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HIGHLIGHTS

® Conduct detailed analysis and discussion on the removal mechanisms.

® Solution pH and matrix components can significantly influence sulfonamides removal.
® Predominant degradation pathways are hydroxylation and the cleavage of S-N bond.
® Carbon-based materials may be good alternatives in the catalytic system.

® Research priorities and knowledge gaps are reviewed in removing sulfonamides.

ARTICLE INFO ABSTRACT

The growing concerns over the environmental toxicity of sulfonamides (SNs) require immediate action to es-
tablish efficient and sustainable processes to address this issue. Adsorption, photodegradation and Fenton/
Fenton-like reactions are the most applied processes to remove SNs. However, the adsorption behavior, de-
gradation mechanisms and toxicity of intermediates need further investigation to guide engineering applica-
tions. The review focuses on the recent progress and challenges on adsorption, photodegradation and Fenton/
Fenton-like techniques for SNs removal. In addition, influences of solution pH and matrix components on ad-
sorption mechanisms are discussed. In particular, the degradation pathway of SNs and toxicity assessment of
their intermediates are also analyzed. Finally, conclusions and research gaps in this field are briefly proposed.
Publications on this topic have grown exponentially over the last decade. This review provides a unique and
comprehensive environmental perspective, as well as the latest knowledge on SNs adsorption and reactive re-
moval by different technologies.
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1. Introduction 2013, China consumed 2.48 x 10° tons of antibiotics and discharged

about 5.0 x 10* tons into water and soil [5]. Historically, sulfonamides

Antibiotics, discovered by Fleming in 1929, are the most commonly
used drugs to treat bacterial infections in animals and humans [1-3].
Nowadays, it is widely used in livestock and aquaculture as growth
promoters, which far more than their medical use. The usage of anti-
biotics worldwide has increased by 65% between 2000 and 2015 [4]. In

(SNs) have been used for the longest time as synthetic antibiotics to
treat protozoan and bacterial infections. SNs were the first antibiotics to
be used systemically and paved the way for the revolution of antibiotics
in biomedicine [6]. Nowadays, many SN derivatives have also been
applied in agriculture. Because they are more efficient to against

Abbreviations: SNs, Sulfonamides; TMP, Trimethoprim; SMX, Sulfamethoxazole; SMZ, Sulfamethazine; STZ, Sulfathiazole; SDZ, Sulfadiazine; SFZ, Sulfamethizole;
SCP, Sulfachloropyridazine; SSZ, Sulfasalazine; SPD, Sulfapyridine; SDM, Sulfadimethoxine; SSX, Sulfisoxazole; SMR, Sulfamerazine; AOP, Advanced oxidation
process; PCM, Pyrogenic carbonaceous matter; GE, Graphene; GO, Graphene oxide; rGO, Reduced graphene oxide; BC, Biochar; AC, Activated carbon; PAC, Powdered
activated carbon; CNT, Carbon nanotube; MWCNT, Multi-walled carbon nanotube; MOF, Metal-organic framework; g-C3N4, Graphitic carbon nitride; PDS,

Peroxydisulfate

* Corresponding authors at: College of Environmental Science and Engineering, Hunan University, Changsha, Hunan 410082, PR China.
E-mail addresses: zhangchen@hnu.edu.cn (C. Zhang), huangdanlian@hnu.edu.cn (D. Huang).

https://doi.org/10.1016/j.cej.2019.123423

Received 11 May 2019; Received in revised form 20 September 2019; Accepted 6 November 2019

1385-8947/ © 2019 Elsevier B.V. All rights reserved.

Please cite this article as: Suhong Tian, et al., Chemical Engineering Journal, https://doi.org/10.1016/j.cej.2019.123423



http://www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2019.123423
https://doi.org/10.1016/j.cej.2019.123423
mailto:zhangchen@hnu.edu.cn
mailto:huangdanlian@hnu.edu.cn
https://doi.org/10.1016/j.cej.2019.123423

S. Tian, et al.

bacterial infections, especially when organisms multiply rapidly [7].
European Medicines Agency pointed out that SNs were the third most
used veterinary antibiotics in Europe in 2014, accounting for 11% of
total veterinary antibiotic sales [8].

However, SNs are discharged into the environment as the parent
compounds or metabolites due to its weakly absorbed or incomplete
metabolism. Because of the high environmental mobility, SNs are often
detected in natural environment [3,9,10]. The environment with low
concentration levels of SNs could induce genetic mutations in bacteria,
resulting in the formation of SN resistant bacteria [1,11]. In addition,
SN residues in the environment pose potential risk to the environment
and human health, inhibit the growth and survival of microorganisms,
as well as accumulate in plants due to their high biological activity
[12,13]. Therefore, it is of great significance to conduct a comprehen-
sive study to develop novel, efficient and sustainable technologies for
removing SNs and their derivatives.

Nowadays, numerous techniques, including biological process
[14,15], adsorption [16] and advanced oxidation processes (AOPs)
containing photocatalysis, Fenton/Fenton-like reaction, ultraviolet
(UV) irradiation and electrochemical oxidation [17-20] have been used
to remove antibiotics. Among them, adsorption and AOPs have been
widely used over the past decade. Adsorption is a simple, environ-
mental-friendly and scale-up method [21-23]. AOPs could convert
contaminants into simple and nontoxic molecules through strong oxi-
dizing free radicals (hydroxyl radical (*OH), sulfate radical (SO, ~) and
superoxide radical (O, ") etc.) [24,25], which possess a high removal
efficiency. However, the adsorption mechanisms, degradation me-
chanisms and toxicity of intermediates need further investigation to
guide engineering applications. Therefore, the paper discusses the en-
vironmental behavior of SNs and their removal mechanism by ad-
sorption and AOPs, as well as providing useful guidelines on the re-
moval of contaminants with similar physicochemical properties.

2. Occurrence and environmental behavior of sulfonamides

SNs are derivatives of p-aminobenzonic sulfonic acid, containing
benzene ring, p-aminobenzic acid and sulfonic acid groups. Various
chemical groups replace R groups to form derivatives with different
physicochemical properties. According to the heterocyclic R group
type, SNs are mainly divides into five-membered SNs and six-membered
SNs. SNs usually undergo a dissociative equilibrium of two acid-base. At
low pH 2-3, -NH, group protonates/deprotonates (pK,;), while pH
5-7.5, a second protolytic dissociation (pK,») occurs at the -SO,-NH-R
group [26]. More precise physiochemical properties and structures are
presented in Table 1.

2.1. Residues of sulfonamides in the environment

SNs have extensive antibacterial spectrum to Gram-positive bacteria
and Gram-negative bacteria and they are also one of the most com-
monly used drugs in the fields of medical treatment, animal husbandry
and veterinary medicine [33-35]. However, many environmental safety
problems on SN residues have been reported. SN residues were fre-
quently detected in water and sediment worldwide. This has aroused
extensive attention. Fig. 1 describes the distribution of SNs in rivers and
sediments. In Germany, the concentration of sulfamethazine (SMZ) was
about 0.48 pg L.™! and 0.47 ug L ™! in river and groundwater, respec-
tively [36]. Later, researchers observed that there were more than 10
kinds of SNs with the highest detection frequency in China, Spain, UK
and other countries [37-40]. And the concentration of SNs was about
24-385ng L~ ! in the Haihe River Basin, China [41]. SNs concentration
levels were 0.31-14.8ngg™' and 100ng L~'-100ngg~' in the
Yangtze River sediments and the Yellow River sediments, respectively
[12]. Other relevant data are illustrated in the Supporting Information.

