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Application of nanotechnologies for removing
pharmaceutically active compounds from water:
development and future trends

Zhenggqing Cai, @2 Amarendra Dhar Dwivedi, °¢ Wan-Ning Lee, ©¢
Xiao Zhao, @¢© Wen Liu, ©*%" Mika Sillanpaa, @©*9 Dongye Zhao, ®¢©
Ching-Hua Huang @9 and Jie Fu ®*?

Pharmaceutically active compounds (PhACs) are widely detected emerging contaminants in water environ-
ments and possess high potential risks to human health and aquatic life; however, conventional water
treatment processes cannot remove them sufficiently. The boom in nanoscience and nanotechnology of-
fers opportunities to leapfrog on the back of these new technologies to develop innovative techniques in
the field of water treatment. The extraordinary properties of nanomaterials, such as large surface area,
quantum effect, electrochemical and magnetic properties, and other size-dependent physical and chemical
properties, offer nanotechnologies great advantages over conventional technologies. To date, nano-
materials have been extensively applied or investigated in adsorption, photocatalysis, catalytic ozonation
and filtration processes and have been shown to have many promising potential application prospects.
Among the various nanomaterials, graphene and carbon nanotubes have shown a superior adsorption ca-
pacity for the removal of PhACs and possess great potential for modifying photocatalysts; moreover, they
can also act as highly efficient catalysts for ozonation. The nano-sized photocatalysts, i.e. nano-TiO,, gra-
phitic carbon nitride, MoS, nanosheets, and ZnO, generally exhibit higher photocatalytic activity than bulk
photocatalysts. The involvement of nanomaterials in a membrane can improve the permeability, selectivity,
and anti-fouling properties of the membrane for improved filtration processes. However, some challenges,
such as high cost, poor separation performance and environmental risks, are still impeding their engineer-
ing application. Aiming to provide readers with a comprehensive insight into the application of nanotech-
nologies for PhACs' remediation, the current review summarizes the recent advances and breakthroughs
made in nanotechnology for PhACs' removal, highlights the modification methods for improving the effec-
tiveness of treatment methods using nanomaterials, and proposes a number of possible further research
directions.

Pharmaceutically active compounds (PhACs) are found to be widely emerging contaminants in water environments and possess high potential risks to

human health and eco-systems. However, conventional water treatment processes cannot completely remove these compounds, and thus advanced
treatment techniques are necessary. Due to the blooming development of nanotechnology, there are great opportunities to efficiently remove PhACs from

water. Due to their specific nanoscale properties, nanomaterials show great potential application for PhACs removal through the processes of adsorption,

photocatalysis, enhanced advanced oxidation processes (AOPs) and filtration. This work gives an overview of the recent advances using nanotechnologies

for PhACs remediation.
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1. Introduction

Pharmaceuticals are a large, diverse group of compounds
designed to prevent, control, and cure diseases and improve
health. The list of pharmaceuticals includes thousands of
non-prescription and prescription drugs, i.e. antibiotics, anti-
pyretics, antidepressants, analgesics, blood lipid regulators,
contraceptive drugs, and chemotherapy agents."” The most
commonly used pharmaceuticals are listed in Table 1. The
continuous growth in the global population, increasing in-
vestment needed for health-care, pervasive global market
availability, and ageing societies in many countries have
greatly led to an increased consumption of pharmaceuticals
in the past few decades.” Nowadays, pharmaceuticals are
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used in significant quantities throughout the world. For ex-
ample, in the U.S., approximately 12000 prescription phar-
maceuticals and more than 100 000 over-the-counter pharma-
ceuticals are distributed for human consumption.* In China,
the total usage of 36 frequently detected antibiotics was
92700 tons in 2013, of which ca. 53 800 tons entered the re-
ceiving environment.” Therefore, many pharmaceuticals have
been widely detected in the effluents of wastewater treatment
plants, in surface waters, in groundwater and even in some
drinking waters, and pose a great threat to public health and
aquatic ecosystems.® In this introduction, we summarize the
source and fate of pharmaceutical contaminants in the water
environment and, most importantly, the corresponding treat-
ment methods.
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Table 1 List of some commonly used pharmaceuticals’
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Compound Classification MW (g mol ™) Water solubility” log Kow"
Acetaminophen Antipyretic 151 14 000 0.46
Amoxicillin Antibiotic 365 3430 0.87
Ampicillin Antibiotic 594.7 10100 -1.13
Aripiprazole Atypical antipsychotic 448.4 7.77 4.13
Atenolol Beta-blocker 266.34 26500 0.16
Caffeine Stimulant 194 21600 -0.07
Carbadox Antibiotic 262 15000 -1.37
Carbamazepine Antiepileptic/antidepressant 236 17.7 2.45
Ciprofloxacin Antibiotic 331.3 30000 -1.74
Crestor Statin 481.5 88.6 1.47
Chloramphenicol Antibiotic 323.1 2500 1.14
Diazepam Anxiolytic 284.8 50 2.82
Diclofenac Arthritis 318.1 1113 0.70
Dilantin (phenytoin) Anti-convulsant 252.3 32 2.47
Ethynylestradiol Contraceptive 296.2 11.3 3.67
Erythromycin-H,O Antibiotic 733.9 4.8 3.06
Fluoxetine Antidepressant 309.3 50000 4.1
Furosemide Loop diuretic 330.7 102.6 2.03
Gemfibrozil Lipid regulator 250 10.9 4.77
Hydrochlorothiazide Diuretic 297.7 722 -0.07
Ibuprofen Pain reliever 206.1 21 3.97
Ketoconazole Antifungal 531.4 0.29 4.34
Meprobamate Anxiolytic 218.3 4700 0.70
Naproxen Analgesic 230.1 15.9 3.18
Ofloxacin Antibiotic 361.4 28300 -0.3
Pentoxifylline Hemorrheologic 278.1 77 000 0.29
Penicillin G Antibiotic 356.4 50 000-100 000

Salbutamol Treat bronchospasm 239.3 14100 1.4
Salmeterol B, adrenergic receptor 415.6 27.37 4.15
Sulfachloropyridazine Antibiotic 285 7000 0.31
Sulfamerazine Antibiotic 278 1500 0.89
Sulfamethizole Antibiotic 270 1050 0.54
Sulfamethoxazole Antibiotic 253 610 0.89
Tetracycline Antibiotic 444.4 10000 -2.56
Triclosan Antibiotic 289.6 12 4.76
Trimethoprim Antibiotic 290.1 400 0.91

“ Water solubility (mg L™, at 25 °C) and logK,, (octanol-water partition coefficient) values were obtained from the Syracuse Research
Corporation (SRC) PhysProp database (http://www.syrres.com/esc/physdemo.htm) or PubChem database (http://pubchem.ncbi.nlm.nih.gov/).

1.1 Pharmaceutical pollution

Pharmaceutically active compounds (PhACs) are relatively sta-
ble, and cannot be fully assimilated by humans and animals
during usage. Hence, they are only partially metabolized and
some part is excreted in the urine and faeces and can enter
wastewater treatment plants (WWTPs) or the water environ-
ment.® Up to 90% of administered PhACs can be excreted
unmetabolized in urine or stools and can enter domestic
wastewater systems.” Due to ineffective treatment, PhACs can
enter the environment as parent compounds or active metab-
olites via the effluents from WWTPs. The other sources of
PhACs are manufacturing processes, agricultural fields, con-
centrated animal feeding operations, landfill leachates, and
urban run-off."*® Numerous studies on the occurrence of
PhACs have been performed, and the concentration of PhACs
in wastewater, surface water, and groundwater has been
detected as ranging from the ng L™ levels to more than pg
L7* levels.'®'* Wastewater treatment plants are considered as
hotspots as a source of PhACs in the environment.'” In

This journal is © The Royal Society of Chemistry 2018

1970s, Hignite and Azarnoff"® reported PhACs contaminants
in wastewater effluents and surface waters in the U.S., but
the PhACs did not cause much concern at that time. During
1999 and 2000, the U.S. Geological Survey (USGS) conducted
the first U.S. nationwide reconnaissance of pharmaceuticals,
hormones, and other organic wastewater contaminants
(OWCs) in water resources from 139 susceptible streams
across 30 states and found that 80% of the sampled streams
were contaminated by OWCs with a high detected frequency
for non-prescription drugs (about 80%) and antibiotics
(about 50%).'* Thereafter, efforts have gradually shifted to
study the source, fate, and treatment methods for PhACs.
PhACs-contaminated surface water can enter drinking wa-
ter sources, and consequently appear in our drinking water
supplies. The most widely used drugs, i.e. caffeine, acetamin-
ophen, and cotinine, have been detected in drinking water
samples collected near Atlanta, Georgia.'” A study conducted
by the USGS and the Center for Disease Control and Preven-
tion documented that some prescription and non-
prescription drugs and their metabolites have been

Environ. Sci.: Nano, 2018, 5, 27-47 | 29
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Fig. 1 Country survey on the number of pharmaceutical substances detected in surface waters, groundwater or tap/drinking water (reproduced

with permission from ref. 16, copyright 2016 John Wiley and Sons).

frequently detected in drinking water,"” albeit the detected
PhACs concentration in drinking water generally was low and
did not exceed Federal drinking water standards or lifetime
health advisories, although such standard or advisories have
not been established for most of the PhACs."

