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Nanomaterials possessing novel size-dependent properties, however, have shown great potential for removing
these contaminants. Herein we reviewed nanomaterials reported for removing emerging contaminants by ad-
sorption and/or photocatalysis, and their removal capacity, mechanism, and influencing factors are discussed.
Meanwhile, a large-scale bibliometric analysis is conducted on the trends of the emerging contaminants,
nanoadsorbents, nanophotocatalysts, and related research topics from the literature during 1998-2017.
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1. Introduction

In the last few decades, the existence of emerging contaminants
in the aquatic environment has become a worldwide issue. These
emerging contaminants include pharmaceuticals and personal care
products (PPCPs), endocrine disrupting chemicals (EDCs),
perfluorinated compounds (PFCs), etc. They are commonly present
at concentrations of mg/L to ng/L in wastewater (Alder et al., 2010;
Behera et al., 2011), surface water (Kleywegt et al., 2011; Peng
et al., 2008), ground water (Loos et al., 2010; Maeng et al., 2010),
and drinking water (Benotti et al., 2009; Stackelberg et al., 2004),
posing great risks to human health and natural ecosystems due to
their short- and long-term toxicities (Ratola et al., 2012;
Richardson and Ternes, 2011).

Current treatment technologies for emerging contaminants in-
clude the conventional activated sludge-based biological system, ad-
sorption by activated carbon, membrane filtration, and chemical
treatments (chlorination, ozonation, UV irradiation, and permanga-
nate oxidation). However, occasionally these conventional processes
fail to sufficiently remove the emerging contaminants to the levels
required by discharge standard or essential for the wastewater
reuse (Castiglioni et al., 2006; Heberer, 2002; Rivera-Utrilla et al.,
2013). Therefore, new treatment technologies and infrastructures
are needed to provide high-quality water for human and environ-
mental needs. Recent advances in nanotechnology have offered
ample opportunities to develop next-generation water treatment
processes. Compared with traditional materials in the forms of bulk
or large particles, some nanomaterials have shown better potential
in removing emerging contaminants in lab-scale studies, owing to
their unique size-dependent properties. These materials often dis-
play high specific surface area, high surface free energy, sufficient re-
active sites, fast dissolution, and various discontinuous properties
(e.g. superparamagnetism, localized surface plasmon resonance,
and quantum confinement effect) (Qu et al., 2013). Many nanotech-
nology studies are centered on the adsorption, photocatalysis, mem-
brane filtration, monitoring, disinfection and microbial control in
treating water and wastewater. Especially, adsorption and
photocatalysis by nanomaterials have been extensively studied for
potential applications. The adsorption process has the advantage of
efficient pollutant removal from aqueous phase. On the other hand,
photocatalysis can not only remove the chemically stable and non-
biodegradable organic pollutants, but also efficiently degrade trace
organic pollutants under mild conditions, yielding minimal by-
products. Therefore, adsorption and photocatalysis are considered
very promising technologies in water treatment.

However, despite many studies in the past few years on
nanoadsorption and nanophotocatalysis for the removal of emerging
contaminants, their practical applications remain limited. To further
focus the directions of related research and help solve key scientific
problems towards practical applications, here we present a systematic
review and bibliometric analysis on the application of nanotechnology
to adsorption and photocatalysis for treating emerging contaminants
in water. This study comprehensively examines the current status and
the future of this research field through detailed review and large-
scale bibliometric analysis.

2. Adsorption process

In general, the adsorption of emerging contaminants on the surface
of carbon-based (Kumar and Mohan, 2012; Zhao et al., 2016) and
metal-organic framework (MOF)-based nanomaterials (Song and
Jhung, 2017; Shan and Tong, 2013; Yean et al., 2005) is mainly deter-
mined by the physical structure and chemical properties of the mate-
rials, as the specific surface area, pore structure, and surface functional
groups may directly affect the adsorption capacity.

2.1. Carbon-based nanoadsorbents

2.1.1. Adsorption capacity

Carbon-based nanoadsorbents are the most widely used type of ad-
sorbents for water treatment. The reported adsorption capacity data are
summarized in Table 1. The adsorption strongly depends on the type of
emerging pollutant as well as the nanoadsorbents. The removal of
sulfapyridine, ciprofloxacin, and tetracycline by carbon nanotubes
(CNTs) has been studied in water environments (Apul and Karanfil,
2015). About 90% of lincomycin and sulfamethoxazole (both
12,000 mg/L) were removed via adsorption on single-wall carbon nano-
tubes (SWCNTs) and multiwall carbon nanotubes (MWCNTs) (Kim
et al., 2014). The maximum adsorption capacity of CNTs for
sulfapyridine in water at pH 7 was 86.1 mg/g, while that for sulfameth-
oxazole was 45.8 mg/g (Tian et al., 2013). About 50 mg of CNTs could re-
move 67.5% of ciprofloxacin at 30 mg/L in water at pH 5 (Carabineiro
et al., 2012). Graphite and CNTs could achieve 92% tetracycline removal
from water, and the adsorption coefficient (Kd) values of SWCNTs,
MWCNTSs, and graphite measured from single-point adsorption are al-
most 1500, 1100, and 120 L/kg, respectively (Ji et al., 2010a). The sorp-
tion data of tetracycline on MWCNTs could be well interpreted by the
Langmuir model, with the maximum adsorption capacity being
269.5 mg/g and the removal rate being 99.8% (Zhang et al., 2011).
Graphene oxide (GO) showed maximum adsorption capacities of
256.6 mg/g for levofloxacin (LEV) and 89.1 mg/g for metformin (Dong
etal., 2016; S. Zhu et al,, 2017). The Langmuir isotherm model also pro-
duced better fits to the equilibrium acetaminophen (ACT) adsorption,
with the maximum adsorption capacity of 704 mg/g by double-
oxidized GO (Moussavi et al., 2016). Three-dimensional macrostruc-
tures (3D GTs) by two-dimensional GO nanosheets and one-
dimensional CNTs showed superior adsorption capabilities towards
oxytetracycline (1729 mg/g) and diethyl phthalate (680 mg/g) (Shen
et al, 2017). The reduced GO showed a maximum adsorption capacity
of anti-inflammatory nimesulide (NM) of 82.4 mg/g at 25 °C (Jauris
etal., 2017).

2.1.2. Adsorption mechanism

Carbon-based nanoadsorbents have strong affinity for polar organic
compounds, mainly due to the diverse interactions of these adsorbates
with the adsorbent, including hydrophobic effect, -1 interactions, hy-
drogen bonding, covalent bonding, and electrostatic interactions
(Ersan et al,, 2017).

