Nanomaterlals

Edited by
Shahin Homaeigohar
Printed Edition of the Special Issue Published in Water

4
www.mdpi.com/journal/water rM\D\Py



Water Treatment with
New Nanomaterials






Water Treatment with
New Nanomaterials

Editor
Shahin Homaeigohar

MDPI e Basel o Beijing ¢ Wuhan e Barcelona e Belgrade ¢ Manchester e Tokyo e Cluj e Tianjin



Editor

Shahin Homaeigohar
Aalto University
Finland

Editorial Office

MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal
Water (ISSN 2073-4441) (available at: https://www.mdpi.com/journal /water/special issues/Water_
Treatment_New_Nanomaterials).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Article Number,
Page Range.

ISBN 978-3-03936-810-5 (Hbk)
ISBN 978-3-03936-811-2 (PDF)

Cover image courtesy of Shahin Homaeigohar.

© 2020 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license, which allows users to download, copy and build upon
published articles, as long as the author and publisher are properly credited, which ensures maximum
dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons
license CC BY-NC-ND.




Contents

About the Editor . . . . . . . . . . e

Shahin Homaeigohar
Water Treatment with New Nanomaterials
Reprinted from: Water 2020, 12, 1507, d0i:10.3390/w12051507 . . . . . . ... ... ... ... ...

Andrew Ying, Samuel F. Evans, Costas Tsouris and M. Parans Paranthaman

Magnetic Sorbent for the Removal of Selenium(IV) from Simulated Industrial Wastewaters:
Determination of Column Kinetic Parameters

Reprinted from: Water 2020, 12, 1234, d0i:10.3390/w12051234 . . . . . . ... ... ... ... ...

Laura Campagnolo, Simone Lauciello, Athanassia Athanassiou and Despina Fragouli
Au/ZnO Hybrid Nanostructures on Electrospun Polymeric Mats for Improved Photocatalytic
Degradation of Organic Pollutants

Reprinted from: Water 2019, 11, 1787, d0i:10.3390/w11091787 . . . . . ... ... ... ... ...

Bo Zhang and Daping Wang

Preparation of Biomass Activated Carbon Supported Nanoscale Zero-Valent Iron (Nzvi) and Its
Application in Decolorization of Methyl Orange from Aqueous Solution

Reprinted from: Water 2019, 11, 1671, d0i:10.3390/w11081671 . . . . ... .. ... ... ... ..

Gisoo Heydari, Jordan Hollman, Gopal Achari and Cooper H. Langford

Comparative Study of Four TiO,-Based Photocatalysts to Degrade 24-D in a
Semi-Passive System

Reprinted from: Water 2019, 11, 621, doi:10.3390/w11030621 . . . . ... .. ... ... ... ...

Shahin Homaeigohar and Mady Elbahri
An Amphiphilic, Graphitic Buckypaper Capturing Enzyme Biomolecules from Water
Reprinted from: Water 2019, 11, 2, d0i:10.3390/w11010002 . . . . . .. ... ... ... ... ...

Mehrnoosh Ghadimi, Sasan Zangenehtabar and Shahin Homaeigohar

An Overview of the Water Remediation Potential of Nanomaterials and Their
Ecotoxicological Impacts

Reprinted from: Water 2020, 12, 1150, d0i:10.3390/w12041150 . . . . . . ... ... ... ... ...

Asim Ali Yaqoob, Tabassum Parveen, Khalid Umar and Mohamad Nasir Mohamad Ibrahim
Role of Nanomaterials in the Treatment of Wastewater: A Review
Reprinted from: Water 2020, 12, 495, doi:10.3390/w12020495 . . . . . ... ... .. .. ... ...






About the Editor

Shahin Homaeigohar is Assistant Professor and Lecturer in Biomedical Engineering at the
University of Dundee, UK. Prior to his current position, he was a Research Scientist and Postdoctoral
Fellow at University of Erlangen-Nuremberg, Germany; Aalto University, Finland; and Helmholtz
Centre for Materials and Coastal Research (HZG), Germany. He has authored over 43 publications
(26 as first author), one book chapter, and 2 books (one reprinted by ISPO) in addition to being
granted 4 patents (1 US patent) and receiving numerous recognitions (Falling Walls Lab Award,
Kajal Mallick Memorial Award, Publon’s Top Peer Reviewer Award, Marie Curie Seal of Excellence,
and Distinguished Researcher Student Award). Some of his works have appeared as frontispieces
and cover images of prominent journals, including Advanced Materials, Advanced Functional Materials,
Advanced Optical Materials, Advanced Materials Interfaces, Nano Today, and Materials Today. He is a
recipient of the prestigious European Marie Sklodowska Curie Actions (MSCA) grant, the German
Helmholtz-DAAD PhD fellowship, numerous travel grants, and an Academy of Finland mobility
grant. Dr. Homaeigohar has also actively served as a reviewer for high-ranked journals, with his
efforts culminating in him being awarded Top Peer Reviewer by Publons. He is a member of the
Topic Editorial Board of Nanomaterials and has served as Guest Editor for Water, International Journal

of Molecular Sciences, and Materials.

vii






. water ﬁw\n\l’y

Editorial
Water Treatment with New Nanomaterials

Shahin Homaeigohar *

Nanochemistry and Nanoengineering, Department of Chemistry and Materials Science,

School of Chemical Engineering, Aalto University, Kemistintie 1, 00076 Aalto, Finland;

Shahin.homaeigohar@fau.de

t Current address: Institute of Biomaterials, Department of Materials Science and Engineering,
University of Erlangen-Nuremberg, 91058 Erlangen, Germany.

Received: 10 May 2020; Accepted: 25 May 2020; Published: 25 May 2020

Abstract: The studies introduced in this special issue aim to provide a state-of-the-art vision for
nanomaterials-based technology that could profit the water treatment industry. Given the expanding
crisis of water shortages across the world, this perspective is invaluable and of paramount importance.
No doubt, as the environmental challenges are going to be more complicated and to extend to as-yet
unconsidered areas, we need to upgrade our facilities and knowledge to address them properly.
Nanomaterials are indeed promising building blocks for such advanced technologies that enable
them to purify water streams from complex pollutants in an energy, cost and time-effective manner.
The focus of the (review and original research) articles collected in this issue is on various kinds
of nanomaterials made of carbon, polymer, metal, and metal oxides (magnetic and photocatalyst),
that are employed for adsorption and photodegradation of heavy metals and organic pollutants,
respectively. Here, I briefly review the insights given in these precious studies and suggest new
directions for future research in this field.

Keywords: nanomaterial; water treatment; adsorption; membrane; photocatalysis; nanohybrids;
ecotoxicology

1. Introduction

While water shortage across the world are threatening the well-being of the human community,
emerging advanced technologies targeted to address this challenge are promising. In this regard,
nanomaterials have played a crucial role and offered new opportunities for the construction of
permeable and selective membranes and adsorbents. Such features are of paramount importance,
particularly given the limited available energy resources. In this issue, it was aimed to cover new
researches dealing with water treatment based on nanomaterials made of polymer, metal, composite,
ceramic (metal oxide), carbon, etc., that are shaped in various dimensionalities such as particle (0D),
fiber (1D), and film (2D-3D).

In 2018, the special issue of “Water treatment with new nanomaterials” was introduced to the
research community actively working on this subject all around the world. Following the call, within
the course of running this issue, several articles were submitted to the editorial office, thereof seven
were accepted for publication. These included five original research papers and two review papers.
In the next sections, the published studies are briefly summarized.

2. Review Papers

Both reviews published in this issue give an overview of the potentials of nanomaterials for different
water treatment approaches in a critical manner. Homaeigohar et al. [1] classified the nanomaterials
studied for water purification based on the technologies benefitting from them, as nanosized adsorbents,
nanomembranes, nanophotocatalysts, etc. They reviewed the relevant state-of-the-art approaches
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while pointing out to the potential bottlenecks. As an important aspect of this study, they discussed the
fate of nanomaterials released into soil and water and their potential adverse impacts on the respective
biota. As they report, according to the “ISI Web of Knowledge” statistics on the subjects discussed in
this review, i.e., “Nanomaterials for Water Treatment” and “Environmental Impacts of Nanomaterials,”
222 and 63 respective articles have been published from 2010 to 2020. These numbers imply that the
former topic has been paid more attention during the past ten years, while the second topic has been
taken less seriously in the research community. Given the potential impacts and risks of nanomaterials
on the environment, there is a need to allocate more time and budget to research on this critical topic.

Yaqoob et al. [2] reviewed various classes of nanomaterials studied for the sake of water treatment
depending on their function. A particular emphasis has been given on nanophotocatalysts and
their potential applications and operation mechanism, nano/micromotors, nanomembranes, and
nanosorbents. The merits of this review could be its futuristic outlook on these classes of nanotechnolgies
and its critical view while highlighting the available potentials.

3. Original Research Papers

Homaeigohar and Elbahri [3] reported on the synthesis of carbon buckypaper adsorbents made
from amphiphilic (oxygenated amorphous carbon (a-COy)/graphite (G)) nanofilaments. Such a
buckypaper is able to dynamically adsorb and separate organic biomolecules (i.e., urease enzyme)
from water. Bearing in mind the dynamic nature of the test, this adsorbent has shown to be optimally
efficient in adsorption of the enzyme (88%) and at the same time to be notably permeable to water
(4750 L-h~'m~2bar!); thus, assuring selectivity and permeability required for a low energy consuming
water treatment.

Heydari et al. [4] studied and compared the relative efficiency of four groups of supported titanium
dioxide (TiO,) that were utilized for the purpose of photodegradation of 2,4-dichlorophenoxyacetic
acid (2,4-D) in Killex®, a commercially available herbicide. These four groups included floating TiO,
spheres, an anodized TiO, plate with nanotube arrays, anodized TiO, mesh with a 3D nanotube
structure, and electro-photocatalysis using the anodized TiO, mesh. Their energy consumption upon
exposure to an ultraviolet light-emitting diode (UV-LED) light source at A = 365 nm in a semi-passive
mode was employed as an indicator for photocatalysis efficiency. Based on the authors’ results, 3D
nanotubes of TiO, surrounding the mesh enable a higher photodegradation efficiency compared to 1D
arrays on the anodized plate.

Zhang and Wang [5] synthesized nanoscale zero-valent iron (nZVI) particles via pulse
electrodeposition and loaded them on the surface of biomass activated carbon (BC). The BC-nZVI
composite was employed as an adsorbent for the removal of methyl orange (MO) from water.
The adsorption test implied that the adsorbent is able to remove 97.94% MO from water in one hour.
This removal percentage can be optimally enhanced with a higher temperature, a larger BC-nZVI
dosage, and a lower initial concentration of MO under neutral pH.

Campagnolo et al. [6] developed an Au/ZnO hybrid photocatalyst mounted on a poly (methyl
methacrylate) (PMMA) fibrous substrate in a sequential manner. The fabrication process comprised
the thermal conversion of the ZnO precursor already incorporated into PMMA electrospun fibers and
then dipping of ZnO/PMMA fibers into Au precursor solution and heating. The as-formed hierarchical
heterogeneous photocatalyst was utilized for photodegradation of organic water pollutants, specifically
methylene blue (MB) and bisphenol A (BPA), under UV light.

Ying et al. [7] synthesized a nanocomposite adsorbent system comprising meso- and microporous
tire-derived-carbon support loaded with iron oxide nanoparticles. This nanocomposite adsorbent
selectively adsorbed Se(IV) ions from simulated wastewater. The adsorption kinetics of this
nanocomposite adsorbent was assessed in a fixed-bed setting and after several column runs by
inductively coupled plasma-optical emission spectroscopy (ICP-OES), quantifying the concentration
changes over time. Fitting the obtained data to a pseudo-second-order rate law, equilibrium values were
determined that alongside the effluent concentration data could help the calculation of reaction constants
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and column coefficients through the Adams-Bohart model. As the authors believe, their findings
allow the utilization of this nanocomposite adsorbent for fixed-bed column systems and enable further
research based on mixed pollutants in real wastewater.

4. Outlook and Future Directions

Nanomaterials are promising building blocks for the next generation of water purification

technologies and water pollution control systems. To expedite the realization of the nano-based water
treatment approaches, there are still several milestones that need to be reached:

1)

@)

Next generation of nanoadsorbents: Nanomaterials can be employed in the development
of nanoadsorbents with different surface functionalities that optimally capture polar and
non-polar pollutants from water. By using nanophotocatalysts, adsorption is coupled
with photodecomposition. Therefore, the adsorbed organic pollutant is decomposed to
harmless byproducts and the previously occupied surface becomes free for a subsequent
adsorption/photodecomposition cycle. In relevance to the photocatalysis based water treatment,
it is crucial to hamper hole-electron recombination in the photocatalyst and also to replace UV
light with solar visible light as the main stimulus for the process. This latter target assures energy
efficiency and more extensive usability of photocatalysis for water treatment. A critical bottleneck
for the nanoparticulate adsorbents is their aggregation tendency and difficult recovery. To address
these problems, they could be deposited on nanofiber substrates. Accordingly, not only is the
aggregation level notably alleviated and the recovery of the nanoparticles is facilitated, but also
their high availability to the external water medium is preserved.

Next generation of nanomembranes: Nanomaterials can be also used as the building blocks of
nanostructured membranes. Particularly, electrospun nanofibers and graphene nanosheets have
been widely investigated in the last decade for such a purpose. Electrospun nanofiber mats
offer remarkable potential for size exclusion and also adsorption of water pollutants. Owing
to their adjustable pore size, extraordinary porosity, and open porous structure, they enable
energy-efficient, thus economical, water treatment process. For this reason, they have been
appealing for the construction of state-of-the-art ultra- (UF) and nanofiltration (NF) membranes
as a permeable, solid support for the selective layer. Despite such merits, nanofibrous membranes
have not yet been industrially realized. This issue might stem from the lack of proper and reliable
testing of such membranes. Nanofibrous membranes must be tested over a long time period,
and under the chemical, thermal, and mechanical conditions commonly found in practice and
with real wastewater models. Unrealistically, at the lab scale, the nanofibrous membranes are
typically tested in the presence of only one type of pollutant and co-existence of other dye, ionic,
or organic pollutants, as found in real wastewater, is ignored. Graphene membranes i.e., those
comprising mono-/few-layer graphene nanosheets also belong to the next generation of water
membranes. They theoretically can offer remarkable water permeability, while providing the
ionic selectivity that is comparable to classic NF and ideally reverse osmosis (RO) membranes.
However, their potentials for water treatment have been predominantly proven theoretically
rather than experimentally, and practical employment of such membranes would take time.
Energy efficiency and scalability: There are currently several barriers against the widespread
commercial use of nanomaterials for water treatment. These include technical shortcomings
relating to scale-up and integration of nanomaterials into water purification technology, safety,
cost, and energy effectiveness. For example, TiO, nanoparticles and carbon nanotubes (CNTs)
are of the most largely investigated nanomaterials for dye adsorption. Yet, their toxicity and
costly production method involving high temperature and pressure are indeed discouraging for
industrialization. Aside from that, TiO, nanoparticles should be UV irradiated to photodecompose
the dye molecules that raises the costs of the process. Therefore, as a prospect, the application of
nanomaterials for water treatment is justified in case they can be produced at large amounts with
reasonable costs, proportional to different classes of wastewaters.



Water 2020, 12, 1507

@)

Sustainable and ecofriendly nanomaterials: The nanomaterials being used in the development
of micro-, ultra-, and nanofiltration membranes can potentially be freed into water upon
exposure of the membrane to aggressive water streams with intricate stress patterns. Thus,
as an important priority, nanoparticles must be firmly stabilized on/in the membrane structure
through physicochemical treatments. Moreover, nontoxic materials should be considered that
are environmentally less challenging. In this regard, the new generation of nature-derived
nanomaterials such as cellulose nanomaterials could be promising. Additionally, it is of utmost
importance to develop synthesis and processing methods that are green and minimally involve
hazardous chemicals. Short term investigations have implied that some nanomaterials are safe to
human beings, plants, and animals. However, there is no guarantee for their long-term safety.
Therefore, development of state-of-the-art water treatment systems based on nanomaterials
should be pursued with caution. From the technological point of view, it is also crucial to properly
design these systems so that they minimally release nanomaterials into the environment.
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Abstract: A novel meso- and microporous tire-derived-carbon support with magnetic iron oxide
nanoparticle adsorbents that selectively adsorbs Se(IV) ions from simulated contaminated water has
been developed. In this work, the physicochemical characteristics of the composite adsorbent are
characterized with respect to porosity and surface area, chemical composition, and microstructure
morphology. The kinetics of this composite adsorbent in a fixed-bed setting has been determined.
Several column runs were conducted and analyzed by inductively coupled plasma-optical emission
spectroscopy (ICP-OES) to determine the concentration gradient vs time. These results were then fit
to a pseudo-second order rate law to obtain equilibrium values. Combining calculated equilibrium
values with effluent concentration data, enabled the application of the Adams—Bohart model to
determine reaction constants and column coefficients. Column parameters obtained from different
flow rates and fittings of the Adams—Bohart model were remarkably consistent. These findings enable
the application of this sorbent to fixed-bed column systems and opens up further research into mixed
pollutants tests with real wastewater and scaling of selenium pollutant removal.

Keywords: selenium removal; wastewater purification; nanoadsorbents; carbon magnetic iron oxide
particles; bench scale column extraction; column kinetics

1. Introduction

Mining, fossil, and petrochemical operations often produce significant quantities of wastewater
with high concentrations of toxic metals such as selenium, arsenic, and lead [1-4]. The millions of
gallons of wastewater produced from industrial activities present an economic, legal, and technological
challenge as the water must be treated before being stored or reintroduced back into the
environment [5-8]. Previous research has explored the use of composite materials derived from
sources of industrial waste, such as tires and iron chloride [9], as adsorbents that can affordably and
sustainably reduce selenium concentrations to EPA standards of <50 ppb. These materials can be
easily integrated into an industrial purification process by flowing wastewater through a fixed bed of
composite adsorbents in a continuous-flow system.

Ton uptake rates of adsorbents vary when scaling from batch adsorption to continuous column
tests due to transport effects. Fixed beds can experience uneven flow distribution, z-axis concentration
gradients, mass transport limitations due to the presence of inert media, and other mass transport
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limitations. However, fixed-bed columns are of simple design and perform effectively in the removal
of low concentration pollutants [10]. Kinetics models, such as the Adams-Bohart model, have been
developed to model the sorbent behavior in continuous settings [11]. Employing such models
to understand the behavior at a small scale can ease transition to full-scale industrial processes.
By quantifying the maximum adsorption capacity, rate of adsorption, and breakthrough curve (a plot
of concentration of the adsorbate in the effluent vs. time) [12], the operation of adsorption columns can
be optimized. Rate law and kinetic constants can also be used to normalize columns to account for
varying volumes, masses, and flow rates.

A variety of materials are known to adsorb selenium species effectively including mesoporous
materials [13], graphene based composites [14], and a variety of metal oxides [15], layered-double
hydroxides [16], metal-organic frameworks (MOFs) [17], MgO nanosheets [18], carbon nanotubes [19],
and bioremediation-based methods [20-22]. Other methods, such as mineralization [23], capacitive
deionization, and catalyzed reduction [24] are also known but not the focus of the current work.
As separation materials are developed, they need to be aligned with a more sustainable future in
mind. There are twelve principles of circular chemistry of particular importance [25]. In this work,
the adsorbent material addressed two concerns in this area, namely the collection and use of waste and
the optimization of resource efficiency. The sorbent was synthesized from waste tire material and iron
chloride, FeCls, both of which are waste products from different sectors. Additionally, the sorbent was
able to be regenerated and reused, decreasing the need for large amounts of adsorbent material.

A tire-derived carbon has recently been demonstrated in our laboratory as an effective support
for iron oxide magnetic adsorbents for selectively removing Se(IV) ions from contaminated water [9].
While it is most effective in a fluidized bed, due to the ease of removal of the magnetized particles,
determining its viability in fixed-bed systems is still of importance. This is due to the lower cost, simplicity,
and predictable behavior in the removal of low concentration pollutants. Herein, the physicochemical
characteristics of this composite adsorbent were characterized, and its kinetic behavior with respect to
Se(IV) uptake in a fixed-bed setting was determined and analyzed to inform its effective use.

2. Experimental Methods

2.1. Carbon Supported Magnetic Nanoparticle Adsorbents (C-MNA) Synthesis

Tire derived carbon was synthesized as described in previous work [9]. To enhance its activity,
itwas ground with potassium hydroxide pellets (Sigma Aldrich, >85%) in a 1:4 weight ratio. The mixture
was then placed in a furnace and heated at a 10 °C/min ramp rate to 800 °C, where it was kept under
nitrogen atmosphere for 1.5 h. The mixture was then removed, cooled to ambient temperature,
and neutralized with 3M hydrochloric acid (EMD Millipore).

C-MNA was synthesized by suspending 0.5 g of activated carbon in 120 mL of deionized water
containing 13 mmol of iron sulfate, FeSO4-7H,O (Sigma Aldrich, >99.0%) and 15.6 mmol FeCl3-6H,O
(Sigma Aldrich, >97.0%). The mixture was then sonicated for 5 min and stirred at 70 °C for 1 h.
3M sodium hydroxide solution was added in excess to maximize iron oxide nanoparticle (FeNP)
precipitation. C-MNA was then vacuum filtered and separated from the excess iron chloride mother
liquor via magnetic filtration and washing with DI water.

2.2. Column Set Up

A solution containing 5 ppm Se(IV) at pH 5 was prepared by dissolving sodium selenite
(Sigma Aldrich, 99%) into deionized water. The pH was adjusted with dilute hydrochloric acid.
As demonstrated in Figure 1, the column was prepared by using a standard jacketed borosilicate glass
column with a radius of 0.5 cm and a bed height of 13 cm, lining the bottom with approximately 2.5-cm
height of cotton, adding sand containing 5 weight % of C-MNA, and finally adding 2.5-cm height of
pure sand on the top. A peristaltic pump was used to deliver the Se(IV) solution at varying flow rates.
The effluent was collected manually in increments of 9.5 mL and sampled for analysis via inductively
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coupled plasma optical emission spectroscopy (ICP-OES) [26]. The column was prepared for trials
by flowing 20 mL of dilute hydrochloric acid of pH 5 through the column before adding the Se(IV)
solution. After the adsorbent was fully saturated with Se(IV), the column was flushed with 1 M sodium
hydroxide solution of pH 11 to desorb Se(IV). This demonstrates that the adsorbents can be recycled as
shown in Figure 1.

CONTAMINATED CONTAMINATED
i our

STREAM

L 4
PURIFIED . 4

Figure 1. Schematic of the bench scale column set up. After Se (IV) removal from the contaminated
stream, 1M NaOH solution can be flushed into the column to desorb Se (IV) in the form of sodium
selenite by exiting through the top of the column.

2.3. Characterization

X-ray powder diffraction (XRD) patterns were collected using a PANalytical Empyrean
instrument (Malvern, UK) with a Cu K« radiation. All data were processed with HighScore Plus
(Malvern, United Kingdom). Brunauer-Emmett-Teller (BET) surface areas and pore-size distributions
were determined from nitrogen adsorption isotherms at 77 K using Autosorb-1 from Quantachrome
(Anton Paar GmbH, Austria). The pore-size distributions and pore volumes were calculated from the
DFT/Monte Carlo method using the QSDFT adsorption branch model. ICP-OES compositional analysis
was performed to determine selenite removal from the solution using a Thermo Fisher iCAP Model
7400 ICP-OES Duo. The ICP-OES has a minimum selenium detection limit of 0.77 pg/L at wavelength
196 nm. During measurements, the linear standard curve had an R? value of 1 and a limit of detection of
0.049 ppm. A Zeiss Merlin VP scanning electron microscopy (SEM) (White Plains, NY, USA) operated
at 3 kV and a Hitachi HD-2300A scanning transmission electron microscope (STEM) with a field
emission source operated at 200 kV in bright-field imaging mode at a 2.1 A resolution, were used to
characterize the surface morphologies of the samples.

2.4. Kinetic Model

The kinetic equations were derived from the kinetic rate law equation for pseudo-second order
reactions, as a variety of carbon based materials display this general adsorption behavior [27,28].
Equation (1) assumes that the adsorption capacity is correlated to the number of active sites on
the surface.

dqi _ 2
ar = ke —a) 1
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In this equation, g, and g; refer to the equilibrium concentration and the concentration at
time f, respectively. The k parameter is the kinetic constant. With the boundary conditions of ty =0,
t=t,q0=q(t=0)=0, and q(t) = g, a solution was derived and rearranged to a linear form as seen in
Equations (2)-(5). Equation (5) is then used to fit experimental data.

1 1
— — =kt 2
Je—4qt Qe @
. 3)
e = Gedt
- ktq?
"= T kg, @
1 11\1 1
— ===+ = 5
qt (kqﬁ)t 9e ©

The derivation of the Adams—Bohart model starts with a modified chemical rate law expression
as shown in Equation (6) [29].
9q
Fri kasC(q0—q) (6)
The analytical solution provided by Adams and Bohart is shown in Equations (7) and (8) [30].

c_ eyl

G~ expla) +exp (B -1 7

kaBppqoZ 1 -
0 &

o= kABCO(t - %) = ®)

Here, the following simplifications are made [28]:

1. exp(a)exp(p) >1
The quantity 1 at the denominator of Equation (7) is thus regarded as insignificant.

z
2. t>» %

Since the time of the experiment far outweighs the residence time, the residence-time term can
be ignored.

The following definitions are also used:

1. ppqo(l—f) :NO
EV=1U

Equation (7) is then simplified into the recognizable form in Equation (9) [12]. Although this
equation is used to calculate the breakthrough time, or the time before the effluent concentration
exceeds acceptable levels [12], the Adams—Bohart equation can be used to predict changes in the
effluent concentration over time.

Cp

Equation (9) can be rewritten with the following adjustments as seen in Equation (10).
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We can rewrite u as % and then rewrite NgZA as g,M since both reduce to the amount of solute
adsorbed in the system.
C kABqDM
(22— 1) = 22 ket 10
"G ) ABCotB (10)
3. Results and Discussion

The C-MNA adsorbent utilized in this study was fully characterized, including SEM, EDS,
and magnetic property measurements in previous work [9]. XRD patterns of the column mixture
of adsorbent and inert packing material shown in Figure 2 indicates the presence of both C-MNA
and sand in the mixed material. SEM images of sand, C-MNA and the composite mixture are shown
in Figure 3. SEM images of C-MNA and the porous carbon surfaces are clearly seen. Additionally,
the large sand particles are mixed with smaller C-MNA particles homogenously in the mixture. Finally,
a BET analysis was performed to determine the surface area of the different materials as another
assurance of C-MNA mixing with the inert packing material. In Figure 4, surface areas of 6.8 m?/g for
sand, 638 m?/g for C-MNA, and 45.5 m?/g for the mixture were determined, confirming that the high
surface area C-MNA was mixed with inert sand packing material.

Mixed
—— C-MNA
—— Sand

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
20 (degrees)

Figure 2. X-ray powder diffraction (XRD) patterns of column materials sand, C-MNA, and a mixture of
the two.

Figure 3. SEM images of (a) sand; (b) C-MNA adsorbent material; and (c) mixture of sand and C-MNA
composite material.
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Figure 4. BET analysis of (a) sand; (b) C-MNA adsorbent material; and (c) mixture of sand and C-MNA
used in the column.

In continuous flow systems, kinetics data are normalized for comparison to the residence time.
The residence time, or the total time that the solution is in contact with the sorbent, is calculated by
dividing the total bed volume by the volumetric flow rate.

Bed Volume
Volumetric Flow Rate

Residence Time = (11)

By expressing kinetics relative to residence time, we can make sure that the effects of bed volume
size or flow rate are not omitted. In our column runs, we assumed that there was good radial mixing
and no axial dispersion. As seen in Figure 5, the composite adsorbent steadily adsorbed Se(IV) until
reaching a plateau between 0.4 and 0.5 mg Se per g adsorbent, suggesting monolayer formation on the
carbon surface of the adsorbent [29]. Subsequent adsorption is thought to be a result of mass transfer of
Se(IV) into the mesopores of the carbon support structures and formation of a multilayer on the surface
of the iron nanoparticles, since the adsorption profile fits the two stage adsorption characteristic of a
Type IV adsorption isotherm [19]. At a higher flow rate of Se(IV) solution, the initial rate of Se(IV)
adsorption is higher than Se(IV) adsorption at a lower flow rate because there is a greater concentration

gradient between the bulk concentration and the concentration adsorbed [27], which means a greater
driving force for mass transfer.
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Figure 5. Se adsorption of column at differing flow rates to determine breakthrough times.
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Sand was mixed with adsorbent because the small grain size of the adsorbent caused packing
issues. Previous studies used sand as an inert medium to house sorbents [26]. However, sand is known
to physisorb selenium as well as other contaminants [31,32]. To quantify the adsorption capacity of the
sand, a column was filled with pure sand (still including the cotton layer at the bottom), and water
containing 5 ppm Se(IV) at a pH of 5 was flowed through the column. The concentration of the effluent
was compared to the initial concentration to calculate how much Se(IV) was adsorbed per gram of
sand. At a flow rate of 2.92 mL/min and a pH value of 5, the adsorption capacity was low (6.8 ug/g),
as shown in Figure 6, compared to the total of ~500 pg/g in the presence of the composite adsorbent.
Based on these tests, the adsorption of sand was determined to be negligible. Instead, the adsorption is
attributed to the embedded FeNPs and surface adsorption on the carbon support. Although correction
for Se(IV) adsorption by sand did not change fundamental conclusions about the reaction rate or
adsorption behavior, the equilibrium concentrations and kinetics constants were affected. As a result,
all data subsequently shown and discussed contain corrections made for sand adsorption.
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£ 0.006 - .

5
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o a

| . ]

; -
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< .
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Flow Volume (mL)

Figure 6. Adsorption of Se in sand as a control for inert column materials present.
3.1. Rate Law

To further elucidate the mechanism and kinetics of the composite adsorption of previously studied
carbon and iron-based adsorbents, the adsorption rate was modeled using a second-order kinetic
rate equation, as shown in Equation (7). From Figure 7, the adsorption kinetics is strongly consistent
with pseudo-second order reactions and corroborates trends observed in kinetic data taken from other
studies [33,34]. The equilibrium concentration and kinetic constant were also obtained from this model
and subsequently used in Adams-Bohart kinetic model calculations (see Table 1).

Table 1. Equilibrium concentration and kinetic constants from 2nd order kinetic model fitting.

Residence Time  Theoretical Se Uptake =~ Observed Se Uptake  Kinetic Constant

(min) (mg g~1) (mg g1 (g mg~1 min~1)
3.25 3.305 0.513 0.001
6 0.724 0.407 0.013
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Previous batch studies report the maximum adsorption concentration achieved was 1.14 mg/g [9].
When the sorbent is mixed with inert sand in a fixed-bed column, several factors could lead to a
decrease in the observed uptake of Se. Channeling could restrict water flow to certain sections of the
column, preventing the sorbent in that region from interacting with selenite. The inert medium could
cover the mesopores in the composite sorbent, again restricting adsorbate flow to the iron nanoparticles
housed within the mesopores. In addition, batch tests are performed with the adsorbent free flowing
in solution, thus increasing the wettability of the sorbent in comparison to the fixed column. Finally,
due to lower concentrations of the adsorbate near the bottom of the column, preventing the full
utilization of the adsorbent for selenite removal, the adsorbent in that area could require extended
time to reach equilibrium.

7
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20 - ’
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101
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-
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0 (min) | R-Squared
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& 5] 0977
0.0 0.1 0.2 0.3
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Figure 7. Linear regression fit of data to second order kinetics equation in agreement with expected
pseudo-second order behavior.

3.2. Adams—Bohart Model

The Adams-Bohart model utilizes the following assumptions: (1) flow rate is constant, (2) absence
of axial dispersion, (3) behavior matches the rectangle (irreversible) isotherm (i.e., highly favorable
adsorption), and (4) adsorption rate follows second-order reaction kinetics [30]. The data were fit with
a linear regression line as shown in Figure 8, and the rate constant (kg4) was calculated from the m and
b terms of the linear regression equation (y = mx + b).

The literature shows two forms (Equations (9) and (10)) of the Adams-Bohart model [11,30].
Although both models yield kinetic constants while maintaining dimensional homogeneity, they differ
slightly in the method by which the kinetic constant is derived. One equation can be used to calculate
the constants by equilibrium adsorption per unit volume, while the other can be used to determine the
constants on a per unit mass basis. The two forms of the same model would be considered identical
if the contents of the column were homogenized and uniform [30]. However, the presence of both
an inert medium and the composite sorbent in our column means that local densities and adsorption
capacities could vary. In our case, we chose to include the mass and volume of sand in our calculations
in order to obtain more precise values. As discussed above, further tests indicated that the sand did
play a minor role in the adsorption of Se(IV).
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Figure 8. Linear regression fit of data to Adams-Bohart model. Values from these regressions were
used in the calculation of kinetic constants in Tables 2 and 3.

Table 2. Kinetic constants calculated from the slope.

Residence Time (min)  Equation Used kap (mL/mg/min)

3.25 9 0.011
10 0.013

6 9 0.009
10 0.009

Table 3. Kinetic constants calculated from the y-intercept.

Residence Time (min)  Equation Used  kap (mL/mg/min)

3.25 9 0.002
10 2.167

6 9 0.005
10 4.661

Linear regression fits were performed on the data in Figure 8, providing two equations to
determine kinetic parameters from. For a resonance time of 3.5 min and 6 min, the regressions
were y = —0.0502x + 2.1309 and y = —0.0617x + 2.4508, respectively. Since the rate constant appears in
both the m and b terms of the linear regression equation, each fitting could yield two rate constants.
Between these two terms the slope (m) produced more consistent parameter values, making them
more useful for the predictions of the fixed-bed behavior [30]. A better agreement with the observed
column adsorption behavior was seen by only including the initial adsorption of the column. This is
reflective of the constraints of the model, as the Adams—Bohart model is typically used to depict
breakthrough curves rather than overall adsorption curves [12]. As seen in Tables 2 and 3, many of the
kinetic constants derived from the m and b components across all forms of the Adams—Bohart model
and all residence times were similar. Only the values calculated on a per unit mass basis (Equation (10))
deviated significantly, potentially due to variance in equilibrium concentration calculations or sand
adsorption behavior. The differing rate constants from the m and b terms potentially originate from
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multiple kinds of adsorption taking place or multiple reactions occurring. Another possibility is
the existence of a pseudo-solution which can be eliminated by comparing the kinetic rate constants
from both equations and over both runs. When compared to values obtained from experimental
data, the theoretical values calculated from concentration measurements resulted in rate constants
that displayed a small initial deviation from the experimentally obtained values that subsequently
decreased as the column reached full saturation.

4. Conclusions

Column kinetics were determined by first analyzing the rate law to obtain equilibrium
concentrations. Subsequently, this data was fitted to the Adams-Bohart model, enabling the calculation
of critical data on column kinetics of C-MNA adsorbents in a fixed-bed system. Since the data displayed
strong correlation to a pseudo-second order linear regression fit, the equilibrium concentrations could
be applied to an Adams-Bohart providing a better understanding of column behavior. Within a
continuous-flow setting, the Adams-Bohart model predicts column behavior with reasonable accuracy,
given certain limitations. Given the mixture of semi-inert sand and composite adsorbent, calculations
were found to be more accurate when the mass and volume of the sand were included in the model.
Given the lack of literature on the Se(IV) adsorption behavior in a fixed-bed column, this analysis
provides valuable insight as corporations and governments continue to require new technologies for
waste and contaminated water processing. This work provides insights to enable further work on
mixed pollutant removal in addition to industrial scaling of this column.

Finally, although magnetism has not been taken advantage of in the current work, it can be used
to create macroporosity in a sorbent bed and thereby increase mass transfer, while reducing pressure
drop. It is well known that magnetically stabilized beds can have the benefits of fixed beds, in terms of
simplicity and high separation efficiency, and fluidized beds with respect to high mass-transfer rates
and low pressure drop. Future work will be focused on removing Se(IV) from real wastewater using
magnetically stabilized sorbent beds with magnetic sorbent based on tire-derived carbon.
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Abbreviations

Relevant Variables

k kinetic constant (g mg~! min~")

Ge equilibrium concentration (mg g™ )

qt concentration at time t (mg g‘l)

t time (min)

Cp breakthrough concentration (mg cm™3)

C sorbate concentration in bulk (mg cm3)

Co initial sorbate concentration in feed (mg cm~3)

kap  Adams-Bohart rate constant (cm® mg~! s71)

M mass of adsorbent (g)

Ny sorption capacity per unit volume of fixed bed (mg cm™=3)

q sorbate concentration in adsorbent (mg g™ )

qo sorption capacity per unit mass of adsorbent (mg g™ )

Q flow rate (cm? s71)

tg breakthrough time (s)

u superficial velocity (cm s™1)

v interstitial velocity (cm sh)

v volume of solution (mL)

Z total bed depth (cm)

3 column void fraction

pp apparent adsorbent density (g cm™2)
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Abstract: An innovative approach for the fabrication of hybrid photocatalysts on a solid porous
polymeric system for the heterogeneous photocatalytic degradation of organic pollutants is herein
presented. Specifically, gold/zinc oxide (Au/ZnO)-based porous nanocomposites are formed in
situ by a two-step process. In the first step, branched ZnO nanostructures fixed on poly(methyl
methacrylate) (PMMA) fibers are obtained upon the thermal conversion of zinc acetate-loaded
PMMA electrospun mats. Subsequently, Au nanoparticles (NPs) are directly formed on the surface
of the ZnO through an adsorption dipping process and thermal treatment. The effect of different
concentrations of the Au ion solutions to the formation of Au/ZnO hybrids is investigated, proving
that for 1 wt % of Au NPs with respect to the composite there is an effective metal-semiconductor
interfacial interaction. As a result, a significant improvement of the photocatalytic performance of the
ZnO/PMMA electrospun nanocomposite for the degradation of methylene blue (MB) and bisphenol
A (BPA) under UV light is observed. Therefore, the proposed method can be used to prepare flexible
fibrous composites characterized by a high surface area, flexibility, and light weight. These can be
used for heterogeneous photocatalytic applications in water treatment, without the need of post
treatment steps for their removal from the treated water which may restrict their wide applicability
and cause secondary pollution.