To date, PhACs have been widely detected in surface wa-
ters, groundwater, or tap waters in different countries, as
shown in Fig. 1."® More than 100 different PhACs were
detected in the U.S. and several European countries in the
aquatic environment with concentrations higher than the de-
tection limit. More than 30 different PhACs have been found
in Asia-Pacific, Caribbean States, Latin American, Eastern Eu-
ropean and Western European countries."®

Many pharmaceuticals are reported to have acute or
chronic toxicity to fish and invertebrates (as shown in
Fig. 2)."” Researchers and regulatory agencies have been scru-
tinizing the level of health risks associated with the exposure
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Fig. 2 Standard acute and chronic and nonstandard endpoints of
various pharmaceuticals in fish and invertebrates (reproduced with
permission from ref. 17, copyright 2012 Environmental Health
Perspectives).
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to PhACs in drinking water. Unfortunately, our knowledge on
the chemical persistence and microbial resistance of PhACs
remains insufficient. Moreover, little is known about the po-
tential interactive effects (synergistic or antagonistic toxicity)
of pharmaceuticals and other xenobiotic compounds.*’

1.2 Conventional treatment methods

Conventional wastewater treatment techniques such as bio-
logical processes, activated carbon (AC) adsorption, ozona-
tion, UV photolysis/photocatalysis, and wetlands treatment
are commonly employed to remove organic pollutants from
waters.'® However, these methods are limited due to short-
comings of low efficiency or high cost.

It is widely reported that the most commonly applied bio-
logical processes cannot completely degrade recalcitrant
PhACs.”"*?° For instance, carbamazepine is nearly non-bio-
degradable, and some other commonly found PhACs (e.g.
clofibric acid and bezafibrate) can only be partially removed
(by 34-51% and 50-93%, respectively).” In addition, the
wastewater discharged by the pharmaceutical industry may
include organic solvents, raw materials, reactants, intermedi-
ates, active pharmaceutical ingredients (APIs), and catalysts,
making it very difficult to be treated.”® Therefore, alternative
treatment methods are required to further eliminate the
PhACs from wastewater.

Activated carbon, the most commonly applied adsorbent,
is capable of removing many hydrophobic and charged
PhACs from the aqueous phase. The non-specific dispersive
interactions (e.g. van der Waals interactions) are the domi-
nant adsorption mechanism and contribute most to the re-
moval of most non-polar PhACs with a log K, >2, while the
electrostatic interactions between the ionic PhACs and
charged activated carbon surface are responsible for the re-
moval of polar PhACs.”"**> The adsorptive removal of PhACs
by activated carbon is commonly applied as post-treatment
after biological treatment or as an advanced treatment

This journal is © The Royal Society of Chemistry 2018
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process for drinking water treatment. However, the total en-
ergy demand of activated carbon methods is considerably
high, and the effectiveness is greatly affected by the natural
dissolved organic matters (DOMs) in the wastewater matrix.

Membrane filtration, i.e. nanofiltration and reverse osmo-
sis (RO), have been shown to effectively remove PhACs with a
low molecular weight.>® Membrane processes remove PhACs
through the mechanisms of adsorption in the initial stages
and rejection during the steady state, where the removal effi-
ciency is dependent on the membrane characteristics (mate-
rial, pore size, surface morphology, etc.), the physico-
chemical properties of the PhACs (molecular weight, hydro-
philicity/hydrophobicity, pK,, etc.), and solution parameters
(ionic strength, pH, etc.).”> However, membrane fouling is
still a challenge for the effective operation of membrane pro-
cesses, and greatly restricts its engineering application, par-
ticularly for wastewater treatment.

Ozonation has been traditionally employed for treating
organic contaminants in drinking water and is effective in
removing PhACs from wastewater as a secondary treatment
method.>* However, the ozonation of PhACs still has a few
shortcomings, such as a high energy consumption and is-
sues with the uncertain effects of the oxidation products/in-
termediates. Catalytic ozonation, as one of the most ad-
vanced oxidation processes (AOPs), is an alternative
ozonation process with enhanced efficiency for organic pol-
lutants removal. This method overcomes the limitations of
ozonation processes, such as the formation of selective re-
actants and the incomplete mineralization of PhACs.>® The
adsorption and diffusion of PhACs on catalysts are the rate
limiting step for the catalytic ozonation process, and there-
fore, new photocatalysts are required to overcome these
limits.

UV radiation is generally applied with photocatalysts (e.g.
TiO,) to degrade PhACs in wastewater and shows a relatively
high efficiency.*® Moreover, the photocatalytic degradation of
PhACs under solar light has been considered as a sustainable
method considering the low energy cost. However, the con-
ventional photocatalysis methods still have a number of
drawbacks, such as low solar light activity, a low quantum
yield efficiency and high energy consumption. Therefore, new
photocatalysts are needed to improve the quantum efficiency
and extend the effective wavelength to the visible light
region.

The development of conventional methods (such as ad-
sorption, AOPs and biological technologies) for treating phar-
maceuticals and personal care products (PPCPs) was critically
reviewed by Xu et al®>’ Many materials used in adsorption
and AOPs were well discussed in this review, which provides
readers with an overview of the merits and shortcomings of
various technologies/materials for PPCPs removal. However,
only limited novel materials, particularly nanomaterials, were
mentioned. In recent years, novel approaches are being con-
tinuously proposed to supplement conventional water treat-
ment processes and many of these can achieve a higher water
quality with minimized costs.

This journal is © The Royal Society of Chemistry 2018
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1.3 The treatment methods associated with nanomaterials

The recent development of nanotechnology offers leapfrog-
ging opportunities for developing innovative technologies for
the more efficient degradation of PhACs during water and
wastewater treatment. Nanotechnology generally means the
application of materials and structures with a nanoscale di-
mension of 1-100 nm.>®**° The basic structures of nano-
materials include nanoparticles or nanocrystals, nanolayers,
and nanotubes.”® The extraordinary properties of nano-
materials, including large surface area, small size effect,
quantum effect, photosensitivity, catalytic activity and electro-
chemical and magnetic properties, as well as tunable pore
size and surface chemistry, are all promising features for
treating the PhACs in wastewater, thus showing great applica-
tion potential in adsorption, photocatalytic degradation, cata-
lytic ozonation and modification of the membrane filtration
process.*’

Fig. 3a and b reveal the number of publications on the ap-
plication of nanomaterials as adsorbents and photocatalysts
for treating PhACs; Fig. 3c summarizes the date of the initial
application of selected nanomaterials for treating PhACs via
various methods. It is obvious that the past decade has
witnessed a surge of interest in the application of nano-
materials towards the removal of PhACs in water and in the
wastewater treatment area. Based on the literature survey, it
is worth noting that carbon nanotubes (CNTs) and graphene-
associated nanomaterials offer exciting opportunities for
treating PhACs-contaminated wastewater with high efficiency.
These two carbon materials have been extensively investi-
gated in recent years, which is one of the key reasons for the
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rapidly increased publications in this field. The exponential
increase in the number of papers provides vast information
for readers; however, to the best of our knowledge, there is a
lack of comprehensive and high quality review articles fo-
cused on the removal of PhACs using nanomaterials, and
only limited review papers about the removal of PhACs using
nanotechnologies can be found. In 2013, Rivera-Utrilla
et al.® reviewed the removal of PhACs from water by using
conventional treatment methods, but did not include the ap-
plication of nanotechnologies. Jung et al.** reviewed the ap-
plication of CNTs to remove endocrine-disrupting com-
pounds and PPCPs from water and proposed further
research. Most recently, Cincinelli et al.** summarized the
nanotechnologies for the removal of pharmaceuticals and
PPCPs from water and wastewater, but only highlighted
CNTs, zeolites, nano-TiO, and Fe;O,. Many other newly
emerging nanomaterials, such as g-C;N, and graphene,
should be included, considering their promising application
potential and the research efforts devoted to these. Moreover,
it is worth noting that nanofiltration itself is not real nano-
technology,®* and the association of nanofiltration with nano-
technologies in numerous studies can lead to considerable
confusion.

In this study, we present a thorough overview to summa-
rize the recent developments and breakthroughs in the re-
moval of PhACs using novel nanomaterials and nanotechnol-
ogies, including (1) the fundamental mechanisms of most
commonly used methods combined with nanotechnologies,
i.e. adsorption, photocatalysis, catalytic ozonation, and the
membrane process; (2) the merits and limits of the nanotech-
nologies and barriers to their full-scale application; and (3)
discussion of the current knowledge gaps and further evolu-
tion of nanotechnologies for the treatment of PhACs.

2. Adsorption

As briefly discussed in the introduction, adsorption is the
most popular environmental remediation approach due to its
flexibility in terms of design and operation, feasibility for
retrofitting to current water treatment trains, and cost-
effective and environmentally friendly nature.>® Conventional
adsorbents, e.g., AC, zeolites, clays, polymeric adsorbents,
and bentonite, have been extensively studied for removing
water soluble PhACs including carbamazepine, diclofenac,
ibuprofen, and ketoprofen.>® Unfortunately, these conven-
tional adsorbents have a number of severe limitations, partic-
ularly their low adsorption capacity and rate. However, the
booming development of many nanomaterials, such as CNTs,
graphene, and nanoscale zeolites, sheds light on the en-
hanced adsorption of PhACs. These nano-adsorbents offer
unique advantages, including large specific surface area, se-
lective and abundant adsorption sites, short intraparticle dif-
fusion distance, tunable pore size, and easy regeneration and
reusability.*’

In this part, the recent advances, effectiveness and merits
of the most widely studied nano-adsorbents, i.e. CNTs,

32 | Environ. Sci.: Nano, 2018, 5, 27-47
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graphene and nano-metal oxides, are summarized, and the
limitations and challenges for their application are
discussed.

2.1 Carbonaceous nanomaterials

The hybridization of carbon to different degrees results in
the formation of a variety of allotropes, including CNTs,*®
carbon nanofibers (CNFs),*” graphene,*®*° carbon nano-
particles, and carbon nanobeads (CNBs).*” Among these, sp*
hybridized carbon allotropes, i.e. CNTs and graphene, have
attracted enormous attention as promising adsorbents due to
their unique surface properties derived from their nanostruc-
ture, and they have been extensively studied for the adsorp-
tive removal of PhACs from the aqueous phase.*"**

Graphene is a two-dimensional (2D) graphite with a single
atomic layer honeycomb network of sp> hybridization. It was
first obtained by Novoselov et al.** via the mechanical exfolia-
tion of pyrolytic graphite in 2004. CNTs are rolled-up
graphene sheets with a single-wall (SWCNTs) or multiwall
(MWCNTs); they were discovered by Iijima in 1991 during the
arc-evaporation synthesis of fullerene.** Fig. 4 shows the
structures and images of graphene and CNTs. It has been
predicted that the global market for graphene-based mate-
rials will increase at an annual growth rate of 58.7% and will
reach $675 million in 2020.%>*® However, to the best of our
knowledge, it was not until the years of 2008 and 2011 (ref.
47 and 48) that publications started to report the research on
the adsorptive removal of PhACs by CNTs and graphene
(Fig. 3).

