environmental toxicity (Poza-Nogueiras et al., 2018). Moreover, nanoparticles lose their
reactivity due to coalescence into aggregates, reduction of specific area, poisoning of the active
catalytic sites by adsorbed organic species, and the loss of supernatants during nanoparticle
rinsing, which in turn hinders their reusability (Babuponnusami and Muthukumar, 2014; Poza-
Nogueiras et al., 2018).The iron oxide surface may also require light for the Fe3*-to-Fe?*
conversion (Wang et al., 2012).

These concerns hinder the wider application of nanomaterials in studies on real wastewater
treatment, which therefore require extensive research before they can be implemented or even
recognized at the industrial decision-making level. Therefore, further discussion of the results

obtained with nanomaterials was not considered within the scope of this study.
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Table 3. Compilation of results reported on the application of Fenton process with regeneration/reuse of
the catalyst, and heterogeneous Fenton process, to real industrial wastewater treatment.

. . Wastewater Removal
Operating conditions treated Parameter (%) Ref. Notes
H202] = 29.41 mM; [Fe?] = 8.95 mM; Pulp bleachin Sevimli et
P 9  cop 58.4
pH =3.0; t=120 min; T =24 °C wastewater i al. (2014)
[H202] = 30 mM; Activated carbon- Textile (cotton TOC 73.6
Fe(ll) catalyst (7% wt. Fe) dyeing) CoD 66.3 Duarte et H202 continuously fed (2
immobilized in a fixed bed; pH = 2.5; Wélsteg\l/vater BODs 72.5 al. (2013) mL-min‘t)
HRT =22.5 min; T=50°C Color 92.7
TOC 83.0
coD 91.0 _ Followed by
[H202] = 2 mM; [Fe?'] = 0.36 mM; pH  Textile BODs 83.0 Karthikey-  heterogeneous post
=3.5; HRT = 60 min; T = ambient wastewater BODs/COD _ 0.21t00.39 aneta treatment in a fixed-bed
B - T ss 5 53 (2011) reactor of activated
Aromatics 1(‘)0 carbon (from rice husk)
i
[H202] = 53 mM; [Fe®* : oxalate -
catalyst] = 1.79:5.37 mM; pH = 2.8; t Textile Color 100 Manenti et g(;( ;lﬁa;ﬁ gg‘xﬁiéﬂa?ﬁjtﬁy
=74 min; T = ambient; 20.2 kJ-L* wastewater DOC 740 al. (2015) the wastewater
solar irradiation )
[H202] = 2.57 mM; [Fe/Sepiolite . TOC 25.0 Rodriguez
Textile
catalyst] = 0.5 g-L* (5% wt. Fe); pH = wastewater CoD 36.0 etal.
3.0;t=120 min; T=30°C Color 35.0 (2010)
Fluidized-bed Fenton
= - [Fe?*] = COoD 86.7 ’
L:lf/IO-Z]H 32%4 tnlMlo[';em] T E'll Textile Su et al. with Fe?* supplied as
amb’iepnt' 74'1’ L1si0 ! wastewater Color 96.6 (2011) Fe2S04, and SiO: used
el 2 ) as solid carrier
H202] = 37.42 mM; [MICOS catalyst . . MICOS obtained b
[= 121 gz-]L‘l; pH =4.8; t[= 120 min; Ty= ] L?ig?:vrv);ter cop 284 lelézrzcgfg) soaking olive stoneys with
25°C Phenol 59.2 ) Fe?*/Fe®* and ammonia
TOC 49.0 MBC obtained by
[H202] = 8.824 mM; [MBC catalyst] = Textile : Zhang et hydrothermal
1 - St = [ oAt .
19 L ;pH=3.0;t=30min; T wastewater COD 47.0 al. (2018) carbonlza}tlon froma 1:2
ambient molar ratio of Fenton
BODs/COD  0.26 to 0.68 sludge:biological sludge
) Fe?* supplied from
COoD 70.0
[H202] = 175 mM; [Fe?*] = 6.123 mM; Municipal landfill Eto;?ba]ev Fenton sludge; after 4
pH=3.0;t=24h; T=22°C leachate BODs/COD 20 % (201'4) cycles, 60 % COD
increase removal
[H202] = 394.1 mM; [Fe’] =25 g-L* CoD 48.0 . - )
as iron shavings; pH = 2.0; t = 60 Landfill leachate Nllartlns et After biological (aerobic)
min; T = ambient BODs/COD  0.04t00.27 al.(2012)  treatment
[H202] = 1470 mM; [Fe®] = 358.1 mM;  Olive mill cop 30.0 Kallel et al.
pH =4.8;t =24 h; T = ambient wastewater ) (2009)
- . 0] — e
B e
= ambient - | wastewater Phenol 90.0 al. (2013)
[H202] = 35 mM; [Fe®] = 12.3 g of iron TOC ~75.0 Maximum removal
shavings filling a 14.5 cm height Olive mill cob 333 Martins et achieved after 30 min,
tubular fixed bed reactor; pH = 3.0; 1 wastewater : al. (2013) afterwards the column
mL-mint flow; T = ambient Phenol 85.0 reactor clogs
[H202] = 58.8 mM; [Fe] = 35.81 mM; Olive mill CoD 82.0 Ozdemir et
pH = 3.0; t = 90 min; T = ambient wastewater Phenol 63.4 al. (2010)
[H202] = 735.3 mM; [Fe?*] = 0.895 COD 81.0 Fe?* supplied as Fe;SOa,
mM; pH =3.5;t=60 min; T = Olive mill BODs 75.0 Reis et al. with 90 % recovery of
ambient; IE with 40 g-L™* Lewatit TP wastewater BODs/COD 0.38t00.50 (2018) reusable catalyst after
207 Phenol 97.0 treatment by IE
cob 59.0 Fe?* supplied from
[H202] = 10 mM; [Fe?*] =1 mM; pH =  Fine chemical : Cao et al. Fenton sludge; after 6
3.0;t=200 min; T=20°C wastewater BODs/COD 0.06t0 0.38 (2009) cycles, 64.6 % COD
removal
) Fe?* supplied from
COoD 65.0
[H202] = 59.29 mM; [Fe?'] = 6.446 Semicoke Etogl)ba]ev Fenton sludge; after 4
mM; pH=3.0;t=24h; T=22°C landfill leachate BODs/COD 20 % 201'4 cycles, 60 % COD
S increase ( ) removal
[H202] = 317.7 mM; [Fe203/SBA-15 TOC 59.0
catalyst] = 2.9 g (19 % wt. Fe)
packed bed in a 15 cm height tubular ~ Pharmaceutical COD 81.0 Melero et
fixed bed reactor; pH = 3.0; 0.25 wastewater BODs 71.0 al. (2009)
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mM; pH=3.0;t=24h; T=22°C (wood soaking) (2014) sludge: after 4 cycles, 70