Keywords: nanocomposite fibers; photocatalysis; mineralization; water remediation; organic
pollutants

1. Introduction

The growing demand for clean water urges an improvement in commonly used methods for
the wastewater management [1]. Depending on the type of water contamination, these conventional
wastewater treatments can be physical, chemical, and biological processes [2]. However, these
treatments present several limitations from a technological point of view, including the necessity for
wastewater pre-treatment steps, secondary pollution, limited practicability, and often, low performance
when emerging organic pollutants are involved [2—4]. For the removal of emerging and recalcitrant
pollutants, new strategies have been proposed in combination with the available treatments. Among
them, advanced oxidation processes (AOPs) can be used to ideally destroy organic pollutants from
the contaminated water, thanks to the in situ production of strong oxidant species as the result of the
interaction of the developed materials with solar, chemical, or other forms of energy [5-8].

Heterogeneous photocatalytic oxidation is one of the most promising AOPs for oxidizing organic
pollutants into more biodegradable and less harmful compounds [5]. Typically, wide band gap, nano-,
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or micro-scale sized semiconductors are used as photocatalysts able to absorb incident phonons causing
the subsequent formation of a separation charge with a conduction-band electron and a valence-band
hole. The photo-excited carriers can generate hydroxyl radicals and other reactive oxygen species (ROS),
which react with the organic molecules present in the contaminated water causing their degradation,
assuring an eco-compatible process since the oxidation occurs in mild conditions [5].

The semiconductor particles are usually dispersed in the contaminated water to ensure a high
exposed surface area in contact with the pollutants, and therefore, a high volumetric generation rate of
ROS. However, the main limitation in their use for water remediation applications is the demand of
energy and time consuming additional steps for their recovery from the treated water. To avoid these
post-treatment steps, the photo-catalyst powders can be immobilized on suitable solid supports [9,10].
To this aim, polymeric supports have been recently introduced due to their low weight, flexibility, and
easy conversion in different morphologies [11-16]. Among them, fibrous polymeric mats have high
surface area, which allows an enhanced interaction with the polluted water, and their preparation
process is relatively simple and easily scaled up [9,17].

For the fabrication of the functional semiconductor based polymeric materials, an innovative
approach has been recently proposed, dealing with the direct synthesis of NPs inside different
polymeric matrices through a solid-state thermally, chemically, or photo-induced reaction [13,17-19].
Compared to traditional mixing processes, this approach offers the advantageous formation of NPs
homogeneously distributed not only in the whole volume of the polymer matrix, but also exposed
on its surface. Furthermore, limitations such as the complex rheology of polymer/NP solutions,
which can limit their electrospin-ability and therefore the formation of fibrous nanocomposites, can
be avoided [13,17]. Among the diverse types of nanocomposites developed so far following this
approach [13,17,20], the ZnO-based mats is a promising system for the water remediation through
the photocatalytic approach. In fact, ZnO is of great interest not only because it is environmental
friendly, non-toxic, of low-cost, and abundant, but also because of its optoelectronic properties [9,21-24].
In particular, the n-type ZnO is a direct wide band gap semiconductor (band gap energy, Eg = 3.37 eV),
characterized by a high exciton binding energy (60 meV), which allows efficient excitonic emission even
at room temperature [25]. However, due to the high photo-generated electron-hole pair recombination,
the photocatalytic performance and, therefore, the utilization of the ZnO in wastewater purification, can
be limited. For this reason, the enhancement of the separated electron-hole lifetime is one of the factors
on which the efforts are focused in order to improve the ZnO photocatalytic performance [26-28]. This
aspect can be achieved through various methods, such as the modification of the morphology of the
ZnO nanostructures [22,29], the incorporation of metallic [30,31] and non-metallic dopants [32] in their
crystalline structure, and the preparation of hybridized structures with other materials [21,22,33,34].

Concerning the last method, the combination of ZnO NPs with noble metal NPs has been recently
considered an effective route to enhance the local density of states at the metal-semiconductor interface,
prolonging thus the electron-hole separation lifetime [21,33]. Specifically, the use of Au NPs to modify
the ZnO surface has been proven to improve the photocatalytic performance of the semiconductor
due to the surface plasmonic resonance effect (which allows the establishment of the Schottky barrier
simplifying the charge carrier separation), the absorption in the visible range of the electromagnetic
spectrum, and the ROS generation [35,36].

Considering the above, the development of Au/ZnO-based PMMA fibrous mats is here
presented and their application in the remediation of organic aqueous pollutants through the
heterogeneous photocatalytic approach is thoroughly explored. Specifically, ZnO NPs are synthetized
by a thermally-induced solid state reaction directly in the electrospun polymeric fibers, obtaining an
easily handleable flexible solid porous material. The subsequent dipping of the PMMA/ZnO composite
mats in Au precursor solutions of different concentrations and their thermal treatment result in the
direct formation of Au NPs on the surface of the fibers and, therefore, on the exposed ZnO NPs,
forming a high metal-semiconductor interfacial area. Different concentrations of the Au precursor
solutions are used to explore the effect of the amount, size, and localization of the formed Au NPs on the

18



Water 2019, 11, 1787

ZnO/PMMA fiber surface. Moreover, the photocatalytic performance of the different nanocomposite
mats under UV light irradiation is investigated, focusing on the degradation of the model molecule MB
and of the emerging pollutant BPA. In particular, it is demonstrated that the presence of Au NPs affects
significantly the photocatalytic performance of the PMMA/ZnO mat for both the organic pollutants.
Therefore, with the presented straightforward fabrication method, it is possible to form light-weight
and flexible polymeric fiber mats of high surface area that contain functional NP combinations for
advanced photocatalytic applications. This valuable alternative to the existing systems paves the way
to an innovative route for the fabrication of multifunctional membranes for water purification without
the need of costly and time consuming post treatment separation processes as in the case of powders.

2. Materials and Methods

2.1. Materials

PMMA (average Mw ~350 kDa), zinc acetate dihydrate (Zn(CH3COs),, 99,999%),
N,N-dimethylformamide (DMF, >99.8%), chloroauric acid trihydrate (HAuCly-3H,0O, 99.999%), MB,
BPA (>99%), acetone (>99.5%), ethanol (EtOH, >99.8%), sodium hydroxide (NaOH, >98%, anhydrous),
hydrochloridric acid (HCl, 37%), and nitric acid (HNOs, 70%), were purchased from Sigma Aldrich,
Italy. All chemicals were used without any further purification.

2.2. Preparation of PMMA/ZnO Composite Mats

The nanocomposite fibers were prepared as described elsewhere [17]. In brief, 1.5 g of PMMA
were added in 10 mL of DMF and left under stirring at 50 °C until the complete dissolution; then 1.1 g
(c.a. 40 wt %) of Zn(CH3CO;), were added to the polymer solution and stirred at 40 °C, until a clear
solution is obtained. The electrospinning technique was then used in a vertical setup to obtain the
PMMA/Zn(CH3CO,), composite mats. The prepared solution was placed in a 10-mL syringe with a
22 G needle and the flow rate was set to 600 uL-h~!. The voltage applied to the syringe needle was
23 kV and the grounded collector was kept at a distance of 16 cm from the needle. The electrospun
fibers were then dried to remove the eventual residual solvent for 8 h under dynamic vacuum. The in
situ growth of the ZnO NPs on the electrospun mats was achieved by placing the electrospun composite
mats in a convection oven for 48 h at 110 °C, through the thermal decomposition of Zn(CH3CO;);.

The obtained PMMA/ZnO composite mats were then washed in 10 mL of a HyO/EtOH mixture
(8:2 v/v) for 24 h and dried at 60 °C for 4 h. Following the methodology described to Section 2.4, it is
defined that the total zinc loss during this washing step was around 1.170 + 0.160 wt % of the total
zinc. This can be attributed either to the loss of ZnO NPs not perfectly fixed on the surface of the fibers,
or, also, to the water-soluble zinc acetate, which was not fully converted during the synthesis.

2.3. Preparation of PMMA/ZnO-Au Composite Mats

Three PMMA/ZnO composite mats (40 mg each) were dipped in 20 mL of a HyO/EtOH mixture
(8:2 9/v) of HAuCly-3H,0, which was previously neutralized to pH 6.5 by NaOHaq 0.1 M for 24 h in
dark under gentle stirring. The aqueous-based HAuCly 3H,O solution was prepared at different initial
concentrations of gold precursor—1.5 mM, 3 mM, and 4.6 mM—to explore the effect of the different
amounts of Au on the photocatalytic performance of the PMMA/ZnO-Au mats. The composite mats
were then collected and washed three times with water. The reduction of the gold ions was obtained
by the subsequent thermal treatment of the mats at 60 °C for 4 h, obtaining three PMMA/ZnO-Au
samples named PMMA/ZnO-Aul, PMMA/ZnO-Au3, and PMMA/ZnO-Aué, respectively. Each sample
was then divided in four similar pieces of 10 mg each for further analysis.

2.4. Characterization

The fiber morphology was investigated by a scanning electron microscope (SEM, JEOL JSM
6490LA, Tokyo, Japan) and a high-resolution scanning electron microscope (HR-SEM, JEOL JSM
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7500FA, Tokyo, Japan), equipped with a cold field emission gun applying an accelerating voltage
of 15 kV. The specimens were previously coated with a 10-nm-thick carbon layer by a carbon coater
(Emitech K950X, Quorum Technologies Ltd., East Susse, UK). The morphology of the ZnO and Au
NPs in the composite mats was investigated by a transmission electron microscope (TEM, JEOL JEM
1400 Plus, Tokyo, Japan) operating at an acceleration voltage of 120 kV. To do so, the polymeric fibers
were dissolved in acetone and the suspension was sonicated and centrifuged in order to separate the
NPs from the polymer. Then, 30 uL of the suspension were deposited on a copper grid (CF300-Cu-UL,
Electron Microscopy Science, USA) for further investigation. High-angle annular dark field scanning
TEM (HAADEF-STEM) images and energy dispersive X-ray spectroscopy (EDS) maps were acquired
with a high-resolution FEI Tecnai G2 F20 (Oregon, USA) equipped with a Schottky field emission gun
(FEG). The average size and the size distribution of the fibers and NPs were explored using the open
source Fiji/Image] software.

The X-ray diffraction (XRD) analysis was performed on a PANalytical Empyrean X-ray
diffractometer with a 1.8 kW CuK« ceramic X-ray tube (A = 1.5418 A) and a PIXcelPP area detector
(2 x 2 mm?), operating at 45 kV and 40 mA. The diffractograms were recorded in parallel-beam
geometry and symmetric reflection mode, for a 26 range from 25° to 80°, with a step time of 383.67 s,
and a step size of 0.026°. The average crystallite size was calculated by using the Debye-Scherrer
equation (details in Supplementary Materials). The zinc and the gold content in the composite mats was
obtained by ICP-OES analysis (iCAP 6300, Thermo, USA) of the digested solid samples. Specifically,
2.5 mL of aqua regia (HCI/HNOj3, 3:1) were added to 2.5 mg of the composite fibers and the solid
degradation reaction was performed by using a microwave digestion system (MARS Xpress, CEM)
at 180 °C for 15 min. The samples were then diluted with milliQ water up to 50 mL and filtered
through polytetrafluoroethylene (PTFE) syringe filters (diameter 15 mm, pore size 0.45 um, Sartorius).
In addition, to evaluate the loss of ZnO and Au NPs from the composite mats, the ICP-OES analysis
was performed on the liquids after the photocatalytic degradation process. The samples (125 uL) were
previously treated with 2.5 mL of aqua regia, and then they were diluted up to 25 mL with milliQ water
and filtered through PTFE syringe filters (diameter 15 mm, pore size 0.45 um, Sartorius, Germany).

The optical properties of the nanocomposite fibers were evaluated by diffuse-reflectance
measurements in the range between 200 and 800 nm, using a Varian Cary 6000i (Agilent, USA)
UV-visible-NIR spectrophotometer equipped with integrating sphere. The energy bandgap (Eg) of
Zn0O and ZnO/Au NPs was then extrapolated by applying the Kubelka-Munk method to the reflectance
results (see Supplementary Materials). The Raman spectra of the composite mats were acquired by
a Raman LabRam HR800 (Horiba Jobin-Yvon Inc., France) spectrometer equipped with a built-in
microscope with objectives 10 X (NA 0.25) and 50 X (NA 0.75), using the 632.8 nm He-Ne laser excitation.
The experimental setup consists of a grating 600 lines-mm™~! with a spectral resolution of approximately
1em™L

2.5. Photocatalytic Performance

The photocatalytic performance of the developed materials was evaluated by immersing 10 mg
of the mats in quartz cuvettes filled with 3 mL of MB or BPA aqueous solutions (0.0125 mM and
0.044 mM, respectively). To evaluate the adsorption of the organic molecules on the developed mats,
experiments in dark conditions were performed overnight. For the photocatalytic experiments, the
solutions containing the samples were placed at a distance of 10 cm under a UVA lamp emitting at
a wavelength range from 315 nm to 400 nm (937 pW/cm? at 365 nm, 10 cm from source) connected
to a climatic chamber (ICH 110 L, Memmert, Germany). The UVA irradiance (LW/cm?) of the UV
light source was measured by using a combined photo-radiometric probe (LP 471 P-A, Delta Ohm,
Italy) at the fixed experimental distances between the source and the samples. Before starting the UV
irradiation, the mats were maintained in the dark for 60 min. The decrease of the organic molecule
concentrations was monitored by recording the UV-vis absorption spectra at specific time intervals.
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The test was also performed for a reference sample, namely a quartz cuvette filled with the MB or BPA
solution, in order to estimate the self-degradation of the pollutants under the UV light irradiation.

The photocatalytic degradation efficiency (DE%) was obtained from the Equation (1), while the
first-order rate constant (k;, min~!) was calculated by fitting the experimental data of the first 5 h of
irradiation with the pseudo-first order model expressed in Equation (2)

DE% = (1 - C£0)~100 (1)
Co\
ln(E) — kgt @)

in which Cj is the initial pollutant concentration and C is the concentration at t irradiation time.
The organic molecule concentrations were determined by using two calibration curves with linear
regression (R? values of 0.9983 and 0.9998 for MB and BPA, respectively). For the MB, the calibration
curve was obtained by monitoring the absorbance of the MB at the wavelength of maximum absorbance
(Amax = 664 nm) with concentrations ranging from 0.00087 to 0.0125 mM. For the BPA calibration curve,
the aqueous solution concentrations ranged from 0.0031 to 0.05 mM, and the absorbance variation was
monitored at 276 nm.

Before and after the photocatalytic degradation of the organic molecules, the total organic carbon
(TOC) of the solutions was analyzed by a membraPure uniTOC lab analyzer, Gemany. The total
amount of organic bound carbon in the aqueous samples was measured by mean of a UV/reagent
promoted oxidation into carbon dioxide (CO,) which was then quantified by the non-dispersive
infrared detector. After the photocatalytic degradation experiment, the MB and BPA aqueous solutions
were collected from the quartz cuvettes and diluted with MilliQ water, in order to reach 15 mL in
each case. To remove any possible solid residue, the aqueous solutions were centrifuged and then
filtered using a polytetrafluoroethylene (PTFE) syringe filters (diameter 15 mm, pore size 0.20 um,
Sartorius, Germany). The reagent used was an acidic aqueous solution of sodium persulfate (10%yy,y)
and phosphoric acid (3%y;y). The inorganic carbon content was firstly removed and measured by the
internal acidification step. The TOC value was used to evaluate the mineralization of the MB and of
the BPA, and therefore, the efficiency of the photocatalytic degradation.

The stability of the composite mats was evaluated by repeating the photocatalytic experiments on
the same samples over three cycles. The composite mats were washed before starting the subsequent
cycle by dipping in clean water for 1 h under UV light irradiation (same conditions as previously
described) in order to remove the possible adsorbed pollutants.

3. Results

The electrospun composite mats (photographs shown in Figure S1 in the Supplementary Materials)
consisted of continuous defect-free polymeric fibers characterized by smooth surface, whose random
distribution resulted in the formation of a porous material. Compared to the PMMA fibers (Figure S2),
the PMMA/Zn(CH;3CO,), fibers exhibited a higher mean diameter with a broader size distribution, while
their morphology remained rather similar, in accordance with our previous work [17]. In particular,
even if the electrospinning operating parameters were preserved, the mean diameter of the polymeric
fibers increased from 1.5 + 0.3 to 6.2 + 3.7 um (for PMMA and PMMA/Zn(CH3CO,),, respectively).
This difference was mainly due to the presence of the high content of Zn(CH3CO;), which causes the
enhancement of the viscosity of the solution (from 1.57 + 0.05 Pa-s to 4.10 + 0.15 Pa-s) [17].

After the thermal treatment of the PMMA/Zn(CH3CO;), fibrous mats, ZnO NPs were formed,
well distributed on the surface of the fibers but also in their bulk, as shown in Figure 1a and Figure S3.
The content of ZnO NPs obtained after the zinc salt conversion was about 11.7 + 0.9 wt.% with respect
to the composite, as calculated by the ICP-OES analysis. Apart the ZnO NPs formation, it should be
mentioned that the thermal treatment did not affect the overall size distribution of the polymeric fibers,
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which remained unchanged (Figure S3b). In order to obtain the ZnO/Au NPs hybrid structures on the
polymeric fibers, the PMMA/ZnO composite mats were dipped in the gold precursor aqueous solutions
of different initial concentrations. The neutralization of the acidic gold precursor solution, performed
to avoid the solubilization of the amphoter ZnO NPs, determined the presence of [AuCl,(OH),]~
species which were favorably adsorbed on the positively charged surface of the ZnO NPs.

Figure 1. High-resolution scanning electron microscope (HRSEM) images of the (a) PMMA/ZnO,
(b) PMMA/ZnO-Aul, (c) PMMA/ZnO-Au3, and (d) PMMA/ZnO-Au6 composite mats. Insets report
the details on the surface of the different composite mats. PMMA: poly(methyl methacrylate).

The subsequent thermal treatment led to the formation of Au NPs on the surface of the fibers,
which appeared not to be further affected by these steps. In fact, as shown in Figure 1b—d, the formed
Au NPs appeared well distributed on the surface of the composite mats. The Au NPs were mainly
attached on the surface of the ZnO NPs, as shown in the corresponding insets of the Figure 1b-d,
while their size was not significantly affected by the initial concentration of the gold precursor solution.
However, a higher initial concentration of the gold precursor solution led to an increase in the coverage
of the composite fibers by the Au NPs, which, for the highest concentration (PMMA/ZnO-Au6), tended
to form nanowires and aggregate on the surface of the composite mats. The amount of Au NPs
formed on the composite mats was approximately 1%, 3%, and 6% wt. of Au with respect to the
composite, for PMMA/ZnO-Aul, PMMA/ZnO-Au3, and PMMA/ZnO-Aub6 respectively, as defined
from the ICP-OES analysis.

As shown in Figure 2a,b, the formed ZnO NPs had a spherical branched structure with an average
diameter of 135 + 38 nm, which, in accordance with the SEM analysis, corresponded to the NPs grown
on the surface of the fibers (Figure S3a). The selected area electron diffraction (SAED) pattern, inset of
Figure 2a, confirmed the attribution of the NPs to ZnO of hexagonal wurtzite phase. In Figure S4a it
is possible to observe also the presence of smaller irregular ZnO NPs. This second type of particles
was formed in the internal part of the polymeric fibers (inset of Figure S3a), which restrained their
growth [17].
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Figure 2. (a) Transmission electron microscope (TEM) image of the ZnO nanoparticles (NPs). The two
insets show the selected area electron diffraction (SAED) pattern and the diameter size distribution of
the NPs. Dark-field TEM images of (b) ZnO and of (¢) ZnO decorated with Au NPs.

After the dipping in the gold precursor solutions of the PMMA/ZnO fibers and the subsequent
heating process, small Au NPs were grown, mainly localized on the surface of the ZnO NPs, as shown
in Figure 2¢ and in the EDS maps of Figure S5. In all the composite mats, the formed Au NPs had
an average diameter of c.a. 8 + 3 nm, 13 times smaller than the ZnO branched NPs. The lower mean
diameter of the Au NPs compared to the ZnO allowed a high superficial contact between the two types
of NPs and, therefore, an efficient charge separation.

The structures and the crystallites size of the ZnO NPs in the different composite mats were
explored by XRD analysis (Figure 3). In all the composite mats, the ZnO NPs exhibited the characteristic
diffraction peaks of the hexagonal wurtzite phase. In presence of Au NPs, a new diffraction peak
appeared at 38°, which was assigned to the (111) crystal plane of the cubic Au phase. For the
PMMA/ZnO-Aub6 composite mat, it was also possible to observe an additional diffraction peak at 44°,
related to the Au (002) lattice plane due to the higher amount of Au NPs on the surface compared to
the other composite mats. The presence of Au did not cause shifts of the position of the ZnO diffraction
peaks, and therefore the crystal structure of the ZnO NPs was not affected by the post-synthetic
growth of the Au NPs. Furthermore, no extra phase or other peaks were observed, confirming the
absence of crystalline impurities inside the samples. The average crystallite size of the ZnO NPs was
approximated to 9 nm, as estimated by using the Debye-Scherrer equation.

The metal-semiconductor interface in the Au/ZnO NPs hybrid structure was investigated through
diffuse reflectance and Raman spectroscopy. The diffuse reflectance spectra of the different composite
mats are shown in Figure 4a. In all cases, it is possible to observe the characteristic absorption of
the ZnO NPs in the UV region originated by the direct band gap transitions [26]. The presence of
the Au NPs led to the addition of another absorption band with a maximum at 550 nm, attributed
to the surface plasmon resonance of the Au NPs. The Eg of the ZnO was estimated by applying the
Kubelka-Munk (KM) method to the data obtained by the reflectance spectra (details of the KM equation
and graphical representation can be found in Supplementary Materials and Figure S6). The calculated
Eg values demonstrate that the presence of the Au NPs did not cause any modification to the Eg of
the ZnO present in the composite mats. In particular, the Eg was 3.25 + 0.01 eV for the PMMA/ZnO,
and 3.23 + 0.02 eV, 3.23 + 0.04 eV, and 3.25 + 0.01 eV for the PMMA/ZnO-Aul, PMMA/ZnO-Au3, and
PMMA/ZnO-Ausé, respectively.
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Figure 3. X-ray diffraction (XRD) patterns of the different composite mats. Stick reference pattern
of ZnO (black) and of Au (red) are shown along the x-axis. The arrows indicate the detected Au
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Figure 4. (a) Diffusive reflectance spectra of the developed composite mats. (b) Raman spectra of the
polymeric fibers and of the PMMA/ZnO before and after the superficial modification with Au NPs.

The formation of the Au/ZnO NP hybrid structures was confirmed by Raman spectroscopy.
Typically, the optical phonon modes predicted by the group theory for the hexagonal wurtzite ZnO
structures are the polar Raman and infrared active modes Ay, E;, the non-polar Raman active 2E,, and
the silent 2B; modes. The A; and E; modes are split in the transverse optical (TO) and longitudinal
optical (LO) modes with different frequencies due to the manifestation of the macroscopic electric
field of the LO phonons. The two E, are split in the high- and low-frequency modes (E;M8" and E,'°W)
which are associated with the oxygen atoms and the zinc sublattice, respectively [37,38]. In the Raman
spectrum of the PMMA/ZnO composite mat (Figure 4b), all the peaks observed were attributed to the
PMMA [39], whose assignments are listed in Supplementary Materials (Table S1), while the Raman
active modes of the wurtzite ZnO were not evident, possibly due to the presence of the polymer matrix
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and to the used experimental conditions [40]. It was possible to observe the characteristic modes of the
ZnO only after the plasmonic enhancement provided by the contact with the Au NPs in the ZnO/Au
hybrid systems. In fact, in the Raman spectrum of PMMA/ZnO-Aul (Figure 4b), additional peaks
appeared at 450 cm ! and 560 cm™!, which were respectively assigned to the Ezhigh and A1(LO) modes
of the ZnO, proving the non-resonant surface enhanced Raman scattering of the ZnO optical modes in
the proximity of Au NPs [37,41,42]. The Raman spectra of the PMMA/ZnO-Au3 and PMMA/ZnO-Au6
(Figure S7) show analogue enhancement of the Raman scattering of the ZnO optical modes.

The effect of different amounts of Au NPs on the photocatalytic degradation performance of the
composite mats was then investigated using MB and BPA aqueous solutions. The MB is a cationic dye
which can be found in wastewater deriving mainly from the textile, paper, and plastic industries. It is
commonly adopted as a model pollutant for testing the photocatalytic performance of various materials
under UV light irradiation. BPA is a recalcitrant aqueous pollutant classified as an endocrine disruptor,
and is widely present in water due to its broad applications in the plastic industry [43]. In order to
evaluate the adsorption of the organic pollutants on the fibrous composites, the mats were dipped in
the organic pollutant solutions in dark conditions. As shown in Figure S8, there was a negligible MB
adsorption on the fibers. The concentration of BPA slightly decreased over time in the presence of the
PMMA/ZnO and of the PMMA/ZnO-Au with 1 wt % and 3 wt % Au contents. On the contrary, the
PMMA/ZnO-Au6 showed a higher adsorption capacity compared to the other composites, adsorbing
c.a. 39% of the initial BPA, due to the instauration of dispersive bonding interactions between the
aromatic rings of the BPA and the gold surface, which was in a relatively high amount on the composite
fibers [44,45].

Under UV irradiation (Figure 5), the concentration of both organic pollutants decreased in time
only in the presence of the nanocomposite fibrous mats. In fact, their self-degradation was negligible,
while for the pure PMMA fibrous mat there was no significant change in the concentration of the
pollutants, confirming the absence of photocatalytic activity. When the composite mats were dipped
in the solutions, it was possible to observe a more efficient photocatalytic degradation of the organic
pollutants in the presence of the Au/ZnO hybrid structures.
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Figure 5. Photocatalytic degradation curves of (a) methylene blue (MB) and (b) bisphenol A (BPA) in
presence of the composite mats under UV light. Before the UV irradiation, the solutions were kept in

dark for 60 min in the presence of the composite mats. The self-degradation of MB and BPA under UV

is also presented.

As shown in Figure 5a, the PMMA/ZnO mat was able to decolorize 77% of the initial MB solution
while in the presence of the PMMA/ZnO-Aul, the efficiency reached 88% after 20 h of irradiation.
By increasing the content of Au, the MB photocatalytic degradation tended to slightly decrease,
reaching 80% for the PMMA/ZnO-Au3, while for the PMMA/ZnO-Au6, it was lower compared to that
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observed for the PMMA/ZnO (Figure 5a). The photocatalytic degradation curves of the pollutants
followed a pseudo-first order kinetic model for all the developed composite mats (Figure S9), and the
enhanced performance of the PMMA/ZnO-Aul composite was also reflected on its k; for the first 5 h
of irradiation. In fact, the photocatalytic degradation of MB with the PMMA/ZnO-Aul reached the
maximum value of k; 2.33 X 1073 min !, significantly higher than that obtained using the PMMA/ZnO,
1.44 x 1073 min~! and the other composite mats, as shown in Table S3 in the Supplementary Materials.

A similar behavior is also observed for the photocatalytic degradation of BPA. As shown in
Figure 5b, the PMMA/ZnO-Aul induced a 63.5% decrease of the initial BPA concentration after 20 h of
UV irradiation, remarkably higher compared to the BPA reduction achieved with the PMMA/ZnO
mat (DE% of 34%). For higher amounts of Au NPs, the photocatalytic degradation efficiency was
around 61% and 41%, for the PMMA/ZnO-Au3 and PMMA/ZnO-Au6, respectively. The k; values
calculated by applying the first order kinetics model on the experimental data were in accordance
with the photodegradation efficiency results. The PMMA/ZnO-Aul displayed a faster reaction
rate (1.12 X 1073 min~!) compared to the PMMA/ZnO-Au3 and PMMA/ZnO-Au6 (0.96 x 1073 and
0.82 x 1073 min~! respectively) and to the PMMA/ZnO (k; 0.69 x 1073 min~!). Despite the results
obtained for the MB, the PMMA/ZnO-Au6 composite mat displayed a more effective reduction of
the initial BPA concentration compared to the PMMA/ZnO mat. However, this is not attributed to
the photocatalytic degradation but to the high adsorption of the BPA on the surface of the Au NPs,
as demonstrated with the adsorption experiment (Figure S8b).

For both the pollutants studied, the enhanced photocatalytic activity using the PMMA/ZnO-Aul
hybrid structures indicates that the specific ZnO-Au combination is favorable for the formation of the
Schottky barrier at the metal-semiconductor interface, which enhances the charge carrier separation
and therefore the ROS formation [21,46]. In fact, as observed in the SEM analysis, when the content
of Au was low, the NPs were better distributed on the fibers without forming large aggregates, as in
the case of higher amount of Au (PMMA/ZnO-Au6). The presence of Au aggregates on the ZnO NPs
catalyst causes a decrease of their active surface exposed towards the organic pollutants and also a less
effective light penetration due to a screening effect [22,28,47]. This result is also confirmed by previous
studies; as a matter of fact, there is an optimal concentration of metallic NPs for the surface modification
of the metal oxide semiconductors, beyond which the photocatalytic performance declines [46,48].

In order to evaluate the conversion of the organic pollutants into CO, and, therefore, the efficiency
of the developed materials to mineralize the organic pollutants upon photocatalytic degradation,
the mineralization of MB and BPA has been investigated by TOC studies of the solutions before and
after the irradiation experiments. Based on the obtained results (Table S2 in Supplementary Materials),
it can be assured that 60% of MB is mineralized in the presence of the PMMA/ZnO-Aul mat upon
UV irradiation, higher compared to the 45.5% obtained using the PMMA/ZnO. In the case of BPA,
the PMMA/ZnO-Aul was able to mineralize the 15% of the 63.5% photodegraded molecules, while no
changes in the TOC were detected after using PMMA/ZnO. The lower mineralization of BPA compared
to that obtained for MB can be ascribed to the recalcitrant nature of this organic pollutant. The effective
removal of the BPA molecules is greatly challenging due to their complex aromatic structure, which,
together with their low biodegradability, makes BPA one of the principal pollutants detected in the
effluents of the wastewater treatment plants [49].

Since the PMMA/ZnO-Aul mats show the best performance in terms of photocatalytic degradation
of both MB and BPA organic pollutants, their stability is investigated by performing three consecutive
irradiation cycles. The loss of Zn and Au from the composite mats was negligible after the first
irradiation cycle, since about 0.022 + 0.001 wt % of Zn with respect to the total Zn amount in the
composites was detected in the liquids, while the content of Au was well below the instrument’s
detection limit. The overall photocatalytic performance of the PMMA/ZnO-Aul was maintained
unvaried for two consecutive cycles in terms of degradation efficiency of MB (Figure 6a), while,
in the third cycle, the performance slightly decreased to 72.5%. This was also the case of the
PMMA/ZnO sample (Figure S10a of Supplementary Materials) indicating the fact that this reduction in
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the performance can be possibly attributed to a low photo-corrosion effect of the ZnO [50]. In the case
of BPA, the photocatalytic performance of the PMMA/ZnO-Aul showed a more evident decrease after
the second cycle compared to that observed for the MB, lowering further in the third cycle (Figure 6b).
Despite this reduction, the degradation efficiency of the third cycle was higher than that reached for
the PMMA/ZnO mat, in which only 10% of the BPA was photodegraded (Figure S10b). This aspect
confirms the improvement of the catalytic activity of the mat due to the presence of 1% of Au NPs also
in the removal of a recalcitrant aqueous pollutant.
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Figure 6. Photocatalytic degradation activity under UV light irradiation of (a) MB and (b) BPA for
three consecutive cycles using the PMMA/ZnO-Aul.

4. Conclusions

The enhancement of the photocatalytic activity of the PMMA/ZnO composite mats was here
investigated through a surface modification of the semiconductor nanostructures with Au NPs by means
of astraightforward fabrication approach. The hybrid Au/ZnO nanostructures were fixed on a polymeric
support through a thermally induced solid-state synthesis and a subsequent adsorption dipping process.
Thanks to this accessible and scalable fabrication procedure, the Au/ZnO nanostructures were formed
directly on the surface of electrospun polymeric fibers, obtaining a flexible, easily handleable, and
light-weight porous system. The photoactive material was stable on the polymeric matrix, since its loss
in water after 24 h was negligible. The presence of 1% of Au NPs on the PMMA/ZnO composite mats
enhanced the photocatalytic degradation and the mineralization of both the organic pollutants studied,
MB and BPA. In fact, the Au NPs were homogeneously distributed on the surface of the ZnO NPs
without the formation of aggregates, thus allowing an effective metal-semiconductor interface, which
is fundamental for the improvement of the photocatalytic performance of the ZnO under UV light
irradiation. Although the BPA degradation was less effective than that obtained for MB, due to the
intrinsic nature of the BPA molecules, the presence of Au significantly improved the photodegradation
performance of ZnO for such a persistent pollutant. Therefore, the proposed fabrication approach can
be considered a valid alternative to the conventional routes for the development of efficient supported
photocatalysts for water remediation applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/9/1787/s1,
Details on the Debye-Scherrer equation and Kubelka-Munk method, Figure S1: Photos of (a) PMMA/ZnO,
(b) PMMA/ZnO-Aul, (¢) PMMA/ZnO-Au3, and (d) PMMA/ZnO-Au6. Figure S2: SEM images and size distribution
analysis of the diameter of the fibers of (a,b) PMMA and (c,d) PMMA/Zn(CH3CO,), mats. Figure S3: (a) HRSEM
image of PMMA/ZnO with cross-sectional detail. (b) Diameter size distribution of the PMMA/ZnO composite
mat. Figure S4: TEM images of (a) the smaller ZnO NPs formed in the bulk of the polymeric fibers and of (b) the
ZnO/Au hybrid structure in the PMMA/ZnO-Aul composite mat. Figure S5: Dark field TEM image of (a) the
ZnO-Au hybrid structure and EDS mapping of (b) Au, (c) Zn, and (d) O. Figure S6: Kubelka—Munk plots of the
composite mats. The energy band gap is extrapolated from a linear regression. Table S1: Assignment of the Raman
modes of the PMMA. Figure S7: Raman spectra of PMMA/ZnO-Au3 and PMMA/ZnO-Aué. Figure S8: Evolution
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of the normalized concentration of (a) MB and (b) BPA solutions in presence of the developed mats in dark. Table
S2: Degradation and mineralization values obtained from the photocatalytic degradation of the MB and BPA
aqueous solution in presence of the mats after 20 h under UV light irradiation. Figure S9: The pseudo-first-order
reaction kinetics for (a) MB and (b) BPA, applied on the experimental data obtained in the first 5 h of reaction.
Table S3: Photo-degradation rate constants and linear regression coefficients obtained from the linear fitting of the
experimental data by using the pseudo-first order model. Figure S10: Photocatalytic degradation activity of (a)
MB and (b) BPA for three consecutive UV irradiation cycles using PMMA/ZnO composite mats.
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Abstract: The nanoscale zero-valent iron (nZVI) has great potential to degrade organic polluted
wastewater. In this study, the nZVI particles were obtained by the pulse electrodeposition and
were loaded on the biomass activated carbon (BC) for synthesizing the composite material of
BC-nZVI. The composite material was characterized by SEM-EDS and XRD and was also used for the
decolorization of methyl orange (MO) test. The results showed that the 97.94% removal percentage
demonstrated its promise in the remediation of dye wastewater for 60 min. The rate of MO matched
well with the pseudo-second-order model, and the rate-limiting step may be a chemical sorption
between the MO and BC-nZVI. The removal percentage of MO can be effectively improved with
higher temperature, larger BC-nZVI dosage, and lower initial concentration of MO at the pH of
7 condition.

Keywords: biomass activated carbon; methyl orange; pulse electrodeposition; zero valent
iron nanoparticles

1. Introduction

Dye has become a widespread environmental pollution problem because of its wide application in
industry such as paper, textiles, plastic, and leather tanning industries in the past several decades [1,2].
Over 100,000 commercial dyes are associated with an annual production rate of over 800,000 tons [3].
Large amounts of dye-containing effluents pose great challenges to the environment because of
their strong color, complex structure, stability, and low biodegradability [4]. Therefore, it is of vital
importance to remove dyes from wastewater to protect the aquatic life and alleviate the crisis of
water pollution.