2.1.2.1. m-minteraction. The m—m interaction between compounds that ac-
cept 1 electrons and the m electron-rich regions of the grapheme surface
of CNTs and graphite was observed during triclosan adsorption (Ji et al.,
2010b; Liu et al., 2012). A similar mechanism was reported for KOH-
activated CNTs for the adsorption of sulfamethoxazole, tetracycline,
and tyrosine (Chen et al., 2008; Ji et al., 2009). The -1 interaction was
dominant for the adsorption of chemicals containing benzene rings
(e.g. 17-ethinylestradiol and bisphenol A) on carbon nanomaterials
(Chen et al., 2007). Triclosan contains two aromatic rings that are fa-
vored for - interaction with the graphene structure on the CNT sur-
face. In comparison, ibuprofen (IBP) contains only one aromatic ring
in its molecular structure, resulting in weaker m-m interaction with
the CNTs (Wang et al., 2015). Using computer simulations, the adsorp-
tion of NM onto GO was found to be maintained primarily by m-m
type interactions (Jauris et al., 2017). For LEV, both m—m and electrostatic
interactions govern the sorption onto GO-based adsorbents (Dong et al.,
2016).

2.1.2.2. Electrostatic interactions. When the solution pH is different from
the isoelectric point (pHp,c) of carbon-based nanoadsorbents, the sur-
face of the nanoadsorbent will carry either positive or negative charge.
At the same time, ionizable emerging contaminants can also be proton-
ated or deprotonated and become charged at different pH. For example,
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Table 1
Adsorption of the emerging contaminants on various nanomaterials in water.
Nanomaterials Pollutants Maxmium adsorption (qm,, mg/g);  Treatment References
adsorption conditions
coeffcient (kg, mmol'™ L" kg~ ')

Carbon based MWCNT Triclosan qm 157.7 T25°C;pH7  Zhouet al,, 2013
MWCNT Norfloxacin (m 88.5 T30°C;pH7  Yanget al, 2012
MWCNT Sulfamethoxazole ke 201 T20°C Kim et al., 2014
MWCNT Lincomycin kg 287 T20°C Kim et al., 2014
MWCNT Sulfamethoxazole qm 45.8 pH7 Tian et al., 2013
MWCNT Sulfapyridine qm 86.1 pH 7 Tian et al., 2013
MWCNT Sulfapyridine kg 350 pH 6.2 Jiet al., 2009
MWCNT Sulfamethoxazole kg 510 pH 6.2 Jiet al., 2009
MWCNT Ciprofloxacin qm 135 T25°C;pH5  Carabineiro et al.,, 2012
MWCNT Tetracycline kg 240 pH5 Jiet al.,, 2010a, 2010b
MWCNT Tetracycline qm 269.5 T20°C Zhang et al., 2011
MWCNT Sulfonamides kr 353-2814 T25°C Zhao et al., 2016
MWCNT Chloramphenicols kp 571-618 T25°C Zhao et al., 2016
MWCNT Non-antibiotic kr317-1522 T25°C Zhao et al., 2016

pharmaceuticals
KOH-activated MWCNT Phenol kg 457 pH6 Jiet al, 2010a, 2010b
KOH-activated MWCNT Nitrobenzene ks 1100 pH6 Jiet al., 2010a, 2010b
KOH-activated MWCNT Sulfamethoxazole kg 2300 pH6 Jiet al, 2010a, 2010b
KOH-activated MWCNT Tetracycline ke 800 pH6 Jiet al, 2010a, 2010b
KOH-activated MWCNT Tylosin ke 650 pH6 Jiet al, 2010a, 2010b
SWCNT Sulfamethoxazole ke 6380 T20°C Kim et al., 2014
SWCNT Tetracycline kg 1150 pH5 Jiet al., 2010a, 2010b
SWCNT Lincomycin kg 1030 T20°C Kim et al,, 2014
KOH-activated SWCNT Phenol kg 800 pH6 Jiet al., 2010a, 2010b
KOH-activated SWCNT Nitrobenzene ke 1840 pH6 Jiet al., 2010a, 2010b
KOH-activated SWCNT Sulfamethoxazole kr 5200 pH6 Jiet al, 2010a, 2010b
KOH-activated SWCNT Tetracycline ke 1400 pH6 Jiet al, 2010a, 2010b
KOH-activated SWCNT Tylosin ks 910 pH6 Jiet al., 2010a, 2010b
Graphite Tetracycline kg 12.2 pH5 Jiet al., 2010a, 2010b
Graphene oxide Levofloxacin (m 256.6 T25°C Dong et al.,, 2016
Graphene oxide Acetaminophen qm 704 T25°C;pH8  Moussavi et al.,, 2016
Graphene oxide metformin ke 47.1 T30°C;pH6  S.Zhuet al, 2017
Graphene oxide Anti-inflammatory (m 82.41 T25°C Jauris et al., 2017
nimesulide
Graphene oxide 17-a-ethinylestradiol qm 45 T25°C Sun et al., 2017
17-PB-estradiol qm 48 T25°C
CNTs-Graphene oxide oxytetracycline qm 173 T25°C Shen et al., 2017
g-C3N4-Graphene oxide 17-B-estradiol qm 144.4 T25°C Kumar et al., 2017
ciprofloxacin qm 1368 T25°C

Metal-organic Zeolitic imidazole framework-magnetic Benzotriazole qm 300 T40°C Andrew Lin and Der

framework graphene oxide Lee, 2016
Chromium(IIl) terephthalat- MIL 101 Dimetridazole qm 185 T25°C; pH6.3 Seoet al, 2017
Chromium(III) terephthalat- MIL 101 Metronidazole qm 188 T25°C; pH63 Seoet al, 2017
Chromium(IIl) terephthalat- MIL 101 Triclosan qm 112 T25°C;pH7  Song and Jhung, 2017
Chromium(III) terephthalat- MIL 101 Bisphenol A qm 97 T25°C;pH7  Songand Jhung, 2017
Chromium(III) terephthalat- MIL 101 Naproxen qm 156 T25°C;pH7  Song and Jhung, 2017
Chromium(IIl) terephthalat- MIL 101 Ketoprofen qm 80 T25°C;pH7  Song and Jhung, 2017
Zeolitic imidazolate framework-8 1H-benzotriazole qm 298.5 T30°C Jiang et al., 2013
Zeolitic imidazolate framework-8 5-tolyltriazole (m 396.8 T30°C Jiang et al., 2013
Metal organic framework-porous carbon Ibuprofen qm 320 T25°C; pH Bhadra et al., 2017