Once entering the environment, SNs can be found in water, sus-
pended substance, sediment, soil and biological substance. This is due
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to their migration, transformation and coordination. As shown in Fig. 2,
human medicine, pharmaceutical wastewater, agriculture, livestock
and aquaculture runoff are the main sources of SNs in the environment
[48]. Surface runoff and leaching are their important transport routes.
On the one hand, SN residues can interact with the soil system and put
pressure on the natural microbial system. Microbial transformation may
lead to metabolites re-transformation into the parent compounds [49].
On the other hand, SNs possess lower soil partition coefficient and
stronger water solubility, and they are easier to enter groundwater with
the leaching of rain water [50]. With the discharge of SNs industrial
wastewater, human excretions containing SNs flow into the wastewater
treatment plants through sewage pipeline. However, conventional
wastewater treatment plant processes are not specifically designed to
remove SNs, the parent molecule may be released directly into the re-
ceiving environment [14]. SNs eventually enter the surface water with
the effluent from the wastewater treatment plants. SNs are also in-
tensively used as herbicides in the field of agriculture, further absorbing
by plants and accumulating in roots and leaves after spraying. These
residues ultimately accumulated in the human body through the food
chain, causing adverse effects on human health such as skin allergies,
nausea and vomiting reactions [48].

2.2. Health and environmental effects of sulfonamides

SN residues have long time effects on the ecological environment
and human beings, and its adverse effects cannot be ignored. SNs can
not only reduce the biomass of microorganisms, but also affect the re-
lationship between bacteria and fungi, thus causing changes in micro-
bial diversity [51-53]. The changes of microbial diversity may directly
affect the ecosystem [54]. Yang et al. [55] demonstrated that SNs have
an acute toxic effect on Photobacterium phophoreum. And the sequence
original solution acute toxicity was as follows: sulfachloropyridazine
(SCP) > sulfadimethoxine (SDM) > sulfamerazine (SMR) >
sulfadiazine (SDZ). Spraying SMZ with a certain concentration has
partially inhibitory effects on the growth of roots and shoots [56,57].
For the lettuce, cucumber, tomato and carrot, the inhibitory rates of
shoot elongation were 53.2%, 17.8%, 6.75%, and 9.42%, respectively,
while the roots elongation reached 70.7%, 48.2%, 42.1%, and 32.7%,
respectively [56]. In the application process, non-target organisms in
the environment will inevitably be exposed to SNs and their derivatives.
In addition, SNs may have synergistic effects with other pollutants,
resulting in more adverse effects [1,56,58]. All of these factors may
pose a potential ecological threat for the whole ecosystem. Therefore,
the effort should not only reduce the amount of SNs in the environment,
but also reduce the usage of SNs, and further investigate the chronic,
acute toxicology of SNs and their derivatives. The following contents
mainly introduce the major techniques (adsorption and AOPs) of SNs
removal and the strengthening methods over the last decade to guide
engineering applications.

3. Adsorptive removal of sulfonamides
3.1. Pyrogenic carbonaceous materials

Pyrogenic carbonaceous material (PCM) with polyaromatic sheet
refers to the solid pyrolysis products of fresh or petrochemical biomass.
Except for fossil, fuel soot [59,60], engineering carbon materials such
as biochar (BC), activate carbon (AC), graphene (GE), graphene oxide
(GO) and carbon nanotube (CNT) belong to PCM [21]. These carbo-
naceous materials have a strong affinity to pollutants due to their
porous structure, large surface area and tunable surface functionality
[61]. Therefore, it is widely used to remove pollutants from water. The
following four sections mainly discuss the applications of the four en-
gineering carbons. Table 2 presents the applications of the four en-
gineering carbons (BC, AC, GE and CNT) in removing SNs.
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Table 1
The main physiochemical properties and structure of SNs.
Molecular structure Name CAS number Molecular formula R LogKow Pka; Pk.o Solubility (g L™ Ref.
SMX 723-46-6 C10H11N303S CH 0.89 1.7 5.6 0.61 [16]
NH2 10H11N3U3 4(\( 3
\
N ~0
SMZ 57-68-1 C1.H;5N40,8 CH, 0.14 2.28 7.42 1.5 [27]
N=
HN 7
CH,
STZ 72-14-0 CoHgN30,S, N 0.05 2.19 7.24 0.373 [28]
]
SO,NHR S
SFZ 144-82-1 CoH;oN40,S, N— N 0.54 1.86 5.29 - [29]
— I
57 “cw,
SPD 144-83-2 C11H11N30,8 N 0.35 2.9 8.54 0.25 [27]
/0 \
SDZ 68-35-9 C10H10N402S N —-0.34 2 6.48 0.067 [27]
— \>
N=
SSX 127-69-5 C11H13N303S (N 1.01 1.52 4.83 - [30]
\
SCP 201-269-9 C10HoN40,SCl — 0.31 1.36 5.90 - [30]
N-N
SMR 127-79-7 C11H12N4058 CHs 0.44 2.06 6.90 0.02 [31]
N
— \>
N=
SDM 122-11-2 C12H14N404S OCH;3 1.66 1.30 6.21 0.343 [32]
~
-
OCH;
- Not Found.

3.1.1. Biochar-based materials

Low-cost BC, a carbon-rich product produced from waste biomass
under anoxic conditions at below 800 °C [80,81], has drawn great at-
tention in recent years due to unique features such as functional groups,
porous structure and mineral components [28,82,83]. Rajapaksha et al.
[62] investigated the effect of pyrolysis temperature on BC to remove
SMZ. The results showed that BC produced at 700°C (TWBC-700) had a
larger surface area (342.22 m? g_l), more pore volumes (0.0219 cm®
g1 and a higher aromatic degree compared with BC produced at
300 °C (TWBC-300). Meanwhile, they found that steam activation fur-
ther increased the surface area (576.09 m? g_l) and pore volume
(0.1091 cm® g~ ') of higher temperature BC (TWBC-700S). The ad-
sorption  affinities followed the order of: TWBC-700S
(0.1049 mmol g~ ') > TWBC-700 (0.0258 mmolg~') > TWBC-300
(0.0095 mmol g_l) [62]. Besides, Sun et al. [84] investigated the effect
of BC porosity on the adsorption capacity. They used organic acids
(citric and malic acids) to modify the crop-straw-derived BC, leading to
the release of the dissolved organic residues of BC. Experimental results
showed that BC with higher porosity possessed better adsorption ca-
pacity for SMX [84]. It indicates that direct surface interaction and pore
filling play a vital role in the adsorption of SNs by BC.

Nowadays, numerous modified BCs were gradually used to remove
SNs. For example, biochar-coated multi-walled carbon nanotube (BC-
MWCNT) was synthesized by dip-coating process and slow pyrolysis
(300 °C and 600 °C) [85]. The results indicated that BC combined with

carboxyl functionalized MWCNT greatly enhanced the physiochemical
properties of BC (e.g., surface area, pore volume and functional groups).
BC-MWCNT still had good reusability after five cycles and exhibited a
high sorption capacity (0.1175 mmol g~ ') for SMZ. Subsequently, our
group synthesized graphene oxide-coated biochar nanocomposites (GO-
BC) to remove SMZ from aqueous solution [86]. The carboxyl groups,
lactone groups and surface area of the nanocomposites were increased
with the introduction of GO. The sorption capacity of GO-BC to SMZ
increased by 1.14 times compared with original BC. Thus, BC combined
with other carbon nanomaterials may enhance the adsorption perfor-
mance of BC to SNs.