Many methods such as adsorption [5], reduction [6], advanced oxidation processes [7],
coagulation [8], membrane separation [9], and biological methods [10] are used to remove dyes
from wastewater. In recent years, nanoscale zero-valent iron (nZVI) particle has been extensively
used as a new tool for the treatment of wastewater contaminated with various pollutants as a result
of its small particle size, large specific surface area, and high reactivity [11]. Unfortunately, there are
still some technical challenges in the use of nZVI. On the one hand, because of interparticle Van der
Waals and magnetic interactions, nZVI particles are prone to agglomeration, resulting in the significant
decrease of their dispersibility [12]. On the other hand, nanoparticles tend to be oxidized, and the
formation of oxide layers easily block the serviceable active surface sites, which finally diminishes
the reactivity [13]. To get rid of these shortcomings, supporting nZVI particles is an option. For the
past few years, most of previous studies have loaded nZVI particles on some porous materials as a
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carrier, such as kaolinite [14], bentonite [15], resin [16], activated carbon [17], mesoporous carbon [18],
mesoporous silica [19], titanium oxide [20], pumice [1,21], and grapheme [22], through the liquid phase
reduction method. Nevertheless, there still has some problems associated with method, such as low
production efficiency, high production cost, and large amounts of hydrogen the generation during the
preparation process [23,24]. All of these problems lead to the limitations of large-scale application.

In this study, the compound material was prepared with two steps. First, the nZVI particles were
directly obtained from steel scrap using the pulse electrodeposition. Second, the nZVI particles were
quickly supported to the biomass activated carbon (BC) under the mechanical agitation condition.
The obtained BC-nZVI material was characterized and its decontamination abilities were tested by the
removal of methyl orange (MO). In addition, the effects of dosage, initial pH, initial concentration,
and temperature on the removal percentage of MO were investigated in conjunction with the analyses
of mechanism and kinetics. It is hoped that this study can provide a new preparation technique for
nZVI composites for wastewater treatment.

2. Materials and Methods

2.1. Materials and Chemicals

The biomass activated carbon was carbonized from coconut shell with particle size of 2~4 mm,
filling density of 0.5~0.55 g/mL, PH value of 6.5~7.5, and iodine adsorption value of 850~1000 mg/g.
This was supplied by Lu-yuan Co. Ltd., Mianyang, China. Ferrous sulfate septihydrate (FeSO4-7H,O,
>98.5%), methyl orange (MO, 99%), sodium hydroxide (NaOH, 98%), hydrochloric acid (HCl, 36%),
sodium dodecyl benzene sulfonate (DBS, 99%), thiourea (>98%), and absolute ethanol (99%) were
obtained from Sinopharm Chemical Reagent Co. Ltd., Shanghai, China. All the chemicals were
analytical reagent grade and deionized water from a Liceng UPA-L system (18.2 M()/cm, 25 °C) was
used for all experiments.

2.2. Preparation of nZVI and Composite with Biomass Activated Carbon

FeSO,-7H,0 was dissolved in deionized water to prepare an electrolyte with Fe?* of 30 g/L.
The additive (thiourea, 0.5 g/L and DBS, 1.0 g/L) was dispersed and emulsified in deionized water in
an ultrasonic cleaner (VGT SONIC-L30 300 w, 28 kHz) and added to the electrolyte. The electrolysis
was carried out at 50~60 °C and the anode plate for electrolysis was a waste carbon steel (Q235) plate,
which was used after surface treated. The cathode plate for electrolysis was a stainless-steel box and
several ultrasonic vibrators were added in the box. The ultrasonic power was 28 KHz. The cathode
and the anode were separated by a filter membrane and the structure of the electrolytic cell is shown in
Figure 1. After 10 h of electrolysis, the electrolyte near the cathode plate was rapidly pumped out and
filtration, and the leached residue was washed with deionized water and absolute ethanol for three
times, respectively. Subsequently, DBS and absolute ethanol were intermixed with leached residue and
dispersed in a mechanical disperser (FS400D, 2000 rpm, Qiwei instrument Co. Ltd., Hangzhou, China).
Finally, an emulsion of nZVI was prepared after 12 h of dispersion under nitrogen protective.

The electrolytic process occurs at the cathode and anode as follows [25]:

Anode:

Fe — 2e = Fe* (1)

Cathode:
Fe?* + 2e = Fe (2)

The iron particles generated on the cathode plate were quickly stripped and emulsified in the
electrolyte under the action of cavitation effect of ultrasonic oscillation and combined with dispersant.
The polymer molecular chain of dispersant was negatively charged, which can form a brush surface
layer to hinder the aggregation. Under the action of dispersant, iron particles were difficult to
agglomerate and oxidize.
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Figure 1. Electrolytic cell for preparation of nanoscale zero-valent iron (nZVI).

The emulsion of nZVI was transferred to a conical flask (1000 mL) for 100 mL, and 200 mL
deionized water and 200 g biomass activated carbon were added into conical flask. Then, the conical
flask was sealed with a sealing plug and shocked on a horizontal vibrator (HY-5A) with a frequency of
240 rpm. After 10 h of shocking, the mixture was cleaned three times by absolute ethanol to remove
the excess emulsion. Finally, the freshly composite material BC-nZVI was dried at 30 °C in the vacuum
drying oven for 12 h and kept in a nitrogen atmosphere prior to use.

2.3. Characterization and Analytic Methods

The surface morphology images of BC-nZVI were obtained with a scanning electron microscope
(SEM) (SIGMA 300; Carl Zeiss AG, Oberkochen, Hallbergmoos, Germany) operating at 30 kV.
The crystal structure and composition phase was analyzed by X-ray diffraction (XRD) (Philips-X'Pert
Pro MPD, Malvern Panalytical, Almelo, Holland, The Netherlands). The sample of BC-nZVI was
dissolved by HCI and the total iron ions in acid solution were analyzed by inductively Coupled plasma
spectrometer (ICP-MS 8000; Perkinelmer, Waltham, MA, USA) to determine the actual load of nZVI
on BC. The concentration of MO solution was measured using a UV-Spectrophotometer (760CRT,
Shanghai precision scientific instrument co., LTD, Shanghai, China) at Amax = 464 nm [26].

2.4. Batch Experiments

The removal percentage of MO by BC-nZVI was evaluated by batch experiments. The degradation
test for MO was carried out in a 250 mL conical flask and the volume of the experimental solution was
150 mL. The flask was placed in the horizontal vibrator and wobbled at 240 rpm after the BC-nZVI was
added. The initial pH value of solution was adjusted by 0.01 mol/L HCl and 0.01 mol/L NaOH. The five
major factors (MO initial concentration (20-200 mg/L), weight of BC-nZVI dosage (0.25-0.75 mg/L),
reaction temperature (20°C~80°C), pH (3.0~10.0), and interaction time (60-120 min)) were considered
for optimizing MO degradation by BC-nZVI. The samples (4 mL) were collected within a specified time
and the concentration of MO was estimated using UV-Spectrophotometer after centrifuged. In order to
ensure the quality of the data, all experiments were conducted in three copies and the average value
was reported.

The MO removal percentage was calculated by Equation (3):

(Co— Ce) x 100

R(%) = c

®)
The equilibrium removal capacity of MO (g. (mg/g)) was calculated by Equation (4):

(Co—Ce)xV

e = W 4)
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where Cy (mg/L) is initial concentration of MO, Ce (mg/L) is the equilibrium concentrations of MO,
V (L) is the experimental solution volume, and W (g) is dry weight of nZVI in BC-nZVI used.

3. Results and Discussions

3.1. Characterization of nZVIand BC-nZVI

The morphologies of nZVI and BC-nZVI were determined using SEM and presented in Figure 2.
Figure 2a shows that the nZVI nanoparticles were substantially nearly smooth and spherical with sizes
ranging from 40 to 80 nm. The nanoparticles were slightly agglomerated, and this may have occurred
during the detection process when the emulsion of nZVI was placed on the observation table and
rapidly dried by washing ear ball. The surface of BC presents a porous structure, which provides a
good platform for loading the nZVI as shown in Figure 2b. The nanoparticles were substantially evenly
distributed on the biomass activated carbon surface and pores under mechanical loading condition.

Figure 2. SEM images of (a) nZVI, (b) biomass activated carbon (BC)-nZVI.

The XRD patterns of nZVI, BC, and BC-nZVI were obtained and presented in Figure 3.
No characteristic diffraction peaks of Fe were observed because of its weak crystallization and
the inclusion of DBS. The characteristic peaks have several small peaks at 20 = 17.41°, 19.24°, and 3.84°
on nZVIwave lines, which represent iron oxide [22], indicating a certain oxidation in the nanoparticles.
In the characteristic peak of the BC-nZVI wave lines, there were obvious carbon peaks at 20 = 26.60°,
43.45°,54.79° [23] and the iron oxide peak disappears, indicating that the loading was beneficial to
prevent the oxidation of the nZVI.
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Figure 3. XRD pattern of nZVI, BC, and BC-nZVI.
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3.2. Removal Efficiencies of MO

The removal percentage of MO was investigated using BC, nZVI, and BC-nZVI, respectively,
as shown in Figure 4. Obviously, the total removal percentage of BC-nZVI and nZVI are significantly
higher than that of BC as a result of the contribution of nZVI. But for nZVI and BC-nZVI, the different
tendencies were presented. In the early stage (within 20 min), nZVI holds the higher removal percentage
than that of BC-nZVI. The reason behind this fact is that the nZVI was in direct contact with the
aqueous solution and the reaction was fast, while the removal percentage of BC-nZVI is lower because
the pore structure of BC prevents the contact bewteen nZVI and MO. However, the opposite results
can be found after 20 min, and the BC-nZVI shows the higher removal percentage than that of nZVI.
This is due to the fact that the sole nZVI particle was easily oxidized than BC-nZVI composite material,
resulting in the decreased reaction activity.
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Figure 4. Comparative degradation of MO using different materials. The dosage of BC, nZVI,
and BC-nZVIwere 3 g/L, 0.5 g/L, and 0.5 g/L (the dry weight of nZVI in BC-nZVI used) with an initial
MO concentration of 200 mg/L, temperature of 25 °C, and original pH.

Figure 5 showed the UV-vis absorption spectra of the MO before and after the addition of
BC-nZVLI. For the original MO, there were two main absorption bands at 464 and 270 nm, which were
attributed to a conjugate structure formed by the azo band under the effects of the electronic-donation
of dimethylamino group and the 7—7t * transition of aromatic rings [27]. Obviously, the band intensity
of 464 and 270 nm decreased with reaction time, and almost disappeared after reaction 50 min.
It proves the degradation of MO through the cracking of azo bonds. The XRD pattern of BC-nZVI after
interaction with MO was represented in Figure 6. The characteristic peaks of 27.87°, 50.17° present the
iron (III) oxide Fe;O3. With the increase of reaction time, the intensity of Fe;O3 characteristic peaks
increased. The radicals of H were generated by the reaction nZVI nanoparticles and H,O or hydrogen
ion [28,29], which caused the azo bond to open and consequently the absorption bands at 464 nm and
270 nm vanished.
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Figure 5. UV-vis patterns of degradation of MO.

37



Water 2019, 11, 1671

Reaction time: 60min

Reaction time: 30min
Reaction time: 10min

15 30 45 60 s 92
20 (Degree)

Figure 6. XRD pattern of BC-nZVI after reaction.

The maximum removal capacities of BC-nZVI in this study were compared with those of other
absorbents prepared by liquid phase reduction method, as shown in Table 1. Clearly, the present
adsorbent (BC-nZVI) shows the same level of removal capacity as other efficient absorbents, such as
B-nZVI, HJ-NZVI, nZVI/BC, and Bio-nZVI. However, it should be emphasized that the BC-nZVI in this
study was synthesized by pulse electrodeposition and mechanical agitation method, and this method
is easier and more cost-effective than the liquid phase reduction method.

Table 1. Comparison of MO removal with different absorbents reported in literature.

Absorbent Dosage Initial pH ConIcIe‘::::tion T°C R,eﬁs::n Ié:;;oc‘i,:; Refs.
B-nZVI 0.5 g/L Or 200 mg/L 30 60 min 93.75% Chen et al. 2011 [13]
HJ-NZVI5 1.0g/L Or 200 mg/L 25 45 min 72.8% Li et al. 2017 [30]
nZVI/BC 0.6 g/L Or 200 mg/L NA 60 min 96.17% Yang et al. 2018 [31]
B */nZVI/Pd 0.5 g/L Or 200 mg/L 27 90 min 91.87% Wang et al. 2013 [32]
nZVI/Pd 0.5 g/L Or 200 mg/L 27 90 min 85% Wang et al. 2013 [32]
BC-nZVI 0.5 g/L Or 200 mg/L 25 120 min 97.94% This study
nZVI 0.5g/L Or 200 mg/L 25 120 min 63.9% This study

B: synthesized bentonite; HJ: Hangjin clay; BC: biochar; Bio: Biogenic; B *: Functional clay; Or is 6.17; NA:
not available.

4. Impact of Operational Parameters

4.1. Effect of Dosage

As illustrated in Figure 7a, the decolorization kinetics of MO was dependent on the BC-nZVI
dosage. The larger the BC-nZVI dosage, the higher the removal percentage. The concentration of
MO decreases dramatically in the initial 20 min at the highest BC-nZVI dosage of 0.75 g/L, while the
removal percentage at 0.25 g/L was sluggish. Moreover, for the dosages of 0.25, 0.5, and 0.75 g/L,
the maximum removal percentages of MO were 68.96%, 94.41%, and 97.43%, and the removal capacities
of BC-nZVI were 344.1 mg/g, 300.8 mg/g, and 181.2 mg/g, respectively. Due to the loading effect of BC,
the oxidation of nZVI was slowed down, resulting in the highest removal percentage.

When the amount of BC-nZVI dosage was insufficient, the slower kinetics and lower removal
percentage were observed for MO removal, but the removal capacity of BC-nZVI was higher [32]. Ata
sufficient amount of BC-nZVI, enough nZVI activity sites was provided to react with MO in the initial
stage, so the reaction kinetics were faster, but the removal capacity of BC-nZVI was lower.
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Figure 7. (a) Effect of dosage on degradation of MO, with an initial MO concentration of 200 mg/L,
temperature of 25 °C, and original pH; (b) Effect of the pH values on degradation of MO, in the context
of 0.5 g/L BC-nZVI with an initial MO concentration of 50 mg/L; (c) Effect of initial concentration on
degradation of MO, at the original pH using 0.5 g/L BC-nZVI; (d) Effect of temperature on degradation
of MO, in the context of 0.5 g/L. BC-nZVI with an initial MO concentration of 50 mg/L, temperature of
25 °C, and the original pH.

4.2. Effect of pH

The effects of initial pH on MO removal were illustrated in Figure 7b. With the increase of pH
from 3.0 to 10.0, the removal percentage of MO was declined from 97.75% to 89.13%, and decreased
from 76.01% to 21.08% in the first 10 min. It suggests that the lower pH value was beneficial to MO
reduction by BC-nZVI. The possible explanation is that the more H" was released at lower pH values,
which could accelerate the corrosion of nZVI particles, and eliminate ferrous hydroxide on the surface
of nZVI particles to generate fresh active sites. The removal capacities of BC-nZVI were 193.5 mg/g,
195.4 mg/g, and 180.1 mg/g as the pH were 3.0, 7.0, and 10.0, respectively. The alkaline pH reduced
the removal capacity of BC-nZVI because OH™ would significantly enhance the formation of the iron
hydroxide, which formed a surface layer on the nZVI particles and inhibited further reactions [20].

4.3. Effect of Initial Concentration

The effects of initial MO concentrations ranging from 20 to 200 mg/L on removal percentage was
shown in Figure 7c. The maximum decolorization efficiencies were 98.8%, 98.7%, 96.7%, and 93.3%,
and the decolorization efficiencies in first 20 min were 77.6%, 82.3%, 75.6%, and 59.2% at initial
concentrations of 20 mg/L, 50 mg/L, 100 mg/L, and 200 mg/L, respectively. The removal percentage
with the initial concentration of 200 mg/L was significantly lower than that of the other lower initial
concentration. It may be caused by that the highly initial MO concentration leads to a competition
effect among the MO molecules and a decline in decolorization efficiency [33,34]. However, with the
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increase of initial concentration, the removal capacity of nZVI was obviously improved. At a higher
initial concentration, the removal capacity of nZVI was significant higher, at 327.7 mg/g.

4.4. Effect of Temperature

As shown in Figure 7d, the removal percentage of MO increased with increasing temperature.
The final removal percentages of MO were 77.6%, 93.1%, and 96.2%, respectively, for 20, 40, and 60 °C.
Similar results were reported previously [35-37]. There may be two possible explanations for this
phenomenon: (1) The mobility of MO was increased by higher temperature, and (2) the activation
energy of decolorizing reaction was increased as the temperature rose.

4.5. Kinetics of Degradation of MO

In order to investigate the mechanism of degradation, the pseudo-first-order kinetics model (PFO)
(Equation (5)) and the pseudo-second-order model (PSO) (Equation (6)) were generally used to test the
degradation of MO using BC-nZVI, which can be expressed as the following equation [13,29]:

In(ge — q¢) = Inge — kqt (5)

t/q1 =1/(kag) + /4. (6)

where g, and g; (mg/g) are the amount of MO adsorbed per gram of BC-nZVI at equilibrium and at time
t, respectively, while k; (min™') and k; (g/(mg-min)) are the PFO and PSO rate constants, respectively.

The effect of initial MO concentrations on the removal efficiency was calculated with these two
kinetic models, and the fitting of the kinetics data was shown in Figure 8 and Table 2.
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Figure 8.  Kinetic modeling of MO adsorption using pseudo-first-order (PFO) (a) and
pseudo-secondo-rder (PSO) model (b).

Table 2. Kinetic parameters for MO removal.

PFO PSO
Co (mg/L)  ge (mg/g)
ge, cal k1 R? ge, cal Ky R?
20 123.13 121.93 0.0749 0.8231 124.29 0.0259 0.997
50 163.78 161.77 0.0647 0.9484 163.50 0.0098 0.9974
100 223.54 211.06 0.067 0.9597 229.42 0.0048 0.9879
200 327.72 319.11 0.0401 0.9466 329.98 0.0025 0.9933
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Significantly, the pseudo-second-order model matched better with the data (R? = 0.988) than
the pseudo-first-order model (R? = 0.823), suggesting that the chemical sorption may be the main
rate-limiting step between the MO and BC-nZVI.

The rate constants for a pseudo second-order reaction were 0.0259 g/(mg-min) for 20 mg/L,
0.0048 g/(mg-min) for 100 mg/L, and 0.0025 g/(mg-min) for 200 mg/L, respectively. The result indicates
that the degradation of MO occurs in the interface of BC-nZVI [20,22], hence the rate of degradation was
closely linked to the initial concentration of MO and the active surface sites of BC-nZV], as discussed in
the previous section. It should be emphasized that the BC-nZVI materials in our study were prepared
by the mechanical agitation method and most of nZVI particles are mainly distributed in the outer layer
of BC. It means the MO could easily contact with the nZVI particles, so the chemical sorption is the
main rate-limiting step compared to the mass transfer process. However, some other X-nZVI materials
synthesized by liquid phase reduction method agreed with the pseudo-first-order model [14-18]. Here,
X presents the carrier, such as clay [15], activated carbon [17], and mesoporous carbon [18]. This is
due to that the nZVI particles can be uniform distributed in both the outer layer and internal space of
carriers (X) using the liquid phase reduction method. Therefore, the mass transfer may be the main
limiting step under this condition.

5. Conclusions

The present study demonstrated that BC-nZVI particles can be used to efficiently degrade
MO in aqueous solution by cleaving the azo linkages. SEM, XRD, UV-vis, and batch experiments
confirmed the characteristics of this composite: (1) The nZVI nanoparticles prepare dby means of pulse
electrodeposition were substantially nearly smooth and spherical with sizes ranging from 40 to 80 nm,
and successfully loaded on the surface and inside the pores of BC; (2) BC as a dispersant and stabilizer,
which reduced the extent of aggregation of nZVI and therefore enhanced reactivity; (3) compared
with other adsorbents prepared by liquid phase reduction method, BC-nZVI reflected with the same
maximum removal rate; and (4) batch experiments show that various parameters such as dosage, pH,
initial concentration of MO, and temperature did affect the removal of MO. In addition, the BC-nZVI
in this study was synthesized by pulse electrodeposition and mechanical agitation method, and this
method is easier and more cost-effective than the liquid phase reduction method, and the 97.94%
removal percentage demonstrated its promise in the remediation of dye wastewater.
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Abstract: In this study, the relative efficiency of four forms of supported titanium dioxide (TiO,)
as a photocatalyst to degrade 2,4-dichlorophenoxyacetic acid (2,4-D) in Killex®, a commercially
available herbicide was studied. Coated glass spheres, anodized plate, anodized mesh, and
electro-photocatalysis using the anodized mesh were evaluated under an ultraviolet - light-emitting
diode (UV-LED) light source at A = 365 nm in a semi-passive mode. Energy consumption of the system
was used to compare the efficiency of the photocatalysts. The results showed both photospheres and
mesh consumed approximately 80 J/cm3 energy followed by electro-photocatalysis (112.2 J/cm?),
and the anodized plate (114.5/cm®). Although electro-photocatalysis showed the fastest degradation
rate (K = 5.04 mg L~! h™1), its energy consumption was at the same level as the anodized plate with a
lower degradation rate constant of 3.07 mg L~! h~!. The results demonstrated that three-dimensional
nanotubes of TiO, surrounding the mesh provide superior degradation compared to one-dimensional
arrays on the planar surface of the anodized plate. With limited broad-scale comparative studies
between varieties of different TiO, supports, this study provides a comparative analysis of relative
degradation efficiencies between the four photocatalytic configurations.

Keywords: photocatalysis; semi-passive; anodization; buoyant catalyst; 2,4-D; LED; mesh

1. Introduction

As a clean technology, photocatalysis holds a lot of promise. Research interest on photocatalysis
has significantly increased since the initial publication on titanium dioxide (TiO,) photocatalysis in
1971 [1]. As an advanced oxidation process, it utilizes a semiconductor material as a reusable catalyst
that is capable of mineralizing organic contaminants with light energy as the main input. This makes
photocatalysis an appealing treatment option for both industrial and municipal wastewaters [2-7].

The most versatile semiconductor that has been used as a photocatalyst is titanium dioxide
(TiO,), which owes its popularity to its low cost, non-toxicity, and photo-stability as well as its unique
non-selectivity characteristic for oxidation reactions. It is also chemically and mechanically robust,
that makes it an ideal photocatalyst candidate for various reaction media [8-11]. With a high oxidation
potential (approximately +3.2 V), high energy ultraviolet (UV) radiation (A < 387 nm) is required to
excite electrons in its valence band and move them to the conduction band to initiate the photocatalytic
reaction [4,9,12]. Although other semiconductors such as zinc oxide (ZnO), cadmium sulfide (CdS) [13],
tungsten oxides (WOx < 3) [14,15] and other tungstate species [16] as well as their combinations [2,4,17]
have been tested for photocatalysis, TiO; is still a broadly studied photocatalyst and is utilized as a
model photocatalyst in this study.

TiO, can be used in various forms such as powder, being immobilized (on a surface such as
a sphere or a plate), or one of many possible variations of nanoparticle materials. Each method of
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application presents unique advantages and challenges. While powdered TiO; has been extensively
researched, it has a significant disadvantage in environmental applications. As a photoactive material,
the powdered TiO, must be separated from water prior to its release that necessitates an additional
treatment step [3,18,19]. Although immobilized TiO, avoids the complications of a secondary
separation step, its available surface for reactions is reduced and consequently has lower reactivity,
leading to lower degradation rates in some cases [20-23].

Supported nanostructures are a viable option for the application of TiO, in water treatment.
They can provide higher reaction rates than simple immobilized TiO, plates while having the
advantage of being supported, making an extra separation step unnecessary. Many studies on
TiO; nanotubes boast high electron mobility, lower recombination rates, high surface area and high
mechanical strength [24—29]. When nanotubes are produced on spaced materials such as a mesh,
nanotubes can grow in all directions resulting in a three-dimensional structure. Several studies have
been published demonstrating degradation of contaminants using these three-dimensional nanotube
structures [26,30,31]. Research [26] has demonstrated that photocatalyst nanotubes with a 3D geometry
were more efficient in absorbing light, minimizing photon loss in the liquid, and present a much higher
photocatalytic activity per unit surface area compared to a plated one-dimensional array. The results
showed that the photocurrent response in the mesh, as an indicator of the photocatalytic activity, was
higher than the plate. This indicated a lower recombination of photo-generated electrons and holes,
higher photoelectron transfer efficiency and higher light absorbance in the mesh. The increased light
absorbance efficiency can be attributed to the different directionality of nanotubes with 3D geometry
being more effective in capturing indirect light such as reflected or refracted photons. Beyond the
improved light absorbance, better degradation rates in 3D structures have also been attributed to
interstitial fissures between the nanotubes, which provides more access to the catalyst surface by the
contaminant [26].

Amongst various fabrications and application methods, positioning a photocatalyst near the
surface of water, and on a floating support have been investigated by several researchers as it allows
higher oxygenation and illumination [17,32-36]. Although the initial floating supported photocatalysts
were shown to be effective to clean oil slicks on water [17], the ingestion risk by fishes and animals in
water and uncertain toxicity of the degradation intermediates limited their development. This led to
various studies to improve their size scale and evaluate their efficacy to degrade various contaminants.
Alternatively, TiO, plates are a commonly considered photocatalyst. With a simple setup, they have
been shown to degrade a variety of organic contaminants [8,37]. However, due to the tendency of
charge-hole recombination in the semiconductor photocatalyst, the quantum yield is generally low in
heterogeneous photocatalysis [19,20,38].

One of the methods to overcome the low quantum yield of heterogeneous photocatalysis on
supported substrates is electro-photocatalysis. This refers to an anodic polarization being applied in an
electrochemical cell, causing it to act as a photoanode. The applied voltage removes excited electrons
from the surface of the photocatalyst, inhibiting the recombination of the electron-hole pairs [39,40].
Researches have demonstrated the enhanced rate of photocatalytic degradation when it is combined
with an electrical bias. Research on an Azo dye showed that the degradation rate approximately
doubled when an electrical bias of 1.5 V was applied on the nanotube arrays of an anodized Ti mesh
electrode [41]. TiO; coated electrode by the sol-gel method resulted in 65% enhancement in degradation
efficiency of methyl tertiary butyl ether using 0.25 bias [42], and the electro-photocatalytic degradation
rate of methyl orange was 1.7 times higher on the modified titanium nanotube electrode in comparison
to the photocatalytic degradation [43].

There is extensive literature investigating various supports for photocatalysis. Most studies
provide a comparison between different nanotube structures or various coating methods, without an
experimental peer evaluation between the efficiency of different supports. Considering the advantages
of buoyant photocatalysts and nanostructures, the intention of this research was to conduct an
exploratory study to compare the efficacy between the conventional floating TiO, coated on the
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glass spheres and nanostructured engineered supports, to be used as floating photocatalysts for water
decontamination under ambient conditions.

In this research, an experimental evaluation of four types of supported TiO, photocatalysts were
conducted, allowing for a broad comparison between the different supports in a semi-passive mode.
Floating TiO, spheres, an anodized TiO, plate with one-dimensional nanotube arrays, anodized TiO,
mesh with a three-dimensional nanotube structure, and electro-photocatalysis utilizing the anodized
TiO, mesh were investigated.

The herbicide Killex® was used as a model organic contaminant. It is a widely applied herbicide
that is used in lawns and agricultural lands. It contains 2,4-dichlorophenoxyacetic acid (2,4-D),
methylchlorophenoxy propionic acid (MCPP or Mecoprop-P) and 3,6-dichloro-2-methoxybenzoic acid
(Dicamba). 2,4-D is a contaminant of priority due to its low biodegradability and runoff potential
and high mobility [44,45]. Photocatalytic degradation of 2,4-D results in the production of 4-chloro
pyrocatechol, 2-chlorophenol, 4-chlorophenol, 2,4-dichlorophenol [46-48]. During photocatalytic
degradation of Killex®, degradation of 2,4-D is slower compared to its pure aqueous solution due to
the competition between its three components [48,49].

The irradiation source was an ultraviolet — light-emitting diode (UV-LED) panel. UV-LEDs
were selected for their energy efficiency and longer lifespan compared to low-pressure UV lamps
(i.e., approximately four times) [6,49,50]. Additionally, LEDs contain no mercury, making them an
environmentally friendly alternative to standard fluorescent UV bulbs.

The experiments were conducted in a semi-passive mode, where no mixing was involved during
the irradiation. The objective was to investigate what can be expected of a semi-passive photocatalytic
system if it was to be used to treat ponds containing contaminated water under an ambient environment.
Thereby, the reaction rates can be representative of the rate of removal of organic contaminants in
natural contaminated watersheds and industrial wastewater ponds that are exposed to sunlight.

2. Materials and Methods

2.1. Materials

The titanium mesh with 99.9% purity was supplied from Alfa Aesar. The titanium plate with
99.7% purity was obtained from Sigma-Aldrich, St. Louis, MO, USA. The 6061-grade aluminum
was used as a cathode for anodization and was procured from New West Metals Inc., Winnipeg,
MB, Canada. The hollow glass microspheres coated with anatase TiO, (HGMT) were obtained from
Cospheric Innovations in Microtechnology. They are referred to as photospheres in this paper and had
a median diameter of 45 um and density of 0.22 g/cm?.

A 99% pure-ethylene glycol was supplied by VWR and 99.9% pure acetone was obtained from
EMD. A 98% pure ammonium fluoride, 99.8% ethyl acetate and 99.8% methanol were obtained from
Sigma-Aldrich. The phosphoric acid was supplied by J. T. Baker. Commercially available Killex®
containing 95 g/L of 2,4-dichlorophenoxyacetic acid (2,4-D), 52.5 g/L of Mecoprop-P, and 9 g/L of
Dicamba was purchased from a local retailer.

An in-house UV-LED light source (A = 365 nm) composed of 16 lamps (NSCU330B, Nichia
Corporation, Anan, Japan) in a four by four array on a 10 cm by 10 cm circuit board was used as a
light source. It was equipped with an air fan to cool down the generated heat from the lamps. A dual
output power supply (Model TW 5005D) was used to drive the module with direct current, ranging
from 10 mA to 500 mA [51]. A PANalytical Aeris X-ray diffractometer was used for X-ray diffraction
(XRD) characterization of the photocatalysts. The HighScore Plus XRD analysis software was utilized
for Qualitative XRD analysis and Rietveld Refinement. An SEM (JEOL JSM-IT300LV, Tokyo, Japan)
by InTouchScope and a TEM (Tecnai F20, by Thermo Fischer Scientific) were used to characterize the
morphologies of the anodized titanium mesh. A Hummer II sputter coater from Anatech, USA was
used to coat the cathode (anodized titanium mesh) with platinum.
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2.2. Methods

2.2.1. Experimental Design and Setup

All experiments were conducted at room temperature, pressure, and under similar conditions.
In order to be able to compare the photocatalyst supports (as a variable), all experimental parameters
including light source, irradiation light intensity, lack of mixing, distance from the light source and
the initial concentration of 2,4-D in the solution were identical in all experiments. The type of the
photocatalyst support was different in each experiment, therefore the performance of the studied
photocatalysts (i.e., TiO, photospheres, anodized titanium mesh, plate and electro-photocatalysis using
an anodized titanium mesh) were studied as a variable.

The output light intensity of the UV-LED module was linear in the range of 2.2 mW/cm? to
17.3 mW/cm?. The light intensity was adjusted at 15 mW/cm? [51]. The distance of the photocatalyst
surface from the irradiation source was 5.5 cm in all experiments.

Wide mounted glass jars with a diameter of 4 cm were used as reaction vessels. In all experiments,
0.52 mL of Killex® was dissolved in 1 L of milli-Q water resulting in a solution containing 49.4 ppm
2,4-D, 27.3 ppm Mecoprop-P and 4.68 ppm Dicamba. In each experiment, a control sample without a
photocatalyst was also monitored to evaluate the possible photolysis in the solutions. The length of time
between sampling intervals created a requirement to correct the mass of the solution for evaporation.
This was done by monitoring the mass of the solution during the experiments. The milli-Q water
was added before each sampling to adjust the mass of the solution to its initial mass before each
irradiation cycle.

In the experiments using an anodized titanium plate, the plate was placed at the bottom of the
reaction jar. Dimensions of the plate were measured and used to calculate the surface area of the
photocatalyst for energy calculations. When the titanium mesh was used, it was secured close to the
surface of the reaction medium using a stainless steel wire mesh. The surface area of the mesh was
calculated based on its dimensions and the percentage of the open area (64%) was used to calculate the
effective surface area for energy calculations.

In the electro-photocatalysis experiments, a platinum coated anodized mesh was used as a
cathode, and the anodized titanium mesh was used as a photoanode. Anode and cathode were
connected to a battery (1.5 V) as a source of direct electric current. Current and voltage were measured
with a voltmeter and ammeter during the experiment.

For the TiO, photospheres experiments, the photospheres were mixed with water and those that
were buoyant, were collected and dried overnight. The photospheres were then mixed with spiked
water using a magnetic stirrer for 30 min before irradiation to allow adsorption to reach equilibrium.
In order to identify an optimum photocatalyst loading for the purpose of comparison with the other
studied photocatalysts, three different catalyst loadings were tested, 7.2 mg/cm? and 11.9 mg/cm?
and 16.7 mg/cm?, equal to 1.8 g/L, 3.0 g/L, and 4.2 g/L, respectively. Since the photocatalyst was
floating on the surface, the surface area of the reaction jar was considered as the irradiated surface by
the light source and was used in energy calculations.

2.2.2. Anodization of Titanium Mesh

Supported TiO, nanotubes were prepared by anodization of a titanium mesh followed by a
temperature controlled annealing to acquire anatase phase, which is the most desired crystalline
morphology of TiO, for photocatalytic applications [52]. The titanium mesh was first degreased by
sonication in an acetone/methanol solution for 30 min. It was then rinsed with water and dried at
room temperature. The degreased mesh was anodized in an aqueous solution of ethylene glycol,
containing 2% water and 0.5% ammonium fluoride for 24 h. The anodized mesh was then rinsed with
water and dried at room temperature followed by annealing in the oven for 3 h at 450 °C to form an
anatase crystalline structure [24,26,45-47]. The mesh was cut into uniform pieces with a surface area of
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2.9 + 0.3 cm?, and each of them were attached to a reaction jar via a stainless steel wire and irradiated
under the UV-LED lamp.

2.2.3. Sample Analysis

Samples were filtered using 0.45 pm PTFE 25 mm syringe filters before analysis, and were analyzed
using HPLC with a UV-visible detector, fitted with a Restek Pinnacle DB C18 column. Absorbance
was recorded at a wavelength of 230 nm. Ingredients of Killex®, have all the peak wavelength at
the range of 230 nm to 280 nm (i.e., 2,4-D: Apax = 280 nm, Mecoprop: Amax = 230 nm and Dicamba:
Amax = 275 nm) [6,53,54]. The UV detection wavelength of 230 nm is selected so as to be able to
detect all three compounds in the Killex® solution [55]. However, degradation of 2,4-D as a model
contaminant is studied in this paper for the purpose of comparison of the photocatalysts. The eluent
used was water:methanol (25:75) with ten mM phosphoric acid and a flow rate of 1 L/min.

3. Results and Discussion

3.1. Photocatalyst Characterization

Titanium dioxide exists in three different crystalline structures of rutile, anatase and brookite [56].
The anatase and rutile show different structural characteristics in terms of Ti-Ti and Ti-O distances.
The Ti-Ti distance is larger in anatase than rutile but the Ti-O distance is shorter. These structural
differences lead to different mass densities and different electronic structures that causes the difference
in the mobility of the charge carriers under light excitation [57]. Amongst all crystal structures of
TiO,, the anatase shows the highest photocatalytic activity [56]. The X-ray diffractometry (XRD) of
the photocatalysts indicated that the primary crystal structure of all the photocatalysts was anatase.
(The XRD graphs of all the photocatalyst samples are presented in the supplementary material).

The XRD quantitative results that show the weight percentage of titanium, TiO,, and its crystalline
morphologies are presented in Table 1.

Table 1. XRD quantitative results of titanium dioxide (TiO,) photocatalysts.

Crystal Phase (weight %)

Photocatalyst Anatase Rutile Titanium
Mesh 91.8 37 28
Plate 81.9 0.1 17.3

Photospheres 727 - -

s

A

Figure 1. Morphology of the anodized mesh: (a) Digital and SEM images before anodization; (b) TEM
image of a nanotube detached from the surface; (c) digital and SEM images after anodization; (d,e) SEM
image of titanium nanotube arrays on the surface of mesh.
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Further analysis was performed on the mesh photocatalyst for characterizing the surface morphology,
length, and thickness of the nanostructures by a scanning electron microscope (SEM) and a transmission
electron microscope (TEM). Images are presented in Figure 1. As it can be seen on the images, the length
of the nanotubes was about 300 nm with the opening diameter of 54 nm.