The adsorption of PhACs on carbonaceous nanomaterials
derive from five possible interactions, including hydrophobic
effects, n-n stacking, hydrogen bonding and electrostatic and
covalent interactions.” The interaction types, strengths, and
contribution to the overall adsorption are a function of the
properties of both carbonaceous nanomaterials and the
PhACs molecules. Therefore, for the adsorptive removal of
PhACs by carbonaceous nanomaterials, the surface

SWCNTs and (c and f) MWCNTSs (reprint with permission from ref.
49-52, copyright 2009, 2013 American Chemical Society, 2011, 2015
Elsevier).

This journal is © The Royal Society of Chemistry 2018
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properties, such as surface area, functional groups on the ad-
sorbent surface, the pores, determine its adsorption perfor-
mance in the aqueous phase.

The large specific surface area of graphene (2630 m”> g™
for single-layer graphene) and CNTs (~650 m®> g ' for
SWCNTs and 420 m”> g™* for MWCNTS) provide a large num-
ber of surface adsorption sites,*>** which is believed to be
the primary reason for their superior adsorption capacity. Un-
der ideal conditions, four types of adsorption sites are avail-
able on CNTs, including the external surface area, inner cavi-
ties of tubes and the interstitial and groove areas between
tubes. However, the inner cavities are generally inaccessible
to PhACs molecules due to the blocking effect by impurities
or amorphous carbon, while the interstitial areas between the
CNTs bundles can be too small to fit the adsorbate mole-
cules. Therefore, the external surface and groove area of
CNTs are the primary effective surfaces for adsorption.*”
While adsorption occurs on both sides of the nanosheets of
graphene, the larger surface area and ratio of accessible sur-
face provide them with an even higher potential as an excel-
lent adsorbent. Besides their large surface area, the high hy-
drophobicity and extraordinary high mechanical properties
are ideal properties to make graphene and CNTs excellent
adsorbents.

To appreciate the role that CNTs and graphene can play in
PhACs adsorption, it is useful to review the reported PhACs
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adsorptive removal performance by graphene and CNTs.
Table 2 summarizes the PhACs removal efficiency and reac-
tion conditions reported by some researchers. Notably, most
of the reported CNTs and graphene exhibit high adsorption
capacities for different PhACs.

It is commonly accepted that SWCNTs have a higher ad-
sorption capacity for organic compounds than double and
multi-walled CNTs.®® Do the carbonaceous nanomaterials
follow the law that a larger surface area gives a higher ad-
sorption capacity? To answer this question, a study mea-
sured the maximum adsorption capacities for three PhACs
(ketoprofen, carbamazepine and bisphenol A) using five car-
bonaceous nanomaterials and found that the adsorption
followed the sequence SWCNTs > reduced graphene oxides
> MWCNTs > graphene > graphite. This order is in line
with the order of their surface areas and micro-pore vol-
umes.*®> Therefore, efforts have been devoted to increase the
adsorption capacity via increasing the specific surface area
of CNTs. For instance, a KOH dry etching method was ap-
plied to activate CNTs. The surface area of the activated
SWCNTs was increased from 410.7 to 652.8 m”> g* and that
of MWCNTs was increased from 157.3 to 422.6 m> g"'. Con-
sequently, the adsorption capacity for the tested antibiotics
(sulfamethoxazole, tetracycline, and tyrosine) was increased
2-3 and 3-8 times by the activated SWCNTs and MWCNTs,
respectively.>

Table 2 Selected examples showing the adsorptive removal of PhACs by carbonaceous nanomaterials

Adsorbents PhACs pH M,* Co t R* Q. ky

Graphene oxide (GO)*®  Tetracycline 3.6 181 33.33 0.5 — 126 0.065

GO (ref. 57) Sulfamethoxazole, 5.0 100,10 20, 12, 47%, 34.5% 93.8, 345 0.133, 0.067
ciprofloxacin 10 24

Activated GO Ciprofloxacin 7.0 500 150  0.036 50% 149.4 0.036

(ref. 58 and 59)

Graphene nanoplatelets Aspirin, acetaminophen, 8.0 1000 20 0.17 65%, 90%, 13,18, 20 0.185, 0.188,
caffeine 100% 0.777

Reduced GO (rGO) (ref. Ketoprofen, 6.5 — 15, 170, — 45,75 —

45) carbamazepine 30 96

Fe;0, modified rGO Tetracycline — 1600 12.5, 24 50% 95, 12 —

(ref. 48) 75

Fe;0,-modified Oxytetracycline, 7.0 3000 1 1 97%, 98% 2.5, 1.95 0.00083,

graphene (ref. 60) tetracycline 0.00097

Sodium alginate/GO Ciprofloxacin — 300 50 48 84.5% 25.9 7.36

(ref. 61)

SWCNTs*® Ketoprofen, 6.5 — 15, 48, — 73, 148 —
carbamazepine 30 96

MWCNTs*® Ketoprofen, 6.5 - 15, 24, — 20, 54 —
carbamazepine 30 48

MWCNTs>? Sulfamethoxazole, thiamphenicol, 7.0 427-1556 0.2 12 — 5.85, 9.30, 1.45, —
ibuprofen, diclofenac, 20.64, 15.38
carbamazepine

MWCNTs*? Oxytetracycline, 7.0+ 250r50 2.5 24 79-97% 92.59, 37.59 0.317, 0.117
carbamazepine 0.2

MWCNT-coated Sulfamethazine 5.0 1000 10 24 >90% 9.5 —

biochar®?

Granular CNTs/alumina Diclofenac, 6.0 250 4.6, 36, 60%, 73%  11.4,10.8 —

(ref. 64) carbamazepine 3.7 48

“ M, (mg L) is the dosage of adsorbents; C, (mg L™) is the initial concentration of the adsorbate; ¢ (hour) is the time for the adsorption to
reach equilibrium; R is the removal efficiency at equilibrium; Q. (mg g ') is the adsorbate adsorption capacity at equilibrium; k, (min™") is the

rate constant of the pseudo-second-order model.

This journal is © The Royal Society of Chemistry 2018
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Apart from surface area, some surface properties, such as
the amount and form of the functional groups, also greatly
affect the adsorption of PhACs by graphene and CNTs.
Graphene oxide is the most popular graphene-based adsor-
bent. It has a high density of functional groups (hydroxyl,
carboxyl, carbonyl and epoxy) in the carbon lattice, which
makes it extremely hydrophilic and provides it with a high
adsorption performance.®® For graphene and CNTs, proper
functionalization can prevent aggregation of the nano-
materials, leading to improved selectivity, a higher adsorp-
tion capacity or faster adsorption.”® Introducing oxygenated
functional groups, such as hydroxyl (-OH), carbonyl (C=0)
and carboxylic groups (-COOH), could enhance the adsorp-
tion of graphene and CNTs by affecting the hydrophobic in-
teractions and n-n bonds.®” For example, the reducing of
graphene oxide could introduce a large quantity of surface
functional groups, such as epoxide, alcohol, carbonyl and car-
boxylic acid, which serve as efficient adsorption sites for
pharmaceutical contaminants.®® Yu et al.”® synthesized an ac-
tivated graphene by a one-step alkali-activated method, where
the activation process introduced oxygen-containing func-
tional groups on the materials and improved the maximum
adsorption capacity of ciprofloxacin from 1459 to
194.6 mg g '. Another study compared the adsorption perfor-
mance of norfloxacin by CNTs with different
functionalization types, including graphitized MWCNTs (G-
MWCNTs), carboxylated MWCNTs (C-MWCNTs) and hydrox-
ylated MWCNTs (H-MWCNTs) with AC; whereby, the func-
tionalized CNTs showed higher selectivity and greater desorp-
tion hysteresis. On the basis of unit surface area, the
sorption coefficient followed the order G-MWCNTs >
H-MWCNTs > C-MWCNTs > AC. Although AC had a much
larger BET surface area (664 m” g™') than the CNTs (117-228
m> g¢') in this study, its adsorption performance was
poorer.*’

It should be noted that the adsorption of different PhACs
undergoes varied mechanisms. For example, the sorption of
ciprofloxacin on graphene oxide is primarily controlled by
electrostatic attraction, while sulfamethoxazole sorption is
mainly though n-rn electron donor-acceptor attraction on the
graphene oxide.”” Therefore, the functionalization of carbo-
naceous materials can exhibit different performances on the
adsorption of various PhACs.

The development of computational chemistry offered great
opportunities for designing/optimizing nanomaterials. For
environmental remediation, it has been widely used to inter-
pret the adsorption mechanism of organic contaminants
onto nano-adsorbents.*>”’°”7* In recent years, density func-
tional theory (DFT) calculations have attracted great research
interests and is a powerful tool for elucidating the adsorption
process of PhACs on nanomaterials. For example, Song
et al.”® studied the competitive adsorption of two pharmaceu-
ticals on rGO, and DFT calculations of the sorption energy re-
vealed that rGO had a higher sorption affinity for tetracycline
than that for sulfamethazine. In addition, the high sorption
of organics on rGO was ascribed to n-n interactions, hydro-

34 | Environ. Sci.: Nano, 2018, 5, 27-47

View Article Online

Environmental Science: Nano

gen bonds, and van der Waals interactions. In future, more
in-depth insights and details of mechanisms of the adsorp-
tion of PhACs should be explored by means of computational
calculations.

