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Abstract

Various organic contaminants accumulated in the environment pose great threat
to ecosystems and human health. Sulfate radical-based advanced oxidation processes
(SR-AOPs) have attracted increasing attention for the removal of these contaminants in
recent years. Iron species, including ferrous and ferric iron, zero-valent iron, iron oxides
and oxyhydroxides, iron sulfides and various supported iron catalysts, as known to be
effective in activating persulfate (PS) or peroxymonosulfate (PMS) to generate sulfate
radicals. This review is dedicated to summarize the up-to-date research progresses of
iron-mediated activation of PS and PMS mediated by these iron-based species in both
homogeneous and heterogeneous ways. The activators are categorized based on their
chemistry and the up-to-date knowledge regarding the activation mechanisms are
summarized and discussed. Then, a summary of frequently-used synthesis methods of
heterogeneous iron catalysts is presented. In addition, the effects of anions, solution pH,
dissolved oxygen, and external energy on the activation processes are discussed. Finally,
future research perspectives on the iron-based PS/PMS activation method are proposed
and how to further improve such a technology for practical application are also
discussed.
Keywords: Iron; Persulfate and peroxymonosulfate; Sulfate radical; Homogeneous and

heterogeneous activation; Advanced oxidation processes
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1 Introduction

In the past decades, an ever-increasing variety of organic contaminants have been
discharged into the environment due to the industrial development and become a rising
concern. Many of these organic contaminants are persistent and non-biodegradable,
posing great threat to ecosystems as well as human health [1-5]. Advanced oxidation
processes (AOPs) involving highly reactive oxidants, such as hydroxyl and sulfate
radicals (*OH and SO,™), have stimulated significant interest for their ability to degrade
and mineralize such refractory organic compounds [6-8]. Fenton and Fenton-like
systems have prevailed for many years for the production of *OH (1.8-2.7 V vs. normal
hydrogen electrode (NHE)) [9]. However, there are several critical disadvantages for
these systems, such as a narrow working pH range (2-4), instability of H,O, during
storage and transportation, and massive consumption of H,O, during application [10-
12]. Sulfate radical-based AOPs (SR-AOPs) have been increasingly considered as a
promising alternative to Fenton due to many advantages over *OH-based processes.
Possessing a similar or even higher oxidation potential (2.5-3.1 V vs. NHE) and a
longer half-life period than *OH (30—40 ps vs 20 ns), SO4™ can transfer long distances
to target contaminants and oxidize them more thoroughly. Additionally, those reactions
can take place effectively in aqueous systems on a wider pH range (2-8) [13, 14].

Peroxymonosulfate (PMS, HSOs") and persulfate (PS, S,05%") are the two major
sources of SO,™. They display some differences in molecular structure in that PMS has
an asymmetrical molecular structure, while PS is symmetric. As a result, PS is more

stable than PMS and requires higher energy input to generate radicals via the homolytic

14



cleavage of the O-O bond. On the other hand, PS and PMS have distinct redox potential
of 2.01 V and 1.82 V, respectively. Therefore, PS presents higher oxidation capacity
than PMS. Despite these differences, both PS and PMS have been extensively studied
and utilized for their common advantages of cost effectiveness, high aqueous solubility
and environmentally friendly nature. Moreover, as relatively stable solids, they can be
easily stored and transported on a large-scale and used with accurate dosage, which
make them superior to liquid H,O, [15, 16].

To make the best use of their oxidizing power, PS and PMS need activating to
generate SO,~. They can be activated by various transition forms of metals in
homogeneous or heterogeneous systems. These transition metals include Fe, Co, Mn,
Cu, Ni, Zn, V, etc. [17-24]. Iron, a non-toxic and the second most abundant metal, has
played a fundamental part in diverse processes from physiological activities to
industrial manufacture [25]. It is have been known for a long time to be an effective
activator for PS and PMS. Although some other transition metals, such as Co, have
shown comparable ability to activate PS or PMS, they are not recognized as ideal
activators due to some significant drawbacks of these metals, particularly toxicity and
high cost for application [26]. The high effectiveness and benign properties of iron
differentiate it from other transition metals for PS and PMS activation and thus make it
the most studied and used metal species.

The recent review articles about activation of PS and PMS always try to cover all
aspects of activation methods for PS or PMS in their works, such as thermal, alkaline,

radiation, electrolysis, ultrasound, and various types of homogenous and heterogeneous
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metal activators (Co, Mn, Cu, Ni, Fe, etc.) [27-31]. It is well known that iron is superior
to other metals for PS or PMS activation and iron-based materials have been widely
applied to activate PS or PMS, whereas application of activators based on other metals
is scarce due to their nature or low activity. As illustrated in Fig. 1, an increasing
number of works regarding iron-based PS or PMS activation have been published each
year, whether focusing on homogeneous or heterogeneous ways. A specific and deep
review supported by state-of-the-art information regarding how iron-based materials
activate PS and PMS will add to the knowledge of advanced oxidation chemistry and
help develop more effective iron-based materials or methods for catalyzing the
peroxysulfate-based oxidation reaction. Therefore, it is worth reviewing exclusively on
the iron-based materials for PS and PMS activation. To the best of my knowledge, no
review with such a specific focus is available so far.

The topics discussed in this article mainly comprise mechanisms and recent
advances of iron-mediated PS and PMS activation and some details about synthesis
strategies for heterogeneous catalysts. The homogeneous and heterogeneous iron-based
species for PS and PMS activation discussed include ferrous/ferric ions, zero-valent
iron (ZVI), iron oxides and oxyhydroxides, iron sulfides, iron-based multimetallic
catalysts and various supported iron catalysts. Synergistic approaches for enhancing the
activation efficiency are presented. In addition, the influence of reaction conditions,
including solution pH, anions and dissolved oxygen are discussed. Finally, the aspects
for future research on iron-based activation of PS and PMS and the application of this

method are proposed.
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2 Homogeneous activators

Activating PS and PMS with ferrous and ferric ions in a homogeneous way has
long been a common practice for its simple operation and low cost [32-34]. Compared
with heterogeneous systems, homogeneous systems have low mass-transfer resistance
between phases and thus enable higher reaction rates [35]. In this section, the general
role and fate of ferrous and ferric ions in activating PS and PMS are presented. Some
useful techniques to promote the activation efficiency are discussed, such as
optimization of ratio of iron ions to oxidants, sequential addition of the iron solution,
and use of chelating and/or reducing agents. For easy-reading, Fe?* and Fe3' as the
homogeneous activators in the presence of absence of chelators for PS or PMS
activation and the reaction characteristics are summarized in Table. 1.

Fe?* activating PS can be described as Eq.(1) [36, 37]. As for the decomposition of
PMS, there may exist two pathways as illustrated in Eqs.(2)-(3) [38]. Regardless of the
type of oxidants, the cleavage of the O—O bond is the key to generating free radicals.
Fe?* can achieve this by transferring an electron to the oxidant, following by the
formation of the oxidized Fe' [39]. Free SO4~ and *OH radicals can trigger the
propagation via a series of chain reactions. Among them, the scavenging of free radicals
can render the system inefficient for the less use of free radicals (Eq.(4)). As can be seen
from the disparity of the second-order rate constants between SO, generation and
scavenging, five or eight orders of magnitude clearly show that SO, can be swept out
much faster than its formation, especially when surplus Fe?" is available. In addition,

the scavenging effect of excessive Fe?" is much more notable than excessive PS or PMS
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[40, 41]. Generally, there is a two-stage reaction process in both Fe?*/PS and Fe?'/PMS
systems, comprising a fast stage at first followed by a slow stage. The initial stage is
fast because of sufficient reactants and rapid generation of radicals, while along with
the proceeding of reaction, the generation of radicals becomes low due to the

consumption of Fe?* [42-44].

Fe?* + 5,03~ —Fe3* +S05; ~ +S05~ k=3x10'M~1s~! (1)
Fe?* + HSO5 —»Fe3* +S0; ~ +HO~ k=3x10*M~1s~! 2)
Fe?* + HSOs —»Fe3* +S03~ + «OH (3)
SO; ~ + Fe?t-Fe3t +505~ k=4.6x10°M~1s~! (4)
Fe3* + HSOs —»Fe?* +S0s ~ +H™ (5)

In order to minimize the scavenging of free radicals and enhance the efficiency of
the homogeneous activation process, one commonly used measure is to adopt an
appropriate molar ratio of PS/PMS to Fe?* [45, 46]. As frequently found in references,
the ratio of 1:1 may be a suitable molar ratio for both PS/Fe?" and PMS/Fe?* systems
[47-55]. Another useful strategy is to shift the Fe?" addition policy from direct spiking
to sequential addition, which plays a significant part in minimizing not-desired
termination reactions [46, 56, 57]. Ayoub et al. found that when providing the same
total amount of Fe?*, gradual supplementation of Fe?" doubled the rate for
sulfamethoxazole removal after 2h of reaction compared to that obtained using one-
time addition policy, although the degradation rate was lower in the first 10 min [58].
Vicente et al. also reported that higher diuron oxidation and mineralization rates were

achieved when the measure of multiple times of iron addition was taken (using the same
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amount of Fe?") [59]. Therefore, through one-time Fe?* spiking, the degradation rate
turns out to be low due to a high rate of radicals quenching, while better degradation
performance can be achieved by adding Fe?" sequentially.

Actually, no matter how to optimize Fe?* addition, Fe?* would transform to Fe3*
inevitably in the activation process. It is found that iron in both divalent and trivalent
forms shows reactivity in activating PMS and PS [17, 47], but Fe3* cannot mediate the
decomposition of oxidants and generate radicals as effectively as Fe** can. On the other
hand, the fate of Fe3* is different when coupled with different oxidants, i.e. PMS and
PS. In the Fe3*/PMS system, PMS can somewhat act as a reducing reagent apart from
an oxidant. It is well-documented that Fe3" can spontaneously react with PMS and
generate Fe?"—peroxo complex, which is believed that no O-O bond cleavage occurs.
Then, an electron transfers in Fe—O towards iron, and consequently Fe?" and SOs™
radicals are generated (Eq.(5)) [47]. SOs™ is less reactive than SO, and not expected
to participate in the oxidation of contaminants, but more importantly, this reaction can
convert Fe** to Fe**, which further reacts with PMS and forms highly active SO4™. In
the case of Fe3'/PS, PS is more stable than PMS for its symmetrical structure, and so
far, the reports about the role of PS in reducing Fe*" are scarce. However, it has been
reported that some organic compounds and/or their degradation intermediates can
reduce Fe3*to Fe?* [60]. For example, Rodriguez et al. found that in the Fe3*/ PS/orange
G system, Fe3* could be reduced to Fe?* at low pH by quinones intermediates produced
during orange G oxidation, and quinones acted as electron shuttles. The regeneration of

Fe?" could form a Fe**-Fe?* cycle and activates PS again [61]. This role of quinones as
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electron shuttles in reducing Fe3* was also demonstrated in serval other works [62-64].
Accordingly, the spontaneous Fe?* regeneration process depending on oxidants and
organic compounds adopted in homogeneous systems is an interesting phenomenon,
which may be taken advantaged of and boost the degradation efficiency in some cases.

Even though Fe?* regeneration takes place, this process is rather slow as a rate-
limiting process. The stead accumulation of Fe** in the system can not only lead to the
decline of reaction rates, but also cause precipitation because of its lower solubility and
narrower working pH range than Fe?" [65]. Under these circumstances, apart from
adopting appropriate oxidant-to-Fe molar ratio and Fe addition policy, the efficiency of
the homogeneous iron-activated PS/PMS systems can also be improved by introducing
chelating agents and/or reducing agents. To date, various types of such organic or
inorganic materials are reported for such functions, including ethylene diamine
tetraacetic acid (EDTA) [66, 67], (S,S)-ethylenediamine-N,N-disuccinic acid trisodium
salt (EDDS) [68], citric acid (CA) [69], oxalic acid (OA) [70], gallic acid(GA) [71],
hydroxylamine (HA) [72]. Some inorganic counterparts, including pyrophosphate [73]
and sodium thiosulfate, are also studied [74]. These kinds of materials can play two
major roles in systems: (i) regulate and maintain the concentration of Fe?" to minimize
the unnecessary loss, (ii) promote the Fe?" regeneration to alleviate the accumulation
of Fe3" and to facilitate PS/PMS activation [70, 75]. For instance, Ji et al. found that the
combination of Fe?* and EDTA, as the most extensively used chelating agent, showed
some promoting effects on PS activation for sulfamethoxazole degradation [76].

However, EDTA itself is an organic contaminants of a rising concern due to its non-
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biodegradable and persistent nature [77]. EDDS, a structural isomer of EDTA, was
reported as an environmentally friendly substitute for EDTA [38], and showed similar
enhancement [68, 78, 79]. As a kind of naturally occurring organic chelating agent, CA
is readily biodegradable. It is found that CA can not only coordinate the Fe?* availability,
but accelerate electron transfer [80]. Han et al. reported that CA possessed moderate
chelating ability among tested CA, OA, and EDDS, and could decrease the accessibility
of Fe?" center through the steric hindrance effects coming from its molecule structure,
which rendered it become the most suitable chelating agent for Fe** and improve the
PS activation efficiency (Fig. 2) [78]. The superiority of CA was also justified by the
study of Liang et al., in which CA/Fe*'/PS showed better removal efficiency than
EDTA/Fe?*/PS system towards BTEX [81].