3.1.2. Activated carbon-based materials

AC is prepared by pyrolysis of waste and by-products under little or
no oxygen conditions at above 900 °C and followed by “activation”
process with gases or reagents [59]. Compared with BC, the production
of AC requires a higher temperature and extra activation process [87].
BC is regarded as a sustainable and low-cost precursor of AC [88].
However, the application of no-activated BC is limited due to its low
pore volume and surface area as well as limited functionality [89]. Over
the past few years, tremendous research efforts have been devoted to
develop physical activation and chemical activation techniques with
the aim of overcoming the above disadvantages [90,91].

Previous studies have shown that the properties of AC (e.g., func-
tionality, porosity, surface physical morphology and chemistry) vary
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Fig. 1. The distribution of total SNs in rivers and sediments. (a) Ebro River basin, (b) Lake Erie, Southern Lake Michigan, Skaneateles Lake and Arkansas surface
water, (c) Mekong River, (d) Yangtze River basin, (e) Liaohe River. The column chart represents the general distribution of the total concentration of SNs in water and
sediments, respectively. The height of the column chart represents the level of total SNs concentration. The numerical data are from [11,40,42-47].

with raw material property and activation method [28,31]. And these
properties play a vital role in the adsorption process. For example,
Tonucci et al. [92] applied three types of powdered activated carbon
(PAC) activated by stream to investigate SMX adsorption behavior:
PAC-I, PAC-II, PAC-III (pinus tree, mineral carbon and coconut shell as
precursor, respectively). The  highest SMX  adsorption
(0.5178 mmol g’l) was observed on PAC-I (pH 7.0, 25 °C and contact
2h) due to its large mesopores and micropores volumes, indicating that
large mesopores/micropores volumes played an important role in the
adsorption process. In addition to extensive physical adsorption, surface
reactions, internal transformation reactions in the pore system also take
place during adsorption, which called reactive adsorption [93]. Liu
et al. [69] reported that the introduction of Fe®* ion could not only
elevate the oxygenic functional groups on the AC surface and increase
the polarity of AC, but also make Fe>* on the AC surface coordinate
with the amino group, further improving the adsorption capacity of
SMZ.

3.1.3. Graphene-based materials

GE consists of a single layer of carbon atoms arranged into a hex-
agonal honeycomb structure with a sp>-bond, which is regarded as the
thinnest substance [28]. GE is a promising adsorbent due to its abun-
dant electrons, easy modification with functional groups and combi-
nation with various functional materials [73,94]. For example, the
adsorption capacity of SMZ on GE reached 0.3773 mmolg~! at 45°C
[95]. In addition, Chen et al. [71] investigated the adsorption behaviors
of functional GE (-NH,, -COOH and —OH modified GE) and pristine GE
on SMX in aqueous solution. The sorption capacity followed the order
of: GE-OH (0.0455 mmol g ™) < GE-COOH (0.0810 mmolg~!) < GE-
NH, (0.1605mmol g~ 1) < pristine GE (0.9447 mmol g~ ). This is be-
cause the flake graphite structure was destroyed by chemical reduction,

functionalization and sonication during the preparation of functiona-
lized graphene, further decreasing functionalized GE st-it interaction
sites [71,96]. Therefore, their sorption capacities were significantly
reduced.

Furthermore, GO is an important derivate of GE, which has unique
properties and a highly reactive surface. GO is prepared by modifying
GE with oxygen-containing functional groups [28]. Abundant oxygen-
containing functional groups on the GO surface make it highly hydro-
philic. GO is an excellent adsorbent for SNs removal, especially in
aqueous environments. Chen et al. [97] studied the adsorption behavior
of SMX on singer-layer GO in aqueous solution. The adsorption capacity
reached 0.9486 mmolg~ ' (pH = 5.0) because of the stronger 7 do-
nor-acceptor interaction between SMX and GO. However, the adsorp-
tion of SMX on GO was inhibited when SMX and carbamazepine were
co-adsorbed [98]. This is because carbamazepine with GO formed
stronger st donor-acceptor interaction, thus reducing SMX adsorption
capacity. Similarly, Song et al. [99] found that the Q. of tetracycline
and SMZ on reduced graphene oxide (rGO) in multi-component systems
(0.5560 mmol g ! and 0.4431 mmol g, respectively) was lower than
that of single system (0.7881 mmol g~ ! and 0.6274 mmol g ™!, respec-
tively), which was attributed to the competition of reactive sites [99].

However, GE is an ultralight material, so it is usually difficult to
extract from suspensions. Thus, magnetic GE composite materials have
become a hot research topic. According to the literature [100], mag-
netic rGO (Fe304-GO) composites were prepared by solvothermal re-
action. As seen in Fig. 3, the loading of iron ions and the reduction of
GO were carried out simultaneously in the presence of hydrazine hy-
drate (90 °C, pH 10). Besides, Fe304-GO can be effectively separated
from water using magnet [100]. And Fe304-GO can be modified with
porphyrin to prevent aggregation and expand its application [101].



S. Tian, et al.

A

Chemical Engineering Journal xxx (xxxX) XXxX

Crowth Promoter Veterinary Medicine Herbicine

A

Effluent

Sluge & Irrigate

Runoff

Y N

Bioaccumulation

~
>

Food Chain

Groundwater

Fig. 2. Possible sources and transference processes of SNs in the environment.

3.1.4. Carbon nanotube-based materials

Although GE and CNT are carbon-based nanomaterials, their prop-
erties (dispersion vs. aggregation), dimensions (1D vs. 2D) and shape
(planar vs. tubular) are highly different. CNT, both single and multi-
wall, has cylindrical layered graphite sheets with a typical diameter
distribution. The cylindrical structure of CNT provides massive con-
junct sites that can be easily modified, which has attracted wide at-
tention [102]. For example, CNTs-C/CoFe,0, and CNTs-N/CoFe,0,4
were used as adsorbents to remove SMX [74]. The CNTs/CoFe,0O4 na-
noparticles represented a potential alternative for the removal of mi-
cropollutants from aqueous solutions. And Table 2 presents the appli-
cation of carbon nanotubes-based materials in removing SNs.

Furthermore, Wang et al. [103] studied the effect of oxidation
process on adsorption performance of CNT. Oxidized CNT exhibited
more oxygen-containing functional groups, which reduced the hydro-
phobicity of CNT and st-it interaction between CNTs and SMX. Thereby,
the adsorption capacity was decreased. Wei et al. [104] further in-
vestigated the influences of the oxidation degree, functional group type
and its loading position on the adsorption. As illustrated in Fig. 4a and
b, the CNTs surface became more rough and defective after oxidation.
The hydrophobicity of CNTs followed the order of MP > M10 >
M30 > M50 (CNTs oxidized by 50% (w/w) HNOj; solution), and M50
presented the lowest adsorption capacity for the four SNs (SDM, SFZ,
SMZ, SMX). As shown in Fig. 4d, f, h and j, the structure of CNTs was
damaged with the introduction of functional groups on the basal plane
(B*) of CNTs [104]. Consequently, if the adsorption reaction occurs at

the B* site of CNTs, st-;t interaction could not form. For SNs adsorption
occurred at the edge (E*) of CNTs (Fig. 4e, g, i and k), st-;t interaction
only weakened as the major structure of CNTs was not destroyed. Ac-
cording to DFT calculations, different functional groups have different
degree of inhibition and followed the order of: -COO™ >-C=0 >
—-OH > -COC- [104], which was in well accordance with previous
research results [32].

3.2. Metal-organic framework materials

MOF consisting of organic ligands and inorganic metal ions or metal
clusters is considered as a new class of adsorbents of 21st century [105].
Owing to their unique features such as well-ordered porous structure,
ultra-high surface area, versatile functionality and specific interaction
sites, MOF has great potential to solve water pollution problems
[106,107]. The complexation of MOFs with different metal nodes (e.g.,
Cr, Al, Fe, Co) has different properties, which has an important influ-
ence on its adsorption properties.