The application of nanomaterials for environmental reme-
diation is always criticized due to their poor separation prop-
erty and possible release into the environment due to their
small size. Therefore, the immobilization of CNTs and
graphene has been extensively studied by fabricating hybrid
nanocomposites by coating or by impregnating the nano-
materials onto large solid particles, or by synthesizing CNTs
or graphene on membranes,’® for instance, Wu et al.®®
loaded GO on calcium alginate fibres via a wet spinning
method. The prepared material exhibited good separation
performance and also achieved a relatively high ciprofloxacin
removal efficiency, i.e. 78.9% of ciprofloxacin was removed at
the adsorbent dosage of 2 g L™ with a GO loading of 6%.
The CNTs could form a hybrid with Al,O; to obtain a separa-
ble porous granular hybrid adsorbent-CNTs/alumina, where
the composite demonstrated a good adsorption performance
for diclofenac sodium and carbamazepine. Moreover, it could
be fully thermally regenerated.®*

The carbonaceous nanomaterials possess promising po-
tential for use as adsorbents; however, there are some key
technical barriers yet to be overcome. First, most studies
reported so far have focused on the adsorption of a single
solute in deionized water or synthesized wastewater. Real wa-
ter/wastewater, however, is more complicated as pollutants
always coexist with natural organic matter (NOM), inorganic
ions or other inorganic materials, which impact the adsorp-
tion behaviors. For example, NOM coating on graphene or
CNTs can alter their physico-chemical properties, thus affect-
ing the adsorption of PhACs.*> Moreover, carbonaceous nano-
materials are difficult to be separated from water after appli-
cation. The practical application of the widely used ultra-
centrifugation method for separation is hindered by a high
energy consumption and high cost;”® hence, immobilization
methods should be further developed. The largest disadvan-
tage of carbonaceous nanomaterials-based technology is the
cost: bulk purified MWCNTs are sold for less than $100 per
kg, which is still 1 to 10 times the price of commercially
available carbon fiber, and the cost of graphene is even
higher.”” Fortunately, the development of synthesis technolo-
gies helps to decrease the cost of the carbonaceous nano-
materials. In addition, materials with relatively low purities
could still fulfill the requirement as adsorbents.

2.2 Other nano-adsorbents

Other than graphene, some 2D nanomaterials with a high
specific surface area, i.e. molybdenum disulfide (MoS,) nano-
sheets,”® layered double hydroxides,”® and hexagonal boron
nitride nanosheets,*® have also exhibited superior adsorption
performance for organic compounds in recent years and pos-
sess great application potential for PhACs removal in water
treatment processes. In addition, magnetic nano-adsorbents
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Fig. 5 (a) Structure and (b) AFM image of monolayer MoS,:%? (c)
structure and (d) SEM images of monolayer boron nitride®®
(reproduced with permission from ref. 82 and 83, copyright 2011
nature, and 2014 Elsevier).

(e.g. nanocomposites combined with Fe;O,) have been devel-
oped for facilitating the recovery efficiency.®’ Moreover,
nano-hydroxyapatite and chitosan also are good adsorbents
for PhACs removal.

MoS, nanosheets are graphene-like 2D layered materials
that are vertically stacked and held together by van der Waals
interactions; Fig. 5a and b show their structure and AFM im-
ages. The adsorption of PhACs by MoS, is primarily due to
hydrophobic effects, n-n stacking, and electrostatic interac-
tions.”® The large surface area provides MoS, nanosheets
with a large adsorption capacity and relatively fast kinetics
for PhACs removal. It has been reported that a layered MoS,
could remove 83% of doxycycline antibiotic in a test with an
adsorption capacity around 310 mg g'.”® However, MoS, is
more commonly reported as a photocatalyst rather than an
adsorbent, and therefore, it is also beneficial to take advan-
tage of its prominent adsorption property to promote the
photocatalytic performance.

Hexagonal boron nitride is isoelectronic with graphene
and possesses a similar 2D structure (Fig. 5c and d). Its re-
markable properties, i.e. large surface area, high mechani-
cal strength and high stability, render it a good adsor-
bent.® Liu et al® synthesized highly porous hexagonal
boron nitride nanosheets, which exhibited unprecedentedly
high adsorption capacities for the tested PhACs (i.e. 1170,
284, 206 and 174 mg g for chlortetracycline, tetracycline,
ciprofloxacin and norfloxacin, respectively) in the aqueous
phase, and the material showed excellent recyclability after
simple regeneration. However, the difficulties involved in
the preparation of boron nitride, the high cost and toxicity
problems limit its application as an adsorbent for PhACs
removal.®* Moreover, information on the adsorption perfor-
mance, mechanism, effects of the environmental factors
and the regeneration of spent materials is still needed, and
lots of uncertainties are still present in using boron nitride
as an adsorbent.

This journal is © The Royal Society of Chemistry 2018
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Nano-hydroxyapatite is an inorganic material widely ap-
plied in medical and biological fields, and in recent years it
has been claimed to be a promising adsorbent for PhACs re-
moval from wastewater due to its high stability, low solubility
and large surface area.®> However, the experimental data
showed that only 54.3% and 47.3% of norfloxacin and cipro-
floxacin were removed at a high nano-hydroxyapatite dosage
(20 g L™).* 1ts relatively low affinity to PhACs makes it hard
to compete with other nano-adsorbents or even with conven-
tional AC.

Chitosan is derived from the naturally abundant chitin,
and the presence of hydroxyl and amine groups makes it a
candidate for use in remove organic pollutants from effluents
in pharmaceutical industries. In recent years, chitosan nano-
particles have been reported to exhibit high adsorption kinet-
ics and a capacity for removing diuretic furosemide from wa-
ter, with a maximum adsorption capacity of furosemide of up
to 270 mg g ' within 10 min.*® Given its high abundance,
low cost and renewable and biodegradable properties,®” chi-
tosan possesses great potential as an adsorbent. However, no
systematic study concerning the adsorption of various PhACs
species by chitosan has yet been published, as well as the en-
vironmental parameters on the adsorption process have not
been reported, and hence lots of possibilities still remain to
be explored.

Magnetic nano-adsorbents (e.g. Fe;0,) are attractive mate-
rials because they can be easily retained and separated from
treated water.”® To date, several magnetic nano-adsorbents,
including magnetic zeolites and magnetic carbon nano-
composite, have been reported for the adsorption of PhACs,
and have exhibited high efficiency.*"*® For instance, a study
demonstrated that a magnetic nanoparticles (y-Fe,O;)-coated
zeolite achieved >95% removal efficiencies for diclofenac,
naproxen, gemfibrozil and ibuprofen within 10 min at an ini-
tial concentration of 100 pug L™ and a sorbent dosage of 1 g
L% Singh et al®® synthesized a carbon-iron magnetic
nanocomposite, which showed an improved ibuprofen re-
moval efficiency compared to its precursor carbon. The syn-
thesis of magnetic nano-adsorbents provides an opportunity
for the easy control and fast separation of nano-adsorbents
with the ability to retain most of its surface area when com-
pared with other immobilization methods, making the ap-
proach of environmental remediation by these nanomaterials
more close to the engineering application.

Table 3 compares the merits and shortcomings of the key
nano-adsorbents. Undoubtedly, the above-reviewed progress
in the adsorptive removal of PhACs by nano-adsorbents dem-
onstrates their promising prospects in wastewater treatment;
however, the appropriate cost of nano-adsorbents for practi-
cal application has not yet been realized, and some barriers
still need to be overcome. Based on our opinion and the
pioneering studies, the understanding of the adsorption
mechanism should be further improved in future research in
order to synthesize functionalized nano-adsorbents with
higher selectivity and specificity for PhACs. Moreover, the
cost of manufacturing nano-adsorbents needs to be further
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Table 3 Comparison of various nano-adsorbents for PhACs removal

Materials Advantages Shortcomings
CNTs®"%° High mechanical strength, = Hard to recover,
selectivity, sorption kinetics  potential
and capacity, high environmental risks,
hydrophobicity and strong  high cost
affinity to organic pollutants
Graphene’”®® High mechanical strength,  Expensive, potential

selectivity, quick sorption environmental risks
kinetics and high capacity

MosS, High adsorption capacity High cost, instability,

(ref. 78) and kinetics potential
environmental risks
Boron High mechanical strength,  High cost and toxicity

nitride®>®* high stability, good
adsorption capacity

Metal High surface area, unique

oxides®’ magnetic properties that
facilitate their recovery, low
toxicity

Low sorption capacity

decreased, and effective regeneration methods should be
established. Considering the engineering application, more
efforts are required for conducting pilot-scale or even
commercial-scale adsorption experiments to fully evaluate
the operating costs and efficiency under real water treatment
conditions.

3. Photocatalysis

The photocatalytic degradation of PhACs by nanomaterials
has attracted significant attention due to the high efficiency
of the process and possible complete mineralization of the
target organics. Various nanomaterials, such as titanium di-
oxide (TiO,),* graphitic carbon nitride (g-C3N,),’° zinc oxide
(zn0),”* iron oxide (Fe,03;)°> and tungsten oxide (WO;),”
have been applied as photocatalysts to degrade PhACs.

