
 Application 
and Behavior of 
Nanomaterials 
in Water 
 Treatment

Protima Rauwel, Erwan Rauwel and Wolfgang Uhl

www.mdpi.com/journal/nanomaterials

Edited by

Printed Edition of the Special Issue Published in Nanomaterials



Application and Behavior of
Nanomaterials in Water Treatment





Application and Behavior of
Nanomaterials in Water Treatment

Special Issue Editors

Protima Rauwel

Erwan Rauwel

Wolfgang Uhl

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade



Erwan Rauwel

Estonian University of Life Science

Estonia

Special Issue Editors
Protima Rauwel
Estonian University of Life Sciences 
Estonia

Wolfgang Uhl

Norwegian Institute for Water Research 
(NIVA) and Norwegian University of 
Science and Technology (NTNU) 
Norway

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

Nanomaterials (ISSN 2079-4991) from 2018 to 2019 (available at: https://www.mdpi.com/journal/

nanomaterials/special issues/nano water)

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 978-3-03921-171-5 (Pbk)

ISBN 978-3-03921-172-2 (PDF)

Cover image courtesy of Protima Rauwel.

c© 2019 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 Special Issue Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Protima Rauwel, Wolfgang Uhl and Erwan Rauwel

Editorial for the Special Issue on ‘Application and Behavior of Nanomaterials in
Water Treatment’
Reprinted from: Nanomaterials 2019, 9, 880, doi:10.3390/nano9060880 . . . . . . . . . . . . . . . . 1

Protima Rauwel and Erwan Rauwel

Towards the Extraction of Radioactive Cesium-137 from Water via Graphene/CNT and
Nanostructured Prussian Blue Hybrid Nanocomposites: A Review
Reprinted from: Nanomaterials 2019, 9, 682, doi:10.3390/nano9050682 . . . . . . . . . . . . . . . . 4

Zhongchuan Wang, Pengfei Fang, Parveen Kumar, Weiwei Wang, Bo Liu and Jiao Li

Controlled Growth of LDH Films with Enhanced Photocatalytic Activity in a Mixed
Wastewater Treatment
Reprinted from: Nanomaterials 2019, 9, 807, doi:10.3390/nano9060807 . . . . . . . . . . . . . . . . 25

Xiaoze Shi, Shuai Zhang, Xuecheng Chen and Ewa Mijowska

Evaluation of Nanoporous Carbon Synthesized from Direct Carbonization of a Metal–Organic
Complex as a Highly Effective Dye Adsorbent and Supercapacitor
Reprinted from: Nanomaterials 2019, 9, 601, doi:10.3390/nano9040601 . . . . . . . . . . . . . . . . 36

Rizwan Khan, Muhammad Ali Inam, Sarfaraz Khan, Du Ri Park and Ick Tae Yeom

Interaction between Persistent Organic Pollutants and ZnO NPs in Synthetic and
Natural Waters
Reprinted from: Nanomaterials 2019, 9, 472, doi:10.3390/nano9030472 . . . . . . . . . . . . . . . . 51

Yuelong Xu, Bin Ren, Ran Wang, Lihui Zhang, Tifeng Jiao and Zhenfa Liu

Facile Preparation of Rod-like MnO Nanomixtures via Hydrothermal Approach and Highly
Efficient Removal of Methylene Blue for Wastewater Treatment
Reprinted from: Nanomaterials 2019, 9, 10, doi:10.3390/nano9010010 . . . . . . . . . . . . . . . . . 66

Ha Eun Shim, Jung Eun Yang, Sun-Wook Jeong, Chang Heon Lee, Lee Song, Sajid Mushtaq,

Dae Seong Choi, Yong Jun Choi and Jongho Jeon

Silver Nanomaterial-Immobilized Desalination Systems for Efficient Removal of Radioactive
Iodine Species in Water
Reprinted from: Nanomaterials 2018, 8, 660, doi:10.3390/nano8090660 . . . . . . . . . . . . . . . . 82

Rong Guo, Ran Wang, Juanjuan Yin, Tifeng Jiao, Haiming Huang, Xinmei Zhao, Lexin

Zhang, Qing Li, Jingxin Zhou and Qiuming Peng

Fabrication and Highly Efficient Dye Removal Characterization of Beta-Cyclodextrin-Based
Composite Polymer Fibers by Electrospinning
Reprinted from: Nanomaterials 2019, 9, 127, doi:10.3390/nano9010127 . . . . . . . . . . . . . . . . 93