The use of reducing agent, e.g. hydroxylamine, can effectively promote the
conversion from Fe3* to Fe?* [72, 82]. In a related work, Zou et al. reported that in the
HA/Fe?*/PMS process, a relatively low concentration of Fe?* was enough to eliminate
benzoic acid rapidly, thanks to the strongly accelerated Fe3*/Fe?* redox cycle [83].
Moreover, Wu et al. testified that when coupled with Fe?*/PS, HA was most effective
in the degradation of trichloroethylene among other four reducing agents, namely,
sodium thiosulfate, ascorbic acid, sodium ascorbate and sodium sulfite [84]. As for
inorganic chelating agents, they have some inherent advantages, e.g. like less likely to
compete for radicals compared with organic chelating agents [38, 85], and not
introducing total organic carbon (TOC) into the solution [38]. Pyrophosphate is the

most commonly used inorganic chelating agent for iron stabilization in Fenton-like
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systems [73]. Rastogi et al. reported that in the case of Fe?*/PMS system, pyrophosphate
was most effective to facilitate the activation of PMS for 4-chlorophenol degradation,
in comparison with citrate and EDDS [38]. Moreover, it was found that sodium
thiosulfate could not only serve as a chelating agent, but also a reducing agent. When
coupled with Fe*" to activate PS (Egs.(6)-(8)), sodium thiosulfate showed stronger
effects than EDTA-Naj, and diethylene triamine pentaacetic acid (DTPA) in enhancing
degradation of diuron [74]. Nevertheless, although the overall degradation efficiency
can be enhanced, the introduction of an additional reagent to the system may otherwise
bring some adverse effects. For instance, HA still can react with radicals with high rate
(ksos —= 8.5x108 M-!s!, kyyo.= 9.5x10° M-!s'!), which can cause some competition for
generated radicals with target contaminants [79]. At the same time, HA is toxic,
although it could be degraded to NO;~, N, NO,™ and N,O under ambient conditions
[86]. Finally, many researchers found that excessive additives could directly lead to
unavailability of soluble Fe?* [71, 81, 87]. Therefore, it should be cautious about the

selection and addition of the chelating reagents or reducing reagents.

XS,05~ + YFe? * -»Complexanion (6)
Complexanion + S;03 ~>Fe3* + S0; ~ + S0%~ + residue (7)
S;03~ + Fe3* —Fe?+ 4 1/25,02~ (8)

3 Heterogeneous catalysts

As mentioned in the foregoing section, utilizing Fe?* or Fe3* to activate PS/PMS in

a homogeneous way involves many undesired side reactions, which make the system
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quite complex and hard to control. In addition, homogeneous activation of PS/PMS
using Fe ions has other drawbacks, such as (i) further separation and disposal of iron
sludge is required, (ii) to avoid hydrolysis and precipitation of iron ions, these systems
become highly pH-dependent, (iii) the introduction of anions related to iron salts, such
as SO4%, CI, is inevitable, which may have inhibitory effects on activation efficiency
due to radical quenching effect of these ions [88-91]. As alternatives to avoid these
drawbacks, heterogeneous iron catalysts, including zero-valent iron, iron oxides and
oxyhydroxides, iron sulfides, and iron catalysts immobilized on various supports, such
as oxides, molecular sieves, carbonaceous materials, and metal-organic frameworks
have attracted great interest. Although homogeneous activation of PS or PMS by iron
ions derived from the dissolution and corrosion of heterogeneous catalysts may still
play an important role in the heterogeneous system, a great many research works
confirm that the leaching ions in the solution are insufficient to activate PS or PMS to
reach the degradation results, which means that activation of PS or PMS in a
heterogeneous way is more dominant [92, 93]. In the cases of nZVI and sulfur modified
nZVI (S-nZV]), it is true that the production of Fe?* from the dissolution and corrosion
of Fe’ can occur rapidly under both aerobic and anaerobic conditions (Egs.(9)-(10)),
and subsequently activate PS or PMS in a homogeneous way (Egs.(1)-(4)), however,
the direct electron transfer from FeO to PS or PMS occurred on the surface is a key to
activating PS or PMS (Eq.(12)) [94-98], which is illustrated in Fig. 3 [98]. In addition,
some S species formed during iron sulfidation is reported to facilitate electrons transfer

and regenerate Fe(Il) from Fe(III) (Eq.) [90, 96]. For those iron species containing Fe(II)
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and/or Fe(Ill) inside, including iron oxides and oxyhydroxides and natural iron sulfides,
the Fe(Il) on the surface contacts with aqueous solution and activates PS or PMS
directly (Eqs.(17)-(20)). Fe(Ill), due to low reaction reactivity in activating PS/PMS,
often requires one-electron reduction of surface site from Fe(IIl) to Fe(Il) (Egs.(21)-
(23)). These two processes can form a catalytic cycle, which occurs on the surface and
sustain the activation (Fig. 4) [16, 92, 99-107]. Finally, various supported iron catalysts
can benefit from the interaction between iron species and supports, which can
significantly retard the leaching of iron ions. Metal additives in the iron-based
multimetallic catalysts may also play a similar role. Therefore, the homogeneous
activation part is further diminished, and the activation reactivity mainly depends on
heterogeneous part. Moreover, the supports and metal additives can directly activate
PS/PMS, or facilitate the electron transfer, making the composites achieve satisfactory
activation efficiency (Fig. 5 and Fig. 6) [51, 58, 108-115]. Today heterogeneous
activators can be synthesized through various approaches, including borohydride
reduction [116], coprecipitation [100], hydrothermal [117], impregnation [118],
pyrolysis [119], plating [58], which contributes greatly to the development of
heterogeneous activation method. Performance and synthesis methods of typical iron-
based heterogeneous activators in activating PS and PMS are summarized in Table. 2.
3.1 Zero-valent iron

Since the use of ZVI for the remediation of groundwater contamination was first
reported in 1990 [120, 121], ZVI has extensively applied in environmental fields by

virtue of its high reducibility (Fe®, Ep=—0.44 V), easy accessibility and environmental
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friendliness [39].

When combined with PS/PMS, ZVI can be corroded and produce dissolved Fe?*
in the presence or absence of dissolved oxygen, especially under acidic conditions
(Egs.(9)-(11)) [120, 122]. More importantly, there exists another way that direct
electron transfer could occur on the surface of ZVI to PS and generate SO, (Eq.(12))
[97, 123, 124]. In addition, Fe** can be regenerated from the action between ZVI and
Fe3* which is produced after the interaction between Fe?* and PS/PMS (Eq.(13)) [98,
125, 126]. Similar to the homogeneous activation process, the Fe?* released into the
system from above reactions can activate PS/PMS and produce SO, and *OH radicals
(Egs.(1)-(3)) [48, 87]. What makes a difference is that ZVI serves as a controllable and
slow-releasing source of Fe?*, which can greatly alleviate the quenching effects [97].
As the same time, the produced Fe** can relatively easily be reduced and recycled by
ZV1, and thus the hydrolysis and precipitation due to the accumulation of Fe3* in the

systems can be reduced.

2Fe + 0, + 2H,0—2Fe?* + 40H ™ 9)
Fe + 2H,0—2Fe?* + 20H~ + H, (10)
2Fe + 2H* >Fe?* + H, (11)
Fe + 25,03~ — = Fe(Il) + 2505 ~ + 2503~

(12)
Fe + 2Fe3t —»3Fe?* (13)

In these ZVI/PS or ZVI/PMS systems, the production of Fe** from ZVI surface

dissolution is the rate-limiting step, which varies according to the particles size of ZVI
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[61]. It was confirmed that the release of Fe?" from ZVI surface could be controllable
by selecting the proper particle sizes [60, 127]. Song et al. made a comparison between
nano-sized ZVI (nZVI) and commercial micron-sized ZVI (mZVI) coupled with PS to
degrade PAHs, and found that the PAHs removal efficiencies were 82.21% and 69.14%,
for nZVI and mZ VI, respectively, which could be attribute to difference in particle sizes
[128]. When it comes to the application cost and the Fe?* release, there are also some
differences depending on the particle size. Generally, the fabrication of nZVI usually
requires high cost, which might hamper large-scale applications. In contrast, mZ VI,
with larger size and much lower price, possesses a more stable property, making it
easier to handle and apply [129]. On the other hand, the release of Fe** from nZVI is
not the same to granular and microscale ZVI. The smaller the particle size gives larger
specific surface area will be, leading to higher surface reactivity [130]. For instance,
nZVI can achieve PS activation rapidly, and this process are more likely to allow the
Fe® to be utilized completely. For granular and microscale ZVI having relatively smaller
surface area, it usually cannot be corroded quickly. It was reported that iron (oxyhydr)
oxides, including magnetite, hematite and goethite could form and deposit on granular
and microscale ZVI surface [131, 132]. These corrosion products could subsequently
show some inhibitory effect on the PS activation, which might be because the iron
(oxyhydr) oxides surface layers cannot activate PS effectively and hinder the direct
contact between ZVI core and the bulky liquid [133, 134]. Kim et al. put out a ZVI
core-shell structure in activating PS, in which a distinct two-stage process was observed.

Fe® could be consumed rapidly in the first stage, while the second stage was three orders
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of magnitude slower because it was governed by aqueous Fe3* and iron (oxyhydr)
oxides on the outer shells of Fe? formed during the activation process, which
significantly slowed down the reaction rate (Fig. 3) [98]. The multilayered shell was
also observed by Tan et al. after ZVI reacted with PMS. They reported that the FeOOH
layer was generated on the surface of fresh Fe®, and a part of them subsequently reacted
with adsorbed SO4%™ to form FeSOy layer (Egs.(14)-(15)), which resulted in an increase
in the average particle sizes and decrease in the degradation rate [135]. Whether ZVI
exhausts rapidly or shows decline in reactivity due to the formation of corrosion
products, it raises concerns about the sustainability of using ZVI. In a related work,
Ghauch et al. tested the reusability of micrometric Fe particles (MIPs) by performing
3 successive experiments respectively in 3 different water matrix of tap water,
underground water and DI water. 90% degradation of sulfamethoxazole was observed
in the MIPs/PS/DI system in the first and second cycle, while only 20% in the third
cycle [136]. Hayat et al. investigated the recycling of nZVI in 5 consecutive cycles of
total 60 min, finding that the degradation rate of imidacloprid decreased from 83.45%
in the first cycle to 21.95% after five cycles in the nZVI/PS system [137].
Fe3* + 2H,0— = FeOOH +3H* (14)
= FeOOH + SO7~ + H,0—FeS04 + 20H~ + 1/2H, + 1/20, (15)
However, some promoting effects made by the corrosion products were also found.
Cao et al. observed that in the ZVI/PMS process, the corrosion products deposited on
the surface of Fe® could activate PMS or adsorb contaminants directly [138]. The role

of iron corrosion products in adsorbing contaminants was also observed in previous
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works [112, 139, 140]. Apart from the formation of oxidized layer after reaction with
liquid or air medium, surface oxidation is usually unavoidable during the synthesis
process of ZVI, and thereafter develops into core-shell morphology. This core-shell
structure could not only allow electron transfer to activate PS/PMS, but adsorb various
contaminants because of electrostatic interactions and surface complexation [141, 142].
Besides, the shell of iron (oxyhydr) oxides could protect ZVI core from rapid oxidation
under neutral pH conditions [143]. Another extreme example was that the core—shell
Fe@Fe;0, was intentionally synthesized for PS activation, and showed better
performance than pure Fe® [144]. It might be because that Fe2+ oct species existing in
Fe;04 shell was reactive in activating PS, while it could be supplied via Eq.(13) taking
place on the interface between Fe® and Fe;0, [144].

Plentiful techniques have been developed to fabricate micro/nano sized ZVI.
Physical methods still have been used. Kang et al. reported a facile method to
manufacture a micro/nano ZVI particles via ball-milling the industrially reduced iron
powders. The ZVI produced via this method demanded much lower cost and also
showed satisfactory reducibility [145]. It is more common to adopt a liquid-phase
reduction method using borohydride salt as a reducing agent, and it requires simple
operation and equipment. In this typical method, ZVI can be obtained through
nucleation form homogeneous solution. More specific, aqueous solution of borohydride
is added dropwise into the iron salt solution, and then the following reaction occurs
(Eq.(16)) [116, 143]. Sometimes, for the sake of increasing the dispersion and migration

performance, and improving the stability during storage and application, some additives
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would be added during the synthesis procedure to modify the surface properties of ZVI,
including polymers, anionic surface-active agents, and other organic coatings [146].
Wang et al. reported an ascorbic acid (H,A) coated ZVI nanoparticles acting as an
effective catalysts for PS, which could be due to both the reduction and chelating ability
of HyA [147]. In recent year, it is found that the use of NaBH, could cause secondary
pollution, so greener substitutes are developed and put into use, e.g. using polyphenolic
solution by heating plant extracts (oak, green tea, lemon, pomegranate, bran, grape etc.)
[148-150]. For instance, Liu et al. reported that green tea extract as a reductive was
adopted in the ZVI synthesis procedure, and the prepared ZVI also showed high
reactivity in activating PS to simultaneously remove Cu?* and bisphenol A [150].
Fe(H20)2+ + 3BH; + 3H20—>Fe0l + 3B(0OH)3 +10.5H,1T (16)
3.2 Iron oxides and oxyhydroxides

Oxides and hydroxide minerals are mostly found on the surface of earth, which
includes magnetite, hematite, goethite, maghemite, akaganeite, leidocrocite,
ferrrihydrite, etc. Up to now, Fe;04, Fe,O3, FeO(OH) are the forms that are mostly
investigated in activating PS/PMS. In addition, natural media containing these minerals
can also activate PS or PMS. For example, Yan et al. found that the activation efficiency
of PS was strongly linked to the iron components in soils and sediments [151]. For
Fe;04, an inverse spinel crystal, possesses octahedral sites that can stably accommodate
Fe(Il) and Fe(II). Also, it is a type of semiconductor with a narrow band gap of 0.1eV,
which enables it to easily achieve electron transfer [152, 153]. Fe(II) in the Fe;O, plays

a significant role in activating PS/PMS (Egs.(17)-(20)) [99]. Unlike homogenous Fe?*
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activation process, the activation of PS/PMS by Fe(Il) existed in Fe;0,4 occurs on the
surface of solids and avoids full contact and fast consumption of Fe(II) [100, 101].
Moreover, by virtue of magnetic properties, Fe;O4 provides a possibility of being easily
recycled at the end of reaction, and used in succeeding runs [154]. Several works tested
the reusability of Fe;O,4. Xue et al. reported that Fe;0,4 exhibited good structural and
catalytic stabilities in two reaction cycles [155]. However, the decrease of reactivity
with varying degrees was also observed by some researchers. For instance, Liu et al.
found that the ratio of Fe(Ill)/Fe(Il) decreased from 1.8 before reaction to 0.8 after
reaction, and nano-Fe;O, was oxidized into r-Fe,O; [102]. It is might be because the
process of transformation from Fe(II) to Fe(IIl) is much more faster than the reverse
process, the activity of Fe;O4 declined after excessive rounds [156].