Fig. 6 presents the photocatalytic process on a semicon-
ductor in detail. The electronic structure of these photo-
catalysts includes a filled valence band (VB) and an empty
conduction band (CB). The electron (e”) in the VB can be ex-
cited into the CB when the materials are irradiated with light

Energy Level

0,

Reduction

Intermediates

l

CO,+H,0

H,0/OH"

Fig. 6 Schematic of the photocatalytic process on a semiconductor.
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at a photon energy higher than their band gap energy (Ej).
Then, the photo-generated electronic holes (h') in the VB and
electrons will react with the organics directly, or with oxide
H,O molecules, to give various reactive oxygen species (ROS)
(e.g. "'OH, 'O, and H,0,), which are strong oxidants for
PhACs degradation. In addition, the holes can further initiate
interfacial electron transfer or other chemical reactions to an
adsorbate, or, with the surface-bound ‘OH radicals, or can
diffuse into the solvent bulk. The related reactions during
photocatalysis are shown as follows:

Photocatalysts + iv — Photocatalysts(h)" + e~ (1)

Photocatalysts (h)" + H,O — Photocatalysts + H + ‘'OH (2)

e +0,—~ 0, (3)
‘0, +H" — HO,' (4)
2HO," — H,0, + 0, (5)
H,0, — 2 'OH (6)

Photocatalysts (h)" + Organics — Photocatalysts + CO,
+ H,0 (7)

‘OH + Organics — CO, + H,0 (8)

Great progress has been made in the photocatalytic degra-
dation of PhACs in the aqueous phase. However, the perfor-
mance of bulk photocatalysts is still limited by two intrinsic
drawbacks: 1) the limited light absorbance spectrum, and 2)
the rapid recombination rate of electron-hole pairs. The wide
band gap prevents the utilization of visible light, which is a
bottleneck for many photocatalysts. Fig. 7 summarizes the
typical band gap energies of common photocatalysts with re-
spect to the energy levels of the redox potentials of different
species. Until now, metal/non-metal doping and the forma-
tion of the heterojunction materials have been commonly ap-
plied as band gap adjusting methods to improve the visible
light absorbance.”*®> The recombination of photoexcited
electron-hole pairs typically takes place on the surface or in
the bulk of the catalysts, thus dissipating the energy without
reacting with the reactants. Therefore, various strategies have
been applied to suppress the recombination process, such as
noble metal doping, combining with carbonaceous materials,
textural design and copolymerization.®>°®

Nano-photocatalysts have exhibit unique properties, such
as a large surface area, abundant surface states and the feasi-
bility of nano-surfaces functionalization, which provides
them with exciting opportunities to overcome the inherent
limitations to achieve supreme photoactivity.

In this part, the most studied nano-photocatalysts and
their application towards PhACs removal are summarized
and discussed. Since the PhACs removal efficiency of photo-
catalysis is mainly determined by the activity of the
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Fig. 7 Band gap energies of various photocatalysts and the selected redox potentials of H,O splitting, CO, reduction and pollutant degradation
measured at pH 7 (reproduced with permission from ref. 97, copyright 2016 ACS Publications).

photocatalysts, the modification strategies and examples of
the photocatalysts are emphasized.

3.1 Titanium dioxide

Since Fujishima and Honda discovered the photocatalytic
splitting of water on TiO, in 1972,°® interest in its application
for contaminant photocatalytic oxidation has significantly in-
creased. TiO, has been extensively studied as a typical photo-
catalyst for environmental applications for more than two de-
cades, and it is the most suitable photocatalyst by far due to
its high efficiency, low cost and non-toxic and photo-
chemically stable properties. Three TiO, polymorphs are nat-
urally available; among these, anatase has the highest photo-
catalytic activity and photoelectron transfer property when
compared with rutile, and brookite.”® In recent years, with
the development of nanotechnology, a lot of works have fo-
cused on the application of nano-TiO, catalysts, which have
shown better photocatalytic degradation ability for organics
than bulk Ti0,.°*'°° The decreased particle size provides
shorter carrier-diffusion paths, a lower electron-hole recom-
bination rate, a larger surface area and a better adsorption of
contaminants, all of which are beneficial to enhancement of
the photocatalytic activity.'

The application of TiO, for environmental remediation
has been well documented and has consequently aroused
great attention since the 1980s.'" However, it was not until
2004 that researchers started to systematically study the
photodegradation of PhACs in the presence of different TiO,
materials, including nano-sized TiO, (especially P25).'%*
Thereafter, nano-sized TiO, with various morphologies have
been extensively investigated for PhACs removal, and various
modification methods have been applied to TiO, to promote
the photocatalytic activity.

This journal is © The Royal Society of Chemistry 2018

The nano-sized TiO, with various morphologies, including
nanoparticles, nanobelts, nanowires, nanotubes, nanosheets,
usually have a large surface area, abundant surface state and
many active sites compared with bulk TiO,. It is generally be-
lieved that nano-TiO, presents higher photoactivity in the
photocatalysis process. The TiO, nanoparticles P25 were the
first and most extensively studied types of nano-TiO,, and
have shown remarkably promoted photocatalytic activity for
degrading PhACs compared to bulk TiO,.'”® TiO, nanobelts
have also exhibited high degradation kinetics in the photo-
catalytic degradation of various persistent organics under UV
light, where the holes, 'OH and H,O, played dominant roles
in promoting the degradation rate.'® A highly entangled
TiO, nanowires embedded membrane exhibited higher effi-
ciency for the photocatalytic degradation of pharmaceuticals
under UV irradiation compared to TiO, powder (P25)."°> Also,
TiO, nanotubes were found to show high PhACs photocata-
Iytic activity in PhACs degradation, where the activity was
closely related to TiO,’s crystallinity and morphology of the
photoanodes.'’® Moreover, nano-TiO, possesses an improved
charge mobility and fewer localized states near the band
edges and in the band gap due to the lower number of
unpassivated  surface states, which facilitates the
photoactivity.

However, the efficacy of TiO, as a photocatalyst is still lim-
ited by the following two inherent limitations: 1) low visible
utilization efficiency, and 2) easy recombination of photo-
generated electron-hole pairs.”® It is well known that the
wide band gap (3.0-3.2 eV) of TiO, restricts its light-
harvesting to UV radiation only, which only accounts for ca.
5% of sunlight energy.”®'° Meanwhile, about 90% of the
photoexcited electron-hole pairs are recombined based on
time-resolved spectroscopic studies.’®” Therefore, it is of
great significance to enhance the solar or visible light activity,
and to prevent the electron-hole pairs recombination of
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TiO,. To this end, various methods have been applied; for ex-
ample, doping or incorporating metal or non-metal atoms to
eliminate the charge recombination, coupling with a visible-
light-excited semiconductor (e.g. CdS and g-C;N,, carbon
quantum dots) to improve the solar utilization efficiency®®
and combining with carbonaceous materials (such as CNTs
and graphene) to enhance the adsorption property and
electron mobility of the catalysts, thus improving their subse-
quent effectiveness.'” The commonly used methods to en-
hance the photocatalysis activity of TiO, are summarized in
Table 4.

Doping/deposition with transition metals (e.g. Fe, Co, Ni
and Cr) or noble metal ions (e.g. Au, Ag, Pd and Pt) have been
the most extensively investigated because they can promote
the formation of a hybrid O 2p conduction band with a lower
band gap energy, thus extending the visible light absorption.
The doping with a metal can also retard electron-hole recom-
bination via facilitating electron transfer to the conduction
band, thus enhancing the photoactivity of TiO,.'°”"** In re-
cent years, metal-modified TiO, has showed great potential

Table 4 Modification and optimization of TiO,-based photocatalysts

Optimization

methods Mechanisms
Retardation of Nano-sized Larger surface area; more
electron-hole catalysts'%® reactive sites; lower
recombination electron-hole

recombination
Nanotube Shorter carrier-diffusion
formation®®'%® paths; higher reactant mass

Promotion of
visible light
activity

Metal (transition
and noble)
doping®®
Reactive
crystallographic
facetsl()Q,llO

Lattice
mismatch'*
Combining with
carbonaceous
nanomaterials>®

Metal impurities
doping®*

Dye sensitizer
doping®®
Non-metal atoms
(anion doping)*®

Narrow band gap®
Oxygen deficient
TiO, (ref. 94)
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transfer rate towards the
tube surface

Inhibition of electron-hole
recombination

Higher reactant sorption;
better electron-hole
separation; lower
electron-hole
recombination

Inhibition of electron-hole
separation

Facilitation of electron
transfer, acceleration of the
electron-hole separation,
promotion of the
adsorption of reactants on a
catalyst surface

Formation of impurity
energy levels, shifting of the
adsorption edge to the
visible light range

Electron injection

Lower band gap; restriction
of electron-hole
recombination; formation
of impurity energy levels
Electron injection

Rates of recombination;
electron transport; charge
transfer
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in the photocatalytic degradation of PhACs. For example,
Huo et al.'™ modified TiO,-halloysite nanotubes (HNTs) by
Fe** via an impregnation method, and the synthesized photo-
catalyst with a narrowed band gap showed an enhanced tetra-
cycline degradation rate in simulated wastewater under visi-
ble light irradiation. Previous studies also showed that noble
metal (i.e. Ag) doping on TiO, nanoparticles could signifi-
cantly improve the photocatalytic degradation efficiency of
chloramphenicol and tartrazine.®* However, some shortcom-
ings in metal doping also need to be carefully addressed dur-
ing the research, such as the high cost of the noble metals,
electron trapping by the metal centres and thermal instability
of transition metal-doped TiO,, as well as the toxicity of
metal leaching from the photocatalyst.

Doping TiO, with non-metal species (e.g. C, N, F and B)
can substitute the oxygen vacancy in the TiO,, which will ex-
tend the excitation spectrum of TiO, to the visible range
and improve the quantum efficiency of the photo-
catalysts.>”"* N is the most used, cost-effective and feasible
non-metal species. The breakthrough work by Asahi et al.'*
in 2001 first reported the enhanced visible light activity of
TiO, by N doping. After that, various non-metals-doped TiO,
have been extensively investigated in the aim to obtain better
TiO, optimization methods, as well as the application of
modified TiO, in the photocatalytic degradation of PhACs.
For example, a N-doped TiO, was applied in the photocata-
Iytic removal of spiramycin under visible light, whereby a
high mineralization efficiency (>80%) was achieved within
4 h in real pharmaceutical wastewater. A B-doped TiO, ma-
terial was synthesized by a sol-gel method,'*® and it was
found that the 5% (w/w) B-doped TiO, degraded metoprolol
faster (70% removal) than pure TiO, (48% removal) in 180
min under simulated solar light irradiation. However, the
origin of the visible light photoactivity of modified TiO, is
still under debate. For instance, Asahi et al''® stated that
the mixing of N 2p with O 2p narrowed the band gap, while
latter experimental and theoretical studies proposed that
the formation of localized midgap states was responsible for
the visible light activity.""”