3.2. TiO; Photospheres

A comparative study of the photosphere loadings was conducted. The results are presented in
Figure 2. Samples were irradiated for nine h and 22 min with a total energy of 127.1 ]/ cm®. The 2,4-D
has no absorbance at the peak wavelength of LED (A = 365 nm). Therefore, no direct photolysis took
place during its degradation [6]. The degradation showed a notable improvement when increased
beyond a photosphere loading of 7.2 mg/cm?, while results of 11.9 mg/cm? and 16.7 mg/cm? were
similar. The degradation by photospheres in this study followed a zero-order reaction kinetics, with
the kinetic rate constant (K value) of 4.12 mg L~'h~! and the half-life time of 6.05 h at a loading of
7.2 mg/cm?. K values were 4.55 mg L' h~! and 4.36 mg L~ h~, and the half-life times were 5.48 h
and 5.72 h at the two higher loadings of 11.9 mg/cm? and 16.7 mg/cm? respectively. No degradation
took place in the control sample. Zero-order reaction kinetics was also reported in other studies, where
TiO; floating beads were used for the degradation of dyes [36]. The degradation efficiency was 80%,
86% and 89% at the loadings of 7.2 mg/cm?, 11.9 mg/cm? and 16.7 mg/cm? respectively. The results
are summarized in Table 2.
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Figure 2. Degradation of 2,4-dichlorophenoxyacetic acid (2,4-D) in Killex® solution at various loadings

of TiO, photospheres (mg/cm?).

Table 2. Summary of the experimental results using photospheres.

Photocatalyst Loading (mg/cm?)  K(mgL~'h~1) t (h) Degradation (%)
7.2 4.12 6.05 80
11.9 4.55 5.48 86
16.7 4.36 5.72 89

The results indicated that increasing the loading of photospheres in the solution increased the
degradation rate up to an optimum value beyond which the degradation rate decreased as more
photocatalyst was added. This phenomenon has been demonstrated by various researchers [58].
Since heterogeneous photocatalysis occurs inside the active sites on the surface of TiO,, the rate of
degradation increases when the loading of the photocatalyst increases. This is due to the higher surface
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area, hence the availability of the active reaction sites. However, an optimum TiO, dosage exists
after which degradation rates will decrease with higher catalyst loadings [59]. This phenomenon has
been attributed to photon limitation or light scattering on the surface of the photocatalyst particles,
decreased light penetration through active sites, and uneven competition between the nanoparticles
for light adsorption at higher loadings [60]. Moreover, the high catalyst loading may deactivate
the originally activated TiO, through collision with ground state catalysts. The following reaction
demonstrates the collision mechanism between TiO, species. TiO; has the activated species adsorbed
on its surface, TiO, is the ground state and TiOg is the deactivated state of TiO; [61,62]. When the light
activated TiO} collides with the ground state TiO,, TiO} gets deactivated (TiO%), leaving the ground
state behind. A high loading of the photocatalyst, increases the chance of collision between the species,
resulting in the higher frequency in the deactivation process.

TiOj + TiO; — TiO4 + TiO,, 1)

A screening effect of UV irradiation is also reported to be responsible for lowering the rate
of photocatalysis at the loading values beyond the threshold limit [59,63]. In addition, due to the
uncontrolled catalyst agglomeration on the sidewalls of the reaction jar, increasing the catalyst loading
does not enhance the available catalyst on the surface of the reaction media. Since most of the studies
utilize photospheres in a reactor with mixing, this phenomenon is fairly reported in the literature [9,64].

The experiments resulted in similar degradation rates in two photocatalyst loadings. Therefore,
it is possible that the optimum level of loading was reached. This allows for a comparison to other
suspended photocatalytic methods as the measured level of treatment represents the highest level of
attainable degradation by photospheres.

3.3. Anodized Mesh

An experimental study utilizing the anodized TiO, mesh was performed to assess its photocatalytic
activity in a semi-passive mode, and as well to compare it with the anodized plate and other methods
studied here. The degradation of 2,4-D with time is presented in Figure 3. The zero-order kinetic rate
constant was 3.45 mg L~! h™! with the half-life time (t; /) of 7.09 h. Energy consumption to achieve
99.8% degradation was on average 160 J/cm®.
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Figure 3. Degradation of 2,4-D using anodized mesh.

Experiments were performed in duplicate to account for considerable variances that can occur
when growing TiO, nanotubes on the non-uniform surface of the mesh. The degradation efficiency
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varied 2.2% between the replicate samples. Although the percentage was small, the difference between
samples can be attributed to the variation on nanotube structure due to the variations in the electrical
field alongside the wires of the mesh during the anodization process. This emphasizes the importance
of the production of a uniform mesh.

Each TiO, mesh was tested a second time to assess its durability in repeated applications. One of
the samples showed a similar efficiency with degradation efficiency varied between 99.65 to 100%, but
the degradation efficiency dropped 13% in the second replicate. The decreased efficiency has been
reported for repeated runs on TiO, nanotube meshes by Liao et al. [26], who found that after five runs
the degradation efficiency decreased by 8%. The mechanism for loss of degradation efficiency is due
to the imperfect mechanical stability of the nanotube layers as TiO, nanotubes tend to flake off from
the substrate during the experiment [65]. Previous research [66] showed that the mechanical stability
of TiO, nanotube arrays could be improved by surface modification methods such as incorporating
carbon into microstructures of nanotube layers, which increases the hardness and mechanical strength
of the layers. In another study, it was demonstrated that the presence of fluoride-rich layer improves
the adhesion of the nanotube layer [65].

Variables affecting anodization are electrolytes types, voltage, and duration of the anodization,
annealing temperature and duration, as well as the distance between the electrodes. They cause a
difference in the crystal phase, length and width of the produced TiO, nanotubes which is the reason
behind the difference in their mechanical stability on the surface of the titanium mesh [25,26,28,67-70].
When the nanotubes are not mechanically stable, they can fall off from the surface in repetitive usage,
resulting in a reduced photocatalytic activity.

3.4. Anodized Plate

The degradation efficiency was 57% after 10 h of irradiation, consuming 111.9 J/ cm? of energy.
Degradation followed a zero-order degradation rate constant of 3.07 mg L' h~! with the half-life
time of 7.97 h. Since the photocatalyst plate was placed at the bottom of the reaction jar, an additional
experiment was performed to investigate the effect of the depth of water column on the degradation
efficiency. The plate was covered with contaminated water, which resulted in various water depths
ranging from 1 cm to 4 cm on top of the photocatalyst plate. The concentration, distance from the
irradiation source and the light intensity were identical in all samples. All samples irradiated for 10 h.
The results are presented in Figure 4.
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Figure 4. Degradation efficiency versus energy at various depths using the anodized plate.
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It was observed that at a depth of 4 cm, energy consumption was 55.9 J/cm® to achieve 38%
degradation efficiency (defined as AM/My = (My — Mt)/My), which was 27% lower compared to a
1 cm depth (76.3 ]/ cm®). The results showed that the increase in depth, did not decrease the energy
efficiency of the system. Although the Beer Lambert equation (A = ¢ b c) states light absorbance
in a solution (A) is directly proportional to its path length (b), molar concentration (c), and molar
absorptivity (¢), the results showed that the effect of path length at the studied depth ranging from
1 cm to 4 cm was negligible.

This could be associated with the mass of the contaminant which is a significant parameter in
the photocatalytic degradation reactions due to its effect on the adsorption of the reactant on the
surface of the photocatalyst and mass transfer in the solution during the photocatalytic degradation
reaction [9,71,72]. Since the mass was higher when the water column was higher, the effect of mass
supersedes the effect of light absorbance between the studied depths of 1 to 4 cm. It was then concluded
that when the anodized plate is placed at the bottom of the reaction jar, the effect of the depth of water
column is not as important as the mass of the contaminant; hence it can be neglected. Therefore, the
results are comparable with the floating photospheres and mesh, where the photocatalyst is brought
near the surface.

3.5. Electro-Photo Catalysis Using Anodized Titanium Mesh

A study for comparative analysis of electro-photocatalysis was conducted on the anodized TiO,
mesh. Voltage, as the driving force in preventing electron-hole pair recombination [39], was kept
constant at 1.5 £ 0.1 V during the 6 h irradiation. The photocurrent increased from 6 mA before
irradiation to about 40 mA after UV irradiation. Voltage was variable at the first 20 min which was
corrected by manually adjusting to the initial value of 1.5 V. The current was approximately 45 mA
during the 6 h irradiation period. Results of the experiment are presented in Figure 5.
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Figure 5. Concentration of 2,4-D with time during electro-photocatalysis.

Kinetics followed a zero-order model with a rate constant of 5.04 mg L~! h~! with the half-life
time of 4.86 h during the first run. The enhanced degradation efficiency is due to the presence of
the polarized anode, working as a photoanode in the photoelectrochemical cell. The applied voltage
produced an electric field which is opposed to the attraction forces between excited electrons and the
holes that are produced during photocatalysis. This results in excited electrons being removed from
the surface of TiO,, minimizing the electron-hole recombination [39-41,73]. The same mesh was tested
a second time, showing an efficiency drop of 14% compared to the initial run. Literature on the loss of
degradation efficiency varies considerably. It was reported from no loss [41] to 7% [74] and 8% [26]
efficiency reduction during the repeated cycles. The mechanism for the reduction in the photocatalytic
activity after repeated use is the same as discussed for TiO, mesh earlier.
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3.6. Comparison of Three Forms of the Photocatalyst and Electro-Photocatalysis

The required energy to achieve 60% degradation was used to compare the efficiency of the four
studied photocatalysts. In the experiments using the mesh photocatalyst, the average value of the
energy consumption of the four experiments is used for the purpose of comparison.

Energy (Ejamp in]/ cm®) was calculated based on the LED output in mW /cm? and the surface area
of the photocatalyst. Therefore, the variation of the surface area of the different photocatalysts was
taken into account. The degradation efficiency or the normalized degraded mass of 2,4-D (AM) was
calculated based on the mass difference during the photocatalytic reaction using the following equation
where My is the initial mass of 2,4-D in the solution, and M is its mass at various sampling intervals:

My —M;

AM Mo

@

In electro-photocatalysis, the applied excessive voltage was accounted in energy calculations.
The following equations were used to calculate the total consumed energy per volume of the sample
(Etotal in J/cm®):

Etotal = Elamp + Eelectro—chemical cells 3)
VxIxt
Eelectro—chemical cell = v 4
s

where V is the average potential of the electrochemical cell (in V), I is the average of measured current
during irradiation (in A), tis time (in s) and Vj is the volume of the solution (in cm®) [75,76]. The results
are summarized in Table 3, and illustrated in Figure 6.

Table 3. Experimental results of 2,4-D degradation in various photocatalyst substrates.

Surface Area of the 3 K Value 2

Photocatalyst Photocatalyst (cm?) Energy (J/cm?) Ty () (mgL~1h-) R
Anodized plate 4.97 114.5 7.97 3.07 0.99
Anodized mesh 2.76 80.3 7.09 3.45 0.99
Electro-photocatalysis 2.76 112.2 4.86 5.04 0.99
Photospheres 12.56 80.3 5.48 4.55 0.99

It was observed that energy consumption was at the same level in the anodized plate
(i.e., 114.5]/cm?) and electro-photocatalysis (i.e., 112.2 ] /cm3). Energy consumption was also similar
in the photospheres experiment at 80.3 J/cm?, with the average energy consumption of the four
studied anodized mesh at 80.3 J/cm3. In comparison to the photospheres experiment and the mesh,
energy consumption was 39% higher on average when the anodized plate and electro-photocatalysis
were used.

The lower efficiency and higher energy consumption of the anodized plate is due to the 2D
geometry of its planar surface compared to the 3D nanostructures on the mesh [26]. Although the
dimensions of the plate and mesh were similar, void spaces in the mesh resulted in a significantly lower
surface area available for light absorbance. In contrast, the three-dimensional surface morphology of
TiO, nanotubes grown on a mesh are more efficient in the absorbance of the scattered light compared
to the 2D geometry of the planar surface of the titanium plate despite having a lower surface available
for irradiation. Moreover, the interstitial fissures between the nanotubes allow contaminant molecules
easier access to the photocatalyst surface area, which enhances the photocatalytic activity.

This phenomenon has been studied by other researchers [26] in the photocatalytic degradation
of methyl orange under a high-pressure mercury lamp with the wavelength of 365 nm. It was
demonstrated that under similar conditions and equal time (360 min), the photocatalytic degradation
of methyl orange was 18% higher when an anodized mesh was compared with an anodized plate.

The outperformance of the photospheres in comparison to the plate can be attributed to the
increased access to the catalyst surface area by photons and the reactants—a primary factor in
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determining the degradation rate in photocatalysis. Other studies have also demonstrated similar
results [51].

....... A Anodized mesh
.......... O Photospheres
X Anodized plate

< Electrophotocatalysis

60 80 100 120 140

Energy (J/cm?3)

Figure 6. Comparison between photocatalysts based on the mass difference versus energy.

It was observed that with a similar amount of energy, the degradation efficiency of the anodized
mesh was comparable with photospheres. This is due to the improved photocatalytic activity of the
supported TNTs and 3D structures of TiO, surrounding the mesh wires, compared to anatase TiO,,
mounted on the glass spheres. Moreover, it has significant advantages because a separation step after
treatment is not required, and it can be removed easily when the treatment is completed.

Albeit electro-photocatalysis resulted in the lowest half-life time (i.e., 4.86 h) compared to the
methods studied here, but its energy consumption was at the same level as the anodized plate.
This outcome was also in-line with other published comparative studies [41,42,75-77]. The enhanced
efficiency is attributed to the presence of the electrical bias between the electrodes which minimized the
electron-hole recombination on the photocatalyst and increased the quantum yield of the photocatalytic
degradation process. The primary disadvantage of this system is the required additional electricity to
the photoanode as well as the increased complexity of the process, which leads to a higher capital and
operational costs [75].

The studied semi-passive system using the anodized plate is also compared with a flow-through
photoreactor, using the same anodized plate and the same light source to degrade 2,4-D in a Killex®
solution [49]. During 2 h of irradiation, the photoreactor resulted in 78% higher degradation efficiency
of AM = 0.25 compared to AM = 0.14 in the semi-passive system. Energy consumption of the
semi-passive system was 44.8 J/cm® at AM = 0.25 which was 3.6 times higher than the photoreactor
(12.5 J/cm®). This difference is due to the slower kinetics of the photocatalytic degradation in the
semi-passive system due to the lack of mixing that minimizes mass transfer. The reported pseudo
first-order kinetic rate constant was 648 h~1 in the reactor, compared to the zero-order rate constant
of 3.07 mg L~! h™! in the semi-passive photocatalysis. It can be concluded that the semi-passive
photocatalysis consumes more energy and results in a lower degradation efficiency during a same
period of time when compared to a photoreactor.

Although photospheres have recently been broadly and successfully studied for degradation of
environmental contaminants [20,78-81], their usage is still constrained by problems with separation
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after treatment. Moreover, ensuring the even dispersion of the photospheres for a semi-passive
treatment, with no mixing, may be a challenge in practical applications. Furthermore, a direct
comparison between the publications in this field and the results presented in this paper is not
feasible due to the different operational parameters and the variety of the studied contaminants.
The feasibility of utilization of the robust anodized TiO, based photocatalysts, designing a system for
field applications at a larger scale, and studying the system to degrade various organic contaminants
in water will be the direction for future research.

4. Conclusions

e The feasibility of using four types of TiO, photocatalysts under UV-LED irradiation (i.e.,
A =365 nm) in a semi-passive system was investigated.

e  Energy consumption (J/cm?®) was used to rank the degradation efficiency of the photocatalysts.
Photospheres (80.3 ]/ c¢m®) and anodized titanium mesh (80.3 J/cm?) showed similar efficiencies
followed by electro-photocatalysis (112.2 J/cm?®) and the anodized plate (114.5 ]/cm?).

e Although the electro-photocatalysis rate of reaction was 64% higher than the photocatalysis with
anodized plates, and 46% higher than the photocatalysis using the anodized mesh, it required
additional energy and control during the photocatalytic degradation process.

e Increasing the loadings of the photospheres enhanced the kinetics of the degradation reaction
from 4.12mg L™' h~! to 4.55 mg L~! h™!, but further increases in the loadings reduced the rate of
reaction to 4.36 mg L~ h~1. The variation in the rate of reaction, validated the deactivation of the
originally activated species of TiO; due to the collision mechanism and the UV screening effect.

e Though the degradation rate and efficiency was high with photospheres, they still would require
a separation step after treatment. This minimizes their attractiveness for application under
ambient environments.

e  Studying the depth of the photocatalyst from the surface showed at the range of 1 cm to 4 cm, the
effect of the mass of the contaminant in the solution supersedes the effect of the light penetration.

e Anodized mesh showed 29% higher efficiency with 56% surface area of the anodized plate, but its
performance varied during repetitive usage. The resulted variation is associated with the ability
of the anodization process to generate a uniform mesh with a stable photocatalyst on its surface.
This emphasizes the importance of improving the anodization process to produce a robust and
uniform mesh which will be considered in future studies.
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Abstract: The development of carbon nanomaterials for adsorption based removal of organic
pollutants from water is a progressive research subject. In this regard, carbon nanomaterials with
bifunctionality towards polar and non-polar or even amphiphilic undesired materials are indeed
attractive for further study and implementation. Here, we created carbon buckypaper adsorbents
comprising amphiphilic (oxygenated amorphous carbon (a-COy)/graphite (G)) nanofilaments that
can dynamically adsorb organic biomolecules (i.e., urease enzyme) and thus purify the wastewaters
of relevant industries. Given the dynamic conditions of the test, the adsorbent was highly efficient in
adsorption of the enzyme (88%) while being permeable to water (4750 L-h~'m~2bar~'); thus, it holds
great promise for further development and upscaling. A subsequent citric acid functionalization
declined selectivity of the membrane to urease, implying that the biomolecules adsorb mostly via
graphitic domains rather than oxidized, polar amorphous carbon ones.

Keywords: carbon; nanofiber; membrane; urease; biomolecules; water treatment

1. Introduction

As a global challenge, water scarcity is expanding to major parts of the world, threatening
human beings’ lives. This crisis can have different origins but undoubtedly water pollution from
industry and from urban communities is a main one. Amongst the variety of water pollutants,
the organic ones such as proteins and biomolecules play a determining role. These substances even at
a negligible amount, <1% of the entire contamination in a river, for instance, can deplete the oxygen
present in water and cause the death of living creatures in that ecosystem [1]. Water recycling via
purification can somewhat remediate this problem but necessitates the development of advanced
water treatment systems. Micro-, ultra- and nanofiltration membranes are typically utilized for
wastewater treatment. Their purification action mainly relies on sieving of the pollutants, and thus
they require a porous structure whose pore size is less than the size of the solute to be separated.
Other than the membranes, in a sustainable manner and using conventional and also emerging
materials, functionalized adsorbents have shown applicability in the removal of even molecules and
tiny pollutants based on physical/chemical interactions or biological functions [2-7]. Accordingly, there
is no need for the construction of porous materials with small pore sizes that could impose high
pressure differences. Moreover, a functionalized adsorbent with a surface decorated by particular
functional groups can discriminate or entrap molecules in a selective manner [8].

Electrospun nanofibrous adsorbents have shown promising capabilities for selective water
remediation. Their structure possesses a high interconnected porosity and huge surface area that in
case of functionalization can efficiently separate functional pollutants, e.g., ions, dye molecules,
organics, etc. While the high porosity realizes a significant permeability and with that, energy
efficiency, the expansive surface area enables the notable functionalization necessary for highly selective
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adsorbents. In this regard, several biofunctionalized nanofibrous membranes made of polyurethane,
polysulfone, polyacrylonitrile, and cellulose have been tested for the separation of protein and
enzyme (e.g., Immunoglobulin G (IgG), Bovine Serum Albumin (BSA), lipase, bromelain, etc.) [8-11].
In our studies [2,4,12], we also developed a biofunctionalized nanofibrous adsorbent composed of
Bovine Serum Albumin and poly(acrylonitrile-co-glycidyl methacrylate) (PANGMA), as the functional
agent and polymer nanofiber, respectively, that could offer a significant metal nanoparticle and
biomolecule removal efficiency while being highly water permeable. This adsorbent was synthesized
in a simple fashion versus the other previously developed systems [8,13]. The separation tests were
performed under the most tricky conditions, i.e., dynamically and with a low protein amount (a few
mg-L~! instead of mg-mL~! adopted by References [8,10,11,14]) and with a size scale of pollutants,
potentially passing readily through a macroporous nanofibrous structure. Despite such circumstances,
the adsorbent was successful in the removal of nanoparticles (97%) as well as proteins (88% BSA and
81% Candida antarctica Lipase B (Cal-B)). In another research, we developed a nanofibrous adsorbent
comprising polyethersulfone (PES) nanofibers that were functionalized by the inclusion of vanadium
oxide (V,05) nanoparticles [6]. This adsorbent system was able to separate methylene blue (MB) dye
from water with an efficiency of 85% under alkaline condition and high temperature.

Despite the various merits of the above-mentioned systems in the adsorption of diverse water
pollutants, their synthesis and functionalization are not one pot. As a step forward to meet this
need, recently, we developed carbon buckypapers based on amphiphilic carbon nanofilaments [15].
The nanofilaments are composed of oxygenated amorphous carbon (a-COx) and graphite (G),
and thus are able to adsorb both polar (e.g., dye) and non-polar (e.g., oil) water pollutants efficiently.
Already investigating the applicability of the amphiphilic graphitic buckypaper in discrimination of
polar and non-polar contaminants, here, we challenge the buckypaper adsorbents with an amphiphilic
water pollutant. For this sake, biomolecules (i.e., urease enzyme), one of the major organic pollutants
that can adversely affect the water ecosystems, will be considered.

2. Experimental

Materials: polyacrylonitrile (PAN) (200,000 g-mol~?, purity 99.5%) and dimethylformamide
(DMF) (purity 99%) were purchased from Dolan GmbH (Kelheim, Germany) and Merck (Darmstadt,
Germany), respectively. Urease enzyme (impurity; ammonium < 4-10 pmol-U~! enzyme) and citric
acid (citric acid monohydrate, ACS reagent > 99.0%) were obtained from Sigma-Aldrich (Saint Louis,
MO, USA). All the materials were used as received.

Synthesis: The precursor PAN nanofibers were synthesized by electrospinning. To do so,
employing a syringe pump (Harvard Apparatus, Holliston, MA, USA), a solution of PAN (8 wt %
in DMF) was fed steadily (1 mL-h~1) into a needle (0.8 mm inner diameter with a circular opening).
Upon electrifying the solution with a voltage of 20 kV (Heinzinger Electronic GmbH, Rosenheim,
Germany), PAN was electrospun on an aluminum foil. The as-synthesized PAN nanofibers underwent
oxidative stabilization and were heated in air at 250 °C for 2 h within a furnace with maximum
operational temperature of 1250 °C (Linn Elektro Therm). In the next step, the oxidized nanofibers
were carbonized under argon atmosphere at 1250 °C for half an hour with a heating rate of 5 °C-min~!
and then cooled down to the room temperature at a same rate.

Due to the extreme brittleness of the graphitized nanofibers, challenging their handling as
a freestanding membrane, they were suspended in distilled water (10 mL) and underwent an
ultrasonication process for 2 min at a power of 20%. The a-CO,/G nanofibers under the influence
of ultrasonication are disintegrated as suspended nanofilaments that can be subsequently cast on a
circular poly(phenylene sulfide) (PPS) technical nonwoven (3.5 cm in diameter). As a control group,
a-CO4 /G nanofilaments were also functionalized by citric acid (CA). To do this, CA (30 mg~mL*] )
was added to the aqueous suspension to be ultrasonicated.

Characterization: The a-COy/G nanofilaments were characterized in terms of morphology by
scanning electron microscopy (SEM) (LEO 1550VP Gemini from Carl ZEISS, Jena, Germany) and an
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atomic force microscope (AFM) (MultiMode™ Atomic Force Microscope from Bruker AXS, Madison,
WI, USA). The surface chemistry of the a-CO/G nanofilaments was analyzed by FTIR (ALPHA
(ATR-Ge, ATR-Di) from BRUKER Optik GmbH, Ettlingen, Germany). The a-COy /G buckypaper’s
pore size distribution was determined by an automated capillary flow porometer (Porous Materials
Inc. (PMI), Ithaca, NY, USA).

The urease retention efficiency of the buckypapers was assessed using the corresponding aqueous
solutions in a dead-end manner and by employing a lab-built set-up [16]. The set-up’s reservoir
contained 200 mL urease solution (1 g-L*I) which permeated through the buckypapers under a
0.5 bar pressure. Based on a constructed standard urease calibration curve, the permeate’s urease
concentration was determined by UV-vis spectroscopy (HITACHI U3000, HITACHI, Tokyo, Japan).
The urease retention efficiency (RE) was calculated via Equation (1):

Cp
RE=(1- -2 x100% 1)
Cs

where Cp, and C¢ represent the permeate’s and feed’s urease concentration, respectively. The permeation
time was also recorded and the permeate permeance was calculated via Equation (2) [17]:

Q

J= AxAtxap

@
where ] is the permeate permeance (L-h~Im~2bar~1), Q is the collected volume (L) of the permeate,
A is the effective filtration area of the buckypapers (m?), At is the collecting time (h), and AP is the
pressure difference (bar). The permeance measurements were done for three 50 mL permeates to
ascertain the consistency of the buckypapers’ performance. It is worthy to note that considering the
hydrophobic, large microfibers of the PPS support layer, providing huge pore sizes, no significant
contact and interaction with the urease molecules passing through the carbon layer can be envisioned.
Thus, only the buckypaper is responsible for the reported removal efficiency and permeance.

The electrical conductivity of the buckypapers as non-functionalized and CA-functionalized
before and after urease adsorption was measured by a four-point probe test. At least five measurements
were done on different parts of the buckypapers, and the error bars were calculated. The thickness
of the samples to be considered in the conductivity measurement was already measured by a digital
micrometer (Deltascope®MP2C from Fischer, Windsor, CT, USA).

3. Results and Discussion

The developed buckypaper consists of the a-COy /G nanofilaments, randomly arranged but with
no sign of clustering. SEM image, as shown in Figure 1a, clearly verifies this fact and the preservation
of a porous structure that guarantees optimum water permeability. Moreover, as seen in Figure 1b,
the nanofilaments’ tips are exposed to the surrounding medium, and thus, this raises the interactivity
of the material with the biomolecule pollutants. In fact, the nanofilaments are able to capture urease
through adsorption not only on their body, but also on their cross-sections. AFM images, as shown in
Figure 1c, provide insight into the dimensions and morphology of the nanofilaments individually.
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Figure 1. Scanning electron microscopy (SEM) images show morphology of the nanofilaments at (a) a low
and (b) high magnification. (c) Atomic force microscope (AFM) micrographs imply the nanofilaments’
dimensions and morphology.

Pore size measurement via a bubble point test, as shown in Figure 2, implies that the pore size
lies in the submicron range as small as 700 nm. This pore size distribution qualifies the structure as
a microfiltration (MF) membrane [18,19] that could hardly stop the passage of tiny organic pollutants,
particularly under hydrodynamic pressure. It is worthy to note that the adsorption tests reported in
the literature are typically performed in a static, batch mode that maximizes the contact time of the
adsorbent and solutes. To the contrary, here, we adopted an adsorption test in a dynamic mode under
a hydrodynamic pressure that could challenge the adsorption efficiency of our samples. This test was
performed in three successive steps, in each, 50 mL of the solution was passed through. Such a style can
highlight the repeatability of the result and also stress robust bonding of the urease molecules with the
nanofilaments in case they are not released in the next steps and if efficiency does not decline.

100

Pore Size Distribution

0 0.5 1 15 2 25 3
Average Diameter (Micron)

Figure 2. Pore size distribution of the a-COy /G buckypaper measured by a bubble point test.
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Despite possessing pore sizes in the MF scale, the buckypaper showed a promising urease
separation efficiency, as shown in Figure 3a. A removal efficiency of 88.5% was recorded after
permeation of 150 mL urease aqueous solution. An ascending trend from 50 mL (75%) to 150 mL
(88%) in urease removal efficiency is observed. As we previously proved [15], the nanofilaments
have oxygen-based functional groups including carbonyl and hydroxyl that enable interaction, i.e.,
hydrogen bonding with amino acid units of urease. In addition to hydrogen bonding, the positively
charged amine groups of urease and the negatively charged oxygen-based functional groups of a-COx
segments can electrostatically interact. On the other hand, major graphitic regions allow for -7t
interaction with non-polar domains of urease. For a similar DNA-CNT system, van der waals forces
have been introduced as an adsorption driving factor with a larger impact than hydrophobic forces [20].
For the urease molecules, several intramolecular bondings between different functional groups could
also be envisaged. Accordingly, some molecules interact through their less polar and non-polar zones
with the nanofilaments. Thus, collectively, different parts of the nanofilaments are able to adsorb urease
molecules via interaction with their corresponding regions. This feature can stabilize the enzyme on
its substrate and prevent its conformational change that can lead to loss of enzyme activity, which is
beneficial for further application as, e.g., a biocatalyst [21-23]. Moreover, the huge surface area of the
buckypaper minimizes the diffusion pathway for the reaction products, thus enhancing the efficiency
of the immobilized enzyme. ATR-FTIR spectra, as shown in Figure 4a, clearly verify the adsorption of
urease onto the nanofilaments. Before the adsorption, the strong peak located at 1589 cm ™! represents
the unoxidized sp? C=C groups of the graphitic segments of the nanofilaments, which resulted from the
aromatization process during the thermostabilization of PAN nanofibers [24,25]. The second evident
groups at 1000-1300 (two bands) and 3800 cm~! imply a C-OH bond [15]. After the adsorption,
the main chemical bonds related to urease emerge on the nanofilaments. These bonds represented by
ATR-FTIR characteristic peaks are marked in Figure 4a.
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Figure 3. (a) Urease removal efficiency; (b) permeate permeance of the buckypapers in two classes of
non-functionalized and CA-functionalized.
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Figure 4. ATR-FTIR spectra compare the surface chemistry of carbon nanofilaments before and after
(a) urease adsorption and (b) CA functionalization.

The increasing trend of urease removal efficiency shows that the adsorption of urease is robust
and further passage of the solution does not result in its release into water. This enhancement of
removal efficiency can be attributed to a strong intermolecular interaction between the adsorbed
urease molecules and solutes via peptide—peptide interactions [26]. Interestingly, adsorption of
urease molecules enhances permeate permeance of the buckypaper after the first round, due to a
hydrophilization effect, as shown in Figure 3b. It is worthy to note that the pure water permeance
of non- and CA-functionalized were measured as 228670 and 14000 (L-h~'m~2bar~!), respectively,
and adsorption of urease declines, most likely due to pore blockage and loss of porosity. In contrast
to the non-functionalized samples, CA-functionalization and the emergence of various functional
groups such as carboxyl and hydroxyl (Figure 4b) slightly lower the removal efficiency as far as the
filtration is continued. While a high efficiency of 87% is seen at the onset of the experiment, it declines
to 78% at 150 mL permeate volume. The reason could be found at less available binding sites for
urease molecules or even the release of the previously adsorbed ones because of less graphitic regions
that most likely have played a more important role in the stable adsorption of urease molecules
rather than polar groups (hydrogen bonding or electrostatic interaction). However, still efficiency is as
promising as 78%. It is worth nothing that permeate permeance for CA-buckypapers are significantly
higher than that for the non-functionalized ones due to their hydrophilicity. The descending trend of
permeate permeance in this class of adsorbents could be attributed to their declined hydrophilicity
compared to the neat or fresh CA-functionalized samples due to the adsorption of the urease molecules.
Slightly enhanced hydrophobicity along with the accumulation of the adsorbed molecules on the
nanofilaments that lower pore size, cooperatively increase the resistance against water permeation.

The adsorption experiment performed here can be regarded as a proof of concept witnessing
the applicability of the buckypaper adsorbent in the removal of urease molecules as a model for
biomolecule pollutants from water. In this regard, taking into account the effect of environmental
factors such as pH, temperature, ionic strength, adsorption time, and urease concentration, further
experiments are in progress. The results will be later used in isotherm, thermodynamic and kinetic
calculations. There is also a need for more strict tests considering a diverse range of pollutants, different
applied stresses and environmental conditions that can affect the separation performance of such an
adsorbent. In this regard, software-assisted design of experiments could be helpful. It can reduce the
consumption and waste of chemicals, help with regards to the eco-friendliness of chemical processes
and actually shorten the pathway to industrial applications [27,28].

As an extra bonus, the enzyme immobilization successfully performed here can be promising
for further applications of the buckypaper with respect to biosensing, e.g., the buckypaper adsorbent
can potentially act as a biosensor as well. Adsorption of urease can change the electrical conductivity
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of the nanofilaments, and thus, the entire buckypaper. To validate this proof of concept, electrical
conductivity of the buckypaper before and after adsorption of urease was recorded. As shown in
Figure 5, CA functionalization can lower the electrical conductivity of the buckypaper due to the
inclusion of carboxyl groups that act as electron-withdrawing elements, raising electrical resistivity.
In contrast, adsorption of urease enhances the electrical conductivity notably, but with a lower rate
for CA-functionalized buckypapers. One reason for the enhancement of conductivity could be the
formation of electron transfer bridges between the nanofilaments by urease molecules. This observation
can be interpreted in another way;, i.e., bridging between enzyme molecules (i.e., the biosensing element)
by the carbon nanofilaments. This phenomenon, i.e., the direct electrical connection of redox enzymes
and electrodes through carbon nanomaterials have been reported earlier. Patolski et al. [29] showed
this behavior through the alignment of glucose oxidase enzymes on the SWCNTs’ tips that were
structured as an array on a conductive substrate. Exposure of the enzyme-immobilized buckypaper to
the urea, often monitored in blood to track kidney diseases, can alter the electrical conductivity and be
considered as the sensing mechanism for such an analyte. It is worthy to note that the immobilization
of enzymes is indeed the simplest technique that can tackle the bottleneck of their high solubility [30].
Enzyme immobilization allows for the tailoring of the bioreactions’ conditions, and thus enables
a continuous process with minimum pollution by the reaction products, an extremely desirable
characteristic in the food industry. Moreover, it guarantees an improved stability, lifespan and ease of
removal of the enzyme from the reaction medium at the end of the process, enabling cost effectiveness
and recycling of the enzyme. As mentioned earlier, immobilization can also lead to stabilization of
biocatalysts, prevent their unfolding and immunize the polypeptide bonds against rupture.
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Figure 5. Electrical conductivity of the various classes of buckypapers before and after the adsorption
of urease measured via a four-probe test.

4. Conclusion

Taken together, we devised a buckypaper adsorbent based on amphiphilic carbon nanofilaments
that could separate urease molecules from water effectively (as large as 88%). The separation
tests were performed under dynamic conditions that could challenge the adsorbent more strictly.
Desirable selectivity and permeance (over 4 kL-h~'m~2bar~!) of this novel adsorbent/membrane
holds great promise for further development of the system for practical applications. Furthermore, firm
immobilization of urease on conductive nanofilaments can assure the efficiency of a potential
biosensing system. This proof of concept makes us optimistic with respect to the high potential
of such nanomaterials for water treatment and biosensing in an industrial platform. However, first,
we need to tackle some relevant bottlenecks for upscaling of their production. Electrospinning has
shown to be a reliable method for large scale production of nanofibers, but post treatment (i.e.,
carbonization) of nanofibers must be performed in a controlled manner following a precise protocol
that can govern a desirable chemistry for nanofibers. This step must be optimized and designed in a
more economical way. For instance, the as-developed carbon nanofibers need to be stronger to exclude
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the chopping step, while maintaining their uniformity, porosity and more importantly functionality.
We are at the beginning of the development of this system for water treatment and biosensing, but the
obtained results encourage and motivate us to start further working on our material either as is or
coupled with extra reactive agents.

Author Contributions: S.H. conceived the idea, prepared samples, performed characterizations and drafted the
manuscript. M.E. was involved in development of the idea and analysis of the results.

Funding: M.E. appreciates the financial support provided through Aalto University, Academy of Finland,
and Helmholtz Association (Grant No. VH-NG-523).