5.0-5.5
Metal organic framework-porous carbon Diclofenac sodium qm 400 T25°C; pH Bhadra et al., 2017
5.0-5.5
Silver nanoparticle-modified MWCNT Sulfamethoxazole qm 118.58 pH4 Song et al., 2016
Mesoporous SBA-15 Carbamazepine (m 0.16 T25°C;pH3  Buiand Choi, 2009
Mesoporous SBA-15 Diclofenac (m 0.07 T25°C;pH3  Buiand Choi, 2009
Mesoporous SBA-15 Ibuprofen (m 0.34 T25°C; pH: 3  Bui and Choi, 2009
Mesoporous SBA-15 Ketoprofen qm 0.41 T25°C;pH3  Buiand Choi, 2009
Mesoporous SBA-15 Clofibric qm 0.28 T25°C;pH3  Buiand Choi, 2009
Polyvinyl pyrrolidone -Fe;04 Triclosan (m 52.63 pH7 Alizadeh Fard et al.,
2017
Polyvinyl pyrrolidone -Fe;04 Ketoprofen (m 83.33 pH7 Alizadeh Fard et al,,
2017
Polyvinyl pyrrolidone -Fe304 Bisphenol-A qm 90.91 pH7 Alizadeh Fard et al.,
2017
Polyvinyl pyrrolidone -Fe;04 Estriol (m 56.17 pH7 Alizadeh Fard et al,,
2017
Carboxymethyl cellulose-Fe/Mn Ciprofloxacin qm 1172.25 pH5 Yan et al., 2017

the resulting electrostatic interactions between them may influence the
removal of triclosan and IBP by CNTs in water (Wang et al., 2015). Due
to the presence of oxygenated functional groups on PPCPs and CNTs, the

solution pH affects the protonation/deprotonation of these functional
groups and alters the electrostatic interactions (Cho et al., 2011). The
electrostatic interaction might contribute greatly to the adsorption
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affinity of norfloxacin on the surface of MWCNTSs (Yang et al., 2012). The
higher adsorption capacity of oxytetracycline and diethyl phthalate on
3D GTs than pure GO and CNT-based adsorbents can be attributed to
the synergistic effects of GO and CNTs in the micro-environment, the
surface nano-substrate, and multiple active sites with the cooperative
electrostatic and -1 interactions (Shen et al., 2017).

2.1.2.3. Hydrophobic interaction. Hydrophobic interaction is another
mechanism for carbon materials to adsorb hydrophobic organic com-
pounds (Nam et al.,, 2014; Pyrzynska et al., 2007). When the net charge
density on the carbon material is zero and the emerging contaminants
are in their molecular state, the hydrophobic interaction between
them is at the strongest, and the adsorption capacity the largest (Lu
et al., 2006; Piao et al., 2008). Besides, the adsorption is also affected
by oxygen-containing functional groups on the adsorbents (Cho et al.,
2008; Liao et al., 2008). Hydrophobic interaction is the main mechanism
responsible for the pH-dependent adsorption of sulfonamides (Yu et al.,
2015). Non-electrostatic hydrophobic interaction was also found be-
tween tetracycline and MWCNTs (Zhang et al., 2011).

2.1.2.4. Hydrogen bonding. Hydrogen bonds can also be formed between
the benzene ring on the surface of CNTs as the electron donor and or-
ganic compounds containing oxygen-containing functional groups
(Pan and Xing, 2008). The hydrogen bonding contributed greatly to
the adsorption of 17p-estradiol (E2) and 17a-ethinylestradiol (EE2)
on GO due to the high content of ~OH groups on the GO surface (Sun
etal, 2017).

2.1.3. Influencing factors

2.1.3.1. pH. The solution pH strongly controls the adsorption process of
organic molecules, since it affects not only the surface charge of adsor-
bents, but also the protonation/deprotonation of pollutants according
to their pKa. First, increasing pH might promote the dissociation of the
hydrophobic adsorbate into hydrophilic and negatively charged species,
thus affecting the hydrophobic and electrostatic interactions between
the adsorbent and adsorbate. Second, a higher pH could increase the
donating ability of the adsorbate, thus enhancing the m-m electron
donor-acceptor interaction (Liu et al., 2014). Depending on the pH,
PPCPs will be protonated or deprotonated, resulting in their electro-
static interaction with the CNTs (Nam et al., 2014). The adsorption of
sulfonamide to MWCNTSs decreases as the pH increases, because the
electron accepting abilities of the cationic amine group and the enol-
enone groups on sulfonamide are weakened when these moieties are
protonated at high pH (Ji et al., 2009). For the adsorption of triclosan
to SWCNTs, better removal was observed at pH 4 and 7 than at 10
(Castro et al., 2017; Wang et al., 2015). The pH value (within 1-11)
also significantly affects the adsorption of sulfadimethoxine, sulfameth-
oxazole, and sulfathiazole by MWCNTs, due to the changed sulfonamide
species (Yu et al., 2015). The adsorption of ACT onto GO is almost inde-
pendent of solution pH between 2 and 8, because at these pH values ACT
remains mostly neutral and nonionic, and thus is unfavorable for elec-
trostatic and m-m interactions with functional groups on the surface of
GO (Moussavi et al., 2016). The adsorption of metformin on GO in-
creased when the pH changed from 4.0 to 6.0, and then decreased
from 6.0 to 11.0, which might be attributed to the changing surface
charge on GO and the speciation of metformin (S. Zhu et al., 2017).

2.1.3.2. Ionic strength. An increase in ionic strength would be favorable to
the adsorption processes, when there is electrostatic repulsion between
the adsorbent and adsorbate. Also, a high ionic strength can have a
strong “salting-out” effect on hydrophobic compounds, increasing the
tendency of organic molecules to precipitate from the aqueous solution
and adsorb to the nanoadsorbent (Grover and Ryall, 2005). When the
ionic strength is increased from 107> to 10~2 M, for example, the ad-
sorption of triclosan onto MWCNTs at pH 3 and 11 increased from

136.1 to 153.1 mg/g and from 80.8 to 105.8 mg/g, respectively (Zhou
et al., 2013). The solubility of norfloxacin in water is decreased when
NaCl or CaCl, is added, especially for CaCl, (Yang et al., 2012). The ad-
sorption capacities of tetracycline on GO decreased upon increasing
the Na™ concentration (Gao et al., 2012). Moreover, the adsorption of
thiamphenicol and IBP was decreased at increased ionic strength, and
the same trend was observed to a lesser extent for diclofenac (DCF)
and carbamazepine (Zhao et al., 2016). The addition of 0.5 g/L NaCl con-
siderably inhibited the adsorption of ACT (by about 30%), which might
be due to the aggregation of GO at high ionic strengths (Moussavi
et al., 2016). The adsorption capacity of metformin on GO was reduced
by increasing the NaCl concentration from O to 0.1 M, and this could
be explained by the lower active coefficients of metformin, the compet-
itive adsorption of Na™, and the increasing aggregation of GO particles
(S.Zhu et al., 2017).