Cuiru Wang, Juanjuan Yin, Ran Wang, Tifeng Jiao, Haiming Huang, Jingxin Zhou, Lexin

Zhang and Qiuming Peng

Facile Preparation of Self-Assembled Polydopamine-Modified Electrospun Fibers for Highly
Effective Removal of Organic Dyes
Reprinted from: Nanomaterials 2019, 9, 116, doi:10.3390/nano9010116 . . . . . . . . . . . . . . . . 110

v



Jun Yang, Taiping Xie, Chenglun Liu and Longjun Xu

Dy(III) Doped BiOCl Powder with Superior Highly Visible-Light-Driven Photocatalytic Activity
for Rhodamine B Photodegradation
Reprinted from: Nanomaterials 2018, 8, 697, doi:10.3390/nano8090697 . . . . . . . . . . . . . . . . 127

Yi Liu, Yumin Huang, Aiping Xiao, Huajiao Qiu and Liangliang Liu

Preparation of Magnetic Fe3O4/MIL-88A Nanocomposite and Its Adsorption Properties for
Bromophenol Blue Dye in Aqueous Solution
Reprinted from: Nanomaterials 2019, 9, 51, doi:10.3390/nano9010051 . . . . . . . . . . . . . . . . . 139

Taiping Xie, Hui Li, Chenglun Liu, Jun Yang, Tiancun Xiao and Longjun Xu

Magnetic Photocatalyst BiVO4/Mn-Zn ferrite/Reduced Graphene Oxide: Synthesis Strategy
and Its Highly Photocatalytic Activity
Reprinted from: Nanomaterials 2018, 8, 380, doi:10.3390/nano8060380 . . . . . . . . . . . . . . . . 152

vi



About the Special Issue Editors

Protima Rauwel received her PhD in 2005 from University of Caen, France, in condensed

matter physics and material science. After her PhD, she continued working with nanomaterials,

and their characterization and applications, through postdoctoral positions at the University of

Aveiro, Portugal. She has also held a Researcher position at the Center for Materials Science and

Nanotechnology, at the University of Oslo, Norway. Presently, she works as a Senior Researcher

at the Estonian University of Life Sciences. She is an expert in transmission electron microscopy

and develops hybrid nanomaterials for photovoltaic applications. She also applies nanomaterials to

water remediation. She has 80 publications, 2 patents, 4 book chapters, 1 book, and an H-index of 22.

She is also CEO of PRO-1 NANOSolutions, a startup company that applies nanotechnology to water

remediation and nanomedicine.

Erwan Rauwel received his PhD degree from Univ. of Caen in Materials Science in 2003. He

continued with postdoctoral studies at Minatec, Grenoble, France, and as Marie Curie Fellow at

the Univ. of Aveiro, Portugal and then as Senior Researcher at University of Oslo. He is now

Professor at the Institute of Technology of the Estonian University of Life Science in Estonia,

where his team investigates the properties of nanoparticles for water purification and biomedical

applications and hybrid nanocomposites for photocurrent generation and energy harvesting. He has

more than 60 peer-reviewed publications with a h-index of 20, 4 book chapters, and 5 patents. He

is also Chief Scientist of his start-up company specializing in nanomaterials (PRO-1 NANOSolutions).

Wolfgang Uhl is the research manager of Systems Engineering and Technology at the Norwegian

Institute for Water Research (NIVA) and Adjunct Professor at the Norwegian University of Science

and Technology (NTNU), Department of Civil and Environmental Engineering in Trondheim,

Norway. He received his MS in Chemical Engineering from the University of Karlsruhe, Germany,

a MS in Biotechnology from the University of Lund, Sweden, and his PhD in Mechanical Process

Engineering from the University of Duisburg-Essen, Germany. He has about 30 years of experience

in research and consulting in the water business. He has been working and he published regarding

all aspects of water quality, water treatment and water distribution with respect to drinking water,

wastewater, and process water, including water reclamation and reuse.

vii





nanomaterials

Editorial

Editorial for the Special Issue on ‘Application and
Behavior of Nanomaterials in Water Treatment’

Protima Rauwel 1,*, Wolfgang Uhl 2,3 and Erwan Rauwel 1

1 Institute of Technology, Estonian University of Life Sciences, Kreutzwaldi 56/1, 51014 Tartu, Estonia;
erwan.rauwel@emu.ee