Acknowledgments: The authors would like to acknowledge Kristian Biihr for the design of the water permeance
measurement set-up, and Joachim Koll for the bubble point test.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1. Ramakrishna, S.; Fujihara, K.; Teo, W.-E.; Yong, T.; Ma, Z.; Ramaseshan, R. Electrospun nanofibers: Solving
global issues. Mater. Today 2006, 9, 40-50. [CrossRef]

2. Homaeigohar, S.; Dai, T.; Elbahri, M. Biofunctionalized nanofibrous membranes as super separators of
protein and enzyme from water. ]. Colloid Interface Sci. 2013, 406, 86-93. [CrossRef]

3. Homaeigohar, S.; Davoudpour, Y.; Habibi, Y.; Elbahri, M. The electrospun ceramic hollow nanofibers.
Nanomaterials 2017, 7, 383. [CrossRef]

4. Homaeigohar, S.; Disci-Zayed, D.; Dai, T.; Elbahri, M. Biofunctionalized nanofibrous membranes mimicking
carnivorous plants. Bioinspir. Biomim. Nanobiomater. 2013, 2, 186-193. [CrossRef]

5. Homaeigohar, S.; Elbahri, M. Nanocomposite electrospun nanofiber membranes for environmental
remediation. Materials 2014, 7, 1017-1045. [CrossRef]

6.  Homaeigohar, S.; Zillohu, A.U.; Abdelaziz, R.; Hedayati, M.K.; Elbahri, M. A novel nanohybrid nanofibrous
adsorbent for water purification from dye pollutants. Materials 2016, 9, 848. [CrossRef]

7. Razali, M.; Kim, J.E; Attfield, M.; Budd, PM.; Drioli, E.; Lee, Y.M.; Szekely, G. Sustainable wastewater
treatment and recycling in membrane manufacturing. Green Chem. 2015, 17, 5196-5205. [CrossRef]

8.  Ma, ZW.,; Kotaki, M.; Ramakrishna, S. Electrospun cellulose nanofiber as affinity membrane. J. Membr. Sci.
2005, 265, 115-123. [CrossRef]

9.  Bamford, C.H.; Allamee, K.G.; Purbrick, M.D.; Wear, T.J. Studies of a novel membrane for affinity separations:
I. Functionalization and protein coupling. J. Chromatogr. 1992, 606, 19-31. [CrossRef]

10. Ma, Z.; Kotaki, M.; Ramakrishna, S. Surface modified nonwoven polysulphone (PSU) fiber mesh by
electrospinning: A novel affinity membrane. . Membr. Sci. 2006, 272, 179-187. [CrossRef]

11. Zhang, H.; Nie, H,; Yu, D.; Wu, C.; Zhang, Y.; White, C.].B.; Zhu, L. Surface modification of electrospun
polyacrylonitrile nanofiber towards developing an affinity membrane for bromelain adsorption. Desalination
2010, 256, 141-147. [CrossRef]

12.  Elbahri, M.; Homaeigohar, S.; Dai, T.; Abdelaziz, R.; Khalil, R.; Zillohu, A.U. Smart metal-polymer
bionanocomposites as omnidirectional plasmonic black absorbers formed by nanofluid filtration.
Adv. Funct. Mater. 2012, 22, 4771-4777. [CrossRef]

13. Ma, Z; Lan, Z.; Matsuura, T.; Ramakrishna, S. Electrospun polyethersulfone affinity membrane: Membrane
preparation and performance evaluation. J. Chromatogr. B-Anal. Technol. Biomed. Life Sci. 2009, 877, 3686-3694.
[CrossRef]

14. Lu, P; Hsieh, Y.-L. Lipase bound cellulose nanofibrous membrane via Cibacron Blue F3GA affinity ligand.
J. Membr. Sci. 2009, 330, 288-296. [CrossRef]

15. Homaeigohar, S.; Strunskus, T.; Strobel, J.; Kienle, L.; Elbahri, M. A flexible oxygenated carbographite
nanofilamentous buckypaper as an amphiphilic membrane. Adv. Mater. Interfaces 2018, 5, 1800001. [CrossRef]

16. Homaeigohar, S.S.; Mahdavi, H.; Elbahri, M. Extraordinarily water permeable sol gel formed nanocomposite
nanofibrous membranes. J. Colloid Interface Sci. 2012, 366, 51-56. [CrossRef]

17.  Lee, H.D.; Kim, HW.; Cho, Y.H.; Park, H.B. experimental evidence of rapid water transport through carbon
nanotubes embedded in polymeric desalination membranes. Small 2014, 10, 2653-2660. [CrossRef]

68



Water 2019, 11, 2

18.  Baker, R. Membrane Technology and Applications, 2nd ed.; Wiley: Chichester, UK, 2004.

19. Homaeigohar, S.S.; Buhr, K.; Ebert, K. Polyethersulfone electrsopun nanofibrous composite membrane for
liquid filtration. J. Membr. Sci. 2010, 365, 68-77. [CrossRef]

20. Gao,H.;Kong, Y.; Cui, D.; Ozkan, C.S. Spontaneous insertion of DNA oligonucleotides into carbon nanotubes.
Nano Lett. 2003, 3, 471-473. [CrossRef]

21. Pogorilyi, R.; Melnyk, I; Zub, Y.; Seisenbaeva, G.; Kessler, V. Immobilization of urease on magnetic
nanoparticles coated by polysiloxane layers bearing thiol-or thiol-and alkyl-functions. ]. Mater. Chem. B 2014,
2,2694-2702. [CrossRef]

22.  Azevedo, A.M.; Prazeres, D.M.; Cabral, ].M.; Fonseca, L.P. Stability of free and immobilised peroxidase in
aqueous—organic solvents mixtures. J. Mol. Catal. B Enzym. 2001, 15, 147-153. [CrossRef]

23. Villeneuve, P; Muderhwa, ].M.; Graille, J.; Haas, M.J. Customizing lipases for biocatalysis: A survey of
chemical, physical and molecular biological approaches. J. Mol. Catal. B Enzym. 2000, 9, 113-148. [CrossRef]

24.  Hu, M.; Mi, B. Enabling graphene oxide nanosheets as water separation membranes. Environ. Sci. Technol.
2013, 47, 3715-3723. [CrossRef]

25. Singh, G.; Rana, D.; Matsuura, T.; Ramakrishna, S.; Narbaitz, R.M.; Tabe, S. Removal of disinfection
byproducts from water by carbonized electrospun nanofibrous membranes. Sep. Purif. Technol. 2010, 74,
202-212. [CrossRef]

26. Barisci, ].N.; Tahhan, M.; Wallace, G.G.; Badaire, S.; Vaugien, T.; Maugey, M.; Poulin, P. Properties of carbon
nanotube fibers spun from DNA-stabilized dispersions. Adv. Funct. Mater. 2004, 14, 133-138. [CrossRef]

27.  Weissman, S.A.; Anderson, N.G. Design of experiments (DoE) and process optimization. A review of recent
publications. Org. Process Res. Dev. 2015, 19, 1605-1633. [CrossRef]

28. Valtcheva, LB.; Marchetti, P.; Livingston, A.G. Crosslinked polybenzimidazole membranes for organic
solvent nanofiltration (OSN): Analysis of crosslinking reaction mechanism and effects of reaction parameters.
J. Membr. Sci. 2015, 493, 568-579. [CrossRef]

29. Patolsky, F; Weizmann, Y.; Willner, I. Long-range electrical contacting of redox enzymes by SWCNT
connectors. Angew. Chem. 2004, 116, 2165-2169. [CrossRef]

30. Schoemaker, H.E.; Mink, D.; Wubbolts, M.G. Dispelling the myths—Biocatalysis in industrial synthesis.
Science 2003, 299, 1694-1697. [CrossRef]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

69






. water ﬁw\n\l’y

Review

An Overview of the Water Remediation Potential of
Nanomaterials and Their Ecotoxicological Impacts

Mehrnoosh Ghadimi !, Sasan Zangenehtabar ! and Shahin Homaeigohar 2*

1 Department of Physical Geography, Faculty of Geography, University of Tehran, Tehran 1417466191, Iran;

ghadimi@ut.ac.ir (M.G.); zangenegeol54@gmail.com (S.Z.)

Nanochemistry and Nanoengineering, Department of Chemistry and Materials Science, School of Chemical
Engineering, Aalto University, Kemistintie 1, 00076 Aalto, Finland

*  Correspondence: Shahin.homaeigohar@aalto.fi

Received: 17 March 2020; Accepted: 15 April 2020; Published: 17 April 2020

Abstract: Nanomaterials, i.e., those materials which have at least one dimension in the 1-100 nm
size range, have produced a new generation of technologies for water purification. This includes
nanosized adsorbents, nanomembranes, photocatalysts, etc. On the other hand, their uncontrolled
release can potentially endanger biota in various environmental domains such as soil and water
systems. In this review, we point out the opportunities created by the use of nanomaterials for
water remediation and also the adverse effects of such small potential pollutants on the environment.
While there is still a large need to further identify the potential hazards of nanomaterials through
extensive lab or even field studies, an overview on the current knowledge about the pros and cons of
such systems should be helpful for their better implementation.

Keywords: nanomaterials; water treatment; environmental risks

1. Introduction

Water, a previously plentiful, free resource across the world, has become a rare, costly object over
recent decades and currently, water shortage is going to be a challenge for sustainable development of
the human community [1,2]. This crisis is dramatically expanding and is regarded a global systemic risk,
mainly resulting from urban, agricultural, and industrial pollution. In these areas, water consumption
has incremented up to 70% (agriculture), 22% (industry), and 8% (domestic) of the currently available
fresh water and, accordingly, an enormous volume of wastewater containing a variety of pollutants
has been produced [3]. No doubt, the release of wastewater from commercial and industrial sectors
besides untreated domestic sewage and chemical pollutants into fresh water resources is horribly
detrimental to both the human community and the ecosystem, including animals and plants. In this
regard, the major water contaminants are heavy metal ions, organics (e.g., dyes), and oils that can
disqualify any water stream for drinking.

To address the need for water remediation systems, during the past few decades, with the
evolution of nanotechnology, a diverse range of new technologies based on nanomaterials has been
developed. For instance, as adsorbent systems, nanomaterials offer an extremely large reactive surface
area at a low mass, can be produced at a much less cost compared to activated carbon and they can
remove pollutants efficiently [2]. In this regard, a plethora of nano-adsorbents in various forms and
dimensionalities (D) like nanoparticles (0D), nanofibers and nanotubes (1D), nanosheets (2D), and
nanoflowers (3D) has been investigated [2]. In terms of composition, the diversity is indeed extreme and
many organic and inorganic nanomaterials have been synthesized that can help purify water streams.
The separation mechanism can be based on chemical/physical affinity of the pollutant for the surface of
the nanomaterial or through size exclusion of the pollutant by a porous nanomaterial system. In the
latter case, nanomaterials act either as the main building block of the porous separator structure, as seen
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for nanofibrous microfiltration or ultrafiltration membranes, or as an additive to a polymeric thin film
membrane to improve its hydrophilicity and thermomechanical properties. The previously mentioned
separation processes such as adsorption or filtration only gather the pollutant molecules in solid
form but never entirely “eliminate” or “decompose” them. This issue could be problematic because
disposal of the obtained sludge and fouling of the filtration system is challenging [4]. For such reasons,
the separation process should be complemented by degradation processes such as photocatalysis,
sonocatalysis, and reductive degradation that allow the decomposition of organic pollutants into
non-toxic metabolites. Other than environmental remediation, nanomaterials can also be efficiently
applied for environmental control and construction of sensors that can detect even trace amounts of
water pollutants.

Despite all the beneficial potentials that nanomaterials offer for the sake of water remediation
and control, their unwanted and uncontrolled release can harm the environment and health of human
beings, animals and plants. While nanomaterials are produced in different dimensionalities and
aspect ratios, nanoparticles, i.e., 0D nanomaterials, are indeed the most challenging ones in terms
of environmental risks. Originating from anthropogenic and natural sources, nanoparticles have
always been present in the environment. Nanoparticles suspended in air are normally regarded
as ultrafine particles, while the ones existing in soil and water form colloids [5]. In urban areas,
particularly metropolitan areas, the emissions of vehicles fueled with diesel and gasoline as well as
stationary combustion sources, generate a large amount of particulate materials of different sizes.
In this context, the amount of the manufactured nanoparticles exceeds 36% of the entire particulate
number concentrations [6]. Apart from synthetic nanoparticles, naturally formed nanoparticles are
also present in the atmosphere, though in a much lower concentration compared to the manufactured
ones [5]. In aquatic media, the term “colloid” is generally ascribed to those particles whose size
varies in the range of 1 nm to 1 um. Aquatic colloids consist of macromolecular organics, including
peptides and proteins, humic and fulvic acids, and also colloidal inorganic materials composed of
hydrous iron and manganese oxides. The small size, extensive surface area, high surface energy,
quantum confinement, and conformational behavior of the colloids enable them to bind to various
organic and inorganic contaminants [5]. Lastly, with respect to soils, there is a variety of natural
nanoparticles comprising organic matter, clays, iron oxides, and other minerals that are decisive in
diverse bio-geochemical processes. The soil colloids encompassing nanoparticles and their impact on
soil development (pedogenesis) and soil structure (dispersion and crusting) have been a demanding
research topic for decades. In this regard, synthetic nanomaterials and the soil colloids made thereof
could drive and ease the transfer process of contaminants in soils [5].

In this review, we introduce potential applications of nanomaterials for water remediation, and
on the other hand, discuss the possible routes of their release into different environmental sectors like
soils and water bodies and their harmful effects. Search in the “ISI Web of Knowledge” database on
the main topics to be discussed in the current review, i.e., “Nanomaterials for Water Treatment” and
“Environmental Impacts of Nanomaterials”, provided 222 and 63 relevant articles, respectively, for the
10 year time period starting in 2010 (Figure 1). As seen in this graph, the number of studies on the
former topic, that is nanomaterials for water treatment, has increased significantly over time during
the past ten years. In contrast, the second topic, that is the environmental impacts of nanomaterials,
has been less extensively investigated. This fact suggests the need to dedicate further time and cost
investment for the purpose of uncovering the potential impacts and risks of nanomaterials on the
environment that have been somewhat overlooked.
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Figure 1. Annual number of publications in the last decade on the main keywords of the current review,
according to ISI web of Knowledge (7 April 2020).

2. Nanomaterials for Water Purification

As mentioned earlier, nanomaterials offer several advantages for water treatment and control.
This amazing potential stems from their large exposed surface area and functionality that can maximize
their interactivity with water pollutants. In this section, we will take a glimpse on some important
applications of nanomaterials at the service of water remediation.

2.1. Nanomaterials for Adsorption and Photodecomposition

In the water treatment field, the removal of dye pollutants due to their acute toxicities and
carcinogenic nature is of paramount importance. Dyes have a history of thousands of years of
application for textiles, paints, pigments, etc. Currently, almost 100,000 types of dyes are produced
commercially. In terms of consumption volume, approximately 1.6 million tons of dyes are consumed
annually. Thereof, 10-15% are wasted during use [7]. The dye pollutants released from industrial and
agricultural wastes are refractory and potentially present carcinogenic effects. Therefore, they must be
excluded from water streams through different kinds of traditional treatments, such as activated sludge,
chemical coagulation, adsorption, and photocatalytic degradation [8]. Superior to the mentioned
techniques, adsorption is relatively effective in the creation of a high quality effluent with no harmful
byproducts in an energy/cost efficient manner [9-11]. This approach allows for exclusion of soluble and
insoluble organic, inorganic, and biological water contaminants. The diverse merits of adsorption for
dye removal are convincing enough to devise sustainable adsorbents that are manufactured on a large
scale at low cost and enable fast and efficient dye removal. For this sake, within the course of the past
few decades and with the evolution of nanotechnology, a variety of adsorbents of nanoscale size have
been scrutinized. Nanomaterials provide an extensive reactive surface area at a low mass and versus
activated carbon, i.e., the golden benchmark of adsorbents, they can be produced in a less expensive
manner while removing dyestuffs and organic pollutants with a notably less amount [2]. Some examples
of dye nano-adsorbents are as follow. Chitosan-coated magnetite (Fe304) nanoparticles showed a large
adsorption capacity for crocein orange G (1883 mg/g) and acid green 25 (1471 mg/g). Interestingly, the
adsorbent nanoparticles could be readily recovered by a magnetic field [12]. Based on such a concept,
Fe30y/activated carbon nanoparticles (6-16 nm) that can separate 138 and 166.6 mg/g methylene blue
(MB) and brilliant green dyes, respectively, have been developed [13]. Dhananasekaran et al. [14]
synthesized x-chitin nanoparticles (<50 nm) from Penaeus monodon shell waste and tested their
dye (methylene blue (MB), bromophenol blue (BPB), and Coomassie brilliant blue (CBB)) adsorption
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efficiency. The nanoparticle adsorbent showed an adsorption efficiency of 95.96-99%, depending on
the adsorbent concentration and based on physical adsorption of the dyestuff to the nanoparticles.
Other than nanoparticles, nanofibrous adsorbents have also found application in the removal of dye
pollutants from water. Such adsorbents are typically made through electrospinning and are superior
to nanoparticulate adsorbents due to their easy recovery. As an example for nanofibrous adsorbents,
polyethersulfone (PES) electrospun nanofibers containing V,0Os nanoparticles have been employed for
removal of MB dye pollutant from water [15]. The nanocomposite nanofibers show a low isoelectric
point thus at elevated pHs they acquire an extensive highly hydroxylated surface area that facilitates
adsorption of cationic MB molecules.

One drawback of adsorption is its inability to completely “eliminate” or “decompose” the dye
pollutants. Instead, it solely collects the dye molecules by transferring them to other phases. This feature
could be challenging due to the fact that discharge of the dye-related sludge is not straightforward
and the adsorbent is rarely reusable [4]. Accordingly, there is a need to complementary degrading
treatments such as photocatalysis, sonocatalysis, and reductive degradation that enable decomposition
of dye to non-toxic metabolites. In this regard, a variety of advanced oxidation processes (AOPs),
provoking release of hydroxyl radicals (OHe), have shown a promising potential for decolorization of
textile effluents. With unpaired electrons, OHe is drastically reactive and oxidizes recalcitrant organic
pollutants [16]. Due to the abundance of low cost, while operative photocatalysts, photocatalysis is
indeed of the most researched AOP processes and is considered as a practical degradation process for
organic dyes and pesticides. Various semiconductor metal oxide nanoparticles such as ZnO and TiO,
have shown notable efficiency in the photodecomposition of dye pollutants. For instance, Li et al. [17]
developed an oil-in-water Pickering emulsion (PE) stabilized by the presence of TiO, particles, wherein
the dye containing wastewater and insoluble organic matter were regarded as the water and oil
phases, respectively. The TiO, particles could offer a large photoactivity effect and notably degrade
the dye molecules (Figure 2a). In another relevant study, Kheirabadi et al. [18] synthesized a ternary
nanostructure composed of Ag nanoparticle/ZnO nanorod/3-dimensional graphene (3DG) network via
a coupled hydrothermal-photodeposition technique. While the 3DG can capture 300 mg/g MB dye
by an adsorption process, Ag/ZnO component brings about the possibility of photodecomposition
of the dye even under visible light irradiation. The dye removal mechanism of the synthesized
adsorbent/photocatalytic system is illustrated in Figure 2b.
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Figure 2. (a) Schematic illustration of an oil/water Pickering emulsion (PE) consisting superhydrophilic

TiO, particles enabling dye photodecomposition. Reproduced with permission from [17].
Copyright 2019, Elsevier. (b) The dye removal mechanism of an adsorbent/photocatalyst system
comprising Ag nanoparticle/ZnO nanorod/3D-graphene hydrogel. Reproduced with permission
from [18]. Copyright 2019, Elsevier.

Despite the high potential of semiconductor materials for photodecomposition of various
organic pollutants, commercial visible light photocatalysts suffer from poor stability or inefficiency
upon irradiation. Addressing such challenges, group II-VI semiconductors whose energy gaps
cover the visible light spectral range have been proposed as superior, compatible alternatives [3].
Large aggregation tendency, challenging separation and recovery are the other bottlenecks that have
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hampered the broader application of photocatalytic nanoparticles on a large, industrial scale [19,20].
One promising approach to overcome the abovementioned cons could be the nanocomposite strategy.
By hybridizing the photocatalytic nanoparticles with polymeric nanofibers, not only is the large
availability of the nanoparticles to the neighbouring water medium preserved, but also their intensive
agglomeration is hampered and their recovery is facilitated. Nevertheless, due to the different polarity
of the photocatalytic nanoparticles and polymeric nanofibers, the hybridization is not straightforward
and can lead to clustering of the inorganic nanofillers in the polymer host [21]. In this regard,
sol-gel treatment has shown promise in formation of tiny, isolated nanoparticles throughout the
polymer nanofiber [22]. Even so, another important concern arises when recalling the possibility of
photodecomposition of the encompassing polymer layer induced by the presence of photocatalytic
nanoparticles [23]. Figure 3a—d show SEM images of the surface of TiO,/PVC composite films after UV
irradiation for different durations. According to these images, photodegradation of the PVC matrix is
initiated from the PVC-TiO; interface and results in creation of cavities around TiO, particle aggregates
that grow and in fact coalesce over time during the irradiation [24]. This behavior is also seen in
nanocomposite nanofiber systems. For instance, TiO,/PES nanofibers undergo photodegradation
after exposure to UV irradiation, as reflected in their thermal and mechanical properties (Figure 3e,f,
respectively [23]). Induced by UV irradiation, the electron/hole pairs formed in the conduction band
(CB) and valence band (VB), respectively, react with O, and thereby create various active oxygen
species such as O,~, 10,, .0,H, and .OH [24]. In the next step, these active oxygen species start the
degradation process and attack the neighbouring polymer chains in the surface and later in the polymer
bulk and deeper regions. When the carbon-centered radicals diffuse into the polymer chain, their
successive reactions end up with the chain scission with the oxygen incorporation and CO, release [24].
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Figure 3. SEM images show the surface morphology of the TiO,/PVC (1.5 wt.%) composite films
after different irradiation times of (a) 0 h; (b) 25 h; (c) 50 h; (d) 100 h. Reproduced with permission
from [24]. Copyright 2001, Elsevier. (e) Less notable increment of the glass transition temperature
for the UV-irradiated TiO,/PES nanocomposite nanofibers versus the non-irradiated ones. (f) The
dynamic thermomechanical (DMTA) analysis implies that storage modulus for the nanocomposite
nanofibers drops upon UV-irradiation. Reproduced with permission from [23]. Copyright the authors
2019, assigned to MDPI under a Creative Commons Attribution (CC BY) license.

2.2. Nanomaterials for Membrane-Based Water Treatment

A membrane is a selective barrier located between two homogenous phases that splits a feed
water stream into a retentate and a permeate fraction. The pressure difference between the feed and
permeate sides acts as the driving force for the membrane’s action and passes water through the
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membrane [25]. As a result, based on charge, size, and shape, solutes and particles are discriminated
(Figure 4a). The new generation of membrane technologies employ nanomaterials for water treatment.

Nanocomposite membranes comprising a thin polymeric film surface decorated or incorporated
with nanofillers are a distinguished class of membranes able to dynamically purify water. Composite
materials possess a favorable package of properties that are derived from a combination of encompassing
medium’s and filler’s properties [26-36]. These properties are not restricted to the classic and predefined
ones, rather new properties and functionalities arise, especially, when the filler’s dimensions lie in
the nanoscale. Nanomaterials in different forms and dimensionalities can be used in construction
of nanocomposite membranes. Nanoparticles, for instance, have been widely used as nanofillers
for mechanical reinforcement or for hydrophilization of polymeric membranes. In this regard,
Rodrigues et al. [37] incorporated clay nanoparticles into mixed matrix polysulfone ultrafiltration
membranes to improve thermomechanical properties and water permeability of the membrane, while
maintaining optimum rejection efficiency. Moreover, the membranes reinforced with clay nanoparticles
showed a lower fouling tendency and higher flux recovery when tested with sodium alginate and
natural water. One critical concern regarding ultrafiltration (UF) membranes is their biofouling and
the presence of bacterial colonies on the surface and thereby clogging the pores and lowering the
permeability of the membrane. In this regard, extracellular polymeric substances (EPS) are released upon
bacterial cell lysis and are adsorbed on the UF membrane and thus reduce the longevity and permeability
of the membrane [38,39]. The most promising solution to address the challenge of biofouling of the UF
membranes is surface hydrophilization by incorporation of various antifouling agents [40]. In this
regard, a diverse range of antifouling agents has been employed in membrane technology, including
Ag, Au, Cu, graphene oxide (GO), Zn, and TiO, nanoparticles [22,23], and also carbon nanotubes
(CNTs) [38]. Despite the significance of industrial production of such nanocomposite membranes for
water treatment, their toxicity that could originate from the release of the incorporated nanomaterials
during the high pressure difference-driven filtration process should be carefully evaluated to minimize
their adverse effects on human health and the environment [41]. The toxicity profile of the nanoparticles
embedded in a polymeric matrix could be a function of their size, shape, charge and preparation
conditions [38]. Among the nanofillers above mentioned, CNTs are resilient antibacterial agents
whose toxic effect is derived from the ions and reactive oxygen species (ROSs) they release and
thereby kill bacteria through oxidative stress stimuli [42]. Such a remarkable performance has led
to wide application of CNTs in blended UF membranes, for the sake of improvement of filtration
performance [43]. As reported in many studies, CNTs optimize water filtration and rejection of salts,
nonpolar contaminants, micro- and macro-sized contaminants, and also waste chemical materials [44].
Ayyaru et al. [38] synthesized CNT- and sulphonated CNT (SCNT)-blended UF polyvinylidene fluoride
(PVDF) membranes. For the latter group of the membranes, bovine serum albumin (BSA) rejection
was 90%. As shown in Figure 4b, flux decline was less notable for the SCNT-PVDF membrane while
permeating BSA solution through the membranes, thanks to its improved hydrophilicity. For the CNT-
and SCNT-PVDF membranes, the fouling recovery ratio (FRR) was 72.74 and 83.52%, respectively,
Figure 4c, implying their optimum antifouling effect arisen from -SO3H and —~OH groups found in SCNT
and CNT, respectively. According to Figure 4d, the irreversible fouling value of the nanocomposite
membranes, particularly that of SCNT-PVDE, is lower than that of the neat PVDF membrane. This again
emphasizes the role of hydrophilicity induced by the presence of the nanofillers on lowering the fouling
tendency of the membranes. Although CNTs are potentially versatile additives to membranes and
also promising adsorbents for divalent metal ions, dyes, natural organic matters, etc., their relatively
high unit cost is a limiting factor for their widespread practical use [3]. Moreover, the existence of
metal catalysts in raw CNTs might induce a toxic effect. In contrast, chemically functionalized CNTs
have not been shown yet to be toxic [45]. Accordingly, practical applicability of CNTs as adsorbents or
inclusions in membranes for water treatment is tightly associated with finding cost effective production
methods for CNTs and minimizing their toxicity effect by development of safer alternatives such as
carbon nanocrystals (CNCs) [3].
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Figure 4. (a) Schematic shows diverse membrane filtration processes including reverse osmosis,
nanofiltration, ultrafiltration, microfiltration, and particle filtration. Other than the reverse osmosis
membranes whose structure is almost dense and non-porous, the rest are different in terms of the
average pore size (the image was obtained from www.muchmorewater.com). Antifouling properties
of CNT/PVDF UF membranes represented in cycle filtration (b), water recovery flux (c), and fouling
resistance (d). Reproduced with permission from [38]. Copyright 2019, Elsevier.

Other than film-like membranes widely used for ultrafiltration and nanofiltration, electrospun
nanofibrous membranes have also been developed for size exclusion of contaminants. Such nanostructured
membranes possess a large porosity and an interconnected porous structure with microscale pore sizes.
While the high porosity assures notable permeability to gas and liquid streams, the interconnected pores
enhance fouling resistance. Such features lead to low energy consumption for the membrane process.
Moreover, extensive available surface area and flexibility in surface functionality optimize the adsorptive
nature and selectivity of the nanofibrous membranes. The constituting nanofibers could be as neat,
chemically functionalized, nanocomposite, and even biofunctionalized [46-50]. For instance, a PES
electrospun nanofiber mat overlaid on a poly(ethylene terephthalate) (PET) non-woven was evaluated as
a membrane for liquid filtration and removal of micro- and submicron sized polystyrene (PS) particles
from water [51]. Despite a high initial flux, upon increase of the feed pressure, the nanofibrous
membrane’s porosity declines and thereby the water flux drops. Therefore, while the nanofibrous
membrane shows a high potential for pre-treatment of water e.g., as a microfiltration (MF) membrane,
it should be mechanically reinforced and hydrophilized to raise water permeability and flux. To meet
such objectives, PES nanofibers were stabilized and hydrophilized by incorporation of ZrO, [52] and
TiO; [22] nanoparticles. Nanofibrous membranes can also be used for UF, i.e., a particular liquid
filtration process separating a variety of pollutants, such as viruses, emulsions, proteins and colloids
that are as small as 1-100 nm. For this sake, a nanofibrous membrane needs to possess a surface pore
size less than 0.1 pm that alongside a high surface area potentially render them prone to rapid fouling
and notable flux decline. To address this concern, a nanofibrous membrane is coated with a thin film
and makes up a thin film composite (TFC) membrane [53]. Such a concept has shown applicability for
forward osmosis (FO) membranes, as well [54].

Self-sustained hydrophilic nanofiber supports have been investigated for construction of the
TFC FO membranes [55]. With a particular scaffold-like structure, the nanofiber support optimally
lowers the internal concentration polarization (ICP) and raises water flux. To address the challenge
of biofouling, the nanofibers could be equipped with antimicrobial properties, as well. For this
sake, antibacterial nanoparticles e.g., Ag nanoparticles can be incorporated within the nanofibers.
This strategy has been previously applied for various applications with respect to wound dressings [56]
and water filtration [57]. For FO water treatment, Pan et al. [55] synthesized a TFC FO membrane
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based on an antibiofouling Ag nanoparticle-incorporated nanofibrous support layer, that could offer
an improved water flux and reduce biofouling and ICP, Figure 5a—e. The as-formed FO membrane
provides a remarkable bactericidal effect for E. coli (96%) and S. aureus (92%), thanks to release of
Ag™-species into the solution.
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Figure 5. (a) Schematic illustration of the structure of the antimicrobial nanofiber supported TFC
FO membrane (Ag/PAN-thin film nanocomposite (TEN)) (left) and the antibacterial action of the Ag
nanoparticles incorporated in the nanofibers that damage DNA and membranes of the bacteria (right).
(b) Water flux of the Ag/PAN-TEN versus that of commercial FO membranes and (c) water flux trend
of the Ag/PAN-TEN FO membranes over time (in the FO and PRO modes). (d) Reverse salt flux and
(e) specific salt flux of the Ag/PAN-TEN membrane compared to those of commercial FO membranes (in
the FO and PRO modes). Note that the experiments were performed using 0.5 M NaCl as draw solution
and DI water as feed solution; In the FO and PRO mode, the active layer face feed and draw solution,
respectively. Reproduced with permission from [55]. Copyright 2019, American Chemical Society.

As shown in Figure 5a, the Ag ions are able to (quasi)covalently bond with thiols, phosphates, and
organic amines available in proteins, lipopolysaccharide, and phospholipid of the cell membrane, and
cell wall, thereby damaging them. Moreover, some ions could pass through the cell wall and adversely
influence ribosomal subunit proteins and enzymes [58] and disrupt DNA'’s structure, leading to cell
death. Other than the bactericidal activity, the hydrophilic, porous nanofibrous support allows for a
superior water flux compared to commercial FO membranes (HTI-CTA and HTI-TFC) in two modes
of FO and pressure-retarded osmosis (PRO, Figure 5b). The water flux remains steady over time in
the FO mode, whereas it declines in the PRO mod due to dilution of the draw solution, leading to a
lower osmotic pressure difference (Figure 5c). Regardless of the operation mode, the nanocomposite
membranes show an increased reverse salt flux versus the commercial FO membranes (Figure 5d).
In contrast, as shown in Figure 5e, the nanocomposite membranes exhibit a much less specific reverse
salt flux, implying their higher selectivity and efficiency for a FO process.

Graphene, i.e., a 2D, 1-atom-thick planar sheet of sp2 bonded carbon atoms, possesses remarkable
physical, mechanical, thermal and optical properties [59]. In relation to water remediation, graphene’s
atomic thickness can potentially guarantee a high fluid permeability (that is significantly larger
than that of typical nanofiltration (NF) membranes) and therefore lower energy consumption and
inexpensive operation. Moreover, the 2D nanochannels forming between stacked graphene sheets
or the nanopores available in a single graphene layer enable size-selective transport and purification
of water streams (Figure 6a) [60]. The graphene that has been employed for development of water
desalination membranes can be in different forms, such as pristine graphene, graphene oxide (GO) and
reduced GO (rGO). Also, structurally graphene membranes can be constructed either as single layers or
as stacked, multilayer forms. Monolayer graphene membranes with intrinsic pores have been studied
for NF purpose experimentally as well as theoretically via simulation. For instance, O'Hern et al. [61]
mounted a monolayer of chemical vapor deposition (CVD) graphene onto a porous polycarbonate
substrate and thereby fabricated a graphene composite membrane with an active filtration area of
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25mm?. The graphene monolayer contained intrinsic nanopores as small as 1-15nm that could
contribute to the size-selective passage of molecules such as KCl, tetramethylammonium chloride,
Allura Red AC (496 Da dye) and tetramethylrhodamine dextran (70 kDa), through the membrane made
thereof. While KCl and tetramethylammonium chloride permeated through the graphene membrane,
the diffusion of tetramethylrhodamine dextran was hampered. Despite the feasibility of selective
molecular transport through the monolayer graphene membrane, selectivity is not controllable thanks
to arbitrary sizes and locations of the intrinsic pores. Conclusively, formation of graphene layers with
a large number of nanopores with adjusted, near monodisperse sizes and chemistries is a sophisticated
objective that must be targeted in the new generation of graphene membranes.

Nanopores in single layer GO Nanochannels in multilayer GO

Water diffusion

Seawater
o

Seawater

Rhrophilic“gate”

Hydrophilic point
Hydrophobic carbon wall

Hydrophobic nanochannel

Figure 6. (a) Schematic illustration of the water purification mechanism for a single layer graphene
membrane containing nanopores of tailored size and a multilayer graphene membrane comprising
stacked GO sheets. Reproduced with permission [62]. Copyright 2018, Elsevier. (b) Schematic depicts
the nanochannels forming between adjacent GO sheets that comprise hydrophobic and hydrophilic
zones facilitating water flow and removal of tiny water pollutants. Reproduced with permission
from [63]. Copyright 2016, American Chemical Society.

Despite various advantages of the monolayer graphene membranes for nanofiltration and even
water desalination, large scale production of nanoporous graphene is indeed challenging and a
single layer graphene is not robust enough to withstand the usual filtration pressures. In contrast,
multi-layered GO membranes can be produced in a scalable manner and survive under large applied
pressures. The nanochannels formed between the stacked GO nanosheets decorated with various
polar functional groups allow water permeate through the membrane [64]. Induced by the notable slip
length of water within the interlayer channels, the stacked GO inhibits passage of the solute particles.
Figure 6b schematically shows how water molecules get into the hydrophilic zones and slip through
the hydrophobic nanochannels. With respect to selectivity, because of hydration, the interlayer spacing
of the GO nanosheets rises to 0.9 nm upon their immersion in ionic solutions. This structural change
enables permeation of K* and Na* ions, and disqualifies the membrane for desalination purposes [65].

Despite the promising potential of graphene membranes for water purification, their release into
water and thereby the environment is a concern that should be taken into account. In this regard,
there are several reviews in the literature that widely discuss the fate, transformation, and toxicological
impacts of such nanomaterials in the environment [66-68]. However, there is still a need to realistic,
long term determination of the environmental implications of graphene nanomaterials. These precise
ecotoxicological and life-cycle analyses enable us to better judge pros and cons of graphene nanomaterials
and to find out how we can employ the safest ones with the least health and environmental concerns.

As highlighted so far, there are many promising achievements in relation to employment of
nanomaterials for water treatment. Some of the recent developments (as of 2019) in this field are
tabulated in Table 1. Many nanoadsorbents and nanomembranes are currently in development stage
for the sake of large-scale production and industrialization. Given the fact that the water recycling is
regarded an important aspect of sustainable development in the human communities, particularly
when recalling the expanding water shortage crisis across the world, significance of realizing advanced
water treatment technologies using nanomaterials is further stressed. However, this tiny functional
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building blocks could be also problematic and harmful in terms of sustainability, if released into the
environment in an uncontrolled manner. In the next section, we review how they would be scattered
in different media of water and soil and how they influence the biota living in such systems.

Table 1. Some examples of recent studies (as of 2019) on nanomaterials for water treatment.