2.1.3.3. Dissolved organic matters. The adsorption of sulfamethoxazole,
thiamphenicol, and IBP was decreased with the increase of organic mat-
ter in the solution (Zhao et al., 2016). When the amount of dissolved
humic acid was increased (up to 40 mg/L), the adsorption coefficients
of the two sulfonamides decreased by 0.5-0.8 mg/kg, mainly due to di-
rect competition for the adsorbent surface (Ji et al., 2009).

2.2. MOF nanomaterials

2.2.1. Adsorption capacity

The adsorption capacities of reported nanomaterials are summa-
rized in Table 1. Zeolitic imidazole frameworks (ZIF)-magnetic GO
shows a high adsorption capacity for benzotriazole (>300 mg/g)
(Andrew Lin and Der Lee, 2016). The adsorption of the antibiotic
nitroimidazole depended strongly on the type of functional groups on
the MOFs (Seo et al., 2017). The adsorption of ZIF-8 for 1H-
benzotriazole and 5-tolyltriazole follows pseudo-second-order kinetics,
and fits the Langmuir adsorption model with the respective adsorption
capacity of 2985 and 396.8 mg/g (Jiang et al, 2013).
Polyvinylpyrrolidone-coated iron oxide nanoparticles also showed effi-
cient removal of bisphenol A and ketoprofen (98% and 95% removal, re-
spectively, Alizadeh Fard et al., 2017). Carboxymethyl cellulose-Fe/Mn
nanoadsorbent showed the maximum adsorption of 1172.25 mg/g for
ciprofloxacin at pH 5 in water (Yan et al,, 2017).

2.2.2. Adsorption mechanism

MOFs can adsorb pollutants in water via the following mechanisms:
electrostatic interactions, Lewis acid—base interactions, H-bonding, and
m- interactions (Andrew Lin and Der Lee, 2016). The adsorption of
nitroimidazole antibiotics on MOFs was attributed to H-bonding be-
tween the -NO, of nitroimidazole and -NH, of the modified MOFs
(Seo etal, 2017). For the adsorption of IBP and DCF onto porous carbon
derived from MOFs, the most probable reason for the relatively higher
reduction in IBP is that there are many more H-bond acceptors in IBP
than in DCF (Bhadra et al., 2017).

2.2.3. Influencing factors

2.2.3.1. pH. The pH could affect sulfamethoxazole sorption on MOFs: the
Kd values slightly increased with pH from 2 to 4, then decreased at pH
= 5-10 (Song et al., 2016). The adsorption capacities of ZIF-8 for 1H-
benzotriazole and 5-tolyltriazole slightly decreased as the pH increased.
ZIF-8 also exhibited appreciable amount of benzotriazole adsorption
(~150 mg/g) at pH 8 and 9 (Jiang et al., 2013). The ZIFs-negatively-
charged magnetic reduced GO exhibited relatively stable adsorption ca-
pacities for benzotriazole (BTA) at pH 4-9. Once the pH was raised to 10
(which is higher than the pKa value of 2), the decrease in adsorption be-
came significant due to the inhibition of electrostatic adsorption by the
negatively-charged species of BTA and GO (Andrew Lin and Der Lee,
2016). A urea- or melamine-modified MOF, MIL-101, displays stable
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adsorption for saccharin (SAC) at pH 3-7, which could be attributed to
the electrostatic attraction of negatively charged deprotonated form of
SAC with positively charged MIL-101, and the stable H-bonding be-
tween the SAC anion and —NH, group on urea-MIL-101 (Seo et al.,
2016). For the carboxymethyl cellulose binary oxide Fe-Mn nanoparti-
cles (CMC-FMBO), at pH < 6.0, the sorption capacity of CIP increased
with increasing pH due to the electrostatic attraction between the cat-
ionic form of CIP and increasingly negatively charged CMC-FMBO. At
pH > 6.0, the sorption capacity declined, and this might be due to
(1) the formation of anionic CIP that exhibited electrostatic repulsion
with negatively charged CMC-FMBO, (2) increasing competitive ad-
sorption of hydroxyl ions against anionic CIP, and (3) much less hydro-
phobic for the anionic form than the zwitterionic one (Yan et al., 2017).
On a carbon-modified ZIF-8, the adsorption of IBP decreased with in-
creasing pH, which showed that the electrostatic interaction was not
the main process for IBP adsorption here (Bhadra et al., 2017). Two
composites, MIL-101/sodium alginate (MIL-101/SA) and MIL-101/
chitosan (MIL-101/CS), exhibited similar patterns of pH-dependent ad-
sorption of three PPCPs (benzoic acid (BEN), IBP, and ketoprofen (KET))
with a maximum adsorption at pH ~4.0, suggesting again the predomi-
nant influence of pKa-dependent electrostatic attraction in adsorption
(Zhuo et al., 2017). The decrease of adsorption over urea-modified
MIL-101 with increasing pH can be explained by the electrostatic inter-
action between the negatively charged O in the -NO, group of the
nitroimidazole antibiotics and the positive surface charge on MIL-101
(Seo et al,, 2017).

2.2.3.2. Ionic strength. No significant change of the adsorption capacity of
benzotriazole on ZIF was found in the presence of NaCl, CaCl,, and
MgSO0, (Jiang et al., 2013). The removal of CIP by CMC-FMBO was en-
hanced in the presence of NaCl, possibly due to the decreased CIP solu-
bility (i.e. salting out), and the promoted formation of adsorbent
aggregates (i.e. squeezing out) (Yan et al,, 2017). The salts have insignif-
icant effects on the BTA adsorption to ZIF-GO (Andrew Lin and Der Lee,
2016). The adsorption of three PPCPs onto MIL-101/SA and MIL-101/CS
decreased with increasing ionic concentration due to competition from
CI~, while the adsorption was almost unchanged with the ionic concen-
tration of >0.25 wt% (Zhuo et al., 2017).

2.2.3.3. Dissolved organic matter. The polyvinylpyrrolidone (PVP)-coated
magnetite nanoparticles (NPs) showed good adsorption performance
for bisphenol A and ketoprofen with 98 and 95% removal. PVP-coated
NPs showed still good performance for the adsorption of these pollut-
ants, while their removal by granular activated carbon (GAC) was signif-
icantly inhibited by the competitive inhibition of dissolved organic
matter with micropollutants (Alizadeh Fard et al., 2017).

3. Photocatalysis

Photocatalytic oxidation is an advanced oxidation process for re-
moving trace contaminants, which can be a polishing step to treat
emerging and recalcitrant organic compounds. The main photocatalysts
contain either single metal oxides (TiO,, ZnO, and WO3) or GO or CNT
combined with catalytic components (e.g. TiO,, ZnFe,04, W03, C3Ny,
Nb205, C0304, and CUZO).