2 Norwegian Institute for Water Research (NIVA), Gaustadalléen 21, N-0349 Oslo, Norway;
wolfgang.uhl@niva.no

3 Department of Civil and Environmental Engineering, Norwegian University of Science and
Technology (NTNU), S. P Andersens Vei 5, 7491 Trondheim, Norway

* Correspondence: protima.rauwel@emu.ee

Received: 29 May 2019; Accepted: 10 June 2019; Published: 14 June 2019

The simultaneous population explosion and the growing lack of clean water today requires
disruptively innovative solutions in water remediation. The last decade has witnessed the emergence
of various nanomaterials capable of bridging the gap between the demand for and supply of clean
water. Accelerated research on finding suitable nanomaterials in water treatment is therefore fueled
by the need of the hour. The main asset of nanomaterials is their highly specific surfaces due to their
size reduction, which in turn promotes enhanced catalytic activity, subsequently bringing about a
more efficient degradation of dyes and organic pollutants. Nanomaterials such as oxide nanoparticles,
nanocarbons, doubled layered hydroxides, and other nanosorbents offer enormous advantages in
heavy metal capture and extraction from aqueous media.

This Special Issue compiles eleven articles dedicated to nanomaterials for water treatment: ten
research articles and one review article. Together they constitute an interesting and a multi-disciplinary
approach to pollution elimination in aqueous media. The papers present different nanomaterials
such as layered double hydroxides [1]; nanoporous carbon [2]; oxide nanoparticles, i.e., ZnO [3] and
MnO [4]; Ag metal nanoparticles [5]; polymer fibers [6,7]; and inorganic BiOCl doped Dy+3 powders [8].
Hybrid materials combining metal organic frameworks (MOF) such as MIL-88A [9] and Prussian
blue combined with graphene and carbon nanotubes (CNT) [10], along with magnetic nanoparticles,
i.e., magnetite (Fe3O4) and ferrite (Mn-Zn) [11], are also featured. These nanomaterials have been
applied to the degradation of dyes and pharmaceuticals, along with heavy metal ion and radioactive
ion extraction. The purpose of this Special Issue is to communicate the most recent advances in
the application and behavior of nanomaterials in water treatment. It targets a broad readership of
physicists, chemists, materials scientists, catalysis researchers, water researchers, environmentalists,
and nanotechnologists. In the paragraphs that follow, we, the guest editors of this Special Issue, provide
a brief overview of the individual articles published and hope to incite the interest of potential readers.

We open the discussion on the published articles with the paper on silver metal nanoparticles
by Shim et al. [5]. Their work focuses on desalination via the extraction of radioactive iodine from
water. Their methodology combines silver nanoparticles immobilized on a cellulose-based membrane
reinforced with Deinococcus radiodurans, which is a radiation-resistant bacterium. Ag nanoparticles
capture iodine complexes, whereas the bacteria serve to bio-remediate the produced slurry. Metal oxide
nanoparticles have also been presented in this compilation for the degradation of organic species,
dyes, and pharmaceuticals. The study by Khan et al. assesses the effects of ZnO nanoparticles in
various contaminated aqueous media [3]. Their study is of importance, as ZnO nanoparticles are
employed in various applications, and therefore their concentrations in wastewaters are increasing.
They more specifically study the stability of ZnO in the presence of persistent organic pollutants,
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i.e., polybrominated diphenyl ethers. The latter behaves as a surfactant tending to increase the
colloidal stability of ZnO nanoparticles, which could prove detrimental if consumed. Other inorganic
nanomaterials for the degradation of methylene blue were studied by Xu et al. [4]. They synthesized
MnO nanomaterials with rod-like morphologies, which have the potential to be reused in successive
cycles against methylene blue degradation with a high efficiency of 99.8%. Inorganic powders of
BiOCl were doped with Dy+3 by Yang et al. [8]. Their paper describes the synthesis of the rare-earth
doped inorganic nanopowders and their photocatalytic activity towards Rhodamine B degradation.
The authors have worked on the structural, optical, and adsorption properties of the nanopowder.
They have also provided a schematic of the energy band diagram and electron transfer mechanism in
the Dy+3 doped and undoped BiOCl powders.