For example, Cychosz et al. [108] adopted two MOFs (HKUST-1 (a
copper based MOF) and MIL-100 (Cr)) to remove sulfasalazine (SSZ)
from aqueous solution. They found that MIL-100 (Cr) with trinuclear
chromium clusters presented a larger adsorption capacity due to its
good water stability. Gao et al. [78] further investigated the adsorption
behaviors of SMX onto MIL-53(Fe), MIL-53(Cr) and MIL-53(Al). The
adsorption  capacity followed the order of: MIL-53(Fe)
(0.314mmol g~ 1) < MIL-53(Al) (1.78 mmol g~ 1) < MIL-53(Cr)
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Fig. 3. Synthetic schematic for Fe304-GO. Reproduced with permission from Ref. [100]. Copyright 2016, Elsevier.

(1.85mmol g~ ). As shown in Fig. 5b, narrow pore form (np) of MIL-
53(Fe) hindered SMX to enter the internal channels and increased the
binding energy. The sorption of SMX on MIL-53(Fe) relied only on
electrostatic interaction. In contrast, MIL-53(Al) and MIL-53(Cr) ex-
hibited large pore form (Ip) and stronger H-bonding, electrostatic in-
teraction, and - interaction (Fig. 5b), so they had higher adsorption
capacity.

As shown in Table 2, there are various activated MOF materials used
to remove SNs (In the preparation process, the solvent is not traditional
water, but methanol, chloroform, etc.). For example, Azhar et al. [76]

found methanol activated HKUST-1 (HKUST-1 immersed in methanol
for 2 d) presented higher surface area and more unsaturated metal sites
than that of HKUST-1, further increasing its adsorption capacity. After
that, their groups [79] revealed that methanol activated ZIF-67 (ZIF-67-
CH30H) exhibited higher surface area and larger average pore diameter
than non-activated MOFs, but the adsorption amount of SCP on ZIF-67-
CH30H had not improved significantly. This suggests that adsorption is
not entirely dependent on the surface area and pore diameter of the
adsorbent [79]. However, chloroform activated UiO-66 (UiO-66-CHCl3)
could remove most of SCP within 10 min. It was mainly due to the

v Disable z-x interaction at B site
¥ Weaken 7t-x interaction at B* site

(¢) The inhibition effects: -COO->-C=0 > -OH>-COC-

¥ Weaken n-7 interaction at E site

(d) CNT-COC (B

(h) CNT-OH (B) (i) CNT-OH (E)

(k) CNT-COO- (E)

(j) CNT-COO- (B)

Fig. 4. TEM images of MP (a) and MP30 (b). (c) The effect of the position of functional groups on the adsorption (B* and E refer to the functional groups on the base
and edge of CNTs, respectively). (d-k) Different positions of functional groups anchoring on CNT surface. Reproduced with permission from Ref. [104]. Copyright
2017, Elsevier.
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Fig. 5. (a) Structures of several typical MOFs. (1) UiO-66, (2) Cuz(BTC),, (3) ZIF-8, (4) MIL-53, (5) MIL-101(Cr), (6) MOF-177. Reproduced with permission from Ref.
[105]. Copyright 2016, Elsevier. (b) Adsorption mechanism of SMX on MIL-53(Cr), MIL-53(Al), and MIL-53(Fe). Reproduced with permission from Ref. [78].

Copyright 2019, Elsevier.

defect-free structure increased its hydrophobicity, sorption capacity
and kinetics. And UiO-66-CHClj; still remained more than 80% removal
efficiency after four recycles, indicating that it had good water stability
[79]. Note that, MOF-derived nanoporous carbons (MOF was calcined
at a high temperature) can also effectively remove SNs. The adsorption
capacity of MOF-5-derived nanoporous carbons was up to
2.4704 mmol g~ ' towards SMX in water phase [109]. The value was
about 1.02-3.23 times higher than PAC and single-walled carbon na-
notubes (SWCNT) under the same reaction condition. Ahmed et al.
[110] observed that SMX sorption capacity of ZIF-8-derived nano-
porous carbons produced at 1000 °C was 20 times higher than raw ZIF-
8. It is anticipated that MOF-derived nanoporous carbon would be an
excellent adsorbent for SNs removal from aqueous solution.

3.3. Other adsorbents

Many studies also reported the adsorption of SNs by soils
[111-113], clay minerals (e.g., zeolite and bentonite etc.), and ion
exchange resins [114-116]. For example, the expandable clay fractions
of soil mineral exhibited strong affinity for SMX through ion exchange
[114]. As fulvic acid-like substances exhibited a higher affinity toward
SN, soil treated with fulvic acid-like substances significantly expanded
adsorption affinity for SMX and SPD [16]. Although SCP, SMX, SMZ and
STZ cannot be effectively controlled in drinking water by ion exchange,
SMX and SMZ can be efficiently removed by anionic resin (Lewatit
MP500) [117]. The maximum adsorption capacities of SMX and SMZ
were 1.0949 mmolg ™' and 0.0899 mmol g~ ", respectively. The ad-
sorption mechanisms by magnetic ion exchange resin were mainly

anion exchange and H-bonding [118]. Moreover, faujasite hydrophobic
zeolite (zeolite Y) was used to remove SMZ, SDZ, and SCP [116]. Van
der Waals type interactions and H-bonding were responsible for SNs
extraction. The SNs were quickly (t < 1 min) removed from aqueous
solution [116]. Martucci et al. [119] reported that zeolite Y with 200
silica/alumina ratio possessed a favorable kinetics. Furthermore, mor-
denite, HS zeolite mordenite, and ZSM-5 HS zeolites have been used to
remove SNs [119,120].

4. Influences of environment conditions on adsorption
4.1. 1. Solution pH

SNs as amphoteric compounds have greatly pH-dependent in the
adsorption process. Firstly, solution pH influences the distribution of
SNis species (cation (SN '), molecule (SN, and anion (SN 7)). Different
SNs species exhibited different adsorption affinities [70]. As shown in
Fig. 6a, SMZ" and SMZ° are the main species at pH < 3, while SNs
mainly exist in the form of SN~ at pH > 6. Song et al. [99] proposed
that the sorption’ distance of SMZ° on rGO (3.15 [o\) was higher than that
of SMZ* (1.83 10\) through density functional theory (DFT) calculation
(Fig. 6b), indicating SMZ™ state was more easily adsorbed by rGO.
Secondly, the distributions of SNs species influence the adsorption
mechanisms, further altering the adsorption capacity [79,95]. Thus, the
value of solution pH is a critical factor regulating their adsorption
[27,121].