3.1. Photocatalytic property

Table 2 summarizes the photocatalysts and their degradation capac-
ities. With TiO, catalyst, the removal efficiencies of DCF and naproxen
(NPX) were 75% under Xe lamps after 2 h (Méndez-Arriaga et al.,
2008). With TiO, concentrations of 10 and 20 mg/L, ~85% and 100% of
IBP was degraded after 3 h, respectively (Choina et al., 2013). Using
5 mg/L TiO,, hydroxybiphenyl, DCF, IBP, progesterone, triclosan,
ofloxacin, acetaminophen, and caffeine were all completely degraded
in <1 h (Miranda-Garcia et al., 2011). A 72% degradation rate of atenolol

can be achieved in 1 h with 1.5 g/L TiO, under solar irradiation (Bhatia
et al., 2017). The degradation of triclosan by TiO, was very efficient
and complete after about 1 h (Rafqah et al., 2006). Triclosan in water
could also be degraded by 90% using ZnO under solar radiation in
90 min (Kosera et al., 2017). When using ZnO coated activated carbon
fiber, 99% of tetracycline at 40 mg/L was degraded within 1 h under
UV light (Tran and Lee, 2017). A 98% removal rate of sulfamethoxazole
was achieved within 3 h under visible light irradiation using GO-WO3
(W. Zhu et al., 2017). g-C3N4/Nb,05 nano-heterostructures exhibited a
high activity (81% removal) in the photooxidation of the drug amiloride
(AML) (da Silva et al,, 2017). The Gold@Silver@Silver chloride (Au@Ag@
AgCl) core-double shells NPs were produced using Momordica charantia
leaf extract, and the prepared material showed a degradation rate of
97% for IBP and 98% for clofibric acid (CA) at 10 mg/L in aqueous solu-
tion under solar irradiation (Devi and Ahmaruzzaman, 2017). The addi-
tion of g-C5N4 in TiO, resulted in a 2.3-times faster photodegradation
rate for CA than for pristine TiO, under simulated solar irradiation
(Chen et al., 2017).

3.2. Photocatalytic mechanisms

Among the many photocatalysts, TiO, is mostly preferred due to its
chemical stability, acceptable band gap, ability to adsorb electrons, low
cost, etc. (Gao and Wen, 2016). When the photon energy is equal to or
greater than the energy gap (hv > E;), photon impingement on the sur-
face of nanosized TiO, forms a n/p controlled photocatalytic oxidation
switch (Henderson, 2011). After the TiO, is excited, electron-hole
pairs (e~/h™) are formed on the surface of the nanomaterial. The
holes interact with H,O on the surface to form highly oxidizing hydroxyl
radicals (-OH) (Grabowska et al., 2012). The electrons, on the other
hand, interact with the oxygen adsorbed on the TiO, surface to generate
strongly oxidizing negative oxygen ion radicals (O,- ). These strongly
oxidative free radicals then oxidize and eventually degrade the emerg-
ing contaminants (Schneider et al., 2014). Various semiconductors and
carbon-based carriers could significantly improve the photocatalytic
degradation, via the high surface area, increased visible light absorption,
the formation of an effective p-n type semiconductor nano-junction,
and the suppression of the interfacial charge (e~ and h™) recombina-
tion. For the composites of GO-TiO,, GO-WO0s3, and Co304-C3Ny, the
-OH attack on the benzene ring or isoxazole ring was the main route
of photodegradation of the antibiotics. For decatungstate anion
immobilized on modified silica particles, the high degradation rates of
LEV, atenolol (ATN), and trimethoprim (TMP) were all mediated by
-OH radicals, as confirmed using electron paramagnetic resonance
spin trapping technique (Molinari et al., 2017).

Besides the indirect oxidizing radicals, the direct hole oxidation and
electron reduction were important photocatalysis mechanisms. For a
ZnFe,0,-Ag/rGO composite, direct oxidation by holes was important
in the photodegradation besides the oxidation by the generated OH-,
02-7, and H,0, under light condition (Khadgi et al., 2017). SiC/
graphene catalyst could degrade PFOA by the photoinduced
hydrodefluorination process via the Si — H/C — F redistribution under
UV light excitation (Huang et al., 2016). Besides the radicals, CI° also
contributed the degradation of IBP and CA by the Gold@Silver@Silver
chloride core-double shells NPs under solar irradiation (Devi and
Ahmaruzzaman, 2017). The main degradation pathways of CA on g-
C3N,4/TiO, photocatalyst are e~ reduction, HO- oxidation, and 0, attack
reactions, according to mass spectrometry analysis and theoretical cal-
culations (Chen et al., 2017).