Organic materials such as polymer fibers also demonstrate efficacy in degradation of dyes and
pharmaceuticals. The report by Guo et al. describes a cost-effective and facile fabrication of electrospun
ε-polycaprolactone- and β-cyclodextrin-based composite polymer fiber [7]. These fibers exhibit high
surface areas, improved mechanical strength, and excellent uptake of methylene blue azo dye. Wang
et al. have also used polycaprolactone fibers modified by polydopamine [6]. The nanocomposite
had a roughened microstructure, implying a higher specific surface with more active sites for the
extraction of dyes. They exhibited efficiency against both methylene blue and methylene orange.
Other organic materials include activated carbons, which have also presented efficiency against
dyes such as methylene blue. Shi et al. have synthesized nanoporous carbon from metal organic
complexes [2]. Their tunable pore sizes and uniform pore distribution allow diffusion of the methylene
blue molecules through them. Nanoporous carbons are excellent electrode materials and exhibit
supercapacitance properties in aqueous electrolytes. Due to their higher anion exchange capacity,
layered double hydroxides (LDH) are considered to be promising nanomaterials for the extraction of
organic and inorganic anions [1]. Wang et al. have synthesized Ni-Al-Fe LDH, which exhibited a higher
photocatalytic activity than pure LDH. Their study demonstrates a catalytic effect of the captured
heavy metals on the surface of LDH towards the degradation of organic contaminants in wastewater.

Magnetic extraction has the advantage of reclaiming the spent sorbent. Fe3O4-MIL-88A is one such
magnetic MOF presented by Liu et al., capable of degrading phenolic dyes, i.e., bromophenol blue [9].
They tested their material’s efficiency on nine dyes in all, out of which eight contained sulphonyl
groups. Their study therefore brings insights into magnetic extraction of dyes. Magnetic photocatalysts,
i.e., BiVO4/Mn1-xZnxFe2O4/RGO, were studied by Xie et al. in their work [11]. They thoroughly
investigated the photocatalytic activity of the composite. In addition, graphene played a very important
role in enhancing the photocatalytic activity of the material towards the degradation of Rhodamine B
dye. The last paper by Rauwel et al. is a contribution from the guest editors, and reviews the various
hybrid nanomaterials studied by various groups [10]. They focus on the extraction of 137Cs+ from
aqueous media in the light of the recent Fukushima Daiichi catastrophe. The paper mainly surveys the
extraction of 137Cs+ with nanocomposites of Prussian blue/graphene/CNT. The possibility of magnetic
extraction when combining the hybrid material with Fe3O4 nanoparticles is also discussed.
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Towards the Extraction of Radioactive Cesium-137
from Water via Graphene/CNT and Nanostructured
Prussian Blue Hybrid Nanocomposites: A Review
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Abstract: Cesium is a radioactive fission product generated in nuclear power plants and is disposed
of as liquid waste. The recent catastrophe at the Fukushima Daiichi nuclear plant in Japan has
increased the 137Cs and 134Cs concentrations in air, soil and water to lethal levels. 137Cs has a half-life
of 30.4 years, while the half-life of 134Cs is around two years, therefore the formers’ detrimental effects
linger for a longer period. In addition, cesium is easily transported through water bodies making
water contamination an urgent issue to address. Presently, efficient water remediation methods
towards the extraction of 137Cs are being studied. Prussian blue (PB) and its analogs have shown
very high efficiencies in the capture of 137Cs+ ions. In addition, combining them with magnetic
nanoparticles such as Fe3O4 allows their recovery via magnetic extraction once exhausted. Graphene
and carbon nanotubes (CNT) are the new generation carbon allotropes that possess high specific
surface areas. Moreover, the possibility to functionalize them with organic or inorganic materials
opens new avenues in water treatment. The combination of PB-CNT/Graphene has shown enhanced
137Cs+ extraction and their possible applications as membranes can be envisaged. This review will
survey these nanocomposites, their efficiency in 137Cs+ extraction, their possible toxicity, and prospects
in large-scale water remediation and succinctly survey other new developments in 137Cs+ extraction.