As shown in Table 2 and Fig. 7, various adsorption mechanisms such
as electron donor acceptor (EDA) interaction, charge assisted hydrogen
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Fig. 6. (a) SMZ species distribution under the different pH conditions. Reproduced with permission from Ref. [122]. Copyright 2016, ACS. (b) Sorption distance of
SMZ (neutral and protonated states) on rGO. Reproduced with permission from Ref. [99]. Copyright 2016, Royal Society of Chemistry.
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Fig. 7. (a) Adsorption mechanism of SNs on BC surface. Reproduced with permission from Ref. [33]. Copyright 2017, Elsevier. (b) Adsorption mechanism of SMT on
GE at pH 5-8. Reproduced with permission from Ref. [95]. Copyright 2018, Springer. (c) Adsorption mechanism of SCP on UiO-66. Reproduced with permission from
Ref. [79]. Copyright 2017, Elsevier.
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bonding (CAHB) interaction, H-bonding, pore-filling, Van der Waals
forces, Lewis acid-base interaction, electrostatic interaction and hy-
drophobic interaction were involved in SNs removal. However, these
mechanisms may have different contribution proportions under dif-
ferent acid and base conditions [123]. At low pH, EDA interaction was
regarded as the primary adsorption mechanism [72,124], which was
attributed to the strong m accepting ability of SNs at low pH values.
Besides, the highest sorption distribution coefficient (K4) of SNs gen-
erally occurred at low pH values, SN™ SN° was easily adsorbed
[16,33,70]. When pH value was further increased to ~10, the solubility
of SNs increased, and both SNs and adsorbent surfaces were negative,
leading to an increase in hydrophilicity of SNs and in electrostatic re-
pulsion, respectively [33,79]. Therefore, SNs adsorption amount will be
significantly decreased at higher pH values. Yu et al. [32] found that the
sorption of neutral species (SMZ°, SMX®, and STZ®) on BC contributed
the most to the total adsorption. The major mechanism was hydro-
phobic interaction for the pH-dependent SNs adsorption. Experimental
results clearly revealed that hydrophobic interaction are the major
adsorption mechanism rather than electrostatic interaction [32].

4.2. Matrix components

Owing to the existence of various matrix components (e.g., natural
aquatic colloids, natural organic matter and various background ions)
in real water, the adsorption behavior of SNs becomes more compli-
cated. These matrix components may influence the adsorption me-
chanisms and thus alter SNs adsorption. As shown in Fig. 8, CNT existed
inhibition effect on the sorption of SMX in the presence of inorganic
nanoparticles (SiO, and Al,03) [125]. For SiO,, the inhibition effect
enhanced with its rising particle size. By contrast, the adsorption
amount of SMX was not obvious with the change of Al,O3 particle size.
The results indicated that the inhibition effects depended on the di-
mension and type of the nanoparticles [125].

There existed inhibition effect for the adsorption of SNs on BC in the
presence of bicarbonate, because bicarbonate can interact with BC
surface through CAHB and compete with -SO,NH- group for BC

(a) 15
)
iz
Z 9
g .
£ 63
g— (a) A CNTs-SiO> 15nm
23 © CNTs-SiO; 30nm
< 0 O CNTs-SiO, 100nm
0 120 240 360 480
Time(min)
(b) A
. == +
CNTs  SiO;

SMX adsorption

600
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sorption sites. Adding other anions (such as C1~, CO52~, S04~ and
PO,37) slightly decreased the adsorption of SMZ on MWCNTs [23].
Besides, the presence of metal cations presented inhibition effects on
SNs adsorption. For example, Cu?* had a negative effect on adsorption
of SNs on pine wood derived BC [22]. This is probably due to the form
of complex internal structures between Cu?* ions and oxygen-con-
taining functional groups on BC surface. And Cu®>* was surrounded by
hydrated structures that make it hard to form H-bonds [61]. Inyang
et al. [75] found that no significant change in the sorption capacities of
SPD on nanotube modified BC in the presence of Pb>* ions, suggesting
insignificant competitive effect of sorption sites between SPD and Pb®*.
Interestingly, both humic acid (HA) and Cr®* could reduce the ad-
sorption efficiency of SMX, whereas Cd®* could promote the adsorption
efficiency [126].

5. Reactive removal of sulfonamides

To date, extensive works have been conducted to degrade SNs
[127]. As a special class of deep oxidation technology, AOPs with ex-
cellent degradation efficiency have become a hot spot in field of
treatment research [128]. AOPs involve the in-situ generation of re-
active radicals (e.g., *OH, SO, ~, O, " etc.). Especially *OH and SO, ~
radicals, they are highly reactive species with higher reaction rate
constants (10° to 10° M~ ! s™1). Therefore, it is possible to mineralize
or oxidize the targeted compounds into low toxicity or non-toxic small
molecules. UV-photolysis, photocatalytic process and Fenton/Fenton-
like process are the most commonly used techniques for SNs removal
among AOPs. The main purpose of this section is to study the de-
gradation efficiency and mechanism of SNs in the different processes.

5.1. UV-photolysis

Photolysis as a natural attenuation process has been indicated to be
the important degradation process of SNs [8]. In natural water, the half-
life (t;2) of SMX was 5.4-7.8 h [129], while the t; 5 was only 0.86 h in
ultrapure, which can be explained in terms of SMX can complex with

15
C)
30
H
§ 9
Z 6 ® CNTs
= A CNTs-AlLO;3; 20nm
E35] ® o CNTS-ALO; 500m
z O CNTs-ALO; 100nm
0 - : . r r
0 120 240 360 480 600
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1 —_
5 D + - .
= CONTs ALO;
=
=<
>
175}

Particle size of SiO, (nm)

Fig. 8. (a) Adsorption kinetics of SMX on CNT in the absence and presence of SiO, (left) and Al,O; (right). (b) Effect of size and the type nanoparticles for removal of
SMX by CNT. Reproduced with permission from Ref. [125]. Copyright 2017, Elsevier.
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cations or anions in water (e.g., Br~, Cl7) and consume *OH radicals
[129]. And the direct photolysis rate of SNs is greatly dependent upon
its the heterocyclic R group [130]. In general, six-membered SNs (e.g.,
SMZ, SDM, SDZ, SMR and SCP) presented a lower photodegradation
rate than those five-membered SNs (e.g., SFZ, SMX, STZ and SSX) [30].
This is due to the heteroatoms (e.g., O, S and N) located in the five-
membered SNs can provide their lone-pair, forming a delocalized =
bond plane with the aromatic ring. This allows the five-membered SNs
possess higher electron density. The higher electron density makes it
have strong photon absorption ability [30,131]. Therefore, SNs with
five-membered heterocyclic group are more likely to induce photo-
degradation reaction. Moreover, among SFZ, SMX, STZ and SSX, SMX
and SSX presented higher degradation rates due to the O atom had
stronger electronegativity than S atom and N atom [30].

In fact, only part of SNs can be direct photodegraded in wastewater
(1-34%), drinking water (2-57%) and reclaimed water (5-81%) [30].
However, Yang et al. [132] found that whether pure water, surface
water or ground water, the removal rate of SNs can be greatly improved
when UV combined with hydrogen peroxide (H,O,) and perox-
ydisulfate (PDS). This is because both H,O, and PDS can be cleaved into
*OH (Eq. (1)) and SO4 ~ (Eq. (2)) under UV light, respectively. Ge at al.
[133] conducted a detailed study on the photolysis behavior of five-
membered SNs such as SMX, SSX, STZ and SFZ. As shown in Fig. 9, the
cleavage of S-N bond was more likely to occur in direct photolysis
compared with *OH-mediated indirect photolysis. H-abstraction and
electrophilic C 1-attack were easier in *OH-mediated indirect photo-
lysis. Besides, the two indirect pathways were also suitable for six-
membered SNs (e.g., SDM) [133].