Some noncompensated n-p co-doped TiO, nanoparticles
have shown much more narrowed band gaps, which can ef-
ficiently photodegrade PhACs under visible irradiation.''®
The co-doping of noncompensated materials can provide
electrostatic attraction with the n-p dopant pair, which can
then increase the thermodynamic, and also create tunable
intermediate bands to narrow the band gap. Shi et al'"
synthesized CdS quantum dots-modified N-doped titania
plates, where Cd acted as an n-type dopant to replace a host
Ti atom, and N as a p-type dopant to replace the
neighbouring O atom, which showed a high photocatalytic
activity and low electron-hole combination rate under visi-
ble light. The mineralization rate of diclofenac by the CdS-N
co-doped photocatalyst was enhanced 1.95 times compared
to that of N-doped TiO, under visible light irradiation. Simi-
larly, composites of TiO, with other materials, such as
graphene, SnO,, C3N,; or MoS,, could also help to restrict
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electron-hole recombination and improve the photocatalytic
activity.”

Creating highly reactive crystallographic facets is another
approach to enhance the photocatalytic activity of TiO,.”
The average facet surface energy of anatase TiO, is 0.90 ] m™>
for {001} > 0.53 ] m™> for {100}, and >0.44 ] m~> for {101};""°
however, the low-reactive {101} facet is dominant in anatase,
while the highly reactive {001} facets decreases quickly to
minimize its total surface free energy during the crystal
growth process. A specific capping agent, such as fluorine
ions, doped on the anatase can greatly increase the percent-
age (up to 89%) of the highly reactive {001} facet in TiO,, and
promote the 'OH production and organic pollutant photo-
degradation rate."*® The facet modification creates new op-
portunities for constructing highly efficiency photocatalysts
for PhACs removal from wastewater.

The excellent properties of carbonaceous nanomaterials,
including their high specific surface area, superior electron
mobility, high mechanical strength and high stability, make
them ideal high performance candidates for photocatalyst
carriers or promoters.’*’ These promising properties have
triggered many investigations into the synthesis of new
photocatalysts for PhACs degradation. Pastrana-Martinez
et al.'** prepared a rGO-TiO, composite and tested it in the
photocatalytic degradation of diphenhydramine under visible
light. They speculated that the rGO served as a visible light
sensitizer of TiO,, and promoted the transport of photoex-
cited electrons, thus eliminating electron-hole recombina-
tion. The enrichment of diphenhydramine on the photo-
catalyst could further promote the photocatalytic
performance of the rGO-TiO, composite.'** Murgolo et al.*®
compared the photocatalytic activity of nano-sized TiO,
supported on SWCNTs with TiO, (P25) for degrading warfa-
rin, acetaminophen, triclosan and carbamazepine. The CNTs
efficiently prevented the agglomeration of TiO, particles, and
improved photocatalysis by shifting the UV-vis spectra to lon-
ger wavelengths. The results showed that the new material
displayed a comparable degradation rate even at a much
lower absolute dosage than TiO, (P25). It should be noted
that the carbonaceous material was not incorporated into the
TiO, lattice, and instead it was immobilized on the surface.

One of the great challenges for the application of TiO, is
the separation of TiO, nanoparticles from the water phase
for reuse purposes, and this is also true for most other nano-
materials. The aforementioned magnetic materials could fa-
cilitate their separation, while manipulating the TiO, mor-
phologies, such as nanotubes or nanosheets has been
considered as an available approach to promote the settling
performance of the nanomaterials.”®

3.2 Graphitic carbon nitride

Graphitic carbon nitride (g-C3N,) has recently attracted tremen-
dous attention as a promising metal-free photocatalyst. The
heptazine ring structure and high condensation degree provide
it with unique properties, such as an appealing electronic struc-
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ture with a medium band gap of 2.7 eV and excellent physico-
chemical stability. Therefore, it is a promising candidate as a
visible-light-driven photocatalyst.”> Moreover, g-C3N; is abun-
dant, non-toxic and facile to synthesize. In 2009, the photocata-
Iytic property of g-C;N; was observed by Wang et al.'** during
water splitting experiments, and since then a g-C;N,-driven
“gold rush” has been seen in a growing number of photocata-
Iytic studies. Of course, it is considered as a promising photo-
catalyst for PhACs removal.”®

Pristine g-C;N, suffers from the rapid recombination of
photoexcited electron-hole pairs, and unsatisfactory visible-
light-utilization efficiency."*® Consequently, g-C;N,-based
photocatalysts with a high quantum efficiency are an increas-
ing requirement, and several approaches have been applied
to achieve improved visible light photoactivity, e.g. the con-
struction of mesoporous structures, the formation of surface
coupling hybridization (using graphene, Bi,WOq, etc.) and el-
emental doping."** Among these, the formation of hetero-
structures is the most promising and extensively studied
method (as shown in Fig. 8). As a matter of fact, the hetero-
structure creates a coupling hybridization with difference in
chemical potential between the two coupled semiconductors
and generates band bending at the junction interface, where
the band bending induces a built-in field to impel the trans-
fer of photoexcited electrons and holes to opposite directions,
resulting in a spatially efficient separation of electron-hole
pairs at the interface of the heterojunction.'*® Lattice
mismatch at the interface may occur and produce detects,
which can capture the photogenerated electronic carriers and
retard the recombination of electron-hole pairs."** The
heterostructures are also reported to shift the optical absorp-
tion to higher wavelength regions.

Previous studies revealed that the g-C;N, heterostructure
showed higher photocatalytic activity and greatly promoted
PhACs degradation efficiency in the aqueous phase. A sunlight-
driven g-C3N,/P25 heterostructure was synthesized by Chen
et al.'* via a facile hydrothermal-calcination approach for the
degradation of clofibric acid, and the UV-vis spectra revealed
that the light absorption region of new materials was extended
to 460 nm. The photocatalytic activity of the new material was
3.36 and 2.29 times higher than that of pristine g-C;N, and P25
for clofibric acid degradation."*® The deposition of noble
metals (e.g Au and Ag) derives a surface plasmon resonance
(SPR) effect from the collective coherent oscillation of surface
electrons, which suggests the noble metal nanoparticles are
promising candidates for harvesting both UV and visible light.
A Au/Pt/g-C;N, heterostructure was fabricated by Xue et al.'*®
via a facile calcination-photodeposition method, and the
obtained new material exhibited 3.4 times higher photocata-
Iytic activity for degrading tetracycline hydrochloride than that
of pristine g-C;N, under visible light irradiation. The enhance-
ment of photocatalytic activity was speculated to be from the
surface plasmon resonance effect of Au (Fig. 8d) and the
electron-sink function of the Pt nanoparticles.

As we can see to date, although ample studies have put
an emphasis on obtaining highly effective g-C;N,-based
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Interface Conductor

Z-scheme Heterojunction Z-scheme Heterojunction

Graphene/g-C3:N4 Heterojunction

CNT/g-C3N4 Heterojunction

Fig. 8 Schematic illustration of the photocatalysis of various types of
modification methods for g-C3zN4: (a) semiconductor-semiconductor
Z-scheme heterojunction, (b) semiconductor-conductor-
semiconductor Z-scheme heterojunction, (c) Schottky junction of
metal/g-C3N,4 nanohybrids, (d) surface plasmon resonance (SPR) effect
of noble metal/g-C3N4 nanohybrids, (e) CNT/g-CsN,4 heterojunction
and (f) graphene/g-CsN4 heterojunction. A, D and E; denote the
electron acceptor, electron donor and Fermi level, respectively
(reproduced with permission from ref. 97, copyright 2016 ACS
Publications).

photocatalysts, but the studies in this field are still in the
initial stage and further systematic investigations are re-
quired. For example, the mechanism for enhancing the
photocatalytic activity of g-C3;N,-based photocatalysts is
partly still unclear. More work could be devoted to the sur-
face activation of g-C3;N, to derive the specific binding of
functional groups, or for dispersing semiconductor nano-
particles to form g-C3N,/semiconductor heterostructures
with an improved interfacial contact for photocatalysis, etc.
However, based on the aforementioned advantages and
reported highly photocatalytic active photocatalyst, it is be-
lieved that g-C;N,-based photocatalysts will have promising
application prospects for treating PhACs or other organic
contaminants in wastewater.
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3.3 Zinc oxide

Nano-ZnO is regarded as an efficient and promising candi-
date for photocatalysis because the large exciton binding en-
ergy (60 meV) and direct wide band gap energy (3.37 eV)
endow ZnO with a high UV utilization efficiency. In addition,
the favourable properties of high electron mobility, long
photoexcited electron lifetime, low cost and large surface area
are also beneficial to its practical application as a
photocatalyst.'°®'*”"'> Consequently, the nano-sized ZnO
has received much attention in the photodegradation and
mineralization of PhACs in recent years. In the previous stud-
ies, Chatzitakis and coworkers'° found that the ZnO nano-
particles behaved with similar photocatalytic activity as TiO,
(P25) for chloramphenicol degradation under identical condi-
tions, and an almost complete mineralization of chloram-
phenicol was achieved after 90 min. Following this work, El-
Kemary et al,”’ Farzadkia et al'' and many other re-
searchers have investigated the photocatalytic degradation of
PhACs with nano-sized ZnO, and high PhACs removal effi-
ciencies were always achieved under various water chemistry
conditions.

The microstructures of ZnO nanomaterials can be manip-
ulated by the synthesis methods, which are closely related to
the photocatalytic activity. For instance, the hierarchical
structures, i.e. flower-like, sea-urchin-shaped and dandelion-
like, exhibit higher photocatalytic performance than the
mono-morphological structure.*> However, quite a few works
have studied the effect of ZnO structures on the photo-
degradation of PhACs.