Keywords: carbon nanotubes; graphene; Prussian blue; 137-Cesium; water remediation; magnetic
extraction; 137Cs+ selectivity; radioactive contamination

1. Introduction

Cesium-137 is a radioactive element with a half-life of 30.4 years emitting both beta and gamma
radiations. Under normal circumstances, its release is an outcome of radioactive testing of fission
reactions, whereby making it the most abundant radioactive atmospheric pollutant capable of entailing
health hazards. The 137Cs isotope is produced when uranium and plutonium undergo fission after
having absorbed neutrons in a nuclear reactor and is detectable and measurable by gamma counting.
It decays into 137Ba with a half-life of 2.6 min. Small amounts of 137Cs+ are released on a regular
basis in spent fuel ponds through cracks in the fuel rod that reach the coolant and fuel reprocessing
waters, which are all subsequently discharged into the sea as effluents [1]. Today, in view of the
Fukushima-Daiichi catastrophe, the extraction of radioactive cesium from soil and water is a necessity
and calls for the development of new technologies. The projected radiation effects of 137Cs will remain
at their maximum for the next 100 years, seconded by isotopes of strontium and plutonium. Other
sources of 137Cs contamination can be attributed to the Chernobyl accident in 1986; [2] it took 10 years
for the levels to drop but their effects are still being perceived even today [3]. In general, 137Cs is not
very mobile and tends to accumulate on the soil surface and is subsequently absorbed by plants and

Nanomaterials 2019, 9, 682; doi:10.3390/nano9050682 www.mdpi.com/journal/nanomaterials4
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also captured by fungi [4]. A soil cleanup of 40,000 km2 reduced the radioactive contamination to
1/10th of the original value in Chernobyl.

137Cs is the primary cause of water contamination since the recent Fukushima Daiichi catastrophe
posing more far-reaching threats than via soil contamination [5], which tends to be more localized [6].
137Cs decontamination has now become a priority recommended by the International Atomic Energy
Agency [7]. Mobility of 137Cs+ through moving water bodies displaces the contamination to other areas,
thus widening the ‘contamination reduction’ zone. Therefore, aquatic life and fish-farming products
are also contaminated, which are thereafter consumed by humans. Additionally, 137Cs+ behaves
very similarly to K+ and Na+, thus facilitating its digestion and assimilation in living organisms [8].
Consumption of contaminated game and fish would introduce 137Cs in the human body, which would
then emit harmful radiations directly targeting the cell nucleus. Moreover, in aqueous media 137Cs+

ions tend to be rather robust and unaffected by changes in pH and redox conditions, whereby making
them a menace [9].

Several techniques were developed for the extraction of 137Cs+ from water: reverse osmosis [10],
coagulation-sedimentation [11], ion-exchange [12], nanofiltration [13], electro-dyalysis [14] and more
recently, fibrous zeolite-polymer composites [15]. On the other hand, adsorption is a highly efficient
and cost-effective process with very high ion selectivity provided that the right sorbents are used [16].
Various adsorbents: inorganic adsorbents, polymer-inorganic adsorbents [7] and bioadsorbents [17],
have shown efficiency in 137Cs+ extraction. Bioadsorbents however, have several disadvantages
such as low sorption efficiency, especially in the presence of other salts in the aqueous medium viz.,
Na+ and K+. They also suffer from degradation in extreme conditions (high temperature and low
pH). On the other hand, inorganic sorbents have shown large-scale applicability with high cation
sorption capacities (clays viz., zeolites, bentonite and coal). However, activation of sorption sites is
necessary through a surface functionalization treatment, which conversely, increases their production
cost. For nanozeolites, the Qmax or maximum adsorption capacity values could reach up to 69 mg/g,
but on the other hand, it is difficult to recover the exhausted material. Moreover, the Kd value, which is
the ratio of the equilibrium adsorption of the sorbent to the equilibrium concentration of the solute, is
low, implying an ineffectiveness in high solute concentrations [18]. Finally yet importantly, they do not
withstand harsh aqueous environments. Synthetic polymers combined with inorganic materials seem
to be more robust with a better sorption capacity than inorganic sorbents; they also show stability in
harsh environments and have been already applied on a large scale in Fukushima [7].