HzOz + hy — 2-OH (1)

S,0¢" + hv — 250, )

Furthermore, Wu et al. [29] found that the photodegradation rates
of SDZ, SFZ, SMX and STZ were the highest in UV/PDS compared with
UV/H,0, and UV/NaBrOg, which were 0.0245 min~?, 0.0096 min ~*,
0.0283 min ", and 0.0141 min ~*, respectively. This is because both the
reduction potential and reaction selectivity of SO, ~ (2.5-3.1V) [134]
are higher than *OH (1.8-2.7 V) [135], and the quantum yield of PDS is
larger than H,0, in UV system at 254 nm (1.4 vs 1.0) [136,137]. The
SNs oxidation by UV/PDS possesses the advantages of the wide oper-
ating pH range and the stability [132,138,139]. Similarly, Ji et al. [140]
also found that UV/PDS (96.2%) appeared to be more efficiency than in
UV/H,0, system (93.1%) for SSZ degradation. And four intermediates
are mainly produced by azo bond cleavage, SO, extrusion and smiles-
rearrangement. In addition, UV/PDS had a better radical quantum yield
than UV/H,0, system, resulting in the faster degradation of SMX and
trimethoprim (TMP) by UV/PDS [141]. Acosta-Rangel et al. [132]
analyzed the degradation efficiency, by-products and toxicity of SMZ,
SDZ and SFZ by UV, UV/H,0, and UV/PDS. The degradation efficiency
of SMZ reached nearly 100% with the addition of 0.44 mM H,0, or PDS
([SMZ], = 15mg L™1). As shown in Fig. 10, the degradation pathways

Five-membered sulfonamides

Direct photolysis q H Indirect photolysis
- N S-N
Easier O‘ i +-OH
(_ sulfonamide moiety degradation )
Multi-step|(H-abstraction) One-step Multi-step|(C1-attack)
‘/ x Easier, \/
*OH
.0 *OH
o H OH o

! Qs H QA

N H2N4©—§—N\W HzN@C1—§—N
e} e} : =
Fig. 9. Scheme of photolysis pathways for five-membered SNs in UV/H,0,
system. Reproduced with permission from Ref. [133]. Copyright 2018, Elsevier.

12

Chemical Engineering Journal xxx (xxxX) XXxX

Degradation by products
and mechanism

Toxicity

1 uv
~254NM .

&\ kA 3 - I " o
\ g 33 Ji T
s e 8 -0 ‘:.,n)\/ " g
0 3 * B % cpregRin -SO:- and -NHE bond
; o Y8 " -
8 P aeWed
5 i o B Z
! £ _4 \ SOy TN NN toxic tol
/ “idroxylation intermediates
I - > ¢ N, normal <
: e/ 2 N —eell li)
1 uve/Pos \©\// )\\))\ /\ /\'ﬁv
Q by o ' VAT ™
el e () Nitros(')— and nitro-substitutional

Fig. 10. (a) Scheme of the SMZ degradation intermediates, mechanisms and
energy cost under UV, UV/H,0,, UV/PDS system. Reproduced with permission
from Ref. [132]. Copyright 2018, Elsevier.

were different in UV (cleavage of N-S bond), UV/H»0, (hydroxylation)
and UV/PDS (electrophilic reaction) systems, resulting in the different
intermediates. These intermediates were less cytotoxic than the parent
compounds [132]. Moreover, UV/PDS energy consumption was lower
due to SNs reacted more rapidly with SO, .

5.2. Photocatalytic degradation

Recently, the application of photocatalysis has been investigated
intensively among AOPs [142,143]. The process involves at least three
steps: (i) catalyst is activated by light, (ii) photocarrier separation or
transport, (iii) the reaction takes place on the photocatalytic surface
[144]. This process is called “an accelerated light reaction under the
presence of a catalyst” [145]. There are numerous catalysts (e.g., TiOo,
ZnO, WOs3, C3N4, CNT etc.) with good photocatalytic activity [146-
151]. According to the composition of the photocatalyst, the paper
divides the photocatalysis into the following two categories: metal-
based photocatalysis and metal-free-based photocatalysis.

5.2.1. Metal-based photocatalysis

Metal-based catalysts (such as TiO,, ZnO, WO3, CuS, Fe,O3, BiO,X,,
(X = Cl, Br, and 1) in single photocatalytic systems have attained wide
attention. However, the applications of these photocatalysts at full-scale
are still limited because of the rapid recombination of electron (e )-
hole (h™), inappropriate band values and positions and sluggish surface
reaction kinetic [152,153]. Several strategies have been developed to
optimize photocatalysts, including defect engineering, construction of
homogeneous and heterogeneous junctions, and morphology control
[24,154].

Nowadays, many remarkable results have been achieved. For ex-
ample, the photocatalytic of AgsPO,/WO;3; (75:25) composites
(Ag3P04:WO3; molar ratios of 75:25) apparently higher than pure WO3,
as depicted in Fig. 11c [148]. Fig. 11b showed clear lattice fringes,
suggesting the intimate contact between Ag;PO, and WO3, which may
be more conducive to charge transfer. As shown in Fig. 11c-d, AgsPO4/
WO; (75:25) presented a higher degradation rate than TiO,/WO;
[148,155]. However, the reusability and stability of Ag;PO4/WO;
composites were poor attributed to silver partially dissolved in aqueous
phase and silver phosphate turned into metallic silver [148].

Another type of composite photocatalysts based on WOs3, one con-
taining graphitic carbon nitride (WO3-g-C3N4) [156] and the other
holding CNTs (WO3-CNT), [157] which were used to remove SMX
under 300 W visible light irradiation. Under similar reaction conditions,
the removal efficiency reached 76.7% within 4h [156] and 73.3%
within 3h [157], respectively. As shown in Fig. 12a, b, there existed
similar mechanisms: *OH and h*, *OH and O, ~ were the main con-
tributors in the photocatalytic process. In brief, both g-C3N4 and CNT
acted as electron traps, and remarkably enhanced e -h™ separation.
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Fig. 11. HRTEM image (a) and a magnified view
of AgsP04/WO3(75:25) photocatalysts (b). (c)
Photocatalytic performance of pure Ag;POy,
pure WO3; and their composites for the de-
gradation of SMX in ultrapure water ([Ag3sPO4/
WOs3lo = 100mg L™, [SMX], = 525ug L™1.
Reproduced with permission from Ref. [148].
Copyright 2018, Elsevier. (d) The degradation of
SMX on TiO,/WO; with different doses in ul-
trapure water ([SMX]o = 350pg L7!). Re-
produced with permission from Ref. [155].
Copyright 2017, Elsevier.
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Fig. 12. (a) Degradation mechanism of SMX by WO3-g-C3N, under visible light
irradiation. Reproduced with permission from Ref. [156]. Copyright 2017,
Royal Society of Chemistry. (b) SMX degradation mechanism by WO3-CNT
under visible light irradiation. Reproduced with permission from Ref. [157].
Copyright 2018, Elsevier.

WO3 combined with g-C3N, or CNT greatly improved visible light
harvesting ability of original WOj, furthering its photocatalytic

Time (min)

13

performance [156,157]. Besides, WO3-g-C3N, composites with large
surface area were conducive to adsorption. The degradation of SNs with
other metal-based photocatalysts is presented in Table 3.

5.2.2. Metal-free-based photocatalysis

Compared with metal-based catalysts, metal-free-based catalysts
can overcome metal leaching problem in the degradation process,
which are considered as environmentally friendly catalysts [158].
Among the numerous metal-free catalysts, g-C3N4 and BC have gained
much attention due to their low-cost and easy preparation [159-163].
According to the literature [164], the removal percentage of SMZ on
hyrochar reached 72% under daylight irradiation, which was 2 times
higher than that of pyrochar. This is due to the more photoactive sur-
face oxygen functional groups in hydrochar, the more reactive species
(singlet oxygen (10,), 05", H,0,, *OH) could be generated under light
[164]. Huang et al. [165] found that higher-temperature (800 °C) pyr-
ochar showed good degradation performance for SMZ because of the
better morphological features. Hence, the effects of pyrolysis tem-
perature on the performance of the catalysts cannot be ignored when
preparing carbon-based catalysts.