= Fe(Il) + HSO5 - = Fe(Ill) + SO; — + HO ™ (17)
= Fe(Il) + HSO5 — = Fe(Ill) + SO7~ + «OH (18)
= Fe(II) —OH + S,03 ~— = Fe(II) —OH + SO; ~ +S03~ (1.8 +0.2) x 10 4(19)
=Fe(ll) =0~ +S,034 > =Fe(ll) —0~ +S0; ~ +S03~ (22+0.3)x107°
(20)

In the case of PS/PMS activation with Fe,O; and FeO(OH) that only contains
Fe(I1I) species, the reaction mechanism could be analogous with Fenton-like oxidation,
in which Haber—Weiss reaction was significant and the first step of the catalytic cycle
involves reduction of Fe(Ill) to Fe(Il) [107, 157]. Liu et al. studied the detailed

processes of naturally occurring iron minerals (Fe(OH); and a-FeOOH) for PS

decomposition [16, 103]. First, the one-electron reduction of surface site from Fe(III)
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to Fe(Il) by PS takes place, which could be described as Eq.(21) or (22), accompanied
by the formation of S,0g°—. After the production of Fe(Il) sites, Fe(II) could react with
PS rapidly to achieve the decomposition of PS. When it comes to the combination with
PMS, similar first-step reduction of Fe(Ill) to Fe(Il) is also observed, along with the
production of SOs°~ (Eq.(23)) [104-106]. However, note that the reaction rate of this
fundamental conversion of Fe(III) to Fe(I) is slow and rate-limiting [158], and this is
the reason why Fe(IIl) bearing oxides is less effective than Fe(Il)-containing oxides
[159], and thus results in a weak removal efficiency of contaminants or acquired long
time scales for contaminant removal. For instance, 50uM of 4-tert-butylphenol was
degraded by about 60% in the presence of 1g/L ferrihydrite ((Fe(OH);) and 1mM PS
after 5 h [92]. In another system comprising 50g/L goethite and 1mM PS,
approximately 25% of initial 1000uM benzene was removed after the 32-day
experiment [107]. Overall, the activation of PS and PMS in the presence of iron oxides
and oxyhydroxides could be described in Fig. 4.
= Fe(Ill) —OH + S,03 ~ —» = Fe(I) —OH + S,05~ (6.0 + 0.6) x 10 ~° (21)
=Fe(Illl) —0~ +S,034">=Fe(I)—0~ +S,05~ (28+0.8)x107°% (22)
= Fe(Ill) + HSO5 » =Fe(Ill) + SO ~ + H* (23)
When it comes to synthesis of iron oxides and oxyhydroxides, various methods
have been applied. For Fe;O4, co-precipitation method is a kind of facial and efficient
way [100, 160, 161]. In general, solution of Fe’" and Fe>" are well mixed in a proper
ratio, and then the mixture is added dropwise into alkaline solution, usually ammonia

or sodium hydroxide solution. Fe;04 particles form via reaction (Eq.(24)). During this
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process, anaerobic environment is usually needed to prevent the oxidation of unstable
Fe?* before and after nucleation. Solvothermal method is another classic approach to
synthesize Fe;O,4. According to the Li et al., they reported a modified synthesis route
for monodispersed and uniform-sized Fe;O, particles, in which the addition of NaAc
and polyethylene glycol was a critical measure against particle agglomeration [162].
Besides, using ultrasound might also help to disperse the Fe;O, particles [163].
Hydrothermal method is also used for the fabrication of Fe,O; using bivalent or
trivalent iron salts as precursors [106, 164]. Through this method, Ji et al. successfully
synthesized Fe,O; particles, which was made up of many bread crumb-like particles
and showed a rough and porous morphology, possessing much higher BET surface and
catalytic activity than commercial particles [ 105]. It should be noted that the calcination
temperature might influence crystallinity and metal coordination. For example, y-Fe,O;
nanoparticles (maghemite) could be converted to a-Fe,O; at a certain temperature. On
the other hand, crystallinity could play a role in the PS/PMS activation. For instance,
akaganeite (B-FeOOH) could effectively activate PS to degrade 4-tert-butylphenol,
while both leidocrocite (y-FeOOH) and geothite (a-FeOOH) showed little reactivity in
the PS decomposition [165]. A similar example was also observed that amorphous
ferrihydrite (Fe(OH);) resulted in much higher H,O, decomposition rate than
crystalline goethite in the Fenton system [166].

Fe?* + 2Fe3* +80H ~ »Fe304 +4H,0 (24)
3.3 Iron sulfides

Many studies have been reported the role of sulfur-bearing iron species in
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reductive dechlorination of chlorinated compounds [90, 167-170]. These iron species
can be divided into two broad categories. Naturally occurring iron sulfides, including
amorphous FeS, makinawite (Feg 93-9.9¢S), troilite (FeS), greigite (Fe;Sy), pyrite (FeS,),
pyrrhotite (Fe;,S), and marcasite (FeS,), contain Fe(Il) and are ubiquitous in
subsurface soils or easily available in the sulfuric acid market [171, 172]. Another form
that has been extensively studied is sulfur modified zero-valent iron [167, 169]. It was
found that sulfidized nZVI showed higher dechlorination effects than nZVI because
iron sulfidation enables depassivation of iron surface [173, 174], provides catalytic
pathways, or promotes electron transfer [90, 96, 175, 176]. Other properties derived
from sulfidation compared with nZVI involve lower magnetic performance, higher
surface area, and a better adaptability in pH variation [167, 169, 175, 177]. Therefore,
they are proposed as a promising electron donor to activate PS or PMS for contaminants
degradation.
3.3.1 Natural iron sulfides

Sulfur-containing iron minerals, such as mackinawite (FeS), pyrite (FeS,) and
pyrrhotite (Fel-xS), have been recognized as effective in activating oxidants (PS/PMS,
H,0, and O3) [171, 178, 179]. When combined with PS or PMS to remove
contaminants, mackinawite was sometimes found more effective than ZVI. Yuan et al.
used 1.41 g/ mackinawite ore particles (70.0% purity, particle size 0.30 mm) to
activate PS, and achieved 99% degradation of 0.2 mM p-chloroaniline within 30 min.
By contrast, only 20% of p-chloroaniline was degraded in the Fe?*/PS system and 88%

in the ZVI/PS system after 100 min with equimolar theoretical Fe contents [180].

33



Owing to good solubility under acidic condition, Fe?* is found continuously released
from mackinawite participates (Eq. (25)), which can participate in the activation of PS
or PMS subsequently (Egs. (1)-(4)) [171, 180]. Besides, the Fe(Il) and S(IT) and surface
bound Fe(Il) on the surface was observed to experience independent oxidations.
Surface bound Fe(Il) can activate PS or PMS directly, while S(II) can play a role in
regenerating Fe(Il) from Fe(IIl) (Eq.(26)) [13].

FeS+ H*>Fe? ™ + HS™ keq = [Fe? T][HS~]/[H*] = 1072% (25)
8 = Fe(lll) + = S(I) + 4H,0-8 =Fe(Ill) + SO~ + 8H™* (26)

By virtue of magnetic properties, mackinawite can be easily recycled, but its
reusability is relatively poor [13, 181]. Chen et al. used the modified Butler’ method to
synthesize FeS for PS activation [168], and found that the removal rate of 2.4-
dichlorophenoxyacetic acid decreased rapidly from 100% in the first 2-hour run to only
24.7% in the fifth run [181].

Mackinawite is a metastable mineral, which may age and finally transform to more
stable iron sulfides, such as greigite and pyrite [182]. Pyrite is the most common metal
sulfide on the Earth’s surface[183]. Although pyrite was reported less effective in
activating agent for 2,4-dinitrotoluene than mackinawite, which was presumably its
insufficient release of Fe?" [171], it still can activate PS in both homogeneous and

heterogeneous ways (Eqgs.(27)—(30)) [184].

2FeS; +70, + 2H,0-2Fe?+ + 4503~ + 4H* (27)
FeS, + 8H,0—Fe? ™ + 2503~ + 16H* + 14e™~ (28)
2FeS; + 155,03~ + 16H,0-2 = Fe(Ill) + 34505~ + 32H* (29)

34



FeS, + 25,03~ — = Fe(Il) + 2S0; ~ + 2505~ +2S (30)
Zhou et al. developed an effective FeS,/PMS system for diethyl phthalate
degradation, and suggested S,?- was more significant electron donor than Fe(II) on the
FeS, surface and played a key role in reducing Fe(IIl), more eminent than that of Fe(II)
regenerated by PMS. In addition, different sulfur species, including Ss>, Sg°, S,03% and
SO;> were testified during the reaction. Among them, S,0;> directly engaged in
activating PMS or regenerating Fe(Il) to initiate the sequent radical chain reaction

(Egs.(31)-(33))[185].

= Fe(III) + S04~ — = Fe(Il) + SO3 ~ (31)
SO5 ~ + 0,-S0¢ ~ (32)
S0%~ +S0¢ ~—S0£~ + S04 ~ (33)

Pyrrhotite has specific ferromagnetic properties, and is the second most common
iron sulfide minerals after pyrite in nature [186]. Xia et al. utilized 1.25 g/ L pyrrhotite
to activate PS and H,O, (0.5 mM) for phenol degradation respectively, and found that
almost 100% of the phenol (2 pM) was degraded in 20 min, while only 59% phenol
removal was observed after 30 min in the pyrrhotite /H,O, system [187]. They also
demonstrated that dissolved Fe?" in solution and Fe(Il) of pyrrhotite collectively
contributed to activate PS and generate SO,"~ and HO- radicals [187, 188]. Additionally,
the reductive S(II) from pyrrhotite could also reduce Fe(III) to Fe(II) [186].

3.3.2 Sulfur modified iron

Apart from natural iron sulfides, sulfur modified zero-valent iron (S-nZVI) has
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attracted great attention, and many desired properties as mentioned before have been
discovered during the synthesis and utilization. In a related work, Rayaroth et al. made
a comparative study using S-nZVI and nZ VI to activate persulfate for benzoic acid, and
found that the efficient pH range in the nZVI/PS system was confined to 3-5, while the
S-nZVI/PS system was less pH dependent and proven efficient on a broader pH range
of 3-9 [94]. This was also observed by Dong et al. in the S-nZVI/PS/ sulfamethazine
system [95].

Kim et al. observed that the type of sulfidation reagents, namely, dithionite,
sodium sulfide, and thiosulfate, and the adding sequence of reagents for S-nZVI
synthesis procedure have little influence on the reactivity of S-nZVI, while the sulfur
to iron ratio was crucial [175]. It was also demonstrated by Dong et al., who reported
that the particle size of S-nZVI increased and a flake-like shell was more obvious along
with the decreasing of Fe/S ratio [167]. This flake-like shell structure was reported to
play a role in increasing surface to volume ratio, and decreasing magnetic properties
between particles [167, 189]. The shell might be mainly composed of FeS and FeSn
[95]. The existence of FeS could facilitate electrons transfer from the iron core to the
surface, which would form surface bound ferrous continuously and then activate PS [90,
96]. However, an excessively low Fe/S ratio would lead to the redundant accumulation
of FeSn on S-nZVI surface, which was considered to have a much lower reactivity than
FeS and decrease particles reactivity [190]. Finally, an optimum Fe/S ratio (25-30) was
utilized in the S-nZVI/PS/trichloroethylene, achieving about 90% degradation within

30min [90].
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3.4 Iron-based multimetallic catalysts

For the purpose of achieving higher reactivity, iron-based bimetallics or
trimetallics materials have been extensively studied and used in the degradation of
persistent pollutants [111, 112, 191]. The superiority of a bimetallic or trimetallics
system could be explained based on four theories or mechanisms, including (i) the metal
additives directly serve as a catalyst [112, 192, 193], (ii) the difference between iron
and metal additives leads to the formation of galvanic cells, accelerating an
electrochemical corrosion of iron [112, 194-196], (ii1) the non-uniform deposition of
metal additives on the surface of iron base improve the surface roughness, which can
enhance the catalytic performance of the newly formed particles [39], (iv) the metal
additives may retard the precipitation of corrosion products on the surface, and sustain
the catalytic ability [58, 111].