Among the various methods available for the extraction of 137Cs+ from aqueous solutions,
hybrid materials manifest enormous potential in selectively targeting and extracting 137Cs+ ions [19].
Inorganic ligands such as macrocyclic o-benzo-p-xylyl-22-crown-6-ether (OBPX22C6) ligand bonded to
the hydroxyl groups of the mesoporous silica, exhibited a yield of 60% attributed to the Cs-π interaction
of the OBPX22C6 benzene. Zeolite-Poly(ethersulfone) composite fiber having 30 wt % loading showed
excellent properties for the decontamination of radioactive 137Cs+ [7]. The decontamination with
such composites has also been demonstrated for a contamination of 823Bq/L with pH = 12. Other
silicates have also been employed for their known selectivity to 137Cs+; these include crystalline
silicotitanate [20,21], sodium mica [22] and sodium zirconium silicate [23]. Since they are usually in
the form of very fine powders, they are therefore unsuitable for column loading. Moreover, they are
difficult to separate from aqueous solutions by filtration or centrifugation therefore, reclaiming them
once expended becomes problematic.

This review will focus on the recent developments in the extraction of 137Cs+ from water as
depicted in the schematic outline of Figure 1. It will more specifically survey PB-CNT-Graphene based
nanocomposite efficiencies in 137Cs+ extraction. Large-scale applicability in real case scenarios of such
nanocomposites will be probed and their nanotoxicity issues will be discussed. A short summary of
other new materials is also provided at the end, which opens-up new possibilities in combining these
new materials with PB-CNT-graphene based nanocomposites.

5



Nanomaterials 2019, 9, 682

 

Figure 1. Topics covered in this review.

2. Prussian Blue

2.1. Structure

Prussian blue (PB) is a dark blue pigment synthesized by ferrous ferrocyanide salts with chemical
formula Fe7(CN)18. It has a porous structure with the capacity to adsorb the 137Cs+ ions into its pores
and store them there. It is a metal organic framework (MOF) where the inorganic vertices, which
donate electrons in the structure, are linked to each other via organic compounds. The complete
chemical formula is FeIII

4[FeII(CN)6]3·xH2O. The compound has a face-centered cubic structure (FCC)
structure (Figure 2) belonging to the Fm m space group with a lattice parameter of 10.166 Å. Fe exists
in two oxidation states within the structure: Fe3+ and Fe2+. These ions form two different FCC lattices
displaced by half a lattice parameter with respect to each other. However, the bi and tri-valent Fe are
coordinated differently. Furthermore, they are linked to each other via cyanide groups (C ≡N) i.e., C
groups are linked to Fe2+ and N groups to Fe3+ with high and low spins respectively, in octahedral
configurations. The Fe2+ and Fe3+ ratio of 3:4 implies that in order to obtain a charge neutrality within
the structure a 25% vacancy of [Fe+2(CN)6]4− molecules is necessary [24]. Coordinated water molecules
occupy the resulting octahedral cavities created by such vacancies; six water molecules are linked to
Fe2+. The other interstitial water molecules occupy the eight corners of the unit cell ( 1

4 , 1
4 , 1

4 ) and are
essential for the insertion of the 137Cs+ ions in the structure.

Fe+2 can be replaced by other transition metals with the same +2 oxidation states such as Ni, Mn,
Cu and Co, coordinated exactly like Fe+2 in the structure and are called PB analogs. However, there
are reports of Cd and Zn with slightly larger atomic radii also being incorporated into the structure
owing to their +2 oxidation state [25]. The aim in including different species into the structure is to
provoke a distortion of the PB lattice by producing vacancies of the high spin state molecule along with
distortions in the vacant cages, in order to facilitate the capture and sequestration of the 137Cs+ [26].
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Figure 2. Framework of Prussian blue analogues. Adapted with permission from [27], Copyright RSC, 2012.

2.2. 137Cs+ Ion Capture Mechanism in Prussian Blue

The compound is insoluble in water and the basic mechanism consists of ion exchange of 137Cs+ and
H+ with the former occupying hydrophilic vacancies [28]. PB analogs have very different mechanisms
of ion exchange or capture depending upon the anionic and alkali metal cation concentrations. Since
PB and its analogs contain large amounts of interstitial and coordinated water, 137Cs+ is captured by a
defect created by a [Fe+2(CN)6] vacancy, which creates a spherical cavity whose size is equivalent to
the hydration radius of 137Cs+. Nevertheless, recent calculations have demonstrated that a completely
dehydrated 137Cs+ ion can be incorporated into the structure with the release of a water molecule from
the interstitial sites [29]. This is similar to certain clays, where on dehydrating the interlayers the 137Cs+

selectivity increases [30]. On the other hand, water soluble analogs such as metal hexacyanoferrates
(HCF) consisting of a alkali metal cation with a [Fe+2(CN)6] anion, used for the extraction of 137Cs+