Nowadays, g-CsN4-based metal-free catalysts have also received
widely attention due to its medium-bandgap (2.7 eV) and desirable
visible-light response. Song et al. [166] studied the photodegradation
behavior of SMX, SDZ, SSX and SMZ by g-C3N,4. The removal efficiency
of the four SNs exceeded 90% within 100 min under visible light irra-
diation (Co = 10 uM, [g-C3N4] = 50 mg L™ Y. Besides, they found that
the degradation pathways and major reactive species were different for
different SNs. The results indicated that O, ", and h* acted as the
dominant reactive species for SMX, SDZ and SMZ, while «OH and h*
played a major role in the photodegradation of SSX [166]. For the
degradation pathway, hydroxylation of the benzene ring and cleavage
of S-N bond were the common degradation pathways of SMX, SSX, SDZ,
and SMZ, which were also the main pathways for SSX. But carboxyla-
tion of methyl group and cleavage between benzene ring and S occurred
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on SMZ and SSX, respectively [166]. It suggests that different active
species may lead to different degradation pathways of SNs.

Nowadays, g-C3N4 composites were gradually used to remove SNs.
For example, our groups investigated the photocatalytic activity of
carbon nitride modified with barbituric acid (BCM-C3N,4) and carbon
nitride modified with salicylic acid (TCN) for SMZ. [34,167]. Compared
with pure g-C3N,4, both composites presented higher degradation rate
for SMZ. This is because both barbituric acid and salicylic acid effi-
ciently increased the charge carrier separation of g-C3N,4 and improved
visible light absorption. In addition, BCM-C3N, exhibited a high surface
area (179 m 2 g~ ') [34]. Through radical species trapping experiments,
both O, and h™ were the predominant radicals in these two photo-
reactive systems. Other related applications of metal-free-based cata-
lysts are presented in Table 3.

Ref.

[177]
[177]
[185]
[190]
[190]
[183]
[191]
[184]
[192]

5.3. Fenton/Fenton-like degradation

Fenton process is inorganic chemical reaction which is based on the
generation of highly active *OH during the reaction of H>O, and ferrous
iron (Fe?*) at pH of around 3 [173,173], and the formed Fe** can be
easily reduced by H,0, leading to the generation of HO,* radicals. The
formed *OH can oxidize organic pollutants. At present, many related
researches have been conducted because the process is safe, fast, eco-
nomic and environmental friendly [174,175]. Table 4 presents SNs
removal examples by various Fenton processes. For example, Velasquez
et al. [176] found that the amount of Fenton’s reagent
([Fe?*] = 157 umol L%, [H,0,] = 1219 umol L™ ) in photo-Fenton
process was less than in Fenton process ([Fe?*1 =192 pmol L’l,
[H>0,] = 1856 umol L™ 1Y) under the same reaction condition. The be-
havior is due to the presence of light promoted the conversion of Fe*
to Fe?*, enhancing the additional *OH generation. The reaction pro-
cesses mentioned above were displayed in Fig. 13 [177]. Martinez-

The catalyst exhibited good stability. The removal percentage still remained

The photo-Fenton like system had slightly dependence on Fe** concentration.
82% after five cycles.

Pyrite-EF showed a better mineralization performance compared with EF.

The photo-Fenton system had slightly dependence on Fe?* concentration.
Co-SAM-SCS exhibited good stability.

The Fenton-like system had a strong dependence on Fe>* concentration.

The Fenton system had a strong dependence on Fe?>* concentration.
3D mesoporous CuFe,0, exhibited good circularity.

Both Cu and Fe in CuFeO presented good performance.

Removal efficiency Remarks

99.7%
91.5%
96%
95%
96.72%
95.42%
98%

6, under

B B3
13} 5} g o
Costa et al. [177] also found photo-Fenton exhibited better perfor- E E g § % g
mance for SMX and TMP removal than traditional Fenton process. In o o £ £ £ " : [
addition, the degradation kinetic of SMX and TMP by UV radiation was o E f, I - S
faster than by solar radiation (Fig. 13b, ¢). Taking advantages of high zgg V0 &E ) E o
mineralization and low toxicity of by-product in solar photo-Fenton, E E é E E :;, g S
using solar photo-Fenton is also a good alternative [177]. 22 % g 'é Ee I <
Even so, the practical applications of Fenton processes mentioned I 93 g B ; ? E
above are greatly limited by the limited pH range, large consumption of é E § § § g g E
H,0, and massive accumulation of iron sludge. Therefore, many re- é g I T ? m& ‘g § ‘é
searchers were beginning to focus on heterogeneous Fenton, combining TER I E g = g
it with ultrasound, electricity and light [178,179]. Heterogeneous RS g o008 g % =
Fenton catalysts such as iron minerals, copper ferrite and other iron- 22 S E CE, . § 8 %
containing catalysts have attracted much attention [180-182]. For ex- § § - . ©
ample, Barhoumi et al. [183] found that pyrite (FeS,) presented a high Wl ) 3 9 § Q g“ g
catalyst activity towards SMZ in electro-Fenton system, in which plenty S % g«:; = = 3 = -~
of H,0, was produced. Furthermore, both 3D mesoporous CuFe,0,4 and 2 g S ‘; % Lol ; ‘i - %
CuFeO exhibited the high catalytic properties for SMX and SMZ at 2 S .}":; %:f Ez g 2 E E g 5
neutral pH condition, respectively [184,185]. Compared with 3D me- g ‘g Ty _‘Z’ 5] g ] p ? o Z o £ T
soporous CuFe,0,4, CuFeO presented a better chemical stability. After gl E| 2228 LS bS e sd 2% 3
30 min reaction, the leaching amount of Cu and Fe was only 2.10 mg = g ggg E SRR 23232
L™! and 1.31mg L™, respectively (Fig. 14a). And the removal per- E A 22REL5RRRERS 2
centage of SMZ was nearly 100% in ultrapure water, tap water and river g 2 | & N 5
water (Fig. 14b). As shown in Fig. 14c, *OH radicals and photo-induced 2l 2 ° @ @
e~ were the main reactive species. Copper and iron species in the § -
catalyst structure were effectively excited by visible light and transfer E - _
e” to H,0,, generating *OH radicals. And then the formed *OH reacted g g T_]
with SMZ to form the final degradation products [184]. The results 2 3 ~ o
indicated that copper-iron oxide is a promising catalyst for SNs de- E o _ H o~ S
gradation. ° S8 2 ~% = 8
Nowadays, electro-Fenton has been widely used in SNs removal due .§ Z5 é 2 g ‘:10 S g §-
to its remarkable advantages such as H,O, can be generated in situ by gl gl2g 2 g = 2 3 é =
oxygen reduction reaction (ORR) (Eq. (3)), the generation of Fe?™ on <« E 2| = m: é ot § 2 2 Q %
the cathode (Eq. (4)) and reduction of accumulation of waste iron % 3 § %g a % 3 Efg e %
sludge [186]. According to the literature [183], the boron doped CE=1 Bl B
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Fig. 13. (a) The degradation mechanism of SMX and TMP by Fenton/photo-Fenton process. Simultaneous degradation of SMX and TMP in solar photo-Fenton (b) and
solar photo-Fenton (c). Reproduced with permission from Ref. [177]. Copyright 2018, Elsevier.

diamond (BDD) anode was better than Pt anode when carbon-felt as
cathode in removal percentage (95% vs 87%) and mineralization rate
(90% vs 83%). This is because BDD anode can produce more O, (oxi-
dation of H,O molecules), increasing the dissolved O, to form more
H,0,, thus promoting the formation of *OH. Besides, when the cathode
was carbon nitride modified gas diffusion electrode (g-C3N4@GDE)
and the anode was BDD [187], the electro-Fenton system presented a
high catalytic performance (Reaction condition: [STZ], = 500mg L™*,
[Fe2™1 =100 uM, current = 50 Ma and pH = 3): 457.45uM of H,0,
was produced and the removal percentage of STZ was nearly 100%
after 180 min electrolysis [187]. Deng et al. [188] prepared B@Ni-F
cathode with waste giant reed, and the fabrication process is depicted in
Fig. 15. The first step was to carbonize the washed giant reed for 6 h at
260 °C in air. Then, the carbonized giant reed was transferred to quartz
tube furnace for complete pyrolysis in N, at 500 °C for 2 h. Finally, the
prepared N-doped BC was immobilized on Ni-F by rolling approach
[188]. Results showed that the amount of H,O5 accumulation on B@Ni-
F cathode was enhanced 14 times compared to original Ni-F cathode,
which was mainly attributed to the abundant oxygen and nitrogen
functional groups on BC surface, and it improved the hydrophilicity of
the cathode (Fig. 15). Besides, the presence of pyridine N facilitated
H,0, generation because carbon atom adjacent to pyridine N was the
active site of ORR [189].