Ghauch et al. used to introduce metallic atoms to Fe for fabricating bimetallic and
trimetallic systems through plating or metal displacement reaction [58, 111, 112]. They
also tested a series of activators, including Fe**, Fe?, AgFe and CoFe, AgCoFe and
CoAgFe on activating PS for sulfamethoxazole degradation. Results showed that non-
plated iron particles/PS system displayed better sulfamethoxazole removal efficiency
largely because of smooth corrosion. However, the Fe corrosion speed decreased and
higher reaction stoichiometric efficiency maintained with acceptable sulfamethoxazole
degradation rate in the plated systems [58].

To avoid the complicated preparation procedure and control solid waste, many

iron wastes, such as steel slag [197], boring scrap [51], steel converter slag [12, 198-
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200], basic oxygen furnace slag [113, 201, 202] and drinking water treatment residuals
[114, 115, 203, 204] have been utilized as cheap and easily available iron-based
activators for PS/PMS activation. These materials usually contains elements other than
iron, which can render the whole system similar to other bimetallic or trimetallics iron-
based catalysts. In a related work, Naim et al. made a comparison between the boring
scrap (iFe) collected from a car shop and commercial iron (cFe) coupled with PS for
ranitidine abatement. They found that iFe not only showed sustainable PS activation
ability superior to cFe, but released fewer soluable Fe and therefore less iron sludge
than cFe, because of the existence of trace elements in its composition such as C, Si,
Mn, Ti and Cu. In addition, iFe could achieve a great RSE (reaction stoichiometric
efficiency) at 72% by using a low load of iFe [51].

BOF slag is one of the main byproducts during steel making process in the basic
oxygen furnace, which has complex and iron abundant components [201, 202]. Some
researchers utilized this kind of industrial waste in activation PS or PMS. For example,
Matthaiou et al. prepared a series of BOF slags through an oxidative digestion in acid
media. These treated BOF slags with magnetite in its composition could activate PS
effectively, while the ones with goethite and/or hematite unable to achieve this purpose.
In this sense, the best results obtained in experiments was about 90% degradation of
propylparaben (0.4 mg/L) in the presence of 1 g/L of PS and 50 mg/L catalysts within
90 min. In addition, negligible iron leaching was observed [113].

WTRs, an inevitable and safe byproducts of drinking water treatment, comprises

precipitated Fe and Al oxyhydroxides and organic compounds removed from water by
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coagulation [203]. Qi et al. modified WTRs through reduction calcination method and
utilized them to activate PS for sulfamethoxazole degradation. The results showed that
80% of sulfamethoxazole (50 pM) was degraded by 2.0mM PS and 0.2 g/L modified
WTRs at pH 5.3 in 60 min. Iron species detected in modified WTRs, including iron and
magnetite, accounted for the heterogeneous activation of PS [114]. In addition, the RSE
at the final stage of degradation reached at 9.5%, in comparison to maximum 5.2% in
the ZVI/PS/sulfamethoxazole system (sulfamethoxazole= 39.5uM, micrometric Fe®
particles=2.23 mM, PS content= 0.4 mM, pH= 5.75) [136]. Li et al. also prepared
magnetic catalysts derived from WTRs through oxygen-free pyrolysis treatment.
Pyrolysis temperature strongly influenced the composition and performance, and
reusability of catalysts, and the highest performance was 95.6% of atrazine (10 uM) in
the presence of 0.05 g/l modified WTRs and 0.2 mM PMS [115].
3.5 Supported iron catalysts

Although the aforementioned iron-based heterogeneous PS and PMS activators
possess some advantages over the homogeneous PS or PMS activators, they still suffer
some drawbacks, which are (i) prone to aggregate due to high surface energy and
inherent magnetic forces (particularly true for nanoparticles), (ii) easy to be oxidized in
air, (ii1) leaching of the iron ions. To overcome these disadvantages, catalysts can be
distributed on various supports. The interaction between iron species and supports
could exhibit novel physicochemical properties, which could further improve the

stability, dispersivity, and reactivity [205-208].
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3.5.1 Oxides supports

Many metal oxides, such as CuO, ZrO, CeO and ZnO, can act as catalysts on their
own for PS or PMS activation. They can also be used as the supports for iron species
[209-211]. As a matrix base, metal oxides (Al,O5 for instance) could provide larger
contact surface area and serves as a charged particle carrier [212]. Especially for Mn
oxides, their almost none-toxic and various valences (+2, +3 and +4) could not only
make themselves catalysts for PS or PMS activation, but provide variable forms as they
functioned as a kind of support [164]. Kong et al. immobilized iron on MnO and MnO,
respectively using FeSO, as iron source, and the formed iron oxides (mainly Fe;O4
and/or Fe,O3) immobilized on the surface of MnO or MnO, improved the activation
reactivity towards PS [118, 213]. Moreover, it was observed that lattice matched
support-active phase combinations can formed in the intimate interactions between iron
species and the supports. These formed linkages, such as Fe-Mn and Fe—Si, can enhance
stability and durability of the catalysts, even superior catalytic performance [118, 213,
214].

TiO, is a well-known catalyst for both oxidation and reduction. As a highly
effective photocatalysts, it strongly corresponds to ultraviolet (UV) light (Eq.(34))
[215]. Iron species immobilized on the surface of TiO, can not only function as catalysts
for the activation of PS or PMS, but as electron acceptors for transmitting band
electrons as well as reducing the recombination of electrons and holes [216-218]. The
photogenerated electrons could promote the regeneration of Fe(Il) by reducing Fe(III)

(Eq.(35)) [218-220], which could facilitate the continuous decomposition of oxidants.
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In addition, it may also directly activate oxidants to produce reactive radicals (Egs.(36)-
(38)). On the other hand, the holes on valence band that migrates to the TiO, surface
have oxidation capacity toward adsorbed organic compounds under UV irradiation
[221]. Similar mechanism was observed in analogous Fenton-like systems [220, 222].
Therefore, Fe immobilized on TiO, could be considered as a multi-functional catalyst

for PS and PMS activation.

TiO,Shis + eca (34)
= Fe(Ill) + ecg— = Fe(II) (35)
S,03~ +ecg—2S0; ~ (36)
HSO5 + ecg—S0; ~ + OH~ (37)
HSOs5™ + ecg—eOH + SO~ (38)

3.5.2 Molecular sieve supports

Since the first synthesis of zeolite as a molecular sieve in 1940s, 245 types of open-
framework molecular sieves have been developed up to date [223]. Due to their unique
characteristics, e.g., excellent hydrothermal stability, tunable size and morphology, and
abundant channel system, they have been popular for catalysis, adsorption and ion-
exchange [224].

Among all the zeolites, ZSM-5 (Zeolite Socony Mobile) is a typical molecular
sieve with MFI (Mobil fifth) structure [223, 225], and is one of the most important
catalysts in petrochemistry [226]. When it comes to iron anchored onto zeolite,
Fe/ZSM-5 has been successfully fabricated by Zhao et al. using liquid impregnation

and boron hydride reduction method. The formation of Fe;04/Fe® was found partly
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dispersed on the surface, and partly incorporated into the framework of ZSM-5. These
iron-containing active sites could achieve effective PS activation. In addition, Al in the
ZSM-5 could play a synergistic role in two aspects to enhance the activation, which are
(1) favoring the dispersion and preventing the aggregation of iron, (ii) as a Lewis acid,
Al could attract electron density from iron and promote the regeneration of Fe(II) from
Fe(III), which then benefits the catalytic activation [227].

MCM-41 (Mobile Composite Material) and SBA-15 (Santa Barbara Amorphous)
are two representative highly ordered large-pore mesoporous silica with highly and
uniformly ordered hexagonal array of channels [228, 229]. SBA-15 possesses a higher
thermal and hydrothermal stability by virtue of its thick wall [230], while MCM-41
enjoys a larger specific surface area (>1000 m?/g) due to its thinner wall [231]. These
tributes make them promising as catalysts supports. Actually, in the direct application
of activating PS or PMS, both SBA-15 and MCM-41 generally show little reactivity
due to their electrically neutral frameworks and lack of Brensted acidity [232-234].
Redox active centers could be created by incorporating transition metal ions into the
hexagonally arranged framework. The coordination and stabilization of iron and other
metallic elements by the silica lattice could significantly improve the catalytic
capability and enable them to possess new and often improved properties [235]. For
instance, Cai et al. co-incorporated bimetal (Fe and Co) into the mesostructured SBA-
15 silica using in situ auto combustion method, which was used to activate PS for the
degradation of orange II. With the assistance of electrolysis, 95.6% decolorization

efficiency was achieved in 60 min, slight higher than 91.1% for Co/SBA-15 and
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Fe/SBA-15. Besides, these bimetallic Fe-Co/SBA-15 catalysts presented less leaching
concentration, showing higher stability than monometallic catalyst [236]. Mazilu et al.
demonstrated co-incorporation of Fe and Al into the SBA-15 could allow the formation
of highly dispersed and/or isolated Fe active sites, which played an important role in
PS or PMS activating reactions [237]. Moreover, Vinu fabricated a series of Fe and Al
co-incorporated mesoporous molecular sieves (FeAIMCM-41) with different ratios of
Si to metal ions (Fe and Al) from 20 to 80, and found that the catalytic activity increased
along with the fraction of Fe and Al, which could be attributed to the increase of
Brensted acidity [238]. However, the over-increase of metal ions content may in turn
lead to some opposite effects [239]. It was observed that higher iron content (2 wt%)
could lead to the decline in both pore volume and surface area of MCM-41, which could
be attributed to channels blockage by iron oxides located in the pores [240].

There are two mainstream approaches, namely, direct synthesis and post-synthesis,
used for metal ions incorporation, e.g., iron ions. In the direct synthesis, including
ionothermal method [241], hydrothermal synthesis [242] and auto-combustion method
[243], the surfactant solution is mixed with the prepared precursors of both metal ions
and silica, and then metallic elements are in-situ incorporated into the framework of
silicate. As for post-synthesis, the surfactant-free matrix is firstly synthesized, and then
metal ions could be boned to the silica surface by chemical interactions with silanol
groups, such as ion exchange methods and impregnation [235, 244, 245]. The second
approach is capable of incorporating a large number of iron species, but it may lead to

the aggregation of metal oxides in the mesopores and then the reduction of the surface
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area and pore volume of catalysts. For the direct synthesis, it has a simple procedure,
but the strong acidic synthesis conditions could inhabit the formation of metal-O-Si
bonds, which may cause the instability of loaded metal ions [241]. Liu et al. reported a
facile method, in which Fenton’s reagent (Fe?'-H,O,) was used, it achieved
simultaneous detemplation without high-temperature calcination and controlled
incorporation of a higher amount of iron oxide species into the mesoporous silica of as-
synthesized parent SBA-15 [246].
3.5.3 Carbonaceous materials supports

Carbonaceous materials, such as biochar, activated carbon, carbon black, graphene
and its derived materials (graphene oxide, and reduced graphene oxide), have attracted
great interest as promising catalysts and catalysts supports for PS/PMS activation,
thanks to their superior biocompatibility, large surface area, highly acid and base

stability, and controllable electronic and physicochemical features.

When it comes to the role that carbonaceous materials alone play in the PS/PMS
aqueous solution for contaminants degradation, an insightful understanding would be
obtained from the low-dimensional carbon structures in the carbonaceous materials. As
a matter of fact, they are capable of adsorbing organic compounds, due to large porosity
and specific surface area, m—m interactions and electrostatic force, and also the
chemisorption via chemical bonding [247, 248]. In addition, it is revealed that
carbonaceous materials can also directly activate PMS and produce radicals, while PS

activated by carbon was considered as not involving the generation of free radicals.
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This is related to the oxygen-containing functional groups and exposed edge sites and

vacancies on the carbon [8, 249].

Granular activated carbon (GAC), as a type of environmental friendly and
economical carbonaceous materials, is one of the most used adsorbents in the removal
of contaminants. When GAC is combined with iron species through facial impregnation
or co-precipitation approaches [250, 251], this iron-based catalysts can exhibit benign
property in activating PS or PMS. Wang et al. simultaneously immobilized Fe and Ag
on GAC using two-step impregnation method and found that the formed Fe;O,4 played
a major role in activating PS to degrade acid red 73, while the doping Ag could
accelerate the rate of electron transfer and thus achieved efficient regeneration of Fe(Il).
Additionally, the interaction of between Fe-Ag and GAC, can not only retard the metal
leaching, but also enhance the degradation efficiency of acid red 73 [251]. Carbon black
(CB) 1is the product of incomplete combustion or thermal decomposition of
hydrocarbons, and this material’s primary particle possesses the diameter of nanometric
range [252]. When Fe;O4 was supported on CB, it was observed that 100% BTEX
(10mg/L) and 69% MTBE (10mg/L) could be degraded within 24 h under the optimal
conditions (PS= 15mg/L, Fe;04-CB=1g/L, pH=3), with their degradation products
presenting low cytotoxicity in vitro. This promising performance was attributed to the
special interphase surface between Fe;O4, and CB, which could facilitate efficient
electron conduct to initiate the radical generation process [253]. Graphene (GP) has two

dimensional single layer honeycomb structure made up of sp? hybridized carbon atoms,
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which allows it to possess outstanding properties, such as high specific surface area,
fantastic electro-conductibility and strong mechanical strength [254, 255]. When
combined with nZVI, the nZVI/GP composite, was demonstrated to be capable of
activating PS to effectively remove 92.1% atrazine within 21 min, in comparison of
66.1% in nZVI/PS system and 36.7% in GP/PS system after 60 min. Additionally, the
degradation efficiency remained 84.7% in the third cycles, showing superior stability
and recyclability [256]. Graphene oxide (GO) and reduced graphene oxide (rGO) are
derived from graphene, comprising both sp?>- and sp3-bonded carbon atoms. The
interaction between GO or rGO and metals could contribute to the fine dispersion of
nanoparticles and facilitate an interface electron transfer [257], which may in turn
enhance activation of PS or PMS by these nanoparticles. Gu et al. successfully prepared
nZVI-rGO, which was able to effectively activate PS, PMS and H,0, and achieved
similar degradation rate towards trichloroethylene [258]. Park et al. fabricated rGO-
Ag%Fe;04 nanocomposites by incorporating rGO with individual Ag® and Fe;0, to
activate PS for phenol degradation. The deposited active sites of Ag® and Fe;04 in rGO
nanosheet achieved catalytic heterogeneous activation of PS, while rGO could play a

role in adsorbing phenol and facilitating an electron transfer from phenol to PS [259].