3.3. Influencing factors

Numerous studies focused on the degradation of emerging contam-
inants via photocatalysis, and identified operational parameters that
can affect the efficiency of these processes, such as the light intensity
and wavelength, solution pH, and the presence of oxygen.
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Table 2
Photodegradation of the emerging comtaminants in water.
Nanomaterial Pollutant Removal (%) Treatment condition Reference
TiO, Diclofenac 75 Xe lamp (1000 W, 290-400 nm); Time 2 h Méndez-Arriaga et al., 2008
Naproxen 75 Xe lamp (1000 W, 290-400 nm);Time 2 h Méndez-Arriaga et al., 2008
Hydroxybiphenyl 100 Solar UV lamp (30 W, <400 nm); Time 0.5 h Miranda-Garcia et al., 2011
Diclofenac 100 Solar UV lamp (30 W, <400 nm); Time 0.5 h Miranda-Garcia et al., 2011
Ibuprofen 100 Solar UV lamp (30 W, <400 nm); Time 0.5 h Miranda-Garcia et al., 2011
Progesterone 100 Solar UV lamp (30 W, <400 nm); Time 0.5 h Miranda-Garcia et al., 2011
Caffeine 100 Solar UV lamp (30 W, <400 nm); Time 0.5 h Miranda-Garcia et al., 2011
Acetaminophen 100 Solar UV lamp (30 W, <400 nm); Time 0.5 h Miranda-Garcia et al., 2011
Triclosan 100 Solar UV lamp (30 W, <400 nm); Time 0.5 h Miranda-Garcia et al., 2011
Ofloxacin 100 Solar UV lamp (30 W, <400 nm); Time 0.5 h Miranda-Garcia et al., 2011
Triclosan 100 Fluorescent lamp (15 W, 300-450 nm); Time 1 h Rafqah et al., 2006
Tetracycline 50 UV lamp (125 W, >254 nm), Time 1/6 h Reyes et al., 2006
Tetracycline 50 Solarium lamp (6 W, 300-400 nm); Time 1/3 h Reyes et al., 2006
Tetracycline 50 Black light lamp (160 W, 365 nm); Time 2 h Reyes et al., 2006
Benzophenone-3 93.7 Xe lamp (350 W); Time 0.5 h Zutfiga-Benitez et al., 2016
Sulfamethoxazole 100 UV-A light (450 W, 324-400 nm); Time 1 h Hu et al., 2007
Sulfamethazine 35 Osram Dulux lamp (9 W, 350/400 nm); Time 1 h Kaniou et al., 2005
Caffeine 51 Four UV- lamps (15 W, 273 nm); Time 4 h Arfanis et al., 2017
Salicylic acid 55 Four UV- lamps (15 W, 296 nm); Time 4 h Arfanis et al., 2017
Caffeine 92 Solar UV lamp (30 W, 273 nm); Time 2 h Gil et al., 2017
Diclofenac 47 Solar UV lamp (30 W, 450 nm); Time 2 h Gil et al,, 2017
Ibuprofen 47 Solar UV lamp(30 W, 222 nm); Time 2 h Gil et al., 2017
Salicylic acid 22 Solar UV lamp(30 W, 296 nm); Time 2 h Gil et al.,, 2017
Ni-TiO, Bisphenol A 100 Phillips lamp(25 W, 400-700 nm); Time 3.5 h Blanco-Vega et al., 2017
Ag, Pd, or Pt-TiO, Perfluorooctanoic acid 100 Hg lamp (125 W, 365 nm); Time 5 h Liet al, 2016
Zn0 Amoxicillin 100 UV lamp (6 W, 365 nm); Time 3 h Elmolla and Chaudhuri, 2010
Ampicillin 100 UV lamp (6 W, 365 nm); Time 3 h Elmolla and Chaudhuri, 2010
Cloxacillin 100 UV lamp (6 W, 365 nm); Time 3 h Elmolla and Chaudhuri, 2010
Sulfamethazine 92 Osram Dulux lamp (9 W, 350/400 nm); Time 1 h Kaniou et al., 2005
Ibuprofen 88 Hg lamp (125 W, 254 nm); Time 1.3 h Rastkari et al., 2017
Triclosan 100 Hg lamp (125 W, 200-300 nm) Kosera et al., 2017
Ce-ZnO Acelsulfame K 65 Xe arc lamp (1500 W, 290 nm); Time 1.5 h Calza et al., 2017
WO Atenolol 70 Luxtel Xenon lamp (175 W, >360 nm); Time 5 h Longobucco et al., 2017
Carbamazepine 60 Luxtel Xenon lamp (175 W, >360 nm); Time 5 h Longobucco et al., 2017
Acetaminophen 100 Xe lamp (1500 W, 300 nm); Time 2 h Rey et al,, 2015
Metoprolol 100 Xe lamp (1500 W, 300 nm); Time 2 h Rey et al., 2015
Caffeine 100 Xe lamp (1500 W, 300 nm); Time 2 h Rey et al.,, 2015
Hydrochlorothiazide 100 Xe lamp (1500 W, 300 nm); Time 2 h Rey et al,, 2015
Antipyrine 100 Xe lamp (1500 W, 300 nm); Time 2 h Rey et al., 2015
Sulfamethoxazole 100 Xe lamp (1500 W, 300 nm); Time 2 h Rey et al., 2015
Carbamazepine 100 Xe lamp (1500 W, 300 nm); Time 2 h Rey et al,, 2015
Ketorolac 100 Xe lamp (1500 W, 300 nm); Time 2 h Rey et al., 2015
Diclofenac 100 Xe lamp (1500 W, 300 nm); Time 2 h Rey et al., 2015
Ibuprofen 100 Xe lamp (1500 W, 300 nm); Time 2 h Rey et al., 2015
NasW10032 Atenolol 100 Hg lamp (125 W, N\ > 300 nm); Time 3 h Molinari et al., 2017
Levofloxacin 100
Trimethoprim 100
Graphene oxide-TiO, Atenolol 72 Solar irradiation (1000 W); Time 1 h Bhatia et al.,, 2017
Caffeine 99 Solar UV lamp (30 W, <400 nm); Time 1 h Linley et al., 2014
Carbamzepine 99
Graphene oxide-WO5 Sulfamethoxazole 100 Xe arc lamp (200 W, 420-630 nm); Time 3 h S.Zhu et al,, 2017
Graphene oxide-Ag-ZnFe,0,4 170-ethinyl estradiol 100 Xe arc lamp (300 W, <400 nm); Time 1.5 h Khadgi et al., 2017
Graphene oxide-Cu,0 Sulfamethoxazole 100 Xe arc lamp (300 W, 420 nm); Time 2 h Liu et al., 2016
Graphene oxide-Ag-ZnFe,04 17o-ethinyl estradiol 80 Xe arc lamp (300 W, <400 nm); Time 4 h Liet al, 2016
WO5-g-C3Ny Sulfamethoxazole 80 Xe arc lamp (300 W, 420-630 nm); Time 4 h Sun et al., 2017
Nb,05-g-C3Ny Amiloride 80 Fluorescent lamps (15 W, 440 nm); Time 3 h da Silva et al., 2017
C0304-g-C3Ny4 Tetracycline 90 Solar UV lamp (30 W, 357 nm); Time 3.3 h Suyana et al., 2017
Au@Ag@AgCl Ibuprofen 98 Solarium lamp (6 W, 300-400 nm); Time 2 h Devi and Ahmaruzzaman, 2017
Cu-MnO, Benzotriazole 89 Solarium lamp (6 W, 300-400 nm); Time 1 h Zhang et al,, 2016
g-C3Ny4-TiOy Clofibric acid 85 Xe-lamp (350 W, 290 nm); Time 50 min Chen et al., 2017
ZnO-activated carbon Tetracycline 99 UV lamps (20 W, 365 nm); Time 1 h Tran and Lee, 2017
C3N4-ZIF 8 Tetracycline 96 Solarium lamp (6 W, 300-400 nm); Time 1 h Panneri et al., 2017
g-C3Ny Atrazine 100 Xe-lamp (1000 W, >400 nm); Time 1 h Zheng et al., 2016

3.3.1. Light source

The light source affects the reaction according to both the wave-
length and light intensity. At low light intensity, the photocatalytic reac-
tion rate is proportional to the intensity of light (Herrmann, 1995). High
photocatalytic conversion efficiency of formaldehyde by TiO, was ob-
served under UV (Yang et al., 2007). No sulfamethoxazole degradation
was observed in TiO, suspensions irradiated with only visible light
(>400 nm), and direct photolysis of sulfamethoxazole by UV is slow

(Hu et al., 2007). To achieve 50% degradation of triclosan in water, ap-
proximately 10, 20, and 120 min of irradiation was necessary for UV, so-
larium, and black light lamps, respectively (Reyes et al., 2006).