0, + 2H" 4+ 2 = H,0, 3)

Fe3* + e — Fe?* ()]

6. Evaluation of the intermediates toxicity and degradation
pathway

Considering the fact that SNs degradation intermediates have been
identified as potential toxicity or even higher toxicity [193,194], it is
necessary to evaluate the degradation pathway and its intermediates
toxicity. According to the literature [177], approximately 100% SMX
removal efficiency was achieved in UV, UV/H,0,, Solar/Fe3* /H,0,

16

systems, but the solution toxicity significantly increased in UV/H505
system. By contrast, SMX solutions treated by solar alone were rela-
tively less toxic. Barhoumi et al. [183] selected Vibrio fischeri to eval-
uate the toxicity evolution of SMZ solution in electron-Fenton. Results
showed that the aromatic compounds in the early stages of electrolysis
(15min) have a high toxicity level. Subsequently, these compounds
were attacked by *OH, causing a high mineralization, thereby reducing
the toxicity of the solution [183].

Furthermore, Deng et al. [188] investigated SMR degradation
pathways and its intermediates toxicity in detail. As shown in Fig. 16a,
the hydroxylation of aniline residues in SMR was the dominant de-
gradation pathway, leading to the formation of C;;H;,N405S. Subse-
quently, the cleavage of S-N bond was occurred. This is because several
average local ionization energy (ALIE) minima points existed around
the S-N bond, including 9.15, 8.94, 9.22 and 9.29 eV (Fig. 16b). These
sites were prone to electrophilic and free radical reactions. Then the
aromatic rings of these compounds were destroyed to form various
small molecules such as carboxylic acids, CO, and H,O [188]. The
degradation pathway mentioned above was in good agreement with the
degradation pathway of SMX in WOs-g-C3N4 photocatalyst system
[157]. And the toxicity evolution of SMR (50 mg L™1) after 6h elec-
trolysis was displayed in Fig. 16c. The original SMR solutions exhibited
30.82% bioluminescence inhibition. After 60 min electrolysis, the in-
hibition rised to 89%, suggesting that high toxicity intermediates were
generated, such as p-benzoquinone (BQ). Subsequently, the inhibition
was significantly reduced, eventually reaching 20%. The toxicity trend
was in accordance with Barhoumi’s investigations [183].

From the above results, incomplete mineralization of SNs may lead
to the increase of acute toxicity. Therefore, there should be more con-
sideration on the treatment residual in the practical cases to avoid the
occurrence of unnatural toxic events. It also shows that electro-Fenton
system may be an effective approach for SNs detoxification.
Hydroxylation, and the cleavage of S-N bond were regarded as the
dominant degradation pathways during SNs oxidation when *OH and
SO, ~ were involved.
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Fig. 14. (a) The chemical stability of CuFeO. (b) Removal percentage of SMZ in different wastewater (Reaction conditions: [SMZ], = 50 mg/L; [CuFeO], = 500 mg/
L; pH = 6; T = 20 °C). (c) Degradation mechanism of SMZ in CuFeO photo-Fenton system. Reproduced with permission from Ref. [184]. Copyright 2019, Elsevier.
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Fig. 15. Schematic illustration for the fabrication process of B@Ni-F cathode and mechanism for B@Ni-F/Fe-F in electro-Fenton system. Reproduced with permission
from Ref. [188]. Copyright 2019, Elsevier.
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Reproduced with permission from Ref. [188]. Copyright 2019, Elsevier.

7. Conclusions and future challenges

This review provides important information on SNs occurrence,
fate, distribution, removal techniques and toxicity assessment.
Adsorption and AOPs are mainstream technologies for the removal of
SNs. As a whole, the integration of adsorbent materials into AOPs will
be the future development trend. The integrated technique could ef-
fectively increase the removal efficiency through the synergistic effect,
and possess the advantages of both AOPs and adsorption. However,
whether single or multiple processes, the removal efficiency of SNs is
very susceptible to various parameters such as solution pH and matrix
components. In the process of adsorption, potential adsorption me-
chanisms include EDA interaction, CAHB interaction, Lewis acid-base
interaction, electrostatic interaction, hydrophobic interaction, H-
bonding, pore-filling and Van der Waals forces. EDA interaction, CAHB
interaction and hydrophobic interaction are widely regarded as the
primary adsorption mechanism. In AOPs system, h™, *OH, SO, ~ and
O,"" are highly reactive species. The degradation pathways of SNs
mainly include hydroxylation of the benzene ring, cleavage of N-S
bond, heterocyclic smile-rearrangement, carboxylation of the methyl
group, and nitration and nitrosation of amino group. In general, hy-
droxylation and cleavage of N-S bond are their common degradation
pathways. However, it is worth noting that there are still many issues to
be addressed.

Firstly, SNs contain two types of heterocycle rings (hexa-heterocycle
and penta-heterocycle). Five- and six-membered SNs possess different
electron densities, thus existing different degradation pathways and
removal efficiency. Therefore, the adsorption affinities and degradation
pathways of the two types of SNs are needed to be further investigated,
which allows for comprehending their adsorption and degradation
mechanisms. In addition, more toxicity assessment studies should be
performed to determine whether the by-products can meet environ-
mental requirements because some intermediates may be more acute
toxicity than their original compounds.
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Secondly, most experiments are at the laboratory level, but the
concentration of SNs in the actual wastewater (ng L.~ '—ug L.~ ") is much
lower than that of the experimental model wastewater (mg L™Y, and
the composition is extremely complex in natural environment. There
may be competitive effects and shielding effects, eventually leading to
lower adsorption capacity and slower reactivity. Thus, it is necessary to
investigate the removal mechanisms and behaviors of SNs within dif-
ferent natural environment systems.

Thirdly, most of studies were remained in aqueous solution. There
are few studies in soils and sediments environment. However, the
persistent nature of SNs resistance genes in soils is high, even at low
concentration levels. The resistance genes could enter human body
through food chain, further impacting human health. Sediments act as
the sink and source of water pollution. When water environment con-
ditions change such as floods and acidification, SNs immobilized in
sediments may be recycled back to the aqueous phase, causing sec-
ondary pollution. Therefore, further investigations are required to
evaluate the application of these techniques in soils and sediments.

Fourthly, the release of contaminants from various adsorbents oc-
curs frequently, leading to the limitation of their application.
Meanwhile, dissolved organic carbons possess photochemical activity,
while their availabilities and ecological risks are still uncertain. Thus,
the stability and activity of carbon materials will be the focus of future
researches.
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