. Water Removal .
Composition Structure Pollutant Mechanism Nanomaterial Role Ref
Cu NP/CNT/PVDF Nanoc?mp osite arsenic Dynamic E‘ldSO.l‘plel’\ As oxidizer and adsorbent [69]
film and oxidation
} Visible light
Co doped ZrO, Nanoparticle MO dye photodegradation As photocatalyst [70]
NiO Nanoparticle ciprofloxacin Adsorption As adsorbent [71]
Fes0; NP/AC Nanocorpp051te MO and RhB Adsorption To enable magnetic recovery and 1721
particle dye to raise adsorption capacity
Nanocomposite diclofenac Adsorption and .
Fe;04@MIL-100(Fe) MOF sodium (DCE) photodegradation Magnetic recovery [73]
FexCo3-4O4 Nanoparticle CR dye Adsorption To offer adsorpthn activity with [74]
easy magnetic recovery
ZnO-ZnFe;Oy Nanofiber CR dye Adsorption To raise adsorption efficiency [75]
Ag-ZnO/PANI Nanocfﬁxposne BG dye Adsorption To raise adsorption efficiency [76]
. o Filtration assisted by IS
ZnS NP/PES Film membrane Humic acid the antifoulant NPs As antifouling agent [77]
Nanofiber Visible light To induce photocatalytic and
ZnO/KGM-PVA membrane MO dye Photodegradation antibacterial activity 78l
Bochmite NP/EPVC ~ yanocomposite BSA Ultrafiltration Toimprove hydrophilicity and )
Film membrane water flux
. physical adsorption . . . .
Ag NP/wood Nanocomposne MB dye and catalytic Dye adsorptlon.ar.\d antibacterial 80]
Film membrane d activity
degradation
(3-aminopropyl- .
triethoxysilane) g?;orim:l“i:zﬁe arsenic Adsorption Heavy metal ion adsorption [81]
APTES-Fe;0, NP/PES < ¢
Nanocomposite . S As anti-fouling and
PEI/PD/Ag NP Film membrane BSA/HA/Oil Ultrafiltration anti-biofouling agent [82]
Carbon dioxide plasma Nanofiber CV dye and size exclusion and lonic selectivit 183]
treated PVDF membrane iron oxide NPs adsorption onic selectivity -
Bentonite NP/PA Nanocomposne NaCl Reverse osmosis To raise water permeability [84]
Film membrane
Nanofiber Nanoparticles Adsorption and PVA nanofibers as the mechanical
PVA/PAN and Cr (VI) and SOTP N support and PAN nanofibers for [85]
membrane . microfiltration . . .
Cd (II) ions selective adsorption of the ions
PEG and To improve antifouling properties,
Clay NP/mixed matrix ~ Nanocomposite . S membrane thermal/ mechanical
) sodium Ultrafiltration 3 . R [37]
Ps Film membrane . resistance and permeability with
alginate . P
minimal loss in rejection
PEG and To improve antifouling properties,
Clay NP/mixed matrix ~ Nanocomposite . S membrane thermal/ mechanical
) sodium Ultrafiltration 3 s R [37]
PS Film membrane X resistance and permeability with
alginate . PP
minimal loss in re]cctlon
y Nanocomposite . To improve porosity, dye rejection
NP /CSINI;\&;:glsCISfone Hollow fiber React;iveeblack Adsorption efficiency, hydrophilicity, and [86]
polyphenylsu membrane 4 antifouling property

NP: nanoparticle; CNT: carbon nanotube; PVDF: polyvinylidene fluoride; Co: cobalt; MO: methyl orange; AC:
activated carbon; RhB: Rhodamine B; MOF: metal-organic framework; CR: congo red; PANI: polyaniline; BG: brilliant
green; AB: acid blue; AY: acid dye; PES: polyether sulfone; KGM: Konjac glucomannan; PVA: polyvinylalcohol;
EPVC: emulsion polyvinyl chloride; BSA: bovine serum albumin; MB: methylene blue; PEI: poly(ether imide); PD:
polydopamine; HA: humic acid; CV: crystal violet; PA: polyamide; PAN: polyacrylonitrile; PS: polysulfone; PEG:
polyethylene glycol; CS: chitosan.
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3. Ecotoxicology of Nanomaterials

As an inevitable result, with extensive use in water treatment, nanomaterials can be released into
soils and water bodies, thereby threatening the quality of life of humans, animals, and plants (Figure 7a).
In the case of uncontrolled release, they are accumulated and as suspended solids contaminate food and
drinking water. Their final destiny strongly depends on their properties as well as the characteristics
of the environment they are released into. Consequently, a variety of adverse ecotoxicological impacts
can take place on microorganisms, plants, invertebrates, and fish. In the case of human, no significant
risk from such nanomaterials has been reported, though the relevant studies performed so far are
insufficient [87]. It is extremely necessary to research on the potentially hazardous effects of the
nanomaterials on ecosystem and human health. This will encompass quantitative and qualitative
assessment of such nanomaterials in different segments of the environment and determination of the
likely consequences on the health of various species living in that segment. Accordingly, the research
must be directed towards identification and testing of the environmental fate and transport, and
ecotoxicology and toxicology of the nanomaterials.

a b
Nanoadsorbent
Water
Soil
B Cl; & Release hazardous

constituents, e.g., metals, ions

Disruption of
membrane/
membrane potential

Interrupt electron
transport/respiration

vA s \
- Pers £
<N

Produce reactive Oxidize/damage
oxygen species (ROS) proteins

Figure 7. (a) The cycle of release of nanomaterials into environment from water to soil and vice versa.
(b) The aquatic colloid comprising hydrous iron oxide aggregates and organic fibrils (scale bar = 1 um).
(c) The aquatic colloid made form silver stain on organic fibrils along with the polysaccharide fibrils
possibly decorated with hydrous iron oxides (scale bar = 200 nm). (d) The likely cytotoxicity mechanisms
of nanomaterials exerted on bacteria. CYP = cytochrome P. Reproduced with permission from [5].
Copyright 2009, John Wiley and Sons.
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Among nanomaterials, carbon and metal oxide ones (e.g., TiO,) are hardly biodegradable and
persist in the environment [88,89]. It is anticipated that many of such insoluble nanomaterials would
aggregate (as homo- or heteroaggregation) in the ecosystem and eventually settle out [90,91] and be
subjected to various species as sediments. With respect to the soluble nanomaterials, the dissolution rate
and solubility are determining in their fate. The release of toxic ions and generation of reactive oxygen
species (ROS) are considered as the main toxicological pathways for metal/metal oxide nanomaterials,
thereby threatening the life quality of aquatic and terrestrial creatures [5,92,93].

3.1. Nanomaterials in Aquatic Systems

As a general rule, the nanomaterials released into the environment interact with different
substances available in that medium and thereby experience aggregation, dissolution, sedimentation,
and transformation [94]. In 2010 it was reported that from 8 to 28% of the released nanomaterials are
accommodated in soil, while between 4 and 7% in water [95]. These statistics are associated with the
higher potential of soil (i.e., its constituents) and its interaction level with the liberated nanomaterials.

The nanomaterials are released into different ecosystems including the aquatic ones either
intentionally or unintentionally. While the nanomaterial can be on purpose added to address the
available contamination in the groundwater [96], they can also originate from the atmospheric emissions
and solid/liquid waste streams delivered from factories, for instance. Furthermore, the nanoparticles
present in paints, textile, and health care products, e.g., sunscreens and cosmetics, can potentially be
released into the environment. As an example, thanks to desirable bactericidal ability, Ag nanoparticles
are commonly employed in the consumer products (e.g., to inactivate the odor-causing bacteria in
socks). However, their release into water streams can kill also useful bacteria that exclude ammonia
from wastewater treatment systems [97]. Metal oxide nanoparticles, such as TiO,, ZnO and CeO,,
are also extensively utilized in diverse products (e.g., sunscreens, paints, coatings, catalysts) and can
reach water systems in different ways. The released nanoparticles are settled on soil and surface water
systems, and in case of proper surface treatment they remain un-aggregated and float on the water.
The nanoparticles that are deposited on the land, contaminate soil, transit through the surface, reach the
ground water and in the course of this travel affect the existing biota. Wind and rainwater stream also
displace the nanoparticles available in the solid wastes, wastewater effluents, direct or uncontrolled
emissions into water bodies. Though accidental release of the nanomaterials can be strictly controlled
within the production units, likely spillage during transportation to the consuming units is indeed
challenging [5].

The majority of released nanoparticles aggregate as soon as hydrated, thereby being sediment in
different rates. The extent of aggregation depends on the nanoparticle’s surface charge and charge
magnitude, and likely coverage of the nanoparticle’s surface by mono- and divalent cations, by natural
organic matter (NOM) or other organic molecules. In fact, such features determine the prevail of
attractive and repulsive forces, thereby governing the nanoparticles” aggregation or their sticking to
other surfaces [89] e.g., aquatic colloids.

Aquatic colloids, according to the definition established by the International Union of Pure and
Applied Chemistry (IUPAC), are the materials whose dimension(s) are below 1 pum. Accordingly, aquatic
colloids encompass (natural) nanoparticles, i.e., the materials with a minimum of two dimensions larger
than 1 and smaller than 100 nm. In terms of composition, aquatic colloids are composed of organic
(mainly humic substances and protein and polysaccharide fibrils) and inorganic fractions (e.g., metal
oxides of Fe, Mn, and Al, and silicon oxide) and also microorganisms including viruses and bacteria
(Figure 7b,c). It is very likely that nanoparticles (nanomaterials) interact with the aquatic colloids
and thereby aggregate and sediment. This means that fate of the nanoparticle can be dominated
by characteristics and concentration of aquatic colloids. For instance, it is reported that in estuarine
and marine waters, density of aquatic colloids is notably low, on the other hand, concentration of
nanoparticle is also low due to the high aggregation tendency and thus increased sedimentation rate at
the aqueous systems with high ionic strengths [5]. It is worthy to note that the concentration of the
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nanoparticles commonly found in natural waters including those made of Ag and oxides of Ti, Ce,
and Zn could range from 1 to 10 ug/L, and cumulatively, this concentration can reach 100 pg/L [5].
With respect to the interaction between the aquatic colloid and nanoparticles, humic substances coat
the surface of the nanoparticle [98] and stabilize their surface charge, thereby minimizing the chance
of aggregation [99], as shown for CNTs, for instance [100]. On the other hand, the fibrils raise this
possibility via bridging mechanisms [101]. The main factors or properties of the nanoparticles that
significantly influence their behavior in natural water systems are: chemical composition, mass, particle
density, surface area, size distribution, surface charge, surface contamination (the likely shell and
capping agents), and stability and solubility of the nanoparticle [5].

Given that industrial discharges are mostly exposed to marine environments, and the freshwater
streams and coastal runoff end up to seas, this medium and its contamination is of utmost importance.
The sea environment has a high ionic strength, is typically alkaline, and contains a diverse range
of NOMs as well as colloids whose type and concentration depends on the location (coastal zone
versus oceanic one). This medium can potentially be contaminated by the nanoparticles that are
released via atmospheric deposition and/or coastal runoffs. The physicochemical properties of water
such as temperature, salinity, and type of NOM varies by depth and affects the aggregation and
colloid formation [102]. Similar to freshwater systems, the formed aggregates of the nanoparticulate
contaminants precipitate slowly down to the ocean floor. In this route, they may stop at the interface
of cold and warm streams or even be recycled by the existing biota. In either cases of complete
sedimentation on the ocean floor or getting stuck in the mentioned interface, the living species
corresponding to the zones might be affected. Additionally, the nanoparticles could be suspended and
trapped in the surface microlayer of oceans and thereby impose risks to the birds, mammals and the
species living in the microlayer [103].

The uptake of nanoparticles by living organisms can induce toxicity effects through different
mechanisms. Nanoparticles can find a way into the cells by penetration through cell membranes,
endocytosis as well as adhesion [104-106]. As soon as the nanoparticle is accommodated in the cell, it
starts to damage the natural functions in different ways such as destruction of membrane structure or
potential, proteins oxidation, genotoxicity, blockage of energy transduction, and generation of ROS
and toxic substances [5]. Such mechanisms are illustrated schematically in Figure 7d. For instance,
graphene is toxic to bacteria and damages the membrane and raises the oxidative stress level. In the
graphene family, GO shows the most notable antibacterial activity, followed by rGO and graphite [107].

3.2. Nanomaterials in Terrestrial Systems

Given the large availability of a reactive sink, that can lead to overestimation of the exerted dose
to the biota relative to the real one, soil is notably distinct from fresh and marine waters. In a similar
manner, soil can be contaminated with nanomaterials intentionally (for the purpose of remediation,
fertilizing, etc. e.g.) or unintentionally (by uncontrolled spills in the course of production and transport,
e.g.) [5,108]. Regardless of the application aim, they can affect the biota present or dealing with soil.

Upon contacting soil, nanomaterials are physicochemically adsorbed to the soil particles’ surface
through hydrophobic interactions, hydrogen bonding, electrostatic interactions, etc. Induced by the
presence of organics, they could experience chemical transformations. Additionally, nanomaterials
can penetrate into the pores of macroparticles and stay there for a long time [109]. The behavior of
nanomaterials i.e., their retention or mobility, in soil is dependent on several factors including soil
texture, pH, humic acid, and chemistry of soil, surface coating and nanomaterial size, and pore water
velocity. Particularly, pH and humic acid of soil determine the aggregation and colloidal stability of
nanomaterials in soil [110].

Soil is a medium that accommodates diverse species such as microorganisms, plants and nematodes.
These soil inhabitants are crucial in the cycle of nutrients, decomposition of materials, and nitrogen
fixation [110]. Therefore, any damage to such important ecosystem elements can have non-compensable
consequences on the life quality and nature.
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Microorganisms are vital for performance and health of soil, taking into account their role
in modulation of the organics’ turnover and the cycle of mineral nutrients. They also play a
crucial role in the physical characteristics of soil, thereby influencing water maintaining potential
and the tendency of compaction or erosion. Accordingly, any undesired effect on microorganism
community from the released nanomaterials could indirectly affect soil’s quality and function. A diverse
range of nanomaterials including fullerenes (Cgp and nCg) [111], 3-aminopropyl/silica, palladium,
dodecanethiol/gold and copper nanoparticles [112] have been challenged with respect to their effect
on soil’s microbial community. In this regard, specifically, the factors such as soil respiration,
microbial biomass, phospholipid fatty acid quantity, methyl ester of fatty acids, enzymatic activities,
colony forming unit and DNA profile of bacterial community have been analyzed. While the
above cited reports imply no toxicity of the mentioned nanomaterials, there are other studies such
as that of Johansen et al. [113] on nC60 that explicitly demonstrate a notable decline in bacteria
density of the soils exposed to this kind of nanomaterial. Nogueira et al. [108] also showed that the
bacterial communities in soil samples treated with gold nanorods, TiO, nanoparticles, the polymeric
nanomaterials composed of carboxylmethyl-cellulose (CMC), the hydrophobically modified CMC
(HM-CMC), the hydrophobically modified polyethylglycol (HM-PEG), and the vesicles of sodium
dodecyl sulphate/didodecyl dimethylammonium bromide (SDS/DDAB) are notably influenced by
their toxicity effects. According to Rodrigues et al.’s study [114], bacteria can survive when exposed
to SWCNTs, while fungal microbiota are unable to recover after the exposure. In another study; it
was shown that FeO and Ag nanoparticles can decrease fungal biomass [115]. In contrast, quantum
dots and super paramagnetic nanoparticles impose no notable toxicity to Fusarium oxysporum [116].
In general, the nitrifying bacteria are more vulnerable to nanomaterials’ toxic effects compared to
the bacteria with nitrogen fixing and denitrifying ability [110]. In the case of the ammonia oxidizing
bacteria, several nanomaterials such as TiO, nanoparticles have shown a toxicity effect [117].

Plants are the other main species that are influenced by the presence of nanomaterials in the
soil. Several kinds of nanomaterials have shown the ability to diffuse into plants via their roots,
translocation, biotransformation, and spread in different forms across their structure, thereby impacting
on photosynthesis, growth and regeneration abilities [118,119]. The resulting perturbation of the
physiological functions impacts on seed germination, seedling growth, higher ROS production,
damage to cell walls, and changes in proteins, carbohydrates, lipids, pigments, and hormones [120].
In this regard, metal oxide nanomaterials have been widely used as fertilizers for agriculture [121].
These nanoparticles account for a major number of the nanoparticle contaminants in soil including:
Al O3, TiOy, CeOy, ZnO, CuO and ZrO,. The other important nanocontaminants are carbon fiber, SiO,
and Ag nanoparticles, as well as carbon black [122]. Of the aforementioned metal oxide nanoparticles,
ZnO and CeO; are especially detrimental for the plants [121]. As shown by Priester et al. [123] soybean
(Glycine max) is vulnerable to high amounts of CeO, nanoparticles in soil, as witnessed by large ROS
production, lipid peroxidation, visible stains (Figure 8a,b), and also declined total chlorophyll amounts.
Compared to the leaves exposed to ZnO nanoparticles, the ones treated with CeO, nanoparticles show
a higher percentage of visible damages, Figure 8c,d.

Feizi et al. [124] examined the effect of TiO, nanoparticles in different concentrations of 0, 5, 20,
40, 60 and 80 mg‘L‘l, on the fennel seed germination. According to their results, after 2 weeks of
seed incubation with TiO, nanoparticles (60 mg.L 1), there was an increase in the total germination
percentage. Other reports also show a rise in seed germination for tomato and rice when exposed to
SiO, nanoparticles [125] and CNTs [126], respectively. It is worthy to note that concentration of the
nanomaterial is an influential factor on the plant reaction and various plants might react differently to
a single specific nanomaterial. It is imaginable that nanomaterial undergoes transformation within the
plant and the resulting product can potentially impose a further risk or even be beneficial for the plant
growth [110]. Other than the impacts on the growth process of plants, nanomaterials can affect and
raise the generation of ROS in a plant. The high concentration of ROS can engender protein oxidation,
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DNA and cell membrane destruction, lipid peroxidation, electrolyte leakage, etc., thereby inducing
oxidative damage and eventually cell death [127].
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Figure 8. Camera images of soybean leaves without (a) and with (b) exposure to CeO, nanoparticles.
The percentage of the leaves whose damage is recognized visually after exposure to (c¢) CeO, and
(d) ZnO nanoparticles. Reproduced with permission from [123]. Copyright 2017, Elsevier.

One important point that must be kept in mind is that nanomaterials are normally transformed
from origin i.e., the fabrication facility to destination. Thus, the results obtained in the studies based on
pure nanomaterials could be not applicable to the realistic situations. Also, environmental factors such
as pH, surface charge, ionic strength, surface coating, (UV) light irradiation, humic acids, inorganic
ligands, mono- and divalent cations, affect the toxicity of nanomaterials in their destination [110]. With
respect to the inclusion of nanoparticles into the terrestrial systems and their consequences, there are
several reviews [110,128-131].

4. Conclusions and Future Outlook

Nanomaterials are favorable candidate materials for water remediation and control and an
exciting prospect for their integration into point-of-use systems, and also in absolute removal of
the current and emerging inorganic and organic pollutants from water is foreseen. They can be
used in construction of nanoadsorbents that effectively capture polar and non-polar pollutants from
water depending on their surface functionality. In this regard, the extensive surface area offered by
nanomaterials is decisive and maximizes the adsorption efficiency. In case, the used nanomaterial
is a photocatalyst, adsorption is extended to photodecomposition. Accordingly, the stuck organic
pollutant is degraded into harmless byproducts and the adsorbent’s surface becomes ready for a
next round of adsorption/photodecomposition process. As another opportunity originated from
nanomaterials, membrane nanostructures can be mentioned. Nanomaterials can be exploited as
building blocks of a porous separator, as seen in electrospun nanofibrous membranes or single/few
layer graphene membranes. Additionally, they can be used as additives to conventional thin film
polymeric membranes for ultrafiltration to reduce fouling tendency and to raise thermomechanical
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properties. Despite such merits of nanomaterials in filtration and water treatment industry, there are a
variety of bottlenecks that must be properly addressed:

M

@

®G)

@)

(6)

Solar light driven photocatalysis: With respect to photocatalysis-based water treatment, it is of
paramount importance to avoid hole-electron recombination in the photocatalyst and also shift
the light responsiveness from the UV to the visible solar light range. The latter goal guarrantees
a lower energy consumption and wider applicability of photocatalysis for water purification.
Research has begun to develop a new generation of solar light responsive doped photocatalysts
that assure versatility and energy efficiency of photocatalytic nanoadsorbents.

Aggregation and poor recovery: One important disadvantage regarding the nanoparticulate
adsorbents is their aggregation tendency and challenging recovery. In this regard, one
optimum solution is deposition of nanoparticles on nanostructured substrates e.g., nanofibers.
This hybridization reduces the aggregation tendency and eases recovery of the nanoparticles,
while preserving their high exposure to the external water medium.

Photodegradation of polymer hosts: Many nanomaterials in different forms such as nanoparticles,
nanotubes, nanofibers, and nanosheets are typically used as coupled with a polymer substrate or
host. In case of applying photocatalytic, aggresive nanomaterials, the chance of photodegradation
of the encapsulating polymer is considerable. To address this problem, inclusion of photostabilizers
could be a main strategy.

Unwanted release of nanomaterials during the water treatment process: Nanomaterials employed in the
construction of micro-, ultra-, and nanofiltration membranes can be released into water streams
when the membrane is subjected to harsh water streams and their complicated stress patterns.
Therefore, primarily stabilization of nanoparticles on/in the membrane structure should be taken
into account and secondly, intoxic materials should be employed that impose less hazardous
effects on biota.

Long term, realistic testing of novel generation of nanostructured membranes: Nanomaterials in higher
dimensionalities such as 1D nanofibers and the 2D graphene family have also been studied for
the development of membranes. Electrospun nanofibers have shown a promising potential in
size exclusion and also adsorption of water pollutants. Thanks to their tunable pore size, high
porosity and interconnected porous structure they can guarrantee a less energy consuming water
treatment process. That is why they have found large applicability for building up advanced
ultra- and nanofiltration membranes as a porous, robust support for the overlaying selective
layer. However, no industrial utility has been reported for nanofibrous membranes. This could
arises from the available gaps with respect to reliable testing of such membranes. Nanofibrous
membranes must be challenged in long term, and under realistic conditions with real wastewater
models and also be exposed to various complicated mechanical stress patterns. Typically, the
relevant research experiments done at the lab scale consider only one type of pollutant and ignore
co-existence of other dye, ionic, or organic pollutants, as seen in real wastewater, which compete
for a limited number of available active/binding sites. Such a perspective was previously taken
into account for activated carbon as a commercial adsorbent, and led to its commercialization.
Graphene membranes are also a fascinating group of advanced nanomembranes that have shown
amazing potentials, particlularly with respect to water permeability, while offering an ionic
selectivity comparable to classic NF and ideally RO membranes. Nevertheless, their properties
have been mainly theoretically validated rather than experimentally and there is still a large gap
ahead till realistic employment of such membranes.

Large scale and economical production of nanostructured membranes and adsorbents: This issue is under
extensive investigation. In fact, technical difficulties with respect to scale-up and integration
of nanomaterials into a relevant technology, cost effectiveness, and energy-related issue are all
hindering concerns that have slowed the marketing trend of such products. For instance, TiO,
nanoparticles and CNTs are among the most widely studied nanomaterials for adsorption of
dyes. However, they are toxic and produced in a costly manner involving high temperature
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and pressure. The former nano-adsorbent needs UV irradiation to photodecompose the dye
pollutants that adds to the expenses of the treatment. In fact, it is highly necessary to produce
large amounts of such nanomaterials at justifiable costs for water treatments, specific to different
categories of wastewaters.

Environmental hazards: This concern will persist in the future. This stems from the reality that many
environmental and biological consequences of nanomaterials should be identified in the long
term. Short term studies have shown that several nanomaterials are safe to human being, plants
and animals. But, there is no certainty about their long term safety. For this reason, establishment
of nanomaterial based water treatment systems should be followed with sufficient precautions.
Technologically, it is also vital to secure such systems so that the release of nanomaterials into
environment would be miminized.

Author Contributions: M.G. and S.Z. contributed to idea development and to drafting of the manuscript. S.H.
conceived and developed the idea and drafted the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: S.H. would like to acknowledge the financial support received from the European Union’s
Horizon 2020 research and innovation program under the Marie Sklodowska-Curie grant agreement No. 839165.
Mady Elbahri is acknowledged for his support during the research.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Homaeigohar, S.; Elbahri, M. Nanocomposite Electrospun Nanofiber Membranes for Environmental
Remediation. Materials 2014, 7, 1017-1045. [CrossRef] [PubMed]

2. Homaeigohar, S. The Nanosized Dye Adsorbents for Water Treatment. Nanomaterials 2020, 10, 295. [CrossRef]
[PubMed]

3. Santhosh, C.; Velmurugan, V.; Jacob, G.; Jeong, S.K.; Grace, A.N.; Bhatnagar, A. Role of nanomaterials in
water treatment applications: A review. Chem. Eng. J. 2016, 306, 1116-1137. [CrossRef]

4. Bansal, P; Chaudhary, G.R.; Mehta, S.K. Comparative study of catalytic activity of ZrO2 nanoparticles for
sonocatalytic and photocatalytic degradation of cationic and anionic dyes. Chem. Eng. ]. 2015, 280, 475-485.
[CrossRef]

5.  Klaine, S.J.; Alvarez, P].J.; Batley, G.E.; Fernandes, T.F; Handy, R.D.; Lyon, D.Y.; Mahendra, S.;
McLaughlin, M.J.; Lead, J.R. Nanomaterials in the environment: Behavior, fate, bioavailability, and effects.
Environ. Toxicol. Chem. 2008, 27, 1825-1851. [CrossRef]

6.  Shi, ].P; Evans, D.E.; Khan, A.; Harrison, R.M. Sources and concentration of nanoparticles (<10 nm diameter)
in the urban atmosphere. Atmos. Environ. 2001, 35, 1193-1202.

7. Tan, K.B,; Vakili, M.; Horri, B.A,; Poh, PE.; Abdullah, A.Z.; Salamatinia, B. Adsorption of dyes by
nanomaterials: Recent developments and adsorption mechanisms. Sep. Purif. Technol. 2015, 150, 229-242.
[CrossRef]

8. Shan, G.; Surampalli, R.Y.; Tyagi, R.D.; Zhang, T.C. Nanomaterials for environmental burden reduction,
waste treatment, and nonpoint source pollution control: A review. Front. Environ. Sci. Eng. China 2009, 3,
249-264. [CrossRef]

9. Crini, G. Non-conventional low-cost adsorbents for dye removal: A review. Bioresour. Technol. 2006, 97,
1061-1085. [CrossRef]

10. Homaeigohar, S.; Elbahri, M. An Amphiphilic, Graphitic Buckypaper Capturing Enzyme Biomolecules from
Water. Water 2019, 11, 2. [CrossRef]

11. Homaeigohar, S.; Strunskus, T.; Strobel, J.; Kienle, L.; Elbahri, M. A Flexible Oxygenated Carbographite
Nanofilamentous Buckypaper as an Amphiphilic Membrane. Adv. Mater. Interfaces 2018, 5,1800001. [CrossRef]

12.  Chang, Y.C.; Chen, D.H. Adsorption kinetics and thermodynamics of acid dyes on a carboxymethylated
chitosan-conjugated magnetic nano-adsorbent. Macromol. Biosci. 2005, 5, 254-261. [CrossRef] [PubMed]

13.  Joshi, S.; Garg, V.K.; Kataria, N.; Kadirvelu, K. Applications of Fe304@AC nanoparticles for dye removal

from simulated wastewater. Chemosphere 2019, 236, 124280. [CrossRef] [PubMed]

87



Water 2020, 12, 1150

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Dhananasekaran, S.; Palanivel, R.; Pappu, S. Adsorption of Methylene Blue, Bromophenol Blue, and
Coomassie Brilliant Blue by a-chitin nanoparticles. J. Adv. Res. 2016, 7, 113-124. [CrossRef] [PubMed]
Homaeigohar, S.; Zillohu, A.U.; Abdelaziz, R.; Hedayati, M.K.; Elbahri, M. A Novel Nanohybrid Nanofibrous
Adsorbent for Water Purification from Dye Pollutants. Materials 2016, 9, 848. [CrossRef] [PubMed]
Hisaindee, S.; Meetani, M.; Rauf, M. Application of LC-MS to the analysis of advanced oxidation process
(AOP) degradation of dye products and reaction mechanisms. Trac Trends Anal. Chem. 2013, 49, 31-44.
[CrossRef]

Li, Q.; Zhao, T,; Li, M,; Li, W,; Yang, B.; Qin, D.; Lv, K,; Wang, X.; Wu, L.; Wu, X; et al. One-step construction of
Pickering emulsion via commercial TiO2 nanoparticles for photocatalytic dye degradation. Appl. Catal. B: Environ.
2019, 249, 1-8. [CrossRef]

Kheirabadi, M.; Samadi, M.; Asadian, E.; Zhou, Y.; Dong, C.; Zhang, J.; Moshfegh, A.Z. Well-designed
Ag/ZnO/3D graphene structure for dye removal: Adsorption, photocatalysis and physical separation
capabilities. J. Colloid Interface Sci. 2019, 537, 66-78. [CrossRef]

Bhattacharyya, A.; Kawi, S.; Ray, M. Photocatalytic degradation of orange II by TiO2 catalysts supported on
adsorbents. Catal. Today 2004, 98, 431-439. [CrossRef]

Gao, B; Yap, PS.; Lim, T.M.; Lim, T.-T. Adsorption-photocatalytic degradation of Acid Red 88 by supported
TiO2: Effect of activated carbon support and aqueous anions. Chem. Eng. ]. 2011, 171, 1098-1107. [CrossRef]
Meng, X.; Luo, N.; Cao, S.; Zhang, S.; Yang, M.; Hu, X. In-situ growth of titania nanoparticles in electrospun
polymer nanofibers at low temperature. Mater. Lett. 2009, 63, 1401-1403. [CrossRef]

Homaeigohar, S.S.; Mahdavi, H.; Elbahri, M. Extraordinarily water permeable sol gel formed nanocomposite
nanofibrous membranes. J. Colloid Interface Sci. 2012, 366, 51-56. [CrossRef] [PubMed]

Homaeigohar, S.; Botcha, N.K.; Zarie, E.S.; Elbahri, M. Ups and Downs of Water Photodecolorization by
Nanocomposite Polymer Nanofibers. Nanomaterials 2019, 9, 250. [CrossRef] [PubMed]

Cho, S.; Choi, W. Solid-phase photocatalytic degradation of PVC-TiO2 polymer composites. |. Photochem.
Photobiol. A Chem. 2001, 143, 221-228. [CrossRef]

Homaeigohar, S.; Elbahri, M. Graphene membranes for water desalination. Npg Asia Mater. 2017, 9, e427.
[CrossRef]

Abadi, M.B.H.; Ghasemi, I.; Khavandi, A.; Shokrgozar, M.A.; Farokhi, M.; Homaeigohar, S.S.;
Eslamifar, A. Synthesis of nano B-TCP and the effects on the mechanical and biological properties of
B-TCP/HDPE/UHMWPE nanocomposites. Polym. Compos. 2010, 31, 1745-1753. [CrossRef]

Elbahri, M.; Zillohu, A.U.; Gothe, B.; Hedayati, M.K.; Abdelaziz, R.; El-Khozondar, H.J.; Bawa’aneh, M.;
Abdelaziz, M.; Lavrinenko, A.; Zhukovsky, S.; et al. Photoswitchable molecular dipole antennas with tailored
coherent coupling in glassy composite. Light Sci. Appl. 2015, 4, e316. [CrossRef]

Homaeigohar, S.S.; Sadi, A.Y.; Javadpour, J.; Khavandi, A. The effect of reinforcement volume fraction and
particle size on the mechanical properties of 3-tricalcium phosphate-high density polyethylene composites.
J. Eur. Ceram. Soc. 2006, 26, 273-278. [CrossRef]

Homaeigohar, S.S.; Shokrgozar, M.A.; Sadi, A.Y.; Khavandi, A.; Javadpour, J.; Hosseinalipour, M.
In vitro evaluation of biocompatibility of beta-tricalcium phosphate-reinforced high-density polyethylene;
an orthopedic composite. J. Biomed. Mater. Res. Part A 2005, 75A, 14-22. [CrossRef]

Khalil, R.; Homaeigohar, S.; HduSler, D.; Elbahri, M. A shape tailored gold-conductive polymer nanocomposite
as a transparent electrode with extraordinary insensitivity to volatile organic compounds (VOCs). Sci. Rep.
2016, 6, 33895. [CrossRef]

Homaeigohar, S.; Elbahri, M. Switchable Plasmonic Nanocomposites. Adv. Opt. Mater. 2019, 7, 1801101.
[CrossRef]

Sadi, A.Y.; Homaeigohar, S.S.; Khavandi, A.R.; Javadpour, J. The effect of partially stabilized zirconia on the
mechanical properties of the hydroxyapatite-polyethylene composites. J. Mater. Sci. Mater. Med. 2004, 15,
853-858. [CrossRef] [PubMed]

Sadi, A.Y.; Shokrgozar, M.; Homaeigohar, S.S.; Hosseinalipour, M.; Khavandi, A.; Javadpour, ]. The effect
of partially stabilized zirconia on the biological properties of HA/HDPE composites in vitro. J. Mater. Sci.
Mater. Med. 2006, 17, 407-412. [CrossRef] [PubMed]

Yari Sadi, A.; Shokrgozar, M.A.; Homaeigohar, S.S.; Khavandi, A. Biological evaluation of partially stabilized
zirconia added HA/HDPE composites with osteoblast and fibroblast cell lines. J. Mater. Sci. Mater. Med.
2008, 19, 2359-2365. [CrossRef]

88



Water 2020, 12, 1150

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Homaeigohar, S.S.; Shokrgozar, M.; Javadpour, J.; Khavandi, A.; Sadi, A.Y. Effect of reinforcement particle size
on in vitro behavior of -tricalcium phosphate-reinforced high-density polyethylene: A novel orthopedic
composite. |. Biomed. Mater. Res. Part A 2006, 78, 129-138. [CrossRef]

Homaeigohar, S.; Kabir, R.; Elbahri, M. Size-tailored physicochemical properties of Monodisperse polystyrene
nanoparticles and the nanocomposites Made thereof. Sci. Rep. 2020, 10, 1-11. [CrossRef]

Rodrigues, R.; Mierzwa, J.C.; Vecitis, C.D. Mixed matrix polysulfone/clay nanoparticles ultrafiltration
membranes for water treatment. . Water Process Eng. 2019, 31, 100788. [CrossRef]

Ayyaru, S.; Pandiyan, R.; Ahn, Y.-H. Fabrication and characterization of anti-fouling and non-toxic
polyvinylidene fluoride -Sulphonated carbon nanotube ultrafiltration membranes for membrane bioreactors
applications. Chem. Eng. Res. Des. 2019, 142, 176-188. [CrossRef]

Ayyaru, S.; Choi, J.; Ahn, Y.-H. Biofouling reduction in a MBR by the application of a lytic phage on a
modified nanocomposite membrane. Environ. Sci. Water Res. Technol. 2018, 4, 1624-1638. [CrossRef]
Zodrow, K.; Brunet, L.; Mahendra, S.; Li, D.; Zhang, A.; Li, Q.; Alvarez, PJ. Polysulfone ultrafiltration
membranes impregnated with silver nanoparticles show improved biofouling resistance and virus removal.
Water Res. 2009, 43, 715-723. [CrossRef]

Yong, C.W. Study of interactions between polymer nanoparticles and cell membranes at atomistic levels.
Philos. Trans. R. Soc. B Biol. Sci. 2015, 370, 20140036. [CrossRef] [PubMed]

Akhavan, O.; Ghaderi, E. Toxicity of graphene and graphene oxide nanowalls against bacteria. Acs Nano
2010, 4, 5731-5736. [CrossRef] [PubMed]

Al-Khaldi, EA.; Abusharkh, B.; Khaled, M.; Atieh, M.A_; Nasser, M.; Saleh, T.A.; Agarwal, S.; Tyagi, L;
Gupta, VK. Adsorptive removal of cadmium (II) ions from liquid phase using acid modified carbon-based
adsorbents. |. Mol. Liq. 2015, 204, 255-263.