Recently, biochar, which can be obtained from the pyrolysis of various
lignocellulosic biomass such as bamboo [260], sawdust [119], rice hull [261],pine
needles [262], banana peels [117], and kenaf bar [150] has attracted great attention as

promising supports because of their low cost and wide availability, as well as other
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merits, such as porous structure, superior biocompatibility, large specific surface area
and abundant oxygen functionality. Correspondingly, biochar supported iron catalysts
can be prepared through various methods, including impregnation [119], co-
precipitation [262], liquid-phase reduction [263], and a hydrothermal method [117],
which is dependent on the iron sources aimed to be loaded on the biochar. Yu et al.
prepared a series of magnetic nitrogen-doped biochar catalysts using a one-pot
synthesis method. The catalysts were derived from sludge processed by polyacrylamide
and polyferricsulfate, which then functioned as nitrogen and iron sources respectively.
In addition, these catalysts presented better degradation efficiency towards tetracycline
than many other representative carbon materials (GP, GO, wood biochar, etc.), which
could be attributed to the collaborative work of carbon, nitrogen species and iron oxides
where carbon acted as electron transport intermediary (Fig. 5) [110].
3.5.4 Metal-organic frameworks

Metal-organic frameworks (MOFs), fabricated from metal ions (or clusters) and
organic ligands, are a group of crystalline inorganic-organic hybrid [264, 265]. MOFs
not only benefit from characteristics of both organic and organic components, but often
present some unexpected properties, such as chemical tenability, tailorable molecular
structure, and large specific surface areas, making them a desirable substance applied
in separation [266], sensing [267], gas storage [268], and catalysis [269].

To date, Fe-based MILs (Materials of Institute Lavoisier) series have been used in
activating PS or PMS. Li et al. prepared a series of Fe-based MILs by hydrothermal

treatment to activate PS, including MIL-101(Fe), MIL-100(Fe), MIL-53(Fe), and MIL-
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88B(Fe). These MILs was found to possess high surface areas and abundant active
metal sites, and showed good acid orange 7 removal efficiency via adsorption and
radicals generation. MIL-101(Fe) presented the best performance and possible
mechanism was proposed (Fig. 6A) [108]. Pu et al. investigated the influence of
synthesis conditions on the crystallinity, morphology and activation performance of
MIL-53(Fe) prepared by solvothermal method. The superior activation capacity could
be attributed to coordinatively unsaturated Fe(I1)/Fe(III) sites existing in the framework
of MIL-53(Fe), which could be converted to each other continuously and activate PS
for orange G degradation [93, 270]. Yue et al. fabricated a core-shell Fe;O4@MIL-
101(Fe) composites to activate PS for acid orange 7 degradation, and suggested that
due to the catalytic activity of metal clusters in MOFs and the favorable recycling of
Fe(II) and Fe(III) in the interaction between MIL-101(Fe) and Fe;Oy, the activation of
PS was significantly promoted. In addition, these nanocomposites could be recycled
easily and rapidly from the reaction system, and exhibited high stability at least three
cycles [271].

The efficiency of the MOF-catalyzed PS or PMS activation process can be further
promoted by modifying with additional catalytic sites. For instance, Zhang et al. utilized
ferrocene (Fc) to be grafted on MIL-101(Fe) to form Fc-modified MIL-101(Fe), which
equipped MIL-101(Fe) with additional Fe(II) sites coming from Fc and outperformed
MIL-101(Fe) in activation PMS for amaranth removal [272]. Li et al. synthesized the
novel quinone-modified NH,-MIL-101(Fe) composite as PS catalyst for the removal of

bisphenol A. The introduction of 2-anthraquinone sulfonate (AQS) was believed to
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establish two redox cycles in the oxidation process, involving a quinone/hydroquinones
cycle and a Fe(II)/Fe(III) cycle, which significantly facilitated the generation of reactive
radicals. Besides, it was found that the semiquinones produced in the process could
directly active PS (Fig. 6B). The overall removal rate of bisphenol A was 97.7% in 120
minutes, showing much better efficiency than NH,-MIL-101(Fe) or the simple
combination of NH,-MIL-101(Fe) and free AQS [109].

Iron-based MOFs composites used as precursors to synthesize hierarchical
carbonaceous materials have also been studied in activating PS or PMS. In a related
work, Lin et al. synthesized magnetic iron/carbon nanorod (MICN) nanocomposites
derived from one-step carbonization of MIL-88A. These MICN composites, retaining
hexagonal rod-like morphology and exhibiting magnetic and porous characteristics,
could activate both H,O, and PS to decolorize rhodamine B dye, while adsorption was
not observed [273]. On the other hand, the carbonization of MOFs modified with
additional active sites is also a promising strategy to further improve the PS activation
efficiency. Nitrogen-containing-group-decorated MOFs, including NH,-MIL-53(Fe)
and NH,-MIL-88B(Fe) was prepared and used as precursors to fabricate N-doped
porous carbon hybrid through simple pyrolysis method [274, 275]. In these pyrolysis
products, graphite-like layer was both observed, which could play an important role in
electron transfer. Besides, N-doped carbon not only provided abundant active sites, but
improved the structure and chemical properties, which might be favorable for the
enhancement of the adsorption and catalytic activity. Liu et al. reported a newly

synthesized Fe@N-doped graphene-like carbon derived from a combination of g-C;N,4
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and NH,-MIL-53(Fe) through direct pyrolysis under N,, showing great improved PMS
activation performance. They pointed out that the addition of nitrogen precursors (g-
C;N4 and NH, groups) could not only help the stabilization of phase composition and
framework morphology during MOF pyrolysis, but increase the surface area. The high
reactivity could be attribute to the iron nanoparticles, N species and carbonyl (C=0)
groups in the support [276]. However, in some cases, the role of iron species in the
prepared catalysts was controversial. Zeng et al. demonstrated the ability of Fe-based
nanoparticles with variable chemical valences in activating PMS [275], while Liu et al.
found that in some cases, iron species just acted as a magnetic core, and made no
contribution to the activation of PMS, which probably resulted from the strong

capsulation by porous carbon [274].

4 Enhancement by external energy

The combination of external energy, including ultrasound, magnetic field, electric
field and photo irradiation, with the homogeneous or heterogeneous iron species has
been found to show synergistic enhancement in the activation of PS or PMS.

4.1 Ultrasound

When ultrasound is applied to an aqueous solution, microbubbles can form, grow
and violently collapse. The acoustic cavitation can result in sonoluminescence and hot
spots, where extreme conditions of high temperature and pressures are generated [277].
Some volatile organic compounds could be directly decomposed under the ultrasonic

irradiation [278]. In addition, S,0g*— and *OH radicals can be produced simultaneously
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via the direct activation of PS or PMS, and *OH can additionally form via the
decomposition of water [279-282]. Zhou et al. reported that when Fe;O4 was employed
for PMS activation to degrade acid orange 7, which removal efficiency was 90% within
30 min under the optimal conditions (Fe;04=0.4g/L, PMS=3mM, AO7=0.06mM,
ultrasound power=200W), in contrast to 39.6% without ultrasound [283]. Pang et al.
reported that the degradation rate of rhodamine-B (40 mg/L) increased from 35% to
99.76% within 12 min in the presence of 1g/L ZVI, ImM PMS and 50W ultrasound
power. In addition, this remarkable degradation efficiency could sustain five cycles
without decline, while it decreased to 75% in the sixth cycle. It was attributed to the
exhaustion of ZVI instead of the precipitation of passive film on the ZVI surface [284].
Actually, the additionally promoting effects that ultrasound exerts on heterogeneous
catalysts include (i) ultrasound can enhance the dispersion of nanoparticles in the
system, as well as the mass transfer in the solid-liquid interface [285, 286], and (ii)
ultrasound can clean the oxidized surface layer and facilitate the contact between fresh
catalysts and PS or PMS [286, 287]. However, too intensive ultrasound input could lead
to inhibition effect on the activation processes, which may be due to the over-sized
cavitation bubbles shielding the shockwave transmission under the intensive ultrasonic
power [283, 288].
4.2 Electric field

The activation efficiency of PS and PMS can also be significantly enhanced by the
introduction of an electric field. One of the major advantages of electrolysis is that Fe?*

can be electro-generated from the sacrificial iron anode to the aqueous solution [289].
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Moreover, electrolysis can directly provide electrons, which favorably supports the
continuous conversion of Fe(Ill) to Fe(Il), and then retains high PS or PMS activation
efficiency [243, 290]. Furthermore, electrochemical process can provide electron
directly to activate PS or PMS in the aqueous solution [236, 291, 292]. Zhang et al.
combined Fe*/PS with bioelectricity provided by microbial fuel cell to remove
bisphenol A. The introduction of electric field could overcome the limit of pH and
facilitate the reaction process under near-neutral pH regime. While the Fe** precipitated,
the iron species in the precipitate could be reduced on the cathode and eventually played
a major role in activating PS [293]. Arellano et al. tested pyrite, goethite and magnetite
as catalyst to activate PMS for 1-butyl-1-methylpyrrolidinium chloride degradation
under electric field, and found that over 80% TOC decay was achieved in the
pyrite/PMS/electro system within 300 min [294]. Lin et al. reported the electro-
enhanced a-FeOOH activation of PS to degrade orange II, in which the decolorization
efficiency of orange Il and the decomposition rate of PS are 91.3% and 66.3%,
respectively, in comparison with that of 0 and 6.1% in a-FeOOH/PS system [158].
4.3 Magnetic field

Owing to the magnetic property, researchers have found that the combination of
magnetic field with ZVI/PS or ZVI/PMS is another way to promote the activation
efficiency. When a uniform magnetic field applied, the reaction mechanism remains the
corrosion of ZVI to release Fe?' to the solution and then activate oxidants. However,
an additional convective transfer of paramagnetic Fe>* could be exerted by the Lorentz

force and magnetic field gradient force. This could not only accelerate the
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transportation of the released Fe?*, but also reduce the formed precipitation of iron
oxides on the surface of ZVI [295]. Therefore, the fresh surface of ZVI can be exposed
to the solution, which enhances the corrosion of ZVI to release Fe?*. Xiong et al. found
that the application of weak magnetic field to Fe’PS system achieved a 28.2 fold
enhancement in the degradation rate of orange G under optimal experiment conditions
compared with its counterpart without the magnetic field [296].

The acceleration of ZVI corrosion rate and promotion of Fe?" release were even
observed in pre-magnetized Fe%/PS system, where the external magnetic field was
absent during the experiment. According to Zhou et al., pre-magnetized Fe® could
significantly promote the activation of PS and then the removal of various selected
organic contaminants, such as p-nitrophenol, fulvic acid, phenol, tartrazine, 2.4-
dichlorophenol. In this pre-magnetized Fe/PS system, the Fe and PS could be greatly
saved compared with conventional Fe%PS process [125, 126, 297]. These series of
promoting effects might be due to the magnetic property of Fe® which enables Fe? to
maintain magnetization without magnetic field after exposure to magnetic field of
certain intensity [298]. However, unsuitable magnetic field intensity may inhibit or not
promote the activity of Fe®. Pan et al. examined the influence of magnetic field and pre-
magnetization time on rate constants in the pre-magnetized Fe%PS/orange
anthraquinone dye system, finding that the rate constants reached the highest when the
magnetic field and time were 30 mT and 3 min, respectively [125].