wastewater

% COD removal

36



7. Future prospects and challenges

The increasing industrial pollution and environmental health concerns, and resultant increase in
legal measures, have renewed the interest in AOPs for wastewater treatment over the past
years. However, the primary focus is no longer on the basic principles of such methods or
optimizing the operating conditions. It has recently been laid on discovering novel methods to
conduct the well-known treatment processes, such as the conventional homogeneous Fenton
process, to meet environmental (legal) standards, with operating costs that do not hinder their
full-scale application in industries. During the last decade, efforts have been made to
find/synthesize materials as alternatives to conventional iron salt Fenton catalysts and/or
regenerate and reuse the catalyst, in contrast to optimizing the application of existing materials.
This trend is expected to continue, with further advancements for full-scale implementation.
Other studies will possibly be published in the future on applying the Fenton process using new
types of nanomaterials, new solid matrices impregnated with iron solution, reusing iron wastes
from different industrial sectors, etc. The aim should be to produce reusable materials, avoiding
the continuous extraction of iron ore and its subsequent discharge after (single) use,
transitioning from a linear to a circular economy. Sustainable catalyst should have properties,
such as low leaching rate, high stability over a wide pH range, high catalytic activity, and low
manufacturing costs. Lifecycle analysis may be a suitable tool to facilitate the search for viable
materials and techniques for developing new catalysts. Comninellis et al. (2008) stated that,
“the treatment of wastewaters that have been generated without the application of ‘cleaner
production’ and ‘waste minimization’ principles is a losing game, ultimately costing all parties
materials and energy resources”. In the future, research should also be conducted on analyzing
and improving the lifecycle of the heterogeneous catalyst, such as determining the predominant
pathway between heterogeneous and homogeneous catalysis to pollutant degradation
depending on the operating conditions.