Das, R.; Ali, M.E.; Hamid, S.B.A.; Ramakrishna, S.; Chowdhury, Z.Z. Carbon nanotube membranes for water
purification: A bright future in water desalination. Desalination 2014, 336, 97-109. [CrossRef]

Chen, C.; Wang, X. Adsorption of Ni (II) from aqueous solution using oxidized multiwall carbon nanotubes.
Ind. Eng. Chem. Res. 2006, 45, 9144-9149. [CrossRef]

Homaeigohar, S.; Tsai, T.-Y.; Young, T.-H.; Yang, H.].; Ji, Y.-R. An electroactive alginate hydrogel nanocomposite
reinforced by functionalized graphite nanofilaments for neural tissue engineering. Carbohydr. Polym. 2019,
224,115112. [CrossRef]

Homaeigohar, S.; Dai, T.; Elbahri, M. Biofunctionalized nanofibrous membranes as super separators of
protein and enzyme from water. J. Colloid Interface Sci. 2013, 406, 86-93. [CrossRef]

Homaeigohar, S.; Disci-Zayed, D.; Dai, T.; Elbahri, M. Biofunctionalized nanofibrous membranes mimicking
carnivorous plants. Bioinspired Biomim. Nanobiomater. 2013, 2, 186-193. [CrossRef]

Homaeigohar, S.; Davoudpour, Y.; Habibi, Y.; Elbahri, M. The Electrospun Ceramic Hollow Nanofibers.
Nanomaterials 2017, 7, 383. [CrossRef]

Homaeigohar, S. Amphiphilic Oxygenated Amorphous Carbon-Graphite Buckypapers with Gas Sensitivity
to Polar and Non-Polar VOCs. Nanomaterials 2019, 9, 1343. [CrossRef]

Homaeigohar, S.S.; Buhr, K.; Ebert, K. Polyethersulfone electrsopun nanofibrous composite membrane for
liquid filtration. J. Mem. Sci. 2010, 365, 68-77. [CrossRef]

Homaeigohar, S.S.; Elbahri, M. Novel compaction resistant and ductile nanocomposite nanofibrous
microfiltration membranes. . Colloid Interface Sci. 2012, 372, 6-15. [CrossRef] [PubMed]

Yoon, K.; Hsiao, B.S.; Chu, B. Functional nanofibers for environmental applications. J. Mater. Chem. 2008, 18,
5326-5334. [CrossRef]

Song, X.; Liu, Z.; Sun, D.D. Energy recovery from concentrated seawater brine by thin-film nanofiber
composite pressure retarded osmosis membranes with high power density. Energy Environ. Sci. 2013, 6,
1199-1210. [CrossRef]

Pan, S.-F; Ke, X.-X.; Wang, T.-Y.; Liu, Q.; Zhong, L.-B.; Zheng, Y.-M. Synthesis of Silver Nanoparticles
Embedded Electrospun PAN Nanofiber Thin-Film Composite Forward Osmosis Membrane to Enhance
Performance and Antimicrobial Activity. Ind. Eng. Chem. Res. 2019, 58, 984-993. [CrossRef]

Homaeigohar, S.; Boccaccini, A.R. Antibacterial Biohybrid Nanofibers for Wound Dressings. Acta Biomater.
2020, 107, 25-49. [CrossRef]

Liu, L,; Liu, Z.; Bai, H.; Sun, D.D. Concurrent filtration and solar photocatalytic disinfection/degradation
using high-performance Ag/TiO2 nanofiber membrane. Water Res. 2012, 46, 1101-1112. [CrossRef]

89



Water 2020, 12, 1150

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Yamanaka, M.; Hara, K.; Kudo, J. Bactericidal actions of a silver ion solution on Escherichia coli, studied by
energy-filtering transmission electron microscopy and proteomic analysis. Appl. Environ. Microbiol. 2005, 71,
7589-7593. [CrossRef]

Liu, W.-W.; Chali, S.-P.; Mohamed, A.R.; Hashim, U. Synthesis and characterization of graphene and carbon
nanotubes: A review on the past and recent developments. J. Ind. Eng. Chem. 2014, 20, 1171-1185. [CrossRef]
Han, Y.; Xu, Z.; Gao, C. Ultrathin graphene nanofiltration membrane for water purification. Adv. Funct. Mater.
2013, 23, 3693-3700. [CrossRef]

O’Hern, S.C.; Stewart, C.A.; Boutilier, M.S.; Idrobo, J.-C.; Bhaviripudi, S.; Das, S.K.; Kong, J.; Laoui, T.;
Atieh, M.; Karnik, R. Selective molecular transport through intrinsic defects in a single layer of CVD graphene.
Acs Nano 2012, 6, 10130-10138. [CrossRef] [PubMed]

Anand, A.; Unnikrishnan, B.; Mao, J.-Y.; Lin, H.-J].; Huang, C.-C. Graphene-based nanofiltration membranes
for improving salt rejection, water flux and antifouling-A review. Desalination 2018, 429, 119-133. [CrossRef]
Wang, J.; Zhang, P; Liang, B.; Liu, Y.; Xu, T.; Wang, L.; Cao, B.; Pan, K. Graphene oxide as an effective barrier
on a porous nanofibrous membrane for water treatment. ACS Appl. Mater. Interfaces 2016, 8, 6211-6218.
[CrossRef] [PubMed]

Dai, H.; Xu, Z.; Yang, X. Water permeation and ion rejection in layer-by-layer stacked graphene oxide
nanochannels: A molecular dynamics simulation. J. Phys. Chem. C 2016, 120, 22585-22596. [CrossRef]
Joshi, R.; Carbone, P.; Wang, E.; Kravets, V.; Su, Y.; Grigorieva, I.; Wu, H.; Geim, A_; Nair, R. Precise and
ultrafast molecular sieving through graphene oxide membranes. Science 2014, 343, 752-754. [CrossRef]
Hu, X.; Zhou, Q. Health and ecosystem risks of graphene. Chem. Rev. 2013, 113, 3815-3835. [CrossRef]
Bussy, C.; Ali-Boucetta, H.; Kostarelos, K. Safety considerations for graphene: Lessons learnt from carbon
nanotubes. Acc. Chem. Res. 2012, 46, 692-701. [CrossRef]

Bianco, A. Graphene: Safe or toxic? The two faces of the medal. Angew. Chem. Int. Ed. 2013, 52, 4986—4997.
[CrossRef]

Luan, H.; Teychene, B.; Huang, H. Efficient removal of As(IlI) by Cu nanoparticles intercalated in carbon
nanotube membranes for drinking water treatment. Chem. Eng. . 2019, 355, 341-350. [CrossRef]

Reddy, C.V,; Reddy, LN.; Reddy, K.R.; Jaesool, S.; Yoo, K. Template-free synthesis of tetragonal Co-doped
ZrO2 nanoparticles for applications in electrochemical energy storage and water treatment. Electrochim. Acta
2019, 317, 416-426. [CrossRef]

Rahdar, S.; Rahdar, A.; Igwegbe, C.A.; Moghaddam, F.; Ahmadi, S. Synthesis and physical characterization
of nickel oxide nanoparticles and its application study in the removal of ciprofloxacin from contaminated
water by adsorption: Equilibrium and kinetic studies. Desalin. Water Treat. 2019, 141, 386-393. [CrossRef]
Liu, X,; Tian, J.; Li, Y,; Sun, N.; Mi, S.; Xie, Y.; Chen, Z. Enhanced dyes adsorption from wastewater via Fe304
nanoparticles functionalized activated carbon. ]. Hazard. Mater. 2019, 373, 397-407. [CrossRef] [PubMed]
Li, S.; Cui, J.; Wu, X;; Zhang, X.; Hu, Q.; Hou, X. Rapid in situ microwave synthesis of Fe304@MIL-100(Fe) for
aqueous diclofenac sodium removal through integrated adsorption and photodegradation. J. Hazard. Mater.
2019, 373, 408-416. [CrossRef] [PubMed]

Liu, J.; Wang, N.; Zhang, H.; Baeyens, J. Adsorption of Congo red dye on FexCo03-xO4 nanoparticles.
J. Environ. Manag. 2019, 238, 473-483. [CrossRef]

Appiah-Ntiamoah, R.; Baye, A.F; Gadisa, B.T.; Abebe, M.W.; Kim, H. In-situ prepared ZnO-ZnFe204 with
1-D nanofiber network structure: An effective adsorbent for toxic dye effluent treatment. J. Hazard. Mater.
2019, 373, 459-467. [CrossRef] [PubMed]

Gouthaman, A.; Asir, J.A.; Gnanaprakasam, A.; Sivakumar, V.M.; Thirumarimurugan, M.; Ahamed, M.A.R;;
Azarudeena, R.S. Enhanced dye removal using polymeric nanocomposite through incorporation of Ag
doped ZnO nanoparticles: Synthesis and characterization. J. Hazard. Mater. 2019, 373, 493-503. [CrossRef]
Guo, J.; Khan, S.; Cho, S.-H.; Kim, J. ZnS nanoparticles as new additive for polyethersulfone membrane in
humic acid filtration. J. Ind. Eng. Chem. 2019, 79, 71-78. [CrossRef]

Lv, D.; Wang, R.; Tang, G.; Mou, Z.; Lei, J.; Han, ].; De Smedt, S.; Xiong, R.; Huang, C. Ecofriendly electrospun
membranes loaded with visible-light-responding nanoparticles for multifunctional usages: Highly efficient
air filtration, dye scavenging, and bactericidal activity. Acs Appl. Mater. Interfaces 2019, 11, 12880-12889.
[CrossRef]

90



Water 2020, 12, 1150

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Farjami, M.; Moghadassi, A.; Vatanpour, V.; Hosseini, S.M.; Parvizian, F. Preparation and characterization of
a novel high-flux emulsion polyvinyl chloride (EPVC) ultrafiltration membrane incorporated with boehmite
nanoparticles. J. Ind. Eng. Chem. 2019, 72, 144-156. [CrossRef]

Che, W,; Xiao, Z.; Wang, Z.; Li, J.; Wang, H.; Wang, Y.; Xie, Y. Wood-based mesoporous filter decorated with
silver nanoparticles for water purification. ACS Sustain. Chem. Eng. 2019, 7, 5134-5141. [CrossRef]
Rowley, J.; Abu-Zahra, N.H. Synthesis and characterization of polyethersulfone membranes impregnated
with (3-aminopropyltriethoxysilane) APTES-Fe304 nanoparticles for As(V) removal from water. J. Environ.
Chem. Eng. 2019, 7, 102875. [CrossRef]

Saraswathi, M.S.S.A.; Rana, D.; Alwarappan, S.; Gowrishankar, S.; Vijayakumar, P.; Nagendran, A.
Polydopamine layered poly (ether imide) ultrafiltration membranes tailored with silver nanoparticles
designed for better permeability, selectivity and antifouling. J. Ind. Eng. Chem. 2019, 76, 141-149. [CrossRef]
Gopakumar, D.A.; Arumukhan, V.; Gelamo, R.V.; Pasquini, D.; de Morais, L.C.; Rizal, S.; Hermawan, D.;
Nzihou, A.; Khalil, H.P.S.A. Carbon dioxide plasma treated PVDF electrospun membrane for the removal
of crystal violet dyes and iron oxide nanoparticles from water. Nano-Struct. Nano-Objects 2019, 18, 100268.
[CrossRef]

Kadhom, M.; Deng, B. Thin film nanocomposite membranes filled with bentonite nanoparticles for brackish
water desalination: A novel water uptake concept. Microporous Mesoporous Mater. 2019, 279, 82-91. [CrossRef]
Liu, X;; Jiang, B.; Yin, X.; Ma, H.; Hsiao, B.S. Highly permeable nanofibrous composite microfiltration
membranes for removal of nanoparticles and heavy metal ions. Sep. Purif. Technol. 2020, 233, 115976. [CrossRef]
Kolangare, I.M.; Isloor, A.M.; Karim, Z.A.; Kulal, A.; Ismail, A.F.; Asiri, A.M. Antibiofouling hollow-fiber
membranes for dye rejection by embedding chitosan and silver-loaded chitosan nanoparticles. Environ.
Chem. Lett. 2019, 17, 581-587. [CrossRef]

Boxall, A.B.; Tiede, K.; Chaudhry, Q. Engineered nanomaterials in soils and water: How do they behave and
could they pose a risk to human health? Nanomedicine 2007, 2, 919-927. [CrossRef]

Flores-Cervantes, D.X.; Maes, H.M.; Schiffer, A.; Hollender, J.; Kohler, H.-P.E. Slow biotransformation of
carbon nanotubes by horseradish peroxidase. Environ. Sci. Technol. 2014, 48, 4826-4834. [CrossRef]

Keller, A.A.; Wang, H.; Zhou, D.; Lenihan, H.S.; Cherr, G.; Cardinale, B.J.; Miller, R.; Ji, Z. Stability and
aggregation of metal oxide nanoparticles in natural aqueous matrices. Environ. Sci. Technol. 2010, 44,
1962-1967. [CrossRef]

Adeleye, A.S.; Keller, A.A. Long-term colloidal stability and metal leaching of single wall carbon nanotubes:
Effect of temperature and extracellular polymeric substances. Water Res. 2014, 49, 236-250. [CrossRef]
Conway, ].R.; Adeleye, A.S.; Gardea-Torresdey, J.; Keller, A.A. Aggregation, dissolution, and transformation
of copper nanoparticles in natural waters. Environ. Sci. Technol. 2015, 49, 2749-2756. [CrossRef]

Wu, B.; Torres-Duarte, C.; Cole, B.J.; Cherr, G.N. Copper oxide and zinc oxide nanomaterials act as inhibitors
of multidrug resistance transport in sea urchin embryos: Their role as chemosensitizers. Environ. Sci. Technol.
2015, 49, 5760-5770. [CrossRef] [PubMed]

Hong, J.; Rico, C.M.; Zhao, L.; Adeleye, A.S.; Keller, A.A_; Peralta-Videa, ].R.; Gardea-Torresdey, J.L. Toxic
effects of copper-based nanoparticles or compounds to lettuce (Lactuca sativa) and alfalfa (Medicago sativa).
Environ. Sci. Process. Impacts 2015, 17, 177-185. [CrossRef] [PubMed]

Markus, A.; Parsons, J.; Roex, E.; De Voogt, P.; Laane, R. Modeling aggregation and sedimentation of
nanoparticles in the aquatic environment. Sci. Total Environ. 2015, 506, 323-329. [CrossRef] [PubMed]
Keller, A.A.; McFerran, S.; Lazareva, A.; Suh, S. Global life cycle releases of engineered nanomaterials.
J. Nanopart. Res. 2013, 15, 1692. [CrossRef]

Zhang, W.X.; Elliott, D.W. Applications of iron nanoparticles for groundwater remediation. Remediat. ]. 2006,
16, 7-21. [CrossRef]

Elbahri, M.; Homaeigohar, S.; Dai, T.; Abdelaziz, R.; Khalil, R;; Zillohu, A.U. Smart Metal-Polymer
Bionanocomposites as Omnidirectional Plasmonic Black Absorbers Formed by Nanofluid Filtration.
Adv. Funct. Mater. 2012, 22, 4771-4777. [CrossRef]

Gibson, C.T.; Turner, L].; Roberts, C.J.; Lead, ].R. Quantifying the Dimensions of Nanoscale Organic Surface
Layers in Natural Waters. Environ. Sci. Technol. 2007, 41, 1339-1344. [CrossRef]

Tipping, E. The adsorption of aquatic humic substances by iron oxides. Geochim. Cosmochim. Acta 1981, 45,
191-199. [CrossRef]

91



Water 2020, 12, 1150

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Hyung, H.; Fortner, ].D.; Hughes, ].B.; Kim, ].-H. Natural organic matter stabilizes carbon nanotubes in the
aqueous phase. Environ. Sci. Technol. 2007, 41, 179-184. [CrossRef]

Buffle, J.; Wilkinson, K.J.; Stoll, S.; Filella, M.; Zhang, J. A generalized description of aquatic colloidal
interactions: The three-colloidal component approach. Environ. Sci. Technol. 1998, 32, 2887-2899. [CrossRef]
Yamashita, Y.; Tsukasaki, A.; Nishida, T.; Tanoue, E. Vertical and horizontal distribution of fluorescent
dissolved organic matter in the Southern Ocean. Mar. Chem. 2007, 106, 498-509. [CrossRef]

Wurl, O.; Obbard, J.P. A review of pollutants in the sea-surface microlayer (SML): A unique habitat for
marine organisms. Mar. Pollut. Bull. 2004, 48, 1016-1030. [CrossRef] [PubMed]

Lin, S.; Keskar, G.; Wu, Y.; Wang, X.; Mount, A.S.; Klaine, S.J.; Moore, ].M.; Rao, A.M.; Ke, P.C. Detection of
phospholipid-carbon nanotube translocation using fluorescence energy transfer. Appl. Phys. Lett. 2006, 89,
143118. [CrossRef]

Kim, J.S.; Yoon, T.-J.; Yu, KN.; Kim, B.G.; Park, S.J.; Kim, HW.,; Lee, K.H.; Park, S.B.; Lee, ].-K.; Cho, M.H.
Toxicity and tissue distribution of magnetic nanoparticles in mice. Toxicol. Sci. 2005, 89, 338-347. [CrossRef]
[PubMed]

Geiser, M.; Rothen-Rutishauser, B.; Kapp, N.; Schiirch, S.; Kreyling, W.; Schulz, H.; Semmler, M.; Hof, V.I.;
Heyder, J.; Gehr, P. Ultrafine particles cross cellular membranes by nonphagocytic mechanisms in lungs and
in cultured cells. Environ. Health Perspect. 2005, 113, 1555-1560. [CrossRef]

Liu, S.; Zeng, T.H.; Hofmann, M.; Burcombe, E.; Wei, J.; Jiang, R.; Kong, J.; Chen, Y. Antibacterial activity of
graphite, graphite oxide, graphene oxide, and reduced graphene oxide: Membrane and oxidative stress.
ACS Nano 2011, 5, 6971-6980. [CrossRef]

Nogueira, V.; Lopes, I.; Rocha-Santos, T.; Santos, A.L.; Rasteiro, G.M.; Antunes, F.; Gongalves, F;
Soares, AAM.V.M.; Cunha, A.; Almeida, A; et al. Impact of organic and inorganic nanomaterials in
the soil microbial community structure. Sci. Total Environ. 2012, 424, 344-350. [CrossRef]

Jaisi, D.P; Elimelech, M. Single-walled carbon nanotubes exhibit limited transport in soil columns.
Environ. Sci. Technol. 2009, 43, 9161-9166. [CrossRef]

Reddy, P.V.L.; Hernandez-Viezcas, J.A.; Peralta-Videa, ].R.; Gardea-Torresdey, J.L. Lessons learned: Are
engineered nanomaterials toxic to terrestrial plants? Sci. Total Environ. 2016, 568, 470-479. [CrossRef]
Tong, Z.; Bischoff, M.; Nies, L.; Applegate, B.; Turco, R.F. Impact of Fullerene (C60) on a Soil Microbial
Community. Environ. Sci. Technol. 2007, 41, 2985-2991. [CrossRef] [PubMed]

Shah, V.; Belozerova, I. Influence of metal nanoparticles on the soil microbial community and germination of
lettuce seeds. Water Air Soil Pollut. 2009, 197, 143-148. [CrossRef]

Johansen, A.; Pedersen, A.L.; Jensen, K.A.; Karlson, U.; Hansen, B.M.; Scott-Fordsmand, ].J.; Winding, A.
Effects of C60 fullerene nanoparticles on soil bacteria and protozoans. Environ. Toxicol. Chem. Int. ]. 2008, 27,
1895-1903. [CrossRef]

Rodrigues, D.E; Jaisi, D.P.; Elimelech, M. Toxicity of functionalized single-walled carbon nanotubes on soil
microbial communities: Implications for nutrient cycling in soil. Environ. Sci. Technol. 2012, 47, 625-633.
[CrossRef]

Feng, Y,; Cui, X.; He, S.; Dong, G.; Chen, M.; Wang, J.; Lin, X. The role of metal nanoparticles in influencing
arbuscular mycorrhizal fungi effects on plant growth. Environ. Sci. Technol. 2013, 47, 9496-9504. [CrossRef]
[PubMed]

Rispail, N.; De Matteis, L.; Santos, R.; Miguel, A.S.; Custardoy, L.; Testillano, P.S.; Risueno, M.C.;
Pérez-de-Luque, A.; Maycock, C.; Fevereiro, P. Quantum dot and superparamagnetic nanoparticle interaction
with pathogenic fungi: Internalization and toxicity profile. Acs Appl. Mater. Interfaces 2014, 6, 9100-9110.
[CrossRef]

Luo, Z.; Qiu, Z.; Chen, Z.; Du Laing, G.; Liu, A.; Yan, C. Impact of TiO2 and ZnO nanoparticles at predicted
environmentally relevant concentrations on ammonia-oxidizing bacteria cultures under ammonia oxidation.
Environ. Sci. Pollut. Res. 2015, 22, 2891-2899. [CrossRef] [PubMed]

Ma, Y.; Zhang, P.; Zhang, Z.; He, X,; Li, Y.; Zhang, J.; Zheng, L.; Chu, S.; Yang, K.; Zhao, Y. Origin of the
different phytotoxicity and biotransformation of cerium and lanthanum oxide nanoparticles in cucumber.
Nanotoxicology 2015, 9, 262-270. [CrossRef]

Li, K.-E.; Chang, Z.-Y.; Shen, C.-X,; Yao, N. Toxicity of nanomaterials to plants. In Nanotechnology and Plant
Sciences; Springer: Berlin/Heidelberg, Germany, 2015; pp. 101-123.

92



Water 2020, 12, 1150

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Majumdar, S.; Peralta-Videa, ].R.; Bandyopadhyay, S.; Castillo-Michel, H.; Hernandez-Viezcas, ].-A.; Sahi, S.;
Gardea-Torresdey, J.L. Exposure of cerium oxide nanoparticles to kidney bean shows disturbance in the
plant defense mechanisms. J. Hazard. Mater. 2014, 278, 279-287. [CrossRef]

Du, W.; Tan, W.; Peralta-Videa, J.R.; Gardea-Torresdey, ].L.; Ji, R.; Yin, Y.; Guo, H. Interaction of metal oxide
nanoparticles with higher terrestrial plants: Physiological and biochemical aspects. Plant Physiol. Biochem.
2017, 110, 210-225. [CrossRef]

Holden, P.A ; Klaessig, F.; Turco, R.E; Priester, ]. H.; Rico, C.M.; Avila-Arias, H.; Mortimer, M.; Pacpaco, K.;
Gardea-Torresdey, J.L. Evaluation of exposure concentrations used in assessing manufactured nanomaterial
environmental hazards: Are they relevant? Environ. Sci. Technol. 2014, 48, 10541-10551. [CrossRef] [PubMed]
Priester, ].H.; Moritz, S.C.; Espinosa, K.; Ge, Y.; Wang, Y.; Nisbet, RM.; Schimel, J.P.; Susana Goggi, A.;
Gardea-Torresdey, J.L.; Holden, P.A. Damage assessment for soybean cultivated in soil with either CeO2 or
ZnO manufactured nanomaterials. Sci. Total Environ. 2017, 579, 1756-1768. [CrossRef]

Feizi, H.; Rezvani Moghaddam, P.; Shahtahmassebi, N.; Fotovat, A. Impact of Bulk and Nanosized Titanium
Dioxide (TiO2) on Wheat Seed Germination and Seedling Growth. Biol. Trace Elem. Res. 2012, 146, 101-106.
[CrossRef] [PubMed]

Siddiqui, M.H.; Al-Whaibi, M.H. Role of nano-SiO2 in germination of tomato (Lycopersicum esculentum
seeds Mill.). Saudi J. Biol. Sci. 2014, 21, 13-17. [CrossRef] [PubMed]

Nair, R.; Mohamed, M.S.; Gao, W.; Maekawa, T.; Yoshida, Y.; Ajayan, PM.; Kumar, D.S. Effect of Carbon
Nanomaterials on the Germination and Growth of Rice Plants. . Nanosci. Nanotechnol. 2012, 12, 2212-2220.
[CrossRef] [PubMed]

Sharma, P; Jha, A.B.; Dubey, R.S.; Pessarakli, M. Reactive Oxygen Species, Oxidative Damage, and
Antioxidative Defense Mechanism in Plants under Stressful Conditions. . Bot. 2012, 2012, 26. [CrossRef]
Gardea-Torresdey, J.L.; Rico, C.M.; White, J.C. Trophic Transfer, Transformation, and Impact of Engineered
Nanomaterials in Terrestrial Environments. Environ. Sci. Technol. 2014, 48, 2526-2540. [CrossRef]

Keller, A.A.; Fournier, E.; Fox, ]J. Minimizing impacts of land use change on ecosystem services using
multi-criteria heuristic analysis. J. Environ. Manag. 2015, 156, 23-30. [CrossRef]

McKee, M.S,; Filser, J. Impacts of metal-based engineered nanomaterials on soil communities. Environ. Sci. Nano
2016, 3, 506-533. [CrossRef]

Kwak, J.I; An, Y.-]. The current state of the art in research on engineered nanomaterials and terrestrial
environments: Different-scale approaches. Environ. Res. 2016, 151, 368-382. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

93






. water ﬁw\n\l’y

Review

Role of Nanomaterials in the Treatment of
Wastewater: A Review

Asim Ali Yaqoob !, Tabassum Parveen 2, Khalid Umar ** and
Mohamad Nasir Mohamad Ibrahim 1-*

1 School of Chemical Sciences, Universiti Sains Malaysia, Penang 11800, Malaysia;

asim.yaqoob@student.usm.my
Department of Botany, Aligarh Muslim University, Aligarh 202002, India; tab_parveen@rediffmail.com
*  Correspondence: khalidumar4@gmail.com (K.U.); mnm@usm.my (M.N.M.L.)

2

Received: 27 December 2019; Accepted: 8 February 2020; Published: 12 February 2020

Abstract: Water is an essential part of life and its availability is important for all living creatures.
On the other side, the world is suffering from a major problem of drinking water. There are several
gases, microorganisms and other toxins (chemicals and heavy metals) added into water during rain,
flowing water, etc. which is responsible for water pollution. This review article describes various
applications of nanomaterial in removing different types of impurities from polluted water. There
are various kinds of nanomaterials, which carried huge potential to treat polluted water (containing
metal toxin substance, different organic and inorganic impurities) very effectively due to their unique
properties like greater surface area, able to work at low concentration, etc. The nanostructured
catalytic membranes, nanosorbents and nanophotocatalyst based approaches to remove pollutants
from wastewater are eco-friendly and efficient, but they require more energy, more investment in
order to purify the wastewater. There are many challenges and issues of wastewater treatment. Some
precautions are also required to keep away from ecological and health issues. New modern equipment
for wastewater treatment should be flexible, low cost and efficient for the commercialization purpose.

Keywords: nanocatalysts; nanomembranes; nanosorbents; nanomaterial applications; waste water
treatment; nanomaterial challenges

1. Introduction

Water is a natural source on the earth and its availability in pure state is very essential for human
beings as well as for other living creatures because the concept of life is unbelievable without water.
Water is also called universal solvent due to its potential properties like solubility power etc. Currently,
major problem of whole world is water contamination, due to several reasons like inadequate sewage
treatment, industrial wastes, marine dumping issues, radioactive waste material, some agricultural
perspectives etc. [1,2]. Water pollution has an adverse effect on environment, and it can also responsible
for air pollution that reflects very dangerous results on human health. Water pollution also carries
an adverse impact on economic growth and socials perspectives of the concern societies/countries.
Recently, a UN report stated that purified and freshwater availability is a global issue and become
a challenge in 21st century for whole world because the survival of living creatures is not safe with
contaminated water [3,4]. Contaminated water means that unwanted materials come into water bodies
or reservoirs and make it unsuitable for drinking and other purposes. To overcome this emerging
problem, there are many chemical, physical and mechanical methods. Moreover, researchers are still
working by exploring different new technologies to improve water purification methods with low
cost [5,6]. Newly, emerging field nanotechnology provides a potential offer to purify water with a
low expense, high working efficiency in removing pollutants and reusable ability [7]. In past era,
nanomaterials are successfully applied to several places like in a field of medical science, catalysis, etc.
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Recently, when the world facing serious issues of drinking water, experts found that nanomaterial is
better option to treat wastewater because it has some unique properties like nano size, large surface
area, highly reactive, strong solution mobility [8], strong mechanical property, porosity characters,
hydrophilicity, dispersibility and hydrophobicity [9-11]. Some heavy metal like Pb, Mo, etc. organic
and inorganic pollutants and various harmful microbes are reported to be successfully removed by
using different nanomaterials [12-16]. Currently, WHO (World Health Organization) reported that
almost 1.7 million people died due to water pollution and four billion cases of different health issues
were reported annually due to waterborne diseases [17]. Table 1 indicates different kinds of water
pollutants with sources and their adverse effects.

Table 1. Indicates different water pollutants with their sources and adverse effects.

Water Pollutants Source of Pollutants Effect of Pollutants References
Pathogens Viruses and bacteria Water borne diseases [18]
Agricultural Pollutants Agricultural chemicals Directly affect the fresh [19]
water resources
Damaging fish spawning,
Sediments and Land cultivation, demolition, affecting aquatic 120]
suspended solids mining operations environment of insects
and fishes
. Metals compm.mds, Trace Aquatic flora and fauna,
Inorganic Pollutants elements, Inorganic salts, Heavy . [21]
) . Public Health problems
metals, Mineral acids,

Organic Pollutants Detergents,AIrilsect1c1des, Aquatic life prpblems, [22]

Herbicides. Cacogenic.

. .. Caused water and air

Industrial Pollutants Municipal pollutant Water . [23]

pollution.
Radioactive Pollutants Different Isotopes Bones, teeth, skin and [24]

can cause
Nutrients Pollutants Plant debris, fertilizer. Effect on eutrophication [25]

process.

Macroscopic Pollutants Marine debris Plastic pollution. [26]
Sewage and Domestic Wastewater Water borne diseases [27]

contaminated water

Recently, there are more advance developments occurred in nanomaterials such as
nanophotocatalysts, nanomotors, nanomembranes and nanosorbents (Nanosorbents contain high
sorption capacity which carries many applications for water treatment methods) and some imprinted
polymers are effectively useable for treatment process of contaminated water. In short, the study
of nanomaterial applications in water purification is considered to assess positive perspectives [16].
Therefore, we have summarized the role of nanomaterials for wastewater treatment to overcome the
water crises in this review article. Nanoengineered materials provide a potential and significant water
treatment approaches which can be easily adaptable, but some imperfections still need for further
attention which are specially summarized in this article. Moreover, we also addressed the limitations,
advantages, disadvantages and future perspectives related to these nanomaterials. Furthermore, the
toxicity of nanomaterials and their several applications in wastewater treatment are briefly discussed
which might be useful for researcher to plan new strategies.

96



Water 2020, 12, 495

2. Water Treatment Methodologies

2.1. Nanophotocatalysts

The word “photocatalysis” is composed of two Greek words “photo” and “catalysis” which mean
decomposition of compounds in the presence of light. Usually, in scientific world there is no consensus
definition for photocatalysis [28]. However, this term can be employed to define a process to activate or
stimulate the substance by using light (UV/Visible/Sunlight). Photocatalyst which changes the rate of
reaction without any involvement by itself during the chemical transformation process. Furthermore,
the key difference between traditional thermal catalyst and photocatalyst is that the prior is activated
through heat while the final is activated through photons of light energy [29]. Nanophotocatalysts are
commonly used for wastewater purification, as they help to enhance the reactivity of catalyst due to
having a greater surface ratio and shape dependent features [30].

The nano size-based materials show different response as compared to bulk materials due to their
distinct quantum effects and surface properties. It assists to increase their electric, mechanical, magnetic
chemical reactivity and optical properties too [31]. It has been showed that the nanophotocatalysts
can expand the oxidation ability due to effective production of oxidizing species at surface of material
which helps in degradation of pollutants from the polluted water effectively [32].

Nanoparticles like zero-valence based metal, semiconductor and some bimetallic type etc.
are mostly used for treatment of environmental pollutants e.g., azo dyes, Chlorpyrifos [33-35],
organochlorine pesticides, nitroaromatics, etc. [36]. There are also several reports in literature which
illustrated that TiO, based nanotubes can effectively be used in removal of pollutants (organic
pollutants such as azo dyes, Congo red, phenol aromatic base pollutants, toluene, dichlorophenol
trichlorobenzene, chlorinated ethene, etc.) from waste water [37—41]. However, the most common
and significant metal oxide nanophotocatalyst are SiO,, ZnO, TiO,, Al,O3, etc. [42—-44]. Among them,
Titanium dioxide (TiO,) is one of excellent photocatalyst from all existing material due to its several
reasons such as low cost, toxic free property, chemical stability, and its easy availability on earth.
Moreover, TiO, exist in three natural states, anatase, rutile, and brookite. So far, anatase considered as
good nanophotocatalyst material [45]. The bandgap of this state is 3.2 eV and it can absorb ultraviolet
light (below 387 nm) [46]. However, other photocatalysts like ZnO have also been produced to
eliminate contaminants in wastewater and presents reusable ability effectively [47-51]. In case of
composite nanomaterial, the degradation of reference substance (dimethyl sulfoxide) for evaluating
the photocatalytic performance of water treatment by using CdS/TiO, composite as catalyst under the
irradiation of visible light also investigated [52]. The iron doped nanomaterials have ferromagnetism
ability which helps to recycle and reuse it easily [53-56]. Similarly, due to some characteristics like
high photocatalytic reactivity Pd incorporated ZnO nanomaterial have been used for the removal of
Escherichia coli from wastewater [57]. Although, new efforts have been targeted on metal oxides in order
to increase the photocatalytic performance under visible light irradiation through modifying them
with other elements like metals or metal ions [6,33] carbonaceous-based materials, dye sensitizers [58]
and many others but still there is a need for further modifications in nanophotocatalysts.

Furthermore, nanophotocatalysis process may occur in two states heterogeneously or
homogeneously. The most intensively studied state is heterogeneous nanophotocatalysis in modern
era, due to its wide scope in water decontamination and environmental related applications. In case of
heterogeneous photocatalysis, it implies the prior development of an interface between fluid (both
reactants and products of reaction) and solid photocatalyst (such as metal or semiconductor) [59,60].
Generally, the word “heterogeneous photocatalysis” is mostly employed where a light-based
semiconductor photocatalysts are used, which is in interaction with gaseous or liquid phase [61]. The
heterogeneous photocatalysis based applications are strongly depend on the scaled-up reactor based
on advance developed designs with improved efficiency [62]. The major task in reactor designing is
effective illumination of nanocatalyst and mass transfer optimization, particularly in case of liquid
phase. The transfer of photon can be improved by using light-emitting diodes and optical fibres,
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but productive revolutions in this field are still lacking. Moreover, an extensive effort has been
focused toward the progress of solar photoreactors [63—-65]. According to literature, the positive role of
nanophotocatalyst has been demonstrated in research laboratory for air cleaning and water treatment.
At the commercial level it is still not a perfect way to minimize the problem. Moreover, the present
lack of extensive commercial applications is due to absence of effective photoreactor configurations
and lower photocatalytic competence of photocatalysts. Despite all, heterogeneous nanophotocatalyst
recommend fascinating advantages i.e., inexpensive usage of chemicals, additive free, work even at
lower concentration, chemical stability (e.g., TiO, stable in aqueous medium) [66]. Therefore, recently
heterogeneous photocatalysis is achieving the pre-industrial scale.

2.1.1. Advantage and Disadvantages of Nanophotocatalyst

Nanophotocatalysis has reflected a vital role for the mineralization of dangerous organic substances
at 25 °C and proved very effective and efficient method for detoxification of water with help of
nanophotocatalysts [67]. Furthermore, mostly nanophotocatalysts show some advantages such as they
are less toxic, having low-cost, chemically stable, easily accessible and excellent photoactive properties
with nano size i.e., 1-100 nm range [68]. Generally, nanophotocatalysts present various advantages
such as stability (chemical/physical), low cost and eco-friendliness. Among them, TiO, having good
photostability but many nanophotocatalysts, such as zinc oxide, metal sulfide materials, copper-based
materials, and so on exhibit relatively low chemical stability due to photocorrosion [69]. As light
shine on them, they oxidized or reduced depend on materials and their oxidation states changes
by generating holes or electrons, which leads to decomposition of photocatalysts and decreases the
efficiency of photocalatalysts. Therefore, there is a strong need to synthesize a nano composite in order
to achieve stable photocatalysts for long-time performance.

The major advantage of nano-sized is related to quantum-size effect, which enhance the energy
bandgap and reduce the particle size [70]. Moreover, as a process photodegradation also have several
advantages such as low cost, reusable, and generally complete degradation. In addition to all of
the developments, still nanophotocatalyst facing some issues i.e., toxicity and recovery of catalysts
from mixture. These type of issues limits the applications and scope of nanophotocatalyst at higher
level [71]. So, the scientific community is now focusing others nanocomposite of different material
which can reduce the toxicity while using in water treatment process. So, it is suggestible for the scholar
community to synthesize new photocatalysts which can work in visible ranges for sustainable result and
promote the doped photocatalyst with different material such as graphene and its derivatives to reduce
the toxicity effect. To overcome the catalyst recovery drawback, one significant approach could be used
i.e.,, magnetic nanophotocatalysts in wastewater treatment. When magnetic nanophotocatalysts are
used, the recovery of catalyst can be achieved through external magnetic fields, therefore, permitting
the many recycling of nanocatalyst and achieved more effective and naturally responsive water
decontamination processes. Furthermore, the approach regarding nanophotocatalysis for removal of
pollutants from water has been described as a very effective approach and some unique applications of
nanophotocatalysts are shown in Figure 1.

98



Water 2020, 12, 495

Reduction
Reaction
C-H .
Activation Asymmetric
Reaction Synthesis
Applications of
Nanophotocatalyst
s
Environment
al Oxidation
Application Reaction
Oxidative
Estrification

Figure 1. Potential applications of nanophotocatalysts.
2.1.2. Future Perspectives of Nanophotocatalyst

A wide research on nanomaterials is ongoing in field of nanophotocatalysis which led to few
progress in reactor designing and developments regarding the modifications in nanophotocatalysts.
Although many developments in nanophotocatalytic materials occurred, still some important
inquiries required related to characteristics of nanophotocatalytic materials. The major challenges
in intensification process is mass transfer limitations and higher consumption of photons [72]. The
concept of nanocomposites is ideal in solving the electron pair recombination problem which can be
prolonged by combining the nanocomposites with nanophotocatalytic reactor structures. The new
modern reactors are known as microfluidic reactors which open a new door for intense characteristics
study in reaction phase and synthesis phase. Microfluidic reactors are those reactors which are working
on micro level with reactants [73,74]. The key features of micro-reactors are large surface-to-volume
ratio, improved diffusion effect and great mass transfer coefficient factor, highly stable hydrodynamics,
less Reynold’s flow, and informal handling which makes them more ideal material than conventional
reactors. However, still it is difficult for photocatalysis to apply on large scale in actual wastewater.