332.pH

The pH value can strongly influence the degree of particle aggrega-
tion, the band edge position, and the surface charge of semiconductor
catalyst particles in the reaction solution, as well as the adsorption of
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Fig. 1. Nanoadsorbents, emerging contaminants, and research focus on nanoadsorption during 1998-2017. CNT: carbon nanotube; GO: graphene oxide; CMC: caboxy methyl cellulose;
MIL: chromium (IIl) terephthalat; PVP: polyvinylpyrrolidone; ZIF: zeolitic imidazole framework; PFOA: perfluorooctanoic acid; PFOS: perfluorooctane sulphonate; PFC: perfluorinated
compound; EDC: endocrine disrupting chemical; PPCP: pharmaceutical and personal care product.

organic pollutants on their surface. In photocatalytic reactions, the effect
of pH is related to the surface charge of the catalyst and the ionic form of
the substrate (Zufiiga-Benitez et al., 2016). When the pH is below the
point of zero charge, the catalyst particles are protonated and positively
charged, while at higher pH the surface is deprotonated and more neg-
atively charged (Choina et al., 2013). After 6 h of reaction, the photocat-
alytic degradation of amoxicillin, ampicillin, and ciclopirox by TiO, in
water all reached the highest rate at pH 11 and the lowest rate at
pH 5, since the pH changes both the morphology of the antibiotic and
the catalyst (Elmolla and Chaudhuri, 2010). A slight rate increase was
observed under alkaline pH, possibly due to changes in the acid-base
speciation of sulfamethoxazole or the extent of its adsorption on TiO,
(Hu et al., 2007).

3.3.3. Presence of oxidants

After adding an oxidant to the reaction system, it is captured on the
surface of the catalyst, reducing the hole-electron recombination rate
and promoting the formation of - OH. The rate of benzophenone-3 deg-
radation increases upon increasing the H,O, concentration, but a de-
crease is observed when the concentration exceeds 128 mg/L (Zaiiga-
Benitez et al., 2016). No sulfamethoxazole degradation occurs under
strict anoxic conditions unless an external electron acceptor is pro-
vided; and the degradation rate is greater in O,-sparged than air-
sparged suspensions (Hu et al., 2007). In the photocatalytic oxidation
of sulfamethoxazole, H,0, can absorb light to promote the charge sep-
aration and therefore the oxidation reaction. The excessive H,0, also
acts as holes or hydroxyl trapping molecules, and reacts with TiO, to
form a peroxide, which is detrimental to the photocatalytic degradation
reaction (Kaniou et al., 2005).

3.4. Photocatalyst modification

In recent years, to improve the efficiency of photocatalysis, people
have used a variety of means to modify the catalyst, mainly by metal
or non-metallic element doping, precious metal deposition, and semi-
conductor recombination.

3.4.1. Doping

Non-metallic doping (N, C, S, Si, B, F) (Shi et al., 2011; Wang et al.,
2009; Wang et al., 2012), metal doping (Fe, Nb, Sn, Co) (Le et al,,
2012; Xu et al., 2012), and co-doping (S-N, N-F, Ni-Ni) (Breault and
Bartlett, 2012; He et al,, 2012) could all introduce impurity energy and
enhance the visible light absorption of the catalyst.

Among non-metals, N-doping could reduce the band gap of TiO, and
realize the photocatalytic response of visible light (Asahi, 2001). Si was
implanted into the TiO, lattice to form Si—O—Ti bond, and the TiO,
after doping can maintain the original morphology and have high ther-
mal stability. As a result, a maximum UV light conversion of 31.8% was
achieved, which is 1.9 times that of the undoped electrode, and the cor-
responding photoelectrocatalytic degradation efficiency for pentachlo-
rophenol was 84.8% higher (Su et al., 2016). The carbon-doped g-C3N,4
showed a reaction rate enhancement of 2.3-10.5 fold for the
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Fig. 2. Trend of studies on nanoadsorbents for removing emerging contaminants during
2007-2017. CNT: carbon nanotube; GO: graphene oxide; OCBA; other carbon-based
adsorbent; CMC: caboxy methyl cellulose; MIL: chromium (III) terephthalat; PVP:
polyvinylpyrrolidone; ZIF: zeolitic imidazole framework; OMOF; other metal-organic
framework; X for CNT + X, GO + X, PVP + X, and CMC + X represents: Fe, Zn, Al Si, N
and so on.
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Fig. 3. Trend of studies on emerging contaminant removal using nanoadsorption during
2007-2017. PFOA: perfluorooctanoic acid; PFOA: perfluorooctane sulphonate; PFOS:
perfluorinated compounds; EDC: endocrine disrupting chemical; PPCP: pharmaceutical
and personal care product.

degradation of organic micropollutants compared to that of conven-
tional, melamine-based g-CsN; under simulated visible sunlight
(Zheng et al., 2016). Following metal doping, the resultant photocata-
lytic properties are related to the electronic configuration of the dopant
ions, and the metal ions affect the carrier recombination and electron
transport (Nicole et al., 2001). Cerium-doped ZnO composites exhibit
higher degradation of acesulfame K (ACE) than TiO,, especially under
visible light and in the presence of organic matter (Calza et al., 2017).
Ag-, Pd-, and Pt-TiO, exhibited higher PFOA degradation of 57.7%,
94.2%, and 100%, respectively, compared with pure TiO, (31.1%),
which was attributed to the storage of excess electrons in the conduc-
tion band by noble metal nanoparticles, when the holes in the valence
band were used in PFOA degradation (Li et al., 2016).
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3.4.2. Semiconductor compounds

The combination of TiO, and narrow bandgap semiconductors can
reduce the energy required for light activation, thereby not only extend-
ing the spectral response of TiO, but also facilitating the separation of
electron-hole pairs. The activity of Fe,03/TiO, composite was found to
be higher than that of pure Fe,03 or TiO, under visible light, due to
the presence of heterogeneous junctions between Fe,03 and TiO, for
the separation of carriers and the suppressed recombination of
photogenerated electron-hole pairs (Yan et al.,, 2012). Cuprous oxide-
reduced GO showed a 50% removal of sulfamethoxazole (SMX) within
120 min and 100% removal of methylene blue (MB) within 40 min
under the visible light condition (Liu et al., 2016).

3.4.3. Precious metal deposition

The deposition of precious metals can improve the photocatalytic ac-
tivity, because the metal and TiO, have different Fermi levels. When
these two materials are in contact with each other, the electrons trans-
fer from the Fermi level of TiO, to the Fermi level of the metal, and this
effectively acts as an electron barrier to prevent the recombination of
electrons and holes.