With a similar band gap to TiO,, ZnO also shows poor
visible-light-driven photocatalytic activity. Moreover, fast re-
combination of the photogenerated electron-hole pairs also
limits its application as a photocatalyst. Various methods
have been developed for overcoming these intrinsic short-
comings; among these, metal doping and coupling with other
semiconductors have proven to be effective approaches for
retarding the electron-hole recombination.">” The incorpora-
tion of additional elements or impurities into the ZnO frame-
work can distinctly tune the electronic, optical, luminescent
and other physical properties, thus modulating the light ab-
sorption and enhancing the charge separation effi-
ciency."**'3* Mg-doped ZnO nanocrystallites were prepared
via a conventional solid-state reaction for the photocatalytic
removal of alprazolam under UV light. The obtained mate-
rials showed a hexagonal wurtzite structure with oxygen va-
cancies. A red-shift in the absorption edge and a narrowed
band gap were observed by diffuse reflectance spectra (DRS)
analysis. Consequently, a higher alprazolam removal effi-
ciency was achieved when compared with pure ZnO and TiO,
(P25)."** However, another Mg-doped ZnO synthesized via an
oxalate coprecipitation method exhibited a blue-shift in the
near band edge photoluminescence emission. This new mate-
rial with a wide band gap and efficient electron-hole separa-
tion still showed enhanced solar-driven photocatalytic activ-
ity."*® Therefore, more insightful outlooks need to be
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explored to understand the mechanisms of the metal-doped
ZnO, which would be helpful for the rational design of new
photocatalysts. Other than Mg, promotion of the photocata-
lytic degradation of PhACs was also observed by lanthanum
(La)- and silver (Ag)-doped ZnO nanoparticles."****® In addi-
tion, the photocatalytic activity of ZnO could be improved by
coupling with small band gap semiconductor quantum dots,
such as CdTe and Cds."*®

The coupling of ZnO with other semiconductors has been
proven to enhance the charge separation via increasing the
lifetime of the charge carriers and narrowing the band
gap.”””"*” A nano-scaled tungsten oxide (WO;) coated on
ZnO nanorods with red-shifted light absorption was synthe-
sized by Lam et al.*” via combining the hydrothermal and
chemical solution processes. The material exhibited en-
hanced photocatalytic activity for degrading resorcinol and
methylparaben, which primarily benefited from the enhanced
visible light absorbance and the lower recombination rate of
charge carriers. The ZnO/TiO, heterostructure is one of the
most frequently reported photocatalysts due to its high
photocatalytic activity and relatively low price. ZnO/TiO,/clay
nanoarchitectures with reduced electron-hole recombination
and promoted charge carrier migration were synthesized by
Tobajas et al.,'*® and the material showed enhanced acet-
aminophen and antipyrine degradation efficiency under sim-
ulated solar irradiation.

Their high efficiency and low price make the modified
ZnO promising catalysts for the catalytic degradation of
PhACs and various organic contaminants. However, the
photocorrosion is the major limitation encountered in the
wider application of ZnO due to a loss of toxic Zn>* in the wa-
ter phase and a subsequent decrease in activity. Meanwhile, a
deep understanding of mechanism of the modification ap-
proaches is still required for future research.

3.4 Other nano-sized photocatalysts

Many other nanomaterials, such as WO;,* ZnSnO; nano-

spheres’® and NiO/nano-clinoptilolite,"*® have also been
studied for the photocatalytic removal of PhACs. WO; is a
visible-light-active photocatalyst with a narrow band gap (2.4-
2.8 eV), high oxidation power of VB holes (+3.1 to 3.2 Vnug),
high stability and non-toxicity. Unfortunately, the low CB
edge (+0.3 to 0.5 Vyyg) limits its potential to reduce O,
[E°(0,/'0,7) = 0.33 Vyyg and E°(0,/HO,) = =0.05 Viyg], "' *?
resulting in rapid electron-hole recombination and low
photocatalytic activity. The deposition of noble metals (like
Pt) can accelerate the multi-electron reduction of dioxygen by
WO;, thus promoting photocatalytic activity under visible
light.'** ZnSnO; hollow nanospheres were reported to be
highly effective photocatalysts for the degradation of metroni-
dazole under UV light irradiation, and the photocatalytic ac-
tivity of ZnSnOs;-graphene oxide composite yielded a ca.
30.4% higher degradation rate than pure ZnSn0;."*° NiO
supported on nano-clinoptilolite also could photodegrade
cefuroxime, and the NiO/clinoptilolite composite showed
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about a double photodegradation rate compared to nano-
NiO."° In addition, Bobu et al.'** synthesized a modified
LAPONITE® clay-based Fe nanocomposite and conducted the
photo-assisted Fenton mineralization of ciprofloxacin by hy-
drogen peroxide and UV light. The catalyst exhibited good
catalytic activity and photostability, and ciprofloxacin of 0.15
mM was completely degraded within 30 min under the opti-
mized experimental conditions. However, these reported cata-
lysts always suffer from some limitations, such as high cost,
low stability, toxicity or comparable low quantum efficiency;
therefore, they are still far from ready for engineering
applications.

Photocatalysis has demonstrated great potential for the re-
moval of PhACs in water and wastewater treatment owing to
its low cost, easy operation and environmentally friendly fea-
tures. The merits and shortcomings of various nano-sized
catalysts are summarized in Fig. 9. Of these, TiO, and g-C3N,
are expected to be particularly promising. However, as afore-
mentioned, some underlying mechanisms of the semicon-
ductor modification methods require further investigation
for the sake of the rational design of highly effective photo-
catalysts. For practical operation, the type of water matrix,
the aqueous environmental conditions and the target pollut-
ant type and concentration need to be carefully considered.
However, some challenges for the application of photo-
catalysts still remain, including: (1) developing low cost, high
efficiency catalysts with a high quantum yield or visible-light
photoactivity; (2) improving the efficiency of photocatalysis
under solar light to meet engineering requirements; (3) en-
hancing the catalyst selectivity to degrade the target contami-
nants; (4) controlling the turbidity of the wastewater, which
limits the photocatalytic process, to <5 nephelometric turbid-
ity units (NTU) for photocatalytic degradation;** (5) improv-
ing the recovery efficiency or immobilization methods of the
catalysts; and (6) improving the mineralization degree, since
the by-products of the photocatalytic degradation may be
more toxic.

% Low visible light % Toxicity of leached Zn2*

activity
Stable
Low cost
High efficiency!
Nontoxicity

High electron
mobility

High
abundance

Facile synthesi;
active Visible light
activity

Visible light

High electron-hole
recombination rate

% High electron-hole
recombination rate

Fig. 9 Summary of the merits and shortcomings of the most widely
studied nano-sized photocatalysts used for PhACs removal.
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4. Heterogeneous catalytic ozonation

Ozonation is a mature organic removal method that has been
widely applied in drinking water and wastewater treatment.
The oxidation of organic contaminants generally proceeds via
direct molecular ozone (O;) reactions and/or indirect O; deg-
radation by generating 'OH.'*>'*® Many PhACs, e.g
quinolones, sulfonamides and tetracyclines, are primarily de-
graded via oxidation by Os;, whereas cephalexin, penicillin G
and Nj-acetylsulfamethoxazole are transformed predomi-
nantly by ‘'OH.>* However, the ozonation kinetics of PhACs
are relatively slow. Moreover, carboxylic acids and aldehydes
are usually formed in the ozonation process, both of which
cannot further react with O;.

Since O; has a higher oxidation potential than O,, it can
capture electrons excited in the conduction band of the cata-
lyst, which leads to the formation of an ozonide radical ion
('057) and eventually results in producing ‘OH. Consequently,
a much higher PhACs removal efficiency can be anticipated
for the catalytic ozonation process.'*” Catalytic ozonation
using nano-sized catalysts, like CNTs'*® and metal oxides,"*’
have shown great potential to effectively degrade/mineralize
the refractory PhACs, and thus have received increasing at-
tention in recent years. However, the literature about the cat-
alytic ozonation of PhACs using nanomaterials is still
limited.

CNTs have proven to perform with high efficiency as ozon-
ation catalysts for the mineralization of different
PhACs."*®"°  Goncalves and co-workers'*® systematically
tested the catalytic ozonation of bezafibrate using MWCNTSs.
The large surface area, fast internal mass transfer and high
abundance of surface sites benefited bezafibrate degradation,
and 'OH attack was observed as the main mechanism for the
148 However, it should be noted that
the reaction may introduce oxygenated groups on the surface
of catalyst, which could lead to deactivation of the material.

It is known that the catalyst activity of catalytic ozonation
mainly depends on the surface acid-based property, where
the Lewis acid sites on a catalyst induce the chemisorbed wa-
ter and promote their interaction with Os;, leading to more
ROS production and enhanced ozonation efficiency.'*® A
B-FeOOH/mesoporous alumina catalyst with higher surface
Lewis acid sites was synthesized. In situ attenuated total re-
flection Fourier transform infrared spectroscopy (ATR-FTIR)
demonstrated the dissociative chemisorption of D,O on the
surface Lewis acid sites of the catalysts, where O; interacted
with surface hydrogen-bonded-O-D to initiate the formation
of ROS, which consequently led to enhanced efficiency for
degrading and mineralizing ibuprofen and ciprofloxacin.'*’

Ozonation can be coupled with other physico-chemical
processes to enhance the formation of oxidizing species,
which can offer enhanced treatment efficiency and lead to
the complete mineralization of PhACs. Photocatalytic ozona-
tion is a widely used combination method.'*” For example, a
TiO, nanoparticles thin film was supported on a ceramic irra-
diated by UV light in the proximity of O; to facilitate the

148

enhanced mineralization.
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photocatalytic ozonation of phenazopyridine hydrochloride,
and a higher amount of ‘OH was produced on the surface of
TiO, through the formation of ‘O;". Consequently, a notable
enhancement in the degradation of phenazopyridine hydro-
chloride was achieved when compared with photocatalytic
degradation or catalytic ozonation alone."*”**

Until now, the understanding of the catalytic ozonation
process and its underlying mechanism are still limited and
several questions need answering in order to better reveal the
mechanism and the role of the nano-catalysts, such as: (1)
how does the catalytic ozonation of organic contaminants
proceed?; (2) What roles do O; and organic adsorption play
in the catalytic ozonation process?; (3) Which process is re-
sponsible for deactivation of the catalysts? The answers to
these questions will help the researchers in this area to de-
velop new and high efficiency catalysts, and then to facilitate
their engineering applications.