Moreover, the synthesis of significant structures such as nanorod, nanosphere, nanoflowers,
nanoflakes and nanocones with enhanced functional and structural properties could be opened an
extensive area of study. Several structures of nanomaterials with potential properties could be produced
through the measured synthesis approaches. However, the future research, should be explored by
producing new photocatalysts. The synthesis of novel nanophotocatalysts with excellent efficiency,
inexpensive, eco-friendly and high stability is crucially needed. Moreover, to exploit pollutant
treatment effectively, several approaches should be joint with sensible match, such as electrocatalysis,
photocatalysis, adsorption and several thermodynamics processes. The preparation of nanocomposites
in the presence of ZnO, TiO, was well explored in early decades for the treatment of water pollutants.
The nanocomposites preparation by using carboneous material, polymer and ceramic materials are still
in initial stage. It can generate ideal nanocomposites with improved properties. The heterogeneous
photocatalytic for wastewater remediation is inhibited by some main technical problems that need to
be study effectively. Finally, a significant photocatalytic treatment with better solar-driven, excellent
efficacy and less site area requirements can be comprehended in future with fast assessment.
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2.1.3. Photocatalytic Degradation and Mineralization Pathway

Nanomaterials also got much attention in degradation as well as mineralization of toxic organic
pollutants due to having remarkable physiochemical properties. In photocatalysis, there are two types
of processes that occur, namely mineralization and degradation of organic pollutants [5,75]. In the
process of degradation, the organic pollutants are splitting or decomposed into several products while
in the case of mineralization, the complete destruction of organic pollutant took place into water, carbon
dioxide and some inorganic ions. The possible pollutant degradation mechanism in the presence of
light is shown in Figure 2 [75]. Briefly, a semiconductor like TiO, absorbs the light which is greater or
equal to TiO, band gap width, it carries to electron-hole pairs (e"—-h*). If the separation of charge is
continued, the electron-hole may travel to the surface of catalyst where they contribute with sorbed
species in redox reactions. Particularly, h*; react with water (surface-bound) to generate the hydroxyl
radicals and simultaneously e, selected by oxygen to produce the radical anion (superoxide radicals)
as designated below in equations.

TiO, + hv — e+ h'y, 1)
O+ e = Oy )
H,O + h+vb — OH+ H' 3)

o

Intermediate

&7 products
&5
o

Organic

Pollutants
\ €O, H,0, and
Mineralization

3 inorganic ions
OH

\‘

O @@

Figure 2. General mechanism of toxic organic compound degradation through nanophotocatalysts.

After pollutant degradation by using nanomaterials in the presence of light, HPLC-MS or GC-MS
was employed to analysis the produced degraded products. Here, it is necessary to confirm regarding
the obtained degradation products, whether these products are more toxic or less toxic as compared to
parent compound using toxicity test.

As discussed above, mineralization concept is actually synonymous of complete photodegradation.
It defines the degradation of a compound into CO, and H,O. Sometimes others minerals also released
during mineralization of compounds such as sulphate, ammonia, sulphite, fluoride, sulphide, chloride,
phosphate, nitrite, etc. [76]. Generally, the rate of mineralization is less as compared to degradation,
probably due to generation of stable intermediate during process. Therefore, it is supposed that a long
irradiation is compulsory for entire removal of total organic carbon (TOC). Moreover, the mineralization
concept is avoiding the generation of undesirable products is the excellent mode to degrade the organic
compounds. The TOC is defined as the total quantity of bounded carbons in any organic compound
and measured by TOC analyser. The possible mechanism of pollutant mineralization is shown in
Figure 2 coupled with photodegradation mechanism.

For example, different degradation products as well as the mineralization products of Lignocaine
are shown in Figure 3 as follows [77];
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2.2. Nano- and Micromotors

Nanotechnology, an area of research that has progressive at such a quick pace in early decades
and offered many approaches for water treatment. In modern era, nano/micromotors have been
considered that can convert the energy from several resources into machine-driven force, empowering
them to achieve special goals through various mechanisms. These innovative motors are motorized in
both cases by using fuel or without fuel sources (acoustics, magnetic field, electric field) have several
significant exciting applications [78]. They show more speed, high power, specific control movement,
self-mix ability, etc. The removal of contaminant from polluted resources is a significant focus for
environmental stability and sustainability [79]. The trend of water purification and its treatment has
grown quickly throughout the world because of high demands for pure water resources and novel
water superiority regulations. A large variety of approaches are used earlier for removal of pollutants
from polluted groundwater, fresh water, sediments wastewater, etc. Different mechanisms employed
by nano/micromotors for treatment of water pollutants are graphically shown in Figure 4 and some
environmental applications of nano/micromotors are shown in Table 2 with their mechanism.

Traditional treatment Processes are inadequate through diffusion and, hence, entail outward
agitation to stimulate the wastewater treatment process. Though, nano/micromotors could possibly
overwhelmed the diffusion boundary by energetic mixing due to their self-propulsion competences.
These self-propelled nano/micromotors expressively stimulate the water treatment efficiency through
water decontamination efficiency, merging with materials nano/microstructure i.e., greater surface area
and working activities [80-83]. Moreover, nano/micromotors can go in nano/microscale detentions in
the presence of a magnetic field, serving as programmed cleaners, where conventional approaches are
not actively working. However, most positive concept for nano/micromotors in term of wastewater
decontamination depends on fuels as shown in Table 3. There is problem, this condition reduced the
working potential of nanomotors in biological applications. Although some photocatalytic, biocatalytic
and magnetically driven nano/micromotors have been industrialized, still there are some challenges in
order to apply nano/micromotors for water treatment in future.
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Table 2. List of nano/micromotors and their applications.

Motors Working Mechanism Applications References
Zn, Al/Pd micromotors speed-pH dependence pH controlling [85]
Hydrophobic agglomerates Surface tension induced Increased diffusion [86]
of pollutants of pollutants
Polymer capsule motors Surface ten51on41nduced Oil remediation [87]
cargo towing
Au/Pt nanomotors s1lver-1nd1.1ced Detection of silver ions [88]
acceleration
Ag-b.ased ]an.us MIP Molecular 1mpr1}1'ted solid-phase extraction 89]
microparticles polymer recognition
DNA hybridization
Au/Pt nanomotors through using Ag DNA detection [90]
nanoparticle
Bubble-}?ropellec.l Pt-based High fluid transport Oxidative detoxification [91]
micro engines of nerve agents
Bubble-propelled Pt-based Fenton reaction; high Degradation of organic [92]
micro engines diffusion pollutants
i Hydrophobic
SAM mOdlf%Ed Pt interactions with Qil removal [93]
micro engines .
oil droplets
. Speed-concentration . .
Ir/SiO, Janus motors dependence Detection of hydrazine [94]
Pd nanoparticle-containing -
Microspheres pH dependence pH monitoring [95]
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2.2.1. Advantage and Disadvantages of Nano- and Micromotors

Recently, nano/micromotors are used to overcome the environmental issues such as water
pollutant treatment and environmental sensing/monitoring. The nano/micromotor are considered
as excellent option, because the reactive nano-based materials have potential properties which
make it more efficient to convert toxic pollutants into toxic free. Nanomachines offer different
advantages as compare to traditional remediation agents. The small machines improve a dimension
which based on decontamination approaches, lead to in-situ and ex-situ nano-remediation rules,
and have ability to decrease the clear-out time and entire cost [112]. Specifically, the constant
movement of nanoscale substances can be utilized for transferring reactive nanomaterials for water
purification through polluted samples, for discharging remediation agents to long distances, and for
communication of important mixing throughout decontamination processes [113]. Existing technologies
are insufficient for fulfilling the demand in term of scaling up, as stated in the treatment of polluted
water, therefore more efforts are required. Some issues require to be explained prior to move
toward applied application at commercial level. For example, the lifecycle of multi-functional
nano/micromotors is restricted to the residual materials in its physique that were consumed in
locomotion or oxidation reactions. Another disadvantage is poisoning of Pt layer because the
compounds present in wastewater can bond chemically to other surface-active sites of the catalyst,
or great viscosity-based wastewater which hinder the movement of micromotors [114]. The introduction
of novel development in nano/micromotors will offer countless environmental treatment possibilities
to achieve more multifaceted and challenging operations.

2.2.2. Future Perspectives of Nano- and Micromotors

Nano/micromotor are still considered as immature techniques because it still on initial stages but
this topic open a new door of research for researcher. As Compared with other traditional wastewater
treatment approaches, this subject is still novel and but has a lot of restrictions in extensive and
real-world applications. Despite all, current approaches are insufficient to fulfil the current demand
in scaling up the technique described in water pollutant treatment, therefore considerable work is
still required [115]. Novel materials should link with nano/micro-motors, such as graphene to treat
wastewater. These kinds of materials show better performance in wastewater treatment as compared
with other materials. Moreover, some new mechanism should functionalize in nanomotor design for
better results. Soon, we believe that excellent nanomotor will be planned by associating with other
approaches. These predictable new, novel micro/nanomotors would ultimately develop the ecological
monitoring and wastewater treatment technologies, from a struggle to advance the class of life.

2.3. Nanomembranes

Nanomembranes are a unique type of membrane formed with different nanofibers which are
employed to eliminate unwanted nanoparticles present in aqueous phase. Using this technique, the
process takes places at a very high elimination speed with condensed fouling propensity and it also
served as a pre-treatment process which is used for reverse osmosis [116]. There are many reported
studies on membrane nanotechnology in order to produce multifunction membrane by using different
nanomaterial substance in different polymers-based membranes. Water porous membrane for water
treatment did nanofiltration, ultrafiltration, reverse osmosis, etc. The membrane contains a porous
support with composite layer. Typically, the considerable composite layer is carbon-based material
(graphene oxide/CNT) dispersed into polymer matrix for significant practice. This provide promising
and significant progresses in fouling resistance and aqueous transport. For example, CNTs hold
anti-microbial properties that can minimize fouling, biofilm formation and it can also reduce the
chance of mechanical failures [117]. The doping process of nanomaterial (zeolite, alumina, TiO,, etc.)
into polymer ultra-filtration membranes show the formation of amplified membrane on surface of
hydrophilicity and fouling resistance [118-120]. The antimicrobial material like silver metal particles are
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also doped with a polymer to produce polymeric membrane to prevent attachment of bacteria and inhibit
biofilm production on surface of membrane [121,122]. It served to inactivate viruses and it has also
ability to prevent the biofouling of membrane [123]. The production and growth of nanomaterial thin
film are incorporated into active thin film composite through doping in surface modification. Usually,
there are a few major challenges in nanomembrane i.e., membrane clogging and membrane fouling.
Therefore, it is a need to overcome this problem. By the addition of super hydrophilic nanoparticles
in making a thin film nanocomposite membrane, the prevention from clogging and fouling could be
checked. Furthermore, metal oxide nanoparticles (Al,O3, TiO,), antimicrobial nanoparticles (nano
silver, CNTs) and aquaporin-based membranes are very useful material to overcome the membrane
clogging and fouling issue due to having high hydrophilicity, high porosity, better fouling resistance
and a better homogenous nanopore. Generally, nanoparticles affect the selectivity and permeability
of a membrane which depends upon the sort, quantity, dimension, etc. of nanoparticles. Moreover,
there are many biological membranes present with highly permeable and selective ability [124,125]
Nanomembranes are also used for wastewater treatment due to having several properties that make
this material more prolific, these are high uniformity, homogeneity ability, optimization, short time
required, easily handled and contain much order of reaction [126]. There are some nano photocatalysts
which can be introduced in the nanocomposite membrane to make fit it for the degradation of
organic pollutants. For example, TiO, incorporated nanomembranes and films are effectively used to
deactivate different microorganisms and degrade the organic pollutants [127]. The developments and
progressive growth of nanotechnology especially in nanomaterial produced several nanostructured
catalytic membranes which contain novel properties like improved selectivity, high decomposition rate,
and larger foul resistance [128,129]. In order to synthesize these types of nanomaterials, there were
many approaches used to produce it with multi-functionality features [130]. The incorporation of
nanostructured catalytic materials like iron-catalysed based free radical and enzymatic catalysis within
pore membrane showed a constructive progress in this technology. Therefore, it possible to carry out
oxidative reactions for removal of pollutants and detoxification of water without use of any toxic
chemicals. To prove the efficiency of nanostructured catalytic membrane in industrial/commercial
applications, immobilized membrane nanoparticle (ferrihydrite/iron oxide) reaction was carried out
with hydrogen peroxide to make free radicals” ions for removal of chlorinated based organic pollutant
in real groundwater. The development of nanostructured materials is still very useful in many other
environmental applications [131]. There were several reported studies of metallic nanoparticles
immobilization on membrane (e.g., chitosan, cellulose acetate, polysulfones, etc.) for dichlorination,
degradation of a toxic substance which contains novel properties such as, hindrance of nanoparticles,
high reactivity, absence of agglomeration and surface reduction [132,133]. Palladium acetate and
polyetherimide both are used to prepare nanocomposite films and a novel type interaction is present
among hydrogen and Pd nanoparticles in order to improve water treatment efficiency [134]. In situ and
ex-situ methods are also used to produce nanomaterials within the matrix with precursor film under
many conditions [135-137]. This offers many opportunities to produce nanomaterial with tunable
properties. Moreover, the developments of nanotechnology are also responsible to produce many
significant catalytic membranes with high selectivity, better permeability and high resistance fouling.
Modern methods contain hybrid and bottom-up approaches for empowering its multi-functionality
characteristics in the field of wastewater treatment [138].

2.3.1. Advantage and Disadvantages of Nanomembrane

The main objective of using membranes in case of drinking water is to separate the toxic particles
from water resources. The nanomembrane filters were also used to measure the water safety level [139].
The advantages of nano membrane as compared to traditional approaches for filtration is that; in
traditional approaches of filtration, throughout the entire process, calcium and magnesium required
another ion to compensate, therefore mostly Na* ions are served as an exchanger but in case of
nanomembrane, there will be no need [139,140]. Nanomembranes limitations are usually reducing
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its efficiency compared to other conventional approaches. The first one is fouling of nanomembrane
which comes after using the membrane few times. It is the major issue, which make this approach more
expensive and inefficient. Fouling problems occur in the nanomembrane because it entirely depends
on working conditions, sometime the working conditions are not appropriate such as over temperature,
pressure, and optimization is also considered as responsible for membrane fouling [141]. Second major
limitation is membrane stability. The nanomembrane could not keep the stability for long period.
After sometimes, the stability start reducing its efficiency and it does not give excellent outcomes as
earlier. So, there will be a need for changing the nanomembrane to get excellent results, but this will
cause several other issues such as high cost, impurity chances during changing process, etc. [142]. The
stability is depending on the essential chemical resistance which apply for material cleansing. The
disadvantages are less reliability, slow operation process, less selectivity, high maintenance cost and
working efficiency reduce with passage of time. There are some common disadvantages that is why it
is not extensively explored [143]. Some nanomembranes types are summarized in Table 4 along with
their advantage and disadvantage and applications.

Table 4. Advantages/disadvantages and applications of nanomembranes.

Different Type of

Advantage of Nanomembrane

Disadvantages of

Application

Reference

Nanomembranes Nanomembrane
Ultrafiltration,
Nanofiber Excellex?t 4por051ty, tailor-made, Pore blocking, conceivably prefllt.ratlon, filter
bactericidal, good permeate R ¥ cartridge, water [144]
membranes 1o discharge of nanofibers .
efficiency, handling, separate
filtration devices
High hydrophilicity, better water Resmfant sub.stance
. - ; . substantial required when .
Nanocomposite permeability, high fouling . . Entirely dependent -
. oxidizing nanomaterial, . [145]
membranes resistance, good thermal and . on composites
. s used to discharge
mechanical stability X
nanoparticles
Aquaporin-based Improved ionic selec?lylty and Poor mechanical stability Less pressure [146]
membranes better permeability desalination
Self-assembling Homogeneous nanopores Labgratgry scale Ultrafiltration [147]
membranes membranes availability only
Nanofiltration Charge—based repulsion, . Colour, Reduction
comparative less pressure, better Membrane blocking [148]
membranes of hardness, odour

selectivity

2.3.2. Future Perspectives of Nanomembranes

Nanomembranes separate the inorganic ions, organic, nanoparticles viruses-based pollutants
from water resources through solution using diffusion and size exclusion. Though these described
nanomembranes are proved effectively at the research laboratory level, upscaling to lower cost,
but making them ideal for industrial scale is still emerging as a challenge. To cross this barrier toward
productive upscaling, the commercialization objective needs a joint collaboration struggle through
research institutions and manufacturing companies. The selectivity of nanomembrane should be
improved, secondly upgrade the nanomembrane resistivity to avoid membrane fouling. Surface
grafting-based polymers like zwitterionic may be a significant candidate for the development of new
generation membranes. Surface grafting, though, would not report fouling resistance to inner walls
pore [149]. Thereafter, the prime of other appropriate anti-fouling convertors fixed into the membrane
matrix that will be vital. It is also very significant to improve the high sensitivity of polyamide
membranes to many types of oxidants like ozone and chlorine. Furthermore, the multi-functional
membranes fabrication requires a significant attention for better innovation at industrial scale. However,
still there are several challenges to be solve for manufacturing production of lower cost and effective
nanomembranes for water treatment.
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2.4. Nanosorbents

Nanosorbents hold wide properties like high sorption capability that make the nanosorbents
more appropriate and powerful for water treatment [150]. These nanosorbents are very rare in
commercial form but researcher and experts doing a lot of work on it to produce nanosorbents in
larger quantity/at commercial level [151]. The most commonly reported nanosorbents are based on
carbon (e.g., carbon black, graphite, graphene oxide). Furthermore, metal/metal oxide and polymeric
nanosorbents were also exist [152]. The composite of different material like Ag/polyaniline, Ag/carbon,
C/TiO;, etc. carrying huge significant importance in order to reduce the effect of toxicity in the
wastewater treatment process. The carboneous material such as CNTs with a cylindrical form nano
structure may present as single-walled and multiwalled nanotubes depending on the method of
synthesizes. CNTs hold measurable adsorption sites and due to high surface area, they hold sustainable
surfaces. It must be stabilized to prevent from aggregation that decreases the surface-active sites
because CNTs has hydrophobic surface properties. So, it is an efficient material for the pollutants
by adsorbing process. Similarly, the polymeric nanoadsorbents like dendrimers are functional for
eliminating organic pollutants and heavy metals from wastewater [153]. For example, copper ions were
reduced with the help of dendrimer-ultrafiltration system [154]. They simply regenerated by shifting
of pH effect and show biocompatibility, biodegradability, and toxic free environment. Furthermore,
the removal percent of dyes or others organic pollutants is almost 99% [155]. Another important
nanosorbent is zeolites, which have an absorbent structure in which several nanoparticles like copper,
silver ions can be implantable [156]. The advantage of zeolites is to control the amount of metals and it
also served as anti-microbial agent [157]. Moreover, the magnetic nanosorbents have play vital role
in water treatment and a unique tool to remove different organic pollutants from water [158]. Some
organic containments are also removed by using magnetic filtration. Magnetic separation nanosorbents
are synthesized by ligands coating with magnetic nanoparticles at specific affinity [159]. There were
many methods like ion exchange, cleaning agents, magnetic forces, etc. reported to regenerate these
nanosorbents. These regenerated nanosorbents have the ability of being cost-effective and more
promotions of commercialization. Despite all, the carbon has some health risks. The reported studies
demonstrated that toxic effect is depends on morphology of nanoadsorbents, chemical stabilizers
and surface modifications [160,161]. So, there is a need to give an attention to synthesize more stable
morphology (size and shape) to overcome the toxicity issues as well as health risks. Furthermore, the
bioadsorbents have the properties of high biodegradable, good biocompatible and nontoxicity which
could be replaceable with chemically synthesized nanosorbents. The graphene oxide is suggestable
to scientific community because it is very emerging nanomaterial to use as nanosorbents to remove
pollutant and it can give better result than others due to its superior properties. There are some
reported nanosorbents and their functions as shown in Table 5.

Table 5. Most commonly used nanosorbents and their functions.

Different Nanosorbents Treatment Function References

Carbon-based nanosorbents Nickel ions present in water [162]
Graphite Oxide Removal of dyes [163]
Regenerable polymeric Nano Organic pollutants, inorganic [164]

sorbents contaminants of wastewaters
Nanoclay Hydrocarbons, Dyes [165]
Nano-metal oxides Different Heavy metals [166]

To remove the uranium
Nano-Aerogels fromdrinking water (1671
To eliminate the hormones
Nano-iron oxides andtoxic pharmaceuticals [168]
materialfrom water

Polymer Fibers To remove the arsenic and other [169]

toxic metals
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Advantages, Disadvantages and Future Perspectives of Nanosorbents

The role of nanomaterials as sorbents in explaining ecological issues such as decontamination
of wastewater received a great interest due to having remarkable physiochemical properties. These
properties distinguish them in several fields as compare to conventional traditional sorbents. For an
ideal sorbent to treat the pollutant very effectively in a short time, it should hold large surface area,
excellent rate of adsorption, short time adsorption and equilibrium times. Similar to nanosorbents,
nanomaterials got interest because of having nano-size which can hold excellent rate of adsorption
with short time. Furthermore, nanosorbents that can be used as a separation medium in water
decontamination to eliminate the organic, inorganic-based pollutants from polluted water are
nanoparticles [170]. Literature review shows that a lot of efforts are already done for wastewater
treatment and used nanomaterials as sorbent for efficient results. Some challenges are required to be
addressed entirely for commercialisation purpose of the nano-size sorbents for water decontamination
such as production scalability, as well as excellent adsorption measurements, selectivity, stability of
material, operational duration of material, etc. However, there is an enormous need for an active
approach to treat the wastewater and fabricate some new nanosorbents which could be applied to
control toxic ions and compounds from wastewater [171]. The future prospects looking admirable,
as scientific community working on advances knowledge and improving the adsorption mechanisms.
In the modern world, researchers, consultants and officials are concerned about wastewater pollutant
which holds health risks and they all are dedicated to find an effective explanation as concerning the
nanomaterials should be used at industrial scale.

3. Self-Toxicity of Nanomaterials

Nowadays, nanomaterials have become most attractive and widely used material for different
applications in various fields such as electronics, medicine, agriculture, wastewater treatment plants,
energy generations and other sciences. These nanomaterials are doped metal oxides, doped carbon
nanotubes (single and double walled), nanosorbents, etc. There were many reports available in
literature which show that these nanomaterials served as a leading role in order to remove different
pollutants from waste waters [172]. In addition to their importance, utilities and applications in different
fields, especially in water treatment process, it is very important to know about their self-toxicity effects.
There are studies which show the toxicity effect of few nanomaterials, as shown in Table 6. Moreover,
few metal oxides show some toxic character at high and some, even at low concentrations [173,174].
Furthermore, the toxicity of CNTs is depending on different properties like length, surface area,
distribution ratio, aggregation degree, initial concentration of material [175]. Furthermore, single
walled CNTs are less toxic as compared to double walled [176]. They are associated for pulmonary
inflammation, oxidative stress, granuloma in lungs, basic inflammation, apoptosis and fibrosis [177].
Similarly, in case of TiO,, the toxicities of different composition ratio of TiO, depend upon initial
concentration and time. Generally, it is considered as non-toxic even at a higher concentration for
24 h [178]. Currently, the studies by scientific communities on these nanomaterials are ongoing to see
the toxic and side effects and try to find out the mechanisms with a focus on explaining the outlines of
nanomaterials transport, degradation, elimination, accumulation, etc. Furthermore, nanomaterials
can harm body through various sources. Therefore, there is a critical need to find out the effects of
nanoparticles on health.
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Table 6. Observation of self-toxic effect of some common nanomaterials.

Nanomaterials Observations References
Gold nanorods doped poly(§tyrenesulf0nate) Non-toxic [177]
(PSS) composite
TiO,, Al,Os/Carbon black Composite More toxic at micron particle sized [177]
Hexadecylcetyltrimethylammoni um bromide High toxic at certain Concentration [178]

(CTAB) doped Au nano rode composite

It showed toxic effects and damage

Fe;O3 and carbon nanotubes Composite DNA even at lowest concentration [179]
Carbon, metal, Al,O3 composite Concentration- and time-dependent. [180]
CdSe Quantum dots doped “.mh Acute toxicity observed [181]

polyvinylcarbazole composite
Single and Multi-walled carbon Nanotubes Toxicity '1ncreases when concentration [182]
rises beyond 15 ug/cm.
Au/Carbon composite Non-toxic at lower range. [183]
Ag/Carbon composite Time- and dose dependent but toxic [179]

4. Applications of Nanomaterials

There were many opportunities to use engineered/modified nanomaterial for water treatment and
many other industrial fields. Currently, nanomaterial attracts more attention of researcher in the field
of wastewater treatment. The study trend in the field of nanomaterials is increasing day by day as we
can observe through previously reported data. The number of publications in nanomaterial was less
than 5% in 2005 but in 2019 number of reported works is more than 80% as shown in Figure 5 [184].

90

80 i
[ - i

2005 2010 2015 2019
Years

Publication Number %
. ~ w & wv a ~
© & © © © & ©

o

Figure 5. Publication trends in field of nanomaterial for wastewater treatment.

With emerging several aspects of nanomaterials, the wider environmental water resources effects
are also considered. Such attentions might contain models to measure the significant advantages
of reduction or inhibition of contaminants from engineering sources. Nanoscience expertise holds
excellent potential for constant improvement for environmental protection. The present article has
presented more indication to this matter and it has a response to what are the significant environmental
impacts of this nanotechnology. For a quick assessment, the summary of nanomaterial applications for
treatment of pollutants from water resources are briefly summarized in Table 7 [185].
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Table 7. Summary of water treatments by using nanomaterial by different mechanisms [185].

Nanoparticles Treatment PSR is
(NPs) Target Analyte Mechanism Limitation Positive Aspect
. . toxic less, Water
TiO, Organic Pollutants Photocatalysis Higher operation cost Tough to insolubility,
recovery, sludge production o
photostability
Hgavy metalg, Reduction, Tough to recovery, sludge Production, Ir} 51.t u water
Fe anions, organic adsorption difficult sludge disposal, Health risk remediation, Less cost,
pollutants P & posal, harmless to handle
Bimetallic NPs Dichlorination Reducnp n, Tough to recovery, sludge Production Higher reactivity
adsorption
S Organic and
Nanofiltration and inorganic Nanofiltration High cost, membrane Fouling Low pressure
nanomembranes
substances
Heavy metals, . . X .
Magnetite NPs organic Adsorption Outside magnetlcallyl field needed for Easy separatlon: no
Separation sludge production
Compounds
Metal-sorbing . . . Re-use option, higher selective uptake Difficult to maintain
vesicles Heavy metals Adsorption profile, better metal affinity stability
. . . . In situ treatment, excellent affinity for N
Micelles Organic pollutants Adsorption hydrophobic Costly
. . Heavy metals, N . Easy separation, renewable, high )
Dendrimers organic Pollutants Encapsulation binding no sludge production, Costly
Dealing with pollution from water, High C,OSt/ lower
Heavy metals, - . adsorption process,
. X . Good mechanical properties,
Nanotube anions, organic Adsorption . . X Tough to recovery,
exclusive Electrical properties, Good .
pollutants chemical stabilit sludge production,
Y Dangerous Health risk
Lower cost, Exclusive structures, long
Heavy metals, stability, recycle, Higher sorption
Nanoclay anions, organic Adsorption ¥, reeyete, Hg P Sludge production

capacity, Informal recovery, better

Ilutant:
pofiutants surface and pore volume

Q).

Q).

®).

Nanomaterials are very efficient in removing arsenic from drinking water when titanium
nanoparticles and exchange based resin material impregnated with iron hydroxide material. The
researcher also studied that titanium served as an adsorbent to remove arsenic from water present
in packed bed reactor setting. In some developed countries, iron oxide is used as coated sand to
remove arsenic from drinking water [186].

Different nanomaterial like magnetic and carbon nanotubes can be served as sensor components
due to having remarkable physical, electrical and chemical properties. Therefore, these sensors
may offer opportunity to monitor water quality. Nanomaterial-based sensor is used to detect
different pollutants because there have optical properties that make sensor more selective and
sensitive to detect the pollutants [187].

Recently, WHO reported that almost 783 million populations are suffering from fresh drinking
water. Boschi-Pinto et al. stated that children deaths ratio of nearly 1.87 million is only due to
water diseases [188]. Few conventional techniques are not suitable in underdeveloped countries
because high investment is required for this project for maintenance expenses, and many other
problems. Furthermore, generally people carry their water from another area and then save it for
many days because there is no proper supply of drinking water. During collection and transport
of water, there are chances of water contaminations. An efficient method of ceramic water filters
(CWFs) provides an offer to treat these kinds of water infections (pathogens). Recently, CWFs are
equipped by firing and pressing of flammable material and clay with silver nanoparticles [189].
The filter is produced by pressure and then dried air fired in a kiln. Therefore, a ceramic material
produces filtered or clean water but by using this process removal is not possible up to high
level. Silver doped nanomaterials could be used to get a higher percentage of pathogen’s removal
from water due to having antimicrobial properties. Ag solutions are used by brushing on CWE.
It was observed that 80% of CWFs industries used Ag nanoparticles doped with some other
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materials. The Ag nanoparticles give remarkable results in order to remove different pathogens
from drinking waters [190].

Water pollutants are responsible for environmental pollutions. The polymer-based nanomaterial
helps in environmental protection. Reported studies show that the purification of water using
polymer material could be attained by nanoclay incorporation. The hydrophobicity enhancement
helps to promote nanocomposite properties. Applications in contact with moist environments
clearly indicate benefits from nanomaterial incorporation of nanoclay particles [191].

The research is on the way to produce nanosorbents for different metals and organic compounds.
Nanomaterial can act as sorbents like carbon nanotubes, zeolites and self-assembly layers on
mesoporous supports, which control mesoporous ceramics with a sorbent that indicate efficient
removal process of metals and anions from drinking water [192].

Some nanomaterial has high antimicrobial activity properties. This type of material includes
AgNPs, fullerene, TiOp, CNT based nanocomposite, etc. and they contain several properties like
mild oxidant, inertness to water and produce safe by-products [193].

Now a days, many pollutants are present in water resources such as organics-based substances
and even they present in trace amount which are very dangerous for human health. Usually, the
chlorination and flocculation processes are used for removing water pollutants. There are some
drawbacks in these conventional filtrations processes. These kinds of systems show less efficiency
to remove pollutants entirely and also produces some sludge in water recourses which also creates
big issues in environment pollution [194]. Therefore, to keep safe from sludge nanomembranes,
it was employed because it does not allow any solid particle to pass into water and reduce
the chances of sludge production in water resources. This reason makes nanomembrane more
prominent in market than other methods. Certainly, some improvements are required to make it
completely perfect technique.

Metal oxides nanoparticles also play a very good role as catalyst in different oxidation reactions.
They show strong catalytic reactivity towards pollutant molecules and change these pollutants
into environmentally suitable products [195,196]. Some unique properties are present of these
nanomaterials like nano size, high reactivity and greater surface area. Specially, TiO, photocatalysis
plays a vital role in removing different impurities from surface water as shown in Figure 6.
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Figure 6. Schematic illustrating of TiO, photocatalytic process (Adapted with permission from Jurnal
Teknologi) [197].
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The summary/mechanism of pollutant removal by using TiO, nanoparticles as nanophotocatalyst
is shown in Table 8.

Table 8. Observation of different pollutant removal by TiO, nanophotocatalyst.

Initial Remediation Doses of
Nanophotocatalyst Target Analyte  Concentration Efficiency Nanophotocatalyst References
of Pollutant
TiO, Nitrobenzene 50 mg/L 100 0.1M [185]
TiO, Methyl orange 30 mg/L 100 3g/L [185]
TiO, Rhodamine 6G 125 mmol/L 90 0.1%(w/w) [185]
TiO, Parathion 50 mg/L 70 1000 mg/L [198]
TiO, Benzene 45 mg/L 72 5g [199]
TiO, Phenol - 100 1.8 g/L [185]
TiO, Rhodamine B 1.0x107°M 97 50 mg/50ml [185]
TiO, Toluene 45 mg/L 71 5g [185]
TiO, Basic dye 20 mg/L 80 122 g/L [200]
TiO, 4-chlorophenol 1.0x 107> M 99 25 mg/100ml [201]
TiO, Procion Red 10 mg/L 98 (2.0mg) TiO, [202]

MX-5B (30%)

(9). Different types of pollutants such as organic pesticides, organic dyes, pharmaceutical drugs,
etc. are photodegraded by many researchers under several conditions such as choice of UV or Visible
light, doped nanoparticles or undoped, metal/non-metal doping, etc. According to literature, as shown
in Table 9 indicate clearly that modified or doped form of TiO, can give better results especially in
photodegradation of pollutants. Table also demonstrates that the efficiency of doped-TiO; in visible
light showed better results as compared to UV light.

Table 9. Observation of different pollutant removal by Doped-TiO, nanophotocatalyst.

. Remediation Source of
Nanophotocatalyst Target Analyte Doping Agent Efficiency Light References
TiO, Glyphosate Mn 80 Visible [134]
TiO, Methylene Blue Mn 75 Visible [33]
TiO, Methylene Cu 100 Visible [203]
Orange
TiO, Methylene Blue S, 1 90 Visible [204]
TiO, Formaldehyde N, S 65 Sunlight [204]
. Ramazol o
TiO, Brilliant Blue La 72 Visible [204]
TiO, Gentian violet Mn 84 Visible [194]
TiO, Acid Red 88 Mo 77 Visible [194]
TiO, Rhodamine B P 93 Sunlight [205]
TiO, Methylene Blue Fe 72 uv [205]
. Methylene
TiO, Orange Fe 99 uv [205]

5. Nanomaterial Challenges for Water Treatment

Currently, the emerging nanomaterial possesses some challenges in the field of wastewater
treatment [206,207]. Nanomaterial provides several possibilities of treatment of wastewater and they
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contain different kinds of substances which are distinct on the basis of the particles morphology. The
developments regarding the commercial applications of nanomaterial is too quick and production of
nanomaterial is increasing at a global level [58,208]. Nanomaterials are used for purification of polluted
water through different methods such as photocatalytic, adsorption, and nanosorbents [209,210].
These methods need some modifications to work more effectively. Moreover, understanding of risk
pretended by nanotechnology has not improved as quickly as research has giving possibilities to
different applications of nanomaterials. The major challenge is the lack of information about the
nanomaterial and how nanomaterials are released into environment, how they travel into water,
how they start to exist in water [196]. Another challenge is related to human health because these types
of material have some adverse effects/toxicological effect. The reported studies show that nanomaterials
may cause some health issues but still research is going on. It is not easy to give a conclusion and
ongoing research requires some conducting experiments at appropriate concentrations and more about
toxicological studies. The membrane process is also effectively used wastewater treatment but there
were very few reported studied about this process. The major challenge is the use of the membrane for
fouling process and water treatment because after performing work/filtration, their pores may block,
and the efficiency starts to decrease. In case of nanosorbents, the reusability is the main drawback,
so there is need to synthesize such types of nanomaterials which can efficiently remove the pollutants
from wastewater and after that the recovery process of these nanosorbents should be very easy. The
United State Environmental Protection Agency (USEPA) found some basic challenges in order to
remove nanoparticles using a process of water treatment [210-213]. (a) What is the mechanism of
removing nanoparticles from wastewater? (b) What is the effect of nanoparticles on other waste
substances during wastewater treatment? (c) How coagulation, carbon adsorption, etc. methods are
effective in working. Moreover, water contains some pollutants and after treatment by the above
mentioned methods, they degrade or are decomposed. There is a basic need to design an experiment
for finding the intermediate products during these processes. Furthermore, constant development
in methodology is needed to evaluate nanomaterials with low cost and it should be appropriate for
complex nanomaterials.

6. Conclusive Remarks and Future Perspectives

Water distinguishes and makes our planet superior as compared to other planets. Though the
worldwide available supply of pure water is high to meet all existing and predictable water demands.
There are several areas where the drinking water resources are insufficient to fulfil the basic, economic
and domestic developmental needs. In such areas, the insufficient fresh water to fulfil human water need
and sanitation requirements is certainly a limit on human health and for other living creatures. Scientific
community/research institutes must find a path to eliminate these limitations. Moreover, the world is
facing several challenges in doing that, especially given a fluctuating and undefined future environment,
a fast-rising population that is driving enlarged community and financial growth, urbanization and
globalization. How superlatively overcomes on these challenges which entails exploration in all
features of water management. The trend of nanomaterial for water pollutant treatment is rapidly
increasing in this modern era due to very horrible conditions of water and demand for fresh water in
the whole world. There is an important need for innovative progressive water treatment approaches,
in specific to certify a high class of water for drinking purpose, remove micro/macro pollutants and
increase industrial production developments through flexibly modifiable water treatment approaches.
Nanotechnology has proved great achievement for controlling water purification challenges and makes
some future advancement. Nanomaterial approaches like nanosorbents, nanostructured catalytic
membranes, etc. are very efficient, less time required, less energy and eco-friendly techniques but
all these methods are not cheap, and they are not used yet for commercial purpose to purify the
wastewater at a large scale.

Nanomaterials show high efficiency due to having high rate of reaction. However, there are still
some weaknesses that must be negotiated. Up to now, no operational digital monitoring techniques
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exist that offer consistent real-time measurement facts on the superiority of nanoparticles which are
existing in small amounts in H,O [212]. Furthermore, to reduce the health risk, some research institutes
and international research communities should prepare proper guidelines to overcome this issue.
Another, further mechanical restriction of nano-engineered water approach is that they are infrequently
flexible to mass developments, and at present-day, in several cases are not modest with conservative
treatment approaches [213]. However, nano-engineered materials provide excessive potential for
water revolutions, in specific for decentralized water treatment technologies, point-of-use strategies,
and seriously degradable pollutants. Furthermore, there is a great need to synthesize some modified
nanomaterials which should be effective, having high efficiency, easy to handle and eco-friendly. It is
also necessary to take the cost challenges and commercialization of these technologies for wastewater
treatment. The different applications of nanomaterial can provide a tremendous offer in order to supply
drinking water to whole world.
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