4.4 Photo irradiation

As an important energy input method, UV-Vis irradiation can also enhance the
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activation efficiency. In the first place, PS and PMS are proven to be photosensitive
and the introduction of UV can directly lead to the photolysis of oxidants to generate
radicals through Egs.(39)-(40) [299-302]. In addition, radiation absorption by them is
associated with a ligand-to-metal charge transfer, and then promotes Fe(III) reduction
to Fe(Il) (Eq.(41)) [106, 250, 302, 303]. This enhancement can be applied in both
homogeneous and heterogeneous systems. In homogeneous systems, Wang et al. made
a comparison of activation efficiencies between Fe3*/EDDS/H,0, and Fe**/EDDS
under UVA irradiation at same conditions, achieving good degradation rate of p-
hydroxyphenylacetic acid, although it was lower than H,0O, system whatever the
solution pH’s. The reduction of Fe’* to Fe?" under irradiation was considered as a
crucial step in activating oxidants [304]. In heterogeneous systems, Fe(IIl) species,
including magnetite, hematite and hydroxocomplexes, are often photochemically active.
As observed by Jaafarzadeh et al., 90.2% of 2,4-dichlorophenoxyacetic acid was
degraded in 60 mins in a UV/PMS/hematite nanoparticle system compared with 79.8%
degradation in the absence of UV [106]. It should be noted that the radiation wavelength
may have influence on the activation process. In a related work, UVC irradiation
(wavelength between 200 and 280 nm) and UVA (wavelength ranged from 315 nm to
400 nm) [305] was employed as radiation source by Kaur et al. to activate PS for
ceftriaxone oxidation, 72% degradation and 4% mineralization of ceftriaxone in UVA-
induced systems after 2h, while complete ceftriaxone degradation and 74% TOC
removal was observed in the UVC-activated PS system during the 15 min of oxidation

[306].
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Owing to the development of photocatalytic technology, solar light and LED light
as applicable light sources are also being combined with PS or PMS for the
decontamination process of organic compounds [307-309]. Ahmed et al. utilized Xenon
lamp (1500 W) as simulated solar light and Fe?* to activate PS, and achieved 100%
removal of carbamazepine in 30min, in contrast to less than 30% removal in the absence
of light [310]. Miralles-Cuevas et al. designed a pilot plant study to compare removal
of five microcontaminants (antipyrine, carbamazepine, caffeine, ciprofloxacin and
sulfamethoxazole at 100 pg/L) in both solar/Fe:EDDS/H,0, and solar/Fe:EDDS/PS
systems. In the presence of equal concentration of Fe?" and EDDS (0.1mM) and ImM
PS, five microcontaminants at 100 pg/L achieved highest 90% degradation rate with a
solar energy of 2 kJ/L [311]. The visible LED is now a type of promising light sources
due to a series of advantages, such as high efficiency and compactness [312, 313], but
it cannot directly activate PS or PMS. By contrast, some target organic compounds
could be excited by visible LED light, and then involved in a chain of reactions [310].
For example, Gao et al. found that rhodamine B could absorb visible LED light to an
excited state, and subsequently transfer electrons to PS and Fe(III) species, leading to
the generation of SO4"~ and catalytic cycle of Fe(Ill)/Fe(Il) [314]. On the other hand,
visible LED light can stimulate some iron catalysts to show promoting activation
performance. As observed by Gao et al., MIL-53(Fe), with a band gap energy at 2.62
eV, could be excited under visible LED light and produced photo induced electrons,
which could be trapped by PS and facilitate the generation of SO, for acid orange 7

degradation. [315]. Hu et al. demonstrated that MIL-101(Fe), with a band gap energy
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of2.41 eV, could be firstly excited by visible LED light and then the reduction of Fe(III)
to Fe(Il) occurred, which subsequently activated PS to degrade tris(2-chloroethyl)
phosphate adsorbed onto MIL-101(Fe) crystals [316]. Iron species directly immobilized
on some photocatalysts supports can also enhance the performance of activating PS or
PMS. Apart from TiO, as supports mentioned in Section 3.3.1, Zhang et al. reported a
FeOOH/C;Ny-based photoactuated self-healing system. Under irradiation, charges
were excited from valence band in C5Ny4, and subsequently injected into conduction
band of FeOOH. This type of interfacial photoexcited electron transport facilitated the
reduction of Fe(IIl) and optimized the Fe(II)/Fe(II) ratio on FeOOH surface during PS
activation [317]. In another related work by Yan et al., the excellent heterostructure of
the fabricated g-C;N4/Fe,O; (CNFe) could significantly accelerate the transfer of
charge carrier under the visible LED light, and exhibited superior activity over pure g-

C3N4 and Fe,03 in activating PS for bisphenol A degradation [318].

2 _hv . _
S,03~—250; (39)
hv
HSO5 —S0; ~ + «OH (40)
hv
= Fe(II)= = Fe(1) (41)

5 Influences of reaction conditions on the performance of activators

Reaction conditions, including temperature, pH, anions, dissolved oxygen, dosage
of catalysts and oxidants, can exert influence on the activation of oxidants and the
degradation of contaminants. It was well documented that increasing the dosage of

catalysts and oxidants can increase the removal rate, although excessive oxidants may
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result in the quenching effect on reactive radicals. Temperature rise in the solution, as
another kind of energy input, can also boost the overall reaction rate and even directly
activate oxidants [87, 184, 319, 320]. On the other hand, pH value, dissolved oxygen,
and anionic composition in solution can affect the activation efficiency in a complex
way. Therefore, it is worth discussing the influence of pH and anions in iron-mediated
activation of PS and PMS systems.
5.1 pH

The solution pH is considered as a critical parameter in iron-based activation
systems, since it affects the decomposition of oxidants (PS and PMS) and speciation of
radicals. In addition, it also influences the structural form of iron species and target
contaminants [116, 321, 322]. It is generally accepted that low pH is needed in the
homogeneous oxidation process when Fe?* or Fe3* is present. In fact, Fe?* is readily
soluble in pH value ranging from 2 to 9, while Fe3* starts to precipitate in the form of
ferric hydroxides when pH is higher than 3 [47, 323]. The formation of ferrous and
ferric complexes, including FeOH*, Fe(OH),, FeOH?*, Fe,(OH),*", Fe(OH),", Fe(OH)3
and Fe(OH),~, cannot activate PS or PMS as effectively as free Fe** does [66, 324]. In
addition, extremely acidic condition would result in formation of (Fe (H,0))?*" (pH <
2.5) and Fe(OH)** ( pH < 3), which can also reduce the availability of Fe?* and
subsequently hinder the activation performance [289]. On the other hand, solution pH
exerts relatively weak influence on heterogeneous catalysts, which can operate under
the conditions of wide pH range. Under acidic conditions, the corrosion of iron species

would be favored, along with producing more soluble Fe?*, which is favorable for the
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activation of PS or PMS [184, 188, 280, 325]. Notably, it also means that the stability
of iron-based catalysts can be affected under acidic conditions [251, 326]. Evidence
shows that a high amount of iron leaching from Fe;O4 takes place at low pH conditions,
which hampers the reusability of these heterogeneous catalysts [260]. However, when
the pH value is too high, a layer of iron oxides or oxyhydroxides complexes would
attach on the surface of catalysts due to hydrolysis, which can prevent further corrosion
followed by the decrease of degradation rate (Fig. 7) [129, 181, 327].

In addition to the effects on catalysts, pH also influences the distribution of
oxidants and generation of radical species [137, 328, 329]. It is found that the pKal and
pKa2 of PMS are 0 and 9.4, respectively. Therefore, the dominant specie of PMS is
HSOs when solution pH is below 9.4, while SOs* when pH above 9.4 [283]. On the
other hand, evidence has shown that SO, predominates under acidic conditions, while
*OH is more prominent under basic conditions. *OH has a shorter life span than SO,".
Besides, it was reported that *OH existed a lower standard reduction potential of 1.8 V
in neutral and basic solutions than that of 2.7 V in acidic solutions [276]. Therefore,
under neutral or basic pH solutions, the dominant *OH exhibits a relatively weaker
oxidation capability and a shorter life span than SO4~, which might cause the decline
of degradation efficiency at basic pH [244, 330, 331]. However, it should also be noted
that when further increasing the solution pH, PS and PMS can be decomposed to SO4™,
known as alkaline activation [116, 332].

The solution pH can additionally affect the surface charge of catalysts and the

existing form of organic compounds, which can further influence the interaction
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between catalysts, oxidants and target contaminants [333, 334]. For example, the pHzpc
(the pH at zero point of charge (ZPC)) of Fe;O, was reported to be 7.1, resulting in the
negative charge when solution pH was higher than 7.1, and positive charge at pH lower
than 7.1 [283]. The pHzpc of CuFe,O4 was about 7.9, suggesting that the surface of
CuFe,0,4 presented positive charge when pH of the solution was below 7.9 [335].
Therefore, when the solution pH is on a proper range, the electrical interaction between
oxidants and catalysts could benefit the contact between them, which could facilitate
the activation [306]. On the other hand, the existing form of organic compounds can
also be influenced by pH. For instance, the pKa of acetaminophen was examined to be
9.5, which meant that it would be protonated when pH exceeded 9.5 [336]. Wang et al.
found that acetaminophen mainly existed in protonated form at pH<7.0, while it was
deprotonated by 25% at pH 9.0 [43]. Besides, SMZ was found to possessed three
different forms at different pH in the aqueous solution, namely, predominantly
protonated at pH < 2.3 (pKal), neutral at pH 2.3-7.3 (pKa2), and deprotonated at pH >
7.3, and showed differences in the reactivity with radicals [123]. In a comprehensive
view, Jiang et al. found that the pHzpc of catalysts (Fe functionalized biochar
composites) is about 3—5, and that of biphenol A was 9.73. Under the condition of pH
9, the surface charge of catalyst was negative, and could quickly adsorb the cationic
form of biphenol A, leading to the promotion of reaction rate [119].
5.2 Anions

Various anions, including ClI-, HCO;~, COs*, NOs-, SO,*, and H,PO4,

ubiquitously exist in natural waters and industrial wastewaters. These anions would
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react with reactive radicals and affect the iron-based activation efficiency towards PS
and PMS [337].

It has been reported that chloride ion (C17) would react with the activation products,
namely, SO4"~ and *OH, to form chlorine containing radicals, such as Cle, Cl,*—, and
HOCIe-, through a series of chain reactions (Eqs.(42)-(54)) [212, 334, 338]. These
radicals possess lower redox potential (Ecp.c1-=2.0V, Ecr/ci=2.4V and Emocr.-
/ci=1.48V) than ordinary SO4*~ and *OH, and prefer to react with substituted aromatics
[286, 338]. As a result, it is observed that the presence of Cl~ exerted an inhibitory
effect on oxidation systems. As Zhou et al. observed, 100 mM CI~ would strongly
decrease the sulfadiazine degradation rate in the neutral sonochemical Fe%-catalyzed PS
system for the annihilation of highly reactive radicals [339]. On the other hand, the
promoting role of CI™ in systems was also reported [290, 326, 327]. Li et al. found that
the degradation rate of three pharmaceuticals and personal care products (PPCP) could
be enhanced in the presence of CI™ due to the increase of ionic strength [327]. Rao et
al. also observed that the increase of CI~ concentration from 0 to 10mM would simply
promote the degradation rate of carbamazepine [340]. More researchers reported the
dual role of CI~, and whether CI~ exhibits inhibition or enhancement depends on the
concentration [43, 52, 54, 114, 341]. It might be because the reaction between Cl~ and
SO, or *OH is reversible (Egs. (42)-(43)). The forward pathway is scavenging, but the
formed chlorine containing species can also degrade contaminants. On the other hand,
the backward way can regenerate highly reactive SO, or *OH, and maintain the

oxidation efficiency [51].
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Initiation:

SO;~ 4 Cl~ Cl°" + S05 ™ Korward = 2.47-6.6 X 108 M 71S 71 ky . ieward = 2.5 X 108

M~1s—1 (42)
«OH + Cl " oHOCI" ™ k=43 x10°M 1S 1k, =6.1x10°M~1s1 (43)
Propagation:

Cl' + H,0HOCI" ™ + HY ke=1.3-45x103M 1S Tk, =2.1x101°M 151

(44)

Cl'+Cl-Cl3™ k=80x10°M~ 1S 1k, =4.7x 10*M~1s 1 (45)
ClI'+ OH —CIOH*~ k=18x10""M~1s—1 (46)
Cl5~ + OH —=HOCI"~ +Cl~ k=4.0x10°M~1s1 47)
OCl~ +eOH—CIO"+ OH~ k=9.0x 10° M ~1s~! (48)
2Cl0° + H,0-Cl0~ 4+ Cl0; +2HT k=25x%x10°M~1s! (49)
Cl0; + +OH—CI05+ OH™ k=4.2x10°M~1s! (50)

Termination:

Cl5~ +Cl5~>Cl, +2C1~ k=21x10"M~1s! (51)
Cl5~ +eOH—-HOCI+ Cl~ k=1.0x 10°M 151 (52)
ClO5 + «OH—-Cl0; + HT k=4.0 x 10° M 151 (53)

¢OH + ¢OH—H,0, k=5.5x 10°M~1S~1 (54)

Different from a debatable role of chloride in the oxidation systems, HCO;~, CO3?,
NOs~, SO4*, and H,PO, are generally reported to have negative effects on reactive
species generated by iron-mediated activation of PS and PMS (Egs.(55)-(62)) [129, 331,

342]. Bicarbonate/carbonate (HCO3;/CO;%) and phosphate ions (H,PO,") are well
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known scavengers of SO,~ or *OH, and then less reactive species form, e.g.
Ecos..=1.78V [123, 135, 324, 343]. Cao et al. tested the effect of H,PO,4~ from 1mM to
10Mm in the Fe?/PMS/tetracycline system, and found that the inhabitation effects
increased along with the increasing concentration of H,PO,~ [138]. Besides, both
bicarbonate and phosphate ions have strong buffer capability. This may lead to a series
of negative effects through increasing the solution pH, suppressing the corrosion of iron
species or decreasing oxidation potentials of radical species [90, 95, 250, 305].
Moreover, H,PO4~ was observed to impose negative influence by complexing with iron
species or occupying active sites of catalysts in homogeneous or heterogeneous systems
[136, 339, 344]. As for SO4> it was reported that concentrated SO4>~ could reduce the
oxidation reduction potential (ORP) of SO, /SO42, resulting in low activation
efficiency of PS or PMS [51, 94, 297]. NO;™ also has negative influence of NO;~ on
PS/PMS activation, which mainly comes from the reaction with SO4~ or *OH to
produce a less reactive species (NOse, 2-2.2 V) [345]. In addition, the passivating effect
of NO3~ on iron surface was also reported, which could then retard the further corrosion

of Fe? [120, 137].