Besides photocatalytic degradation and catalytic ozona-
tion, various other AOPs, such as catalytic sonolysis,'** the
Fenton reaction,"” UV/H,0,,"** UV/S,0; (ref. 2 and 154) and
the electro-peroxone process,'”” have been investigated for re-
moving PhACs from wastewater. However, these techniques
are rarely associated with nanomaterials and thus we do not
discuss them in this paper.

5. Filtration

The pressure-driven membrane filtration technologies, in-
cluding reverse osmosis (RO), nanofiltration (NF) and ultrafil-
tration (UF), have been widely studied and extensively applied
for pollutants removal in water and wastewater treatment,
and are believed to be promising technologies due to their
high efficiency, easy operation and space saving."”>*'*” Specif-
ically, RO can effectively remove the dissolved inorganic ions
and small organic molecules; while NF, with larger pore size,
is capable of filtering the hardness ions (e.g. Ca®>*) and small
organic matter. Therefore, RO and NF have been considered
as promising methods for PhACs removal from the water
phase.158,159

The membrane fouling and high energy consumption are
the most important limitations of the filtration pro-
158,160 Nowadays, the development of nanotechnology
provides opportunities to incorporate functional nano-
materials into the membrane to promote permeability, stabil-
ity, fouling resistance or self-cleaning properties for the mem-
brane, thus making filtration more practical for engineering
applications.”®*° The most widely used modification tech-
niques include surface coating, chemical treatment and the
use of a materials composite (CNTs, nanofibre, zeolites, etc.).
Fig. 10 displays the potential performance and commercial
viability of nanotechnology for enhancing membrane perfor-
mance, which is presented here to provide readers with a
bird's eye view of the effectiveness and prospects of the nano-
materials in membrane applications. To date, huge numbers
of literature reports are available on the modified NF or OS

cesses.
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Fig. 10 Comparison of the potential performance and commercial
viability of nanomaterial-modified membranes. Performance refers to
the permeability, selectivity and robustness; commercial viability refers
to the material cost, scalability and compatibility with existing
manufacturing infrastructure (modified with permission from ref. 164,
copyright 2011 Royal Society of Chemistry).

membranes for water purification; however, only a few re-
ports can be found on PhACs removal.'®* ¢

The modification of RO and NF membranes using nano-
materials (e.g. zeolites and TiO, nanoparticles) can modify
the matrix structure and surface properties of the membrane,
thus providing favourable properties for the removal of
PhACs. For example, the coating of photocatalytic nano-
particles and antimicrobials on a membrane surface can pro-
vide a self-cleaning property, while the incorporation of zeo-
lites provides a membrane with a higher selectivity and
permeability and the introduction of aligned CNTs seeks to
simultaneously improve the permeability and selectivity.'®
The innovative nanomaterials promise unique performance
enhancements for membranes and can help to overcome the
barriers to its commercially viable.

A zeolite-nanoparticles-embedded  thin-film  nano-
composite membrane with high surface roughness was pre-
pared by Dong et al.'® The modified membrane material
was full of internal pores and microporous defects derived
from the zeolite nanoparticles, which exhibited a doubled wa-
ter permeability and maintained a similar PhACs rejection ef-
ficiency when compared with the non-modified
membrane.'!

The impregnating of nano-TiO, in a thin-film composite
polysulfonate forward osmosis membrane using poly-
dopamine was conducted for removing PhACs. The prepared
membrane showed a more negative zeta potential, which in-
creased the electrostatic repulsion between the functional
groups on the membrane, resulting in an increased pore size
and higher permeation flux. Moreover, the separation behav-
iours of metoprolol, sulfamethoxazole and triclosan in the
modified membrane were improved.'®® Another study
reported a photoactive microfiltration membrane loaded with
non-aggregated TiO, nanoparticles on the membrane surface.
The prepared membrane showed a higher permeation flux,
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improved anti-fouling properties and higher photocatalytic
activity for diclofenac and ibuprofen degradation.'®

The incorporation of integrated multi-layered nanostruc-
tures and internal domains in porous polymer membranes
can decrease the blocking probability of the membrane and
improve the chemical stability, hydrophilicity and anti-
pollution properties.'®**®” A bioinspired propranolol-
imprinted multilevel nanocomposite (Br-Ag-pDA@SiO,) mem-
brane with enhanced specific rebinding capacity and
permselectivity was prepared through an in situ photo-
initiated atom transfer radical polymerization method using
propranolol (a PhAC) as the template molecule. A rapid ad-
sorption kinetics of propranolol was achieved as well as an
excellent regeneration performance.'®® Based on this work,
the authors also applied ciprofloxacin as a template molecule
and synthesized another similar membrane with a higher
specific rebinding capacity and high permselectivity.'®*

Notably, the greatest obstacles for the application of mem-
brane technologies for PhACs removal are the high energy
consumption and membrane fouling. Further effort is still re-
quired to improve the membrane selectivity and permeability,
and to decrease fouling. Moreover, various other treatment
methods, such as AOPs, ultrafiltration and microfiltration,
can act as pre-treatment procedures to relieve the fouling of
RO and NF. Notwithstanding their higher operational cost,
an increasing number of wastewater treatment plants and
drinking water facilities have applied membrane filtration
methods to meet increasingly stringent water quality stan-
dards."®® With the improvement of new membrane synthesis
technology, the production and maintenance costs will grad-
ually decrease, leading to a broader application scenario for
membrane technologies.

6. Summary and perspectives

Increasing quantities and types of PhACs are consumed every
year, and they have been frequently detected in surface water,
groundwater and even drinking water. However, the conven-
tional sewage treatment methods can hardly achieve suffi-
cient PhACs removal. The development of nanotechnology of-
fers leapfrogging opportunities for developing innovative
technologies for efficient PhACs removal.

Nano-sized adsorbents, such as CNTs, graphene, MoS,
and hexagonal boron nitride nanosheets, possess an ex-
tremely large surface area and modified surface properties,
and can provide a high adsorption capacity and selectivity for
PhACs removal. Among these, carbonaceous nanomaterials
exhibit superior adsorption performance and excellent reus-
ability; moreover, the development of synthesis methods is
continuously lowering the cost of carbonaceous nano-
materials, all of which make them promising materials for
large-scale application.

Photocatalysis has demonstrated great potential for the re-
moval of PhACs in water and wastewater treatment owing to
its low cost, easy operation and environmentally friendly fea-
tures. Nano-sized photocatalysts are expected to be
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particularly promising, e.g. nano-TiO, and g-C;N, have good
potential for near-term use due to their high efficacy and low
cost. TiO, is in the preponderant position as the archetypical
photocatalyst, especially with its modified visible light absor-
bance and charge carrier mobility. Recently, considerable
progress has been made for obtaining high efficiency g-C;N,-
based photocatalysts, but the photocatalytic mechanism is
still not clear and further systematic investigations are re-
quired. Other than photocatalysis, the catalytic ozonation of
PhACs using nano-catalysts has gained increasing attention
recently. Unfortunately, the mechanisms behind the catalytic
processes are still largely unknown, and the cost of ozone
production is still high.

Fouling and high energy consumption are the prevalent is-
sues that hinder the application of filtration operations. Efforts
towards membrane modification by using nanomaterials have
been reported. The introduction of nanomaterials, i.e. CNTs,
TiO, and nano-zeolite, offers the filtration process higher sta-
bility, selectivity, permeability and fouling resistance, which
help the membrane overcome the barriers to its commercially
viability. The nano-zeolite-modified membrane possesses the
greatest potential commercial viability, and is likely to achieve
engineering application in the near future.

Until now, most of nanotechnologies for environmental
remediation are still under laboratory development. From the
aspects of economy, feasibility and safety, the following im-
portant issues should be addressed before the broader envi-
ronmental application of nanomaterials: (1) more studies
should simulate the real environmental conditions, i.e. the
environmental contaminants concentration, ionic strength,
pH, DOMs, solar irradiation, to better reveal the reactions in
the engineering application; (2) the material and energy costs
for manufacturing nanomaterials need to be further reduced,
and the reusability and lifespan of nanomaterials should be
improved; (3) efficient approaches should be developed for
separating spent nanomaterials from the aqueous phase; (4)
the potential environmental impacts of nanomaterials, in-
cluding the fate, transport and toxicity of nanomaterials in
the environment, should be carefully evaluated; moreover,
the potential risks of nanomaterials when associated with
PhACs need to be carefully assessed.

Based on our opinion and the pioneering studies, the sug-
gestions regarding the further research about using nano-
materials to remove PhACs are proposed as follows: (1) the
PhACs' adsorption kinetics and isotherms, and the physico-
chemical properties of nano-adsorbents have been extensively
studied; however, the important thermodynamic parameters,
e.g. adsorption free energy and surface energy, have not yet
been generally characterized or discussed. Such works, it is
suggested, need to be carried out when investigating the mech-
anism of new nano-adsorbents; (2) the development of visible-
light-active photocatalysts has become a hot topic in recent
years. However, in our opinion, high solar-light-active photo-
catalysts should be emphasized rather than concerning only
the visible-light activity; (3) it is encouraged to combine band
gap engineering with methods to promote the activity of photo-

44 | Environ. Sci.: Nano, 2018, 5, 27-47
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catalysts. The surface/interface processes of the photocatalytic
degradation reaction should be comprehensively investigated,
which will inevitably benefit developing new nano-
photocatalysts; (4) the rapid development of numerical model-
ling methods and computational capabilities offer great oppor-
tunities for theoretically calculating the new materials or
predicting unknown materials, which can be used to develop or
modify nanomaterials, and to reveal the reaction mechanisms.
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