However, these future prospects must take into account that many challenges yet remain
unanswered in this field, which should receive further attention in future studies. One of them is
a lack of studies on the heterogeneous Fenton process for real wastewater, which needs to be

addressed before pilot plant or full-scale studies can be conducted. As the wastewater
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characteristics influence the performance of the Fenton process, the most suitable technique
cannot be generalized for any particular type of wastewater. Finally, each industry should
optimize not only the performance but also the economic and environmental factors, as well as
intrinsic factors, such as wastewater flowrate.

Evaluating the operating cost associated with novel technical solutions is often overlooked in
the literature, which prevents a higher impact in influencing decision-making. In particular, full
pilot plant and real-scale economic analysis of the proposed processes is yet lacking. A
complete economic analysis should include equipment and implementation expenses,
amortization, reagent demand, energy costs, and sludge disposal (Ochando-Pulido et al.,
2017). Moreover, the Fenton processes should be further developed to use these methods at
full-scale. For example, several studies have reported an increase in wastewater
biodegradability after Fenton processes (Pintor et al., 2011; Reis et al., 2018; Zhang et al.,
2018), which indicates that it could be economically efficient as a pre-treatment method followed
by a conventional biological treatment. However, intermediate compounds formed during the
Fenton reaction are sometimes more toxic than the original compounds present in wastewater.
One of the primary challenges in this field is to determine the best layout for incorporating the
Fenton processes in full-scale treatment plants, namely before or after biological treatment, or
between two stages of biological treatment. In fact, most AOP toxicity studies applied standard
ecotoxicity test methods, and did not study real bacterial populations from industrial biological
reactors (Esteves et al., 2016; Martins et al., 2013), which highlights the lack of necessary
information for full-scale application of Fenton processes.

Another significant issue is the need to remove the microcontaminants, including AOX or phenol
derivatives, that are often more toxic and environmentally hazardous than the commonly
studied parameters, such as COD or TOC. Within all the studies compiled in this review, only
nine have been on phenolic compounds and four on AOX. Due the environmental impact of
these groups of compounds, further studies to control their emissions should be urgently

conducted.

8. Conclusions and final remarks
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The popularity of Fenton processes in wastewater treatment has been due to its simple
operation and established advantages. However, in case of real wastewaters which are
produced at flowrates ranging thousands of cubic meters per day, the continuous wastage of
chemicals, particularly iron catalysts, and the associated iron sludge production/management
strongly hinders full-scale application.

This review highlighted the shift in attention since the last decade from the homogeneous
Fenton process and its developed variations to emerging technologies, including catalyst
regeneration and replacement by heterogeneous matrices. Therefore, several studies have
been published on the synthesis of new catalysts to substitute iron salt for achieving a green,
sustainable method of conducting the Fenton process. By summarizing the key results obtained
over the last few years, this review shows that production of effective catalysts is in its initial
stage; studies have primarily been conducted at the lab scale with degradation of synthetic
target solutions, implying that more time will be required to achieve full-scale implementation of
such techniques. However, this study sheds light on the course of innovations and the current
research scenario in this field and presents several promising perspectives on full-scale

application of Fenton processes to industrial wastewater treatment.
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