HCO3 +S0;~—-S0%~ + HCO3k=19.1 x 10°M 151! (55)
HCO; + «OH—OH~ + HCO3~ k=8.5x 108 M ~1s—1 (56)
CO5~ +S0;~—S0;~ +CO3~ k=6.1x10°M~1s~! (57)
CO3~ +eOH—OH™ +CO3~ k=39x108M~1s~! (58)
H,P0; + SO; ~—S0%~ + H,P0; k<7.0x 10*M~1s—! (59)
H,P0; + «OH-OH ™~ + H,P0; k=(1—2)x10*M~1s~! (60)
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NO3 4 S0; ~—NO3% + S03~ k=5.5x10°M 151 (61)
NO3 + ¢OH-NO3+OH ™ k<5.0x 10°M 151 (62)
5.3 Dissolved oxygen

Many researchers scrutinized the role of dissolved oxygen (DO) in the aqueous
solution [100]. It is found that DO can participant in the radical chain reactions so that
affects the degradation of contaminants [112, 327]. To be specific, as an electron
acceptor, DO can acquire one electron donated from ferrous species to generate
superoxide radicals (¢ O,~, E(O,/*O;,) =—0.046 eV vs. NHE) (Eq.(63))[112, 188, 346],
which can react with PS or PMS to generate SO4™~ (Eq.(64)) In addition, when two
protons get involved in the one-electron reduction [347], *O, can also be further
reduced to H,O, that undergoes Fenton’s reaction (Eq.(65)) [184, 339, 348].

In this regard, the existence of DO can facilitate the decomposition of oxidants
(PS or PMS) and radicals’ formation. Lei et al. found that 100% degradation of phenol
was achieved within 10 min with air purging and it prolonged to 20 min without air
purging, while 80% removal rate with argon purging after 30 min [349]. This
phenomenon that degradation efficiency was enhanced under aerobic conditions in
comparison with anaerobic conditions was also reported in other researchers’ works
[336, 337, 350]. However, out of the same reason, excessive DO may serve as an

electron quencher to hamper activation process [114, 185].

Fe?*t 4+ 0,-Fe3* + <05 (63)
03 +S;057-S0, ~ +S05~ + 0, (64)
*0; +Fe?* + 2H* —Fe3* + H,0, (65)
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6 Conclusion and prospects

Persulfate and peroxymonosulfate are considered as superior advanced oxidants
for degrading ever-increasing organic contaminants by virtue of high redox potential,
modest cost and environmentally friendly property, especially when they are activated
to generate highly reactive radicals by all sorts of transition metals. Iron, the second
most abundant and non-toxic metal, comes out on top from various transition metals
and can effectively activate PS/PMS in both homogeneous and heterogeneous ways.
Generating sulfate radicals by ferrous or ferric iron in a homogeneous way has become
a common practice in various environmental areas, while iron-based heterogeneous
activators, including zero-valent iron, iron oxides and oxyhydroxides, iron sulfides,
iron-based multimetallic activators, and immobilized iron catalysts on different
supports have also be fabricated and utilized. As a matter of fact, these two types of
activation share some similarities and differences in activation processes. When
combined with common external energy, including ultrasound, electric field and photo
irradiation, activation efficiency can be significantly enhanced. In particular, magnetic
field can exert positive influence on the magnetic iron species. On the other hand,
because of their inherent attributes, homogeneous iron/oxidants systems are more
sensitive to operation conditions, in particular the pH of the system, which is the main
limitation in the practical application. In comparison, heterogeneous systems could be
operated over a broad pH range, although it generally achieves higher efficiency at

acidic and circumneutral pH. As for anions and dissolved oxygen that are ubiquitous in
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systems, they can both participant in the radical chain reactions, and their positive or

negative impacts are quite dependent on the concentrations.

In the future study the following four aspects deserve extra research efforts for

further improvement of the iron-based PS/PMS activation technology.

1.

2.

Most studies to date have been performed in batch-reactor systems and aim for the
decontamination of wastewater, usually simulated wastewater. Few studies have
been conducted to target at actual wastewater or other application scenarios except
wastewater treatment. It raises two concerns. One is the huge difference between
the composition of simulated wastewater and actual wastewater, which makes the
removal efficiency obtained in simulated wastewater less persuasive. Besides, the
batch reactors cannot represent the authentic environment of wastewater. A good
example is a recent study made by Brusseau and his team workers, in which
experiments were conducted with column systems to mimic real flow field
environment of underground water [151]. The other is that the application of this
advanced oxidation technology should not be confined in such a narrow application
scenario of wastewater treatment. For instance, combined with ultrafiltration to play
arole in suppressing membrane fouling, are currently emerging and appealing. New
practical application fields that iron-activated radicals oxidation may be faced with
in the future should be developed.

Novel organic compounds with complex molecular structures are ever-emerging,
and some of them may pose threat to our environment. Besides, the oxidation

mechanism of existing various contaminants requires further in-depth study.
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However, current research works largely rely on an empirical “trial-and-error”
method. Theoretical calculation based on first-principles density functional (DFT),
for instance, might provide an approach to uncover the most preferentially attacked
sites and potential degradation products of target contaminants, which could be
favorable for the rational analysis for the reaction mechanism. Crystalline phases of
iron oxides and oxyhydroxides play a role in their magnetic property, which is
critical for the recyclability of these heterogeneous catalysts. Additionally, iron
species with different morphologies and crystalline phases can exhibit different
catalytic efficiencies in the activation of PS or PMS. However, few studies have
made a comparison and analyzed the mechanism behind these phenomenon. In this
regard, further research works are needed which may be important for properly
selecting iron catalysts.

For one thing, homogeneous activation of PS/PMS has successfully applied in the
in-situ remediation of contaminated soil or underground water. For another,
heterogeneous iron catalysts have suffered the problem that metal leaching cannot
be completely tackled so far, although they can be separated or recovered from
environmental systems. In these cases, the production of iron sludge is inevitable in
real applications, so how to limit the loss of initial iron species and make full use of
the residual reactivity of iron sludge left in the environmental systems are worth
investigating.

The integration of external energy with either homogeneous or heterogeneous

system generally proves advantageous. In this respect, further research works are
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required on process optimization, operating costs control and proper selection of
external energy type and strength according to matrices contaminated by pollutants.
Besides, hybrid utilization of different external energies has been seldom studied,
which might be a prospective research line and a promising way for environmental

remediation.
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Table 1. Brief summary of homogeneous activation of PS or PMS by Fe?" and Fe3* in the presence of absence of chelators for a series of target pollutant and their

detailed reaction conditions.

Activators Contaminants Optimal experiment terms Removal rate Highlights
. Reference
(assistant)
Fe? Acetaminophen Acetaminophen= 0.05 mM, Fe?= 81.4% A kinetic model was established based on the
1.0 mM, PS=0.8 mM, pH= 3.0, T= ACT removal in the Fe?*/PS system, which
20 °C, reaction time= 30min. well predicted the degradation behavior of
ACT in real water, as well as ACT, [43]
amoxicillin and pyridine mixture. Besides, it
was found CI- played a dual role in the
degradation of ACT.
Fe?* Sulfadiazine Sulfadiazine= 100 pmol, Fe?*=1 About 100% Four sulfonamides, viz., sulfadiazine,
mM, PS =4 mM, T=25 °C, sulfamerazine, sulfadimethoxine and
reaction time= 120min. sulfachloropyridazine were used as model
contaminants in the Fe?*/PS system to [41]
elucidate the degradation pathways, where
incomplete mineralization of sulfonamides
could lead to higher acute toxicity.
Fe?* Trimethoprim Trimethoprim= 1 mM, Fe?*=PS=4  73.4% Fe?*-activated PS and Fenton process could
mM pH=3.0, T= 25°C, reaction both degrade trimethoprim effectively, while [49]
) . 40.5% (TOC) .
time = 240min. Fe?*/PS system was more efficient for actual
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Fe2*

Fe2*

F ez+

F ez+

Chlortetracycline

Sulfamethoxazole

Atrazine

Carbamazepine

CTC= 1 mM, Fe?*= 1000 mM, PS=
500 mM, pH= 3~4, T=20°C,

reaction time= 2h.

SMZ= 0.05 mM, PS= Fe?'=4 mM,
pH= 3.0, T=25°C, reaction time=
240 min.

ATZ=20 pM, Fe*'= 0.4 mM, PS=

0.4 mM, reaction time= 10 min.

CBZ=0.025 mM, Fe?*=0.125 mM,
PS =1 mM, pH= 3.0, reaction time=

40 min.

76%

100%
60% (TOC)

52.3% (in

wastewater)

About 50%

78%

98

wastewater.

Heterogeneous activation of PS by ZVI
showed superior performance in CTC
removal (94%) than homogeneous activation

by Fe?* under similar conditions.

Less amount of oxidants and Fe>* was needed
in Fenton process than PS process to achieve
100% removal of SMZ in the water sample

prepared with deionized water.

The wastewater components negatively
affected the degradation of SMZ for both
Fenton and PS processes.

A simple kinetic model built via Matlab was
capable of predicting the degradation process
in Fe?*/PS system and was verified by the
experimental data.

CBZ degradation process fitted a two-stage
process comprising a raid initial stage
followed by a slow stage.

The anions NO; SO, and H,PO, had

negative effect on the removal of CBZ, while

[89]

[50]

[44]

[340]



F ez+

F ez+

F ez+

Fe2"/Fe3*

(sodium citrate)

Diuron

Orange G

Diuron

2-chlorobiphenyl

Diuron= 20mg/L, PS= 735mg/L, 100%
Fe?*=86mg, V=0.5 L, Q=
6.6x10—4 L/min, Fe?* pumping
time= 60min, T= 50 °C, reaction

time= 180 min.

OG=0.1mM, PS=4mM, Fe?'= 99%
4mM, pH = 3.5, T= 20 °C, reaction

time= 60 min.

Diuron= 0.09mM, PS=2mM, FeZ= 100%
0.72 mM, pH=4-5, T=50 °C,

reaction time= 180 min.

2-CB=0.0212 mM, PMS=0.22 100%
mM, Fe?" =0.22 mM, pH= 3.0,
reaction time= 240 min.

99

64% (TOC)

CI” accelerated the degradation rate and
influenced the degradation intermediates.

Iron addition policy affected the diuron
oxidation and mineralization, where higher
diuron conversion and TOC decrease were
obtained when iron source was continuously
fed into the reactor (employing the same

amount of Fe?*).

The results demonstrated that the OG
degradation could be significantly inhibited
due to the existence of inorganic ions in a
sequence of NO;~ <CI~ <H,PO, ~ <HCOj;".

Fe?*/PS system in combination with heat
assistant was effective in the degradation of

diuron.

Bicarbonate-buffer solution rendered the
degradation process slower, probably due to
the existence of HCO;™.

Fe?" and Fe’" were used to activate PMS or
PS for the removal of 2-CB in aqueous and
sediment systems, where Fe3*/PMS showed

relatively slower degradation compared to

[59]

[40]

[343]

[47]



Fe?* Bisphonel A
(sodium citrate)

Fe?* Trichloroethylene
(citric acid)

Fe?* Orange G
(EDTA)

2-CB=0.0212 mM, PMS=0.22
mM, Fe?* = 1.06 mM, pH= 3.0,
reaction time= 24 h.

BPA=0.0876 mM, Fe*'=2.1925
mM, PS=4.385 mM, initial pH=
7.0, T=25°C, reaction time= 60min

BPA= 0.0876 mM, Fe?'=2.1925
mM PS = 4.385 mM, sodium
citrate= 2.1925 mM, initial pH= 7.0,
T=25°C, reaction time= Smin.

TCE =0.15 mM, Fe?* = 0.3 mM,
PS=2.25 mM, citric acid= 0.15
mM, T=20 + 0.5 °C, reaction time=
60 min.

OG =0.1 mM, PS =4.0 mM, Fe?" =
1.0 mM, EDTA= 1.0 mM, pH= 3.0,
T=30 °C, reaction time= 12 h.

77.65% (TOC)

87.71% in first 5

min

100% after 60 min

96.89%

100%

97.4%

100

Fe?*/PMS. Higher concentration of Fe?* was
favorable for the mineralization of

recalcitrant PCBs.

Two-stage degradation process was observed
in both Fe?*-PS and Fe’-PS systems, and
these two systems exhibited best removal
efficiency of BPA at the same ratio of metal
to PS.

Small amount of sodium citrate had positive
effect on the degradation of BPA, while
excessive amount could exert adversary
effects.

Citric acid could significantly enhance the
utilization efficiency of Fe?* to activate PS
for the degradation of TCE, and this
PS/Fe?*/CA two-stage
degradation kinetics.

system showed

The ClI' and HCOj; anions had inhibitory
effects on the TCE degradation.