4. Bibliometrics on emerging contaminants, nanoadsorbents, and
research focus

Recently, bibliometrics has been used as an important method for
analyzing and predicting research trends. The keywords capture the
main points in a study. Thus, keyword analysis is among the most effec-
tive methods in bibliometrics. Using the co-word analysis method, we
can identify hot spots in the research field.

4.1. Trends for adsorption

“Emerging AND (Contaminant® OR Pollutant® OR micropollutant™)
AND *sorption” were used to search titles, abstracts, and keywords of
documents published between 1998 and 2017 in the Science Citation
Index (SCI). We obtained 1010 related documents, and their keywords
were analyzed using the open-source visualization and exploration soft-
ware Gephi (Version 0.8.2). Trends in the adsorption studies could be
visualized using the resulting co-word network.
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Fig. 4. Nanocatalyst, emerging contaminants, and research focus on nanophotocatalysis during 1998-2017.
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The clustering of keywords was used to examine the main directions
of related research on the global scale (Fig. 1). Over the past 20 years,
the main adsorbents studied were carbon-based ones (CNTs, GO) and
MOFs (CNTs + X, GO + X), polyvinylpyrrolidone (PVP) + X, carboxy
methyl cellulose (CMC) + X, ZIF, and chromium (III) terephthalate
(MIL). The main emerging contaminants studied were: antibiotics for
PPCPs; bisphenol A, estrogen, and 17-beta-estradiol for EDCs; and
perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS)
for PFCs. The major research fields include adsorption kinetics, adsorp-
tion mechanism, isotherms, removal efficiency, toxicity, as well as the
main influencing factors (e.g., competing adsorbates, dissolved organic
matter, pH, temperature, and adsorption forces).

From 2011 to 2017, the number of papers on nanoadsorbents in-
creased by 9.3 times (Fig. 2). Among the carbon-based ones, CNTs and
GO were the most studied. The number of publications about these
nanoadsorbents greatly increased after 2014, from 8 to 26 for CNTs in
2017. After 2011, the studies of MOF nanoadsorbents were greatly ac-
celerated, and the ratio of relevant papers among those about
nanoadsorbents increased from 22.2% to 45.2% in 2017. The studied
frameworks mainly used CNTs, GO, and PVP for the organic component,
and Fe, Zn, and Al for the metals. Besides, the ZIF (transition metal ions
(Fe, Co, Cu, Zn) connected by imidazolate linkers) and MIL (trimers of Cr
octahedra with terminal ligands linked by carboxylate ligands) are the
newest nanoadsorbents, whose studies were significantly accelerated
after 2016.

The literature on emerging pollutant removal using nanoadsorption
continued to grow, with the highest number of 107 papers in 2017
(Fig. 3). Before 2009, half of the papers were about EDCs including
bisphenol and estrogen. After 2009, there was an obviously increased
interest in PPCPs, with the number of papers in 2017 being 8.2 times
the number in 2009, and the ratio of PPCP studies in 2017 was 76.6%
(Fig. 3). The main PPCPs examined include DCF, IBP, carbamazepine, caf-
feine, and NPX. Another interesting group was PFCs (PFOA and PFOS),
with the number of papers gradually increased after 2009.

4.2. Trends for photocatalysis

“Emerging AND (contaminant® OR Pollutant® OR Micropollutant®)
AND (Photocataly* OR Photodegrad*)” were used to search titles, ab-
stracts, and keywords of the documents published between 1998 and
2017 in the SCI. We finally obtained 613 related documents, and their
keywords were also analyzed by Gephi to obtain the co-word network
and understand the research trends.

Based on keyword clustering analysis, Fig. 4 shows that the main
photocatalysts considered by researchers are TiO,, ZnO, MgO, WOs3,
and GO. The main emerging contaminants are DCF, IBP, NPX, triclosan,
and carbamazepine for PPCPs; and bisphenol and estrogen for EDCs.
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Fig. 5. Trend of studies on nanocatalyst for the photodegrading emerging contaminants
during 2007-2017. X for TiO, + X and GO + X reprents Fe30,4, W05, ZnO, BiVO,4 and In,0s.

The main research fields were kinetics, photocatalytic mechanism, pho-
tolysis, degradation pathways, transformation product toxicity, as well
as the influencing factors (including the dissolved organic matter, oxi-
dation, pH, and modification on the photocatalyst).

In 2017, the number of papers on nanomaterials for photocatalysis
increased by 6.2 times compared to that in 2011 (Fig. 5), and the most
studied nanomaterials were TiO, and ZnO, either used singly or in com-
bination. After 2014, the studies of W03, Bi,Oy, and GO + X greatly in-
creased by 4.1 times for the 3 categories in 2017.

Similar to the case of adsorption, the number of published studies on
removing emerging pollutants by nanophotocatalysis increases year by
year especially after 2012, with 87 papers in 2017. Before 2009, the
studies of EDCs constituted half for the emerging contaminants. After
2009, the research of PPCPs was obviously intensified, with the number
of publications increased by 89.7% from 2009 to 2017 (Fig. 6).

5. Conclusions and recommendations

We provided a systematic review and bibliometric analysis on
nanomaterials for removing emerging pollutants in water by adsorption
and/or photocatalysis processes. While a majority of studies up to 2009
were devoted to EDCs, there was clearly increased interest in PPCPs af-
terwards. Both the adsorption and photocatalysis approaches showed
great potential for removing emerging pollutants from water. For the
adsorption approach, CNT- and GO-based adsorbents have attracted
the most interest, with the main adsorption mechanisms being hydro-
phobic effect, - interactions, hydrogen bonding, covalent bonding,
and electrostatic interactions. Recently, the MOF nanomaterials showed
great capacities for removing these pollutants via adsorption. TiO, and
ZnO were the main nanomaterials studied for photocatalysis, while
after 2014 the TiO,- and GO-based frameworks have been greatly devel-
oped. The significant factors affecting photocatalysis are the light condi-
tions, presence of oxidants, pH, and surface modification.

The following points are worthy of special attention in future rele-
vant studies. (1) Combined MOF nanomaterials should be developed
to enhance the adsorption as well as the synergistic photocatalysis.
(2) New modification methods for the photocatalysts can improve the
degradation efficiencies and widen the usable light wavelength.
(3) The relationship between molecular structure and adsorption- and
photocatalysis-based technologies should be clarified. (4) The efficien-
cies of the new technologies should be tested for real wastewater at
large scales, and in the presence of dissolved organic matter and other
coexisting substances.
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Fig. 6. Trend of studies on emerging contaminant removal using photocatalysis during
2007-2017.
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