Microbial fuel cell, using Fe?-EDTA
catalyzed persulfate as the cathode solution,
could degrade OG and harvest electricity

[87]

[42]

[67]



F e2+

(citrate, EDDS)

F e2+

(hydroxylamine)

F e2+

(hydroxylamine)

F e2+

(hydroxylamine)

Sulfaquinoxaline

Benzoic acid

Decabromodiphenyl
ether

Sulfamethoxazole

SQX=30 uM, Fe?*’= 1 mM, PS=1.0  About 91.7%

mM; pH= 3.0, T= 20°C, reaction

time= 20 min.

0.2 mM Fe?* was spiked into the

reaction solution every 4 min

BA= 40 uM, PMS= 0.32 mM,
Fe?™=10.8 uM, hydroxylamine=
0.40 mM , pH= 3, T=25 °C,

reaction time= 15 min.

BDE209= 10 mg/kg, Fe**= 0.5 M, 66%
PS=1 M, hydroxylamine=2M, pH=
3.0, T=25°C, reaction time= 15

min.

SMX= 20 uM, Fe?*= 10 uM, PMS= 80%
0.3 mM, hydroxylamine= 0.4 mM,
pH= 3.0, T=25°C, reaction time=

15 min.
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100% after 4 times
of addition

About 80%

simultaneously, in which EDTA addition
could improve the stability of voltage output.

Adopting sequential Fe?* addition policy to
activate PMS was favorable for the
degradation of SQX, while no enhancement
in SQX degradation was observed when 1
mM chelating agents, like EDDS or citrate

was present.

The introduction of hydroxylamine was
considered to accelerate the transformation
from Fe3" to Fe?', which then favored the
activation of PMS and generation of radicals
for BA degradation over the wide pH range
0f2.0-6.0.

Hydroxylamine was used in the Fe?'/PS
system and promoted the degradation
efficiency of BDE209 in spiked soil samples.

Compared with Fe?’/PMS process, the
optimum addition dosage of hydroxylamine
(HA/Fe**/PMS) could achieve 4 times higher
degradation efficiency of SMX, while excess

[68]

[83]

[72]

[86]



F e2+

(Quinone in

products)

F e2+

(hydroxylamine,
sodium
thiosulfate,
ascorbic acid,
sodium ascorbate
and sodium
sulfite)

Orange G

Trichloroethylene

SMX=31.3 uM, Fe?'=20.6 uM,
PMS= 2.0 mM, hydroxylamine= 0.4
mM, pH= 5.0, T=25°C, reaction
time= 15 min (real pharmaceutical

wastewater)

Orange G= 0.2 mM, Fe**=2 mM,
PS= 6 mM, T= 20 °C, reaction

time= 250 min.

TCE=0.15 mM, PS=2.25 mM,
Fe?*= 0.3 mM, hydroxylamine= 1.5
mM, T= 20°C, reaction time= 30

min.

70%

50% (TOC)

100%

75% (TOC)

97.9%
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HA could inhibit the SMX removal.

Quinone intermediates produced during
pollutant oxidation might act as electron
shuttles, allowing the reduction of Fe3* into
Fe?* in the redox cycling of iron. Therefore,
activation of PS by Fe** allowed complete

OG removal.

Different
hydroxylamine (HA), sodium thiosulfate,

reducing agents, ie.,
ascorbic acid, sodium ascorbate and sodium
sulfite, were added into PS/Fe*" system and
found that HA was most efficient in
accelerating Fe?™ regeneration and then for
TCE degradation.

Cl, HCO;, SO4* and NO; anions had
inhibitory effects on TCE removal, and the
suppressive effects could be ranked in an
ascending order of NO;- < SO,* < CI- <
HCO;5-.

[61]

[84]



Fe2+ Aniline

(citric acid,
oxalic acid,
tartaric acid and
EDDS)

Fe3* TIopamidol

(citric acid, gallic
acid, EDTA,
EDDS)

Fe?* Ciprofloxacin and

(citri i sulfamethoxazole
citric acid,

EDTA and
EDDS)

Fe?* Orange G

Aniline= 0.5mM, Fe?™= 5 mM, PS=
10 mM, citric acid= 5 mM, pH =
3.0, T=25 °C, reaction time = 120

min.

IPM=20uM, PS= 0.2 mM, Fe’*=
10 uM, gallic acid= 10 uM, pH=
7.0, T= 25 °C, reaction time= 150

min.

CIP= 30 pM, Fe?"= 600 uM, PS=
600 uM, pH= 6.0, ambient
temperature, reaction time= 240

min.

SMX= 30 uM, Fe?*= PS= EDTA =
300 uM, pH= 6.0, ambient
temperature, reaction time= 240

min.

OG=1.25 mM, PS/EDDS/

69%

About 80%

95.6% for CIP

49.7% for SMX

98%
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Among citric acid, oxalic acid, tartaric acid
and EDDS, tartaric acid and citric acid with
moderate chelating property could effectively
coordinate the Fe?" availability and proved to
be the most favorable chelating agents for PS

activation.

Among the four tested chelating agents in the
activation of PS/Fe?*, GA was demonstrated
to outperform EDTA, EDDS and CA for the
activation of PS/Fe3* in promoting Fe3*
reduction and PS decomposition to generate
accelerating IPM

more radicals, thus

degradation.

Citric acid, EDTA and EDDS in the Fe2*/PS
system showed no enhancement in CIP
degradation at near neutral pH, while CA and
EDTA showed some promoting effect on
SMX degradation.

Degradation rate was nearly the same in
Milli-Q and river water.

The simultaneous presence of EDDS and

[78]

[71]

[76]

[79]



(EDDS and
hydroxylamine)

F e2+

(citric acid,
diethylene
triamine
pentaacetic acid,
EDTA-Na,, and
Na,S,03)

Fe2+

(citrate, EDDS,
and
pyrophosphate)

Arsenic(IIT) and

diuron

4-chlorophenol

Fe?*/hydroxylamine/OG=
40/10/10/16/5, pH= 3, T=25 °C,

reaction time= 180 min.

As(IIT)= 6.6uM, PS=20uM, Fe?'=
20uM, T= 25 °C, reaction time= 60

min.

Diuron= 0.1 mM, PS=2 mM, Fe?'=
2.0 mM, citric acid= 0.5 mM, pH=
3.0, T=25 °C, reaction time= 300

min.

4-CP= 0.396 mM, PMS= 3.96 mM,
Fe?* =Pyrophosphate = 0.99 mM,
pH= 7.0, reaction time= 4h.

About 77% for
As(I11)

100% for diuron

91.5%

hydroxylamine in the Fe?'/PS could expand
the effective pH range up to 7, Moreover,
hydroxylamine addition mode played a
significant role in affecting oxidative ability.

Citric acid (CA), Na,S,0;, EDTA-Na,,
diethylene triamine pentaacetic acid (DTPA)
were combined with Fe?* to activate PS for
diuron and As(II) degradation, where CA
and Na,;S,0; showed higher efficiency and
environmental friendly nature than EDTA-
Na, and DTPA.

Among citrate, EDDS, and pyrophosphate on
Fe?"-mediated activation of PMS, PS, and
H,0, at neutral pH, pyrophosphate showed
effective activation of PMS in Fe?/PMS
system, while very fast dissociation of PMS
was recorded in the case of EDDS without

any apparent 4-CP degradation.

The Fe?*/citrate was effective in activating all
three oxidants to varying degrees, and
resulted in the maximum contaminant

removal through PS activation.

[74]

[38]
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Table 2. Brief summary of the performance and synthesis methods of typical Fe-based heterogeneous activators.

Catalysts Contaminants Optimal experiment terms Removal rate Synthesis methods Reference
nZVI 2,2°,4.4°- BDE-47=3.1 uM, PS=71.4 mM, nZVI=  64% Borohydride reduction
tetrabromodiphenyl 1 g/L, pH=11.48, T=25 + 2 °C, reaction [116]
ether (BDE-47) time= 48h.
Fe;04 2,4,4’-CB (PCB28) PCB28=2.5 uM, PS=2.0 mM, Fe;04= 90% Chemical coprecipitation
1g/L, pH= 7.0, T= 25 °C, reaction time= [100]
4h
Fe,03 Rhodamine B (RhB) RhB= 50 mg/L, PMS= 1 mM, Fe,05= 100% Hydrothermal-calcination
1.5 g/L, pH = 6.2, T=25 °C, reaction [105]
time= 1 h.
S-nZVI1 Trichloroethylene TCE=1 mM, PS=5 mM, S-nZVI=5mM, 90.68% Modified borohydride reduction
(TCE) pH=2.32, T=20 £ 1 °C, reaction time= method with Na,S,04 [90]
30min.
Iron oxide/MnO, Carbon tetrachloride CT=0.26 mM, benzene=0.51 mM, PS=  75% for carbon Impregnation
composite (CT) 3.56 mM, Catalysts= 0.25 g/L, pH= "9, tetrachloride [118]
T= 25 °C, reaction time= 24 h.
Benzene 50% for benzene
nZVl/zeolite Trichloroethylene TCE= 0.15mM, PS= 1.5 mM, Catalysts= 98.8% In situ borohydride reduction [244]
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Fe-Co/SBA-15

Electrolysis

Fe-Ag/granular

activated carbon

Fe;0y4/carbon black

nZVl/graphene

AgO/Fe3O4—rGO

Fe-BC (sawdust
biochar)

(TCE)

Orange II

Acid Red 73 (AR 73)

BTEX

MTBE

Atrazine

Acetaminophen

17B-estradiol (E2)

Bisphenol A (BPA)

84 mg/L, pH= 7, T= 22 °C, reaction
time=2 h.

Orange 1I= 100 mg/L, PS=2.0 g/L,
Catalysts= 1.0 g/ L, pH= 6, T=20 °C,
reaction time=1 h, j= 8.40 mA/cm?.

AR 73=20 mg/L, PS=0.5 g/L,
Catalyst=7.5 g/L, pH=7, T=35 °C,

reaction time= 1 h.

BTEX=MTBE= 10mg/L, PS= 15mg/L,
Catalyst=1g/L, pH=3, T=30 °C,
reaction time= 24 h.

Atrazine=10 mg/L, PS= 0.50mM,
Catalysts=0.10 g/L, pH=6.0, T=25 °C,

reaction time= 21 min.

Acetaminophen=E2=10 uM, PS=1 mM,
Catalysts= 0.1 g/L, pH= 7, T=25 °C,

reaction time=3 h.

BPA=20 mg/L, PMS=0.2 g/L,
Catalysts=0.15 g/L, pH=9, T=25 +

2 °C, reaction time= 5 min
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95.6%

99%

84.1 (TOC)

100% for BTEX

69% for MTBE

92.1%

99% for
acetaminophen
and E2

100%

Auto-combustion

Two-step impregnation

Co-precipitation and wet-
chemistry approach

In situ borohydride reduction

In situ nucleation and
crystallization

Pyrolysis of iron pre-impregnated

sawdust

[236]

[251]

[253]

[256]

[259]

[119]



v-Fe,O3@BC (banana
peels biochar)

MIL-53(Fe)

NH,-MIL-101(Fe)

Fe/Fe;C@ N-doped

porous carbon

Fe@N-doped
graphite-like carbon

CoFe

CoAgFe

Bisphenol A (BPA)

Orange G (OG)

Bisphenol A (BPA)

4-chlorophenol (4-CP)

4-aminobenzoic acid
ethyl ester (ABEE)

Sulfamethoxazole

(SMX)

Sulfamethoxazole
(SMX)

BPA=20 mg/L, PS=5 Mm, Catalyst=
0.3 g/L, T=25 °C, without pH

adjustment, reaction time= 20 min.

0G= 0.2 mM, PS= 32 mM, Catalyst= 1
g/L, T =25 °C, ambient pH, reaction

time= 90 min.

BPA= 60 mg/L, PS= 10 mM, Catalyst=
0.2 g/L, T=25 °C, pH= 5.76, reaction
time= 180 min.

4-CP= 20 mg/L, PMS= 2 g/L, Catalyst=
0.2 g/L, T=25 °C, without pH

adjustment, reaction time= 90 min.

ABEE=SMX= 0.06 mM, PMS= 0.65
mM, Catalyst= 50 mg/L, pH=7.0,

reaction time= 60 min.

SMX= 39.5 mM, PS= 1.0 mM,
Catalyst=2.23 mM, room temperature,
pH= 5.67, reaction time= 10 min.
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100%

90% (TOC)

90%

97.7%

(23.1%
adsorption)

100%

100% for ABEE

87.37% for SMX

63%

67%

Hydrothermal

Solvothermal

Solvothermal

Pyrolysis of Fe-MIL-88B-NH,

Pyrolysis of a combination of g-
C3N4 and NHQ—MIL—53(FC)

Plating

[117]

[270]

[109]

[275]

[276]

[58]



Modified basic Propylparaben (PP)

oxygen furnace slag

Modified drinking Sulfamethoxazole
water treatment (SMX)
residuals

PP=0.4 mg/L, PS=1 g/L, Catalyst= 50 90%
mg/L, ambient temperature, pH= 6.2,

reaction time= 90 min.

SMX= 50 uM, PS=2.0 mM, Catalyst= 80%
0.2 g/L, ambient temperature, pH= 5.3,

reaction time= 60 min.

Oxidative digestion in acid media
of BOF slag

Reduction calcination of WTRs

[113]

[114]
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Highlights:

® The recent advances and mechanisms of homogeneous and heterogeneous iron

species-based activation of PS and PMS are presented.

® Synthetic methods of heterogeneous iron-based catalysts for PS and PMS

activation are overviewed.

® [nfluencing factors and synergistic approaches for iron/PS and iron/PMS are

introduced.

® Further efforts related to iron-mediated activation of PS and PMS are proposed.

110