have shown less efficiency. In such compounds Na+ or K+ are incorporated during the synthesis of
the MOF in order to render them water-soluble [31]. In addition to 137Cs+ capture mechanisms for
non-soluble analogs; the water-soluble analogs mainly depend on the Na+ or K+ ion exchanges with
Cs+. Takahashi et al., have studied the 137Cs+ uptake in KCuHCF PB analog in order to understand
their lower adsorption capacity [31]. Three main mechanisms governed the 137Cs+ ion exchange
according to them, with the 137Cs+-K+ ion exchanges being predominant, as also stipulated by other
research groups. In case of low anionic vacancies, the percolation of 137Cs+ through the vacancies was
prevalent. Finally, for low K+ incorporation in the structure, proton exchange between 137Cs+ and K+

ions was evidenced. Ayrault et al., report a degradation in the crystal structure of the KCuHF soluble
compound after 137Cs+ adsorption which was not observed in the non-soluble counterpart [32].

2.3. Nanostructured Prussian Blue

137Cs+ adsorption in PB crystals is a very slow process. Fujita et al., have demonstrated that after
two weeks of adsorption experiments, the depth of 137Cs+ adsorption was at most between 1–2 nm,
irrespective of the crystal size [33]. This implies that most of the adsorption occurs on the surface of the
crystallites. This low diffusion depth is mainly attributed to the blocking of the vacancies by captured
137Cs+ ions, which in turn hinders further 137Cs+ diffusion. Since the diffusion depth appears to be a
constant, increasing the specific surface would therefore be a solution to increasing the 137Cs+ uptake.
One way of augmenting the specific surface is by synthesizing nanoparticles of PB. The surface to
volume ratio of crystallites increases as their size decreases; therefore nanoparticles have an extremely
large surface to volume ratio. For example, a 3 nm nanoparticle will have 50% of its atoms on its
surface. This would also imply that in the case of PB nanocrystals most of the vacancies and sites
responsible for 137Cs+ adsorption would be available on the surface, thus enhancing its specific surface.
To this end, different research groups have produced various PB analogs of type Metal(M)-Co, where
the nature of M defines the efficiency of the uptake. Liu et al., have demonstrated that Zn assisted
Fe-Co PB analogs present high 137Cs+ uptake efficiency [34]. They also observed that the size of the PB
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analog particle reduced with the reduction of Fe in the structure; for pure Zn-Co analogs, a crystallite
size of ~73 nm was calculated, displaying the highest 137Cs+ adsorption as depicted in Figure 3.

Figure 3. Adsorption efficiency of Fe-Co and Zn-Co prussian blue (PB) analogs as a function of time.
The Zn-Co PB analog exhibits a higher Qt (Qt is the adsorption capacity per unit gram of the sorbent
at a given time t) owing to the reduction in size of the nanoparticles. Adapted from [34] under the
Creative Commons agreement from RSC, 2017.

Considering that the 137Cs+ adsorption depth is only about 1–2 nm, hollow PB nanoparticles
may offer many more advantages. They not only have a very active surface area due to their large
surface to volume ratio but their hollow interior is also capable of capturing and storing 137Cs+ [35].
A surfactant polyvinylpyrrolidone (PVP) was used to stabilize the nanoparticle and increase their
dispersion in aqueous solutions. Figure 4 compares the efficiency of solid and hollow PB cubes of
~200 nm, in the capture of 137Cs+. The elemental mapping of Figure 4B depicts a higher concentration
of captured 137Cs+ ions within the hollow structures than the filled ones in Figure 4A. Nevertheless,
137Cs+ diffusion depth greater than 2 nm would require higher activation energy at room temperature.
Other methods are required to determine the exact diffusion depth in such structures, as these results
are mainly qualitative. Besides, it is well known that the use of a surfactant shields the active sites
and prevents the capture of 137Cs+. In order to avoid such shielding effects, PB could be coated
onto support materials instead through hydroxyl bonds that anchor the PB to the support material.
Carboxylic groups also tend to immobilize the PB particles in a sturdier manner. Wi et al., used a
polyvinyl support surface functionalized with acrylic acid. This allowed converting the OH groups to
COOH and providing a better adhesion of the PB [36]. The PB nanoparticles were immobilized on the
PVP sponge and an increase in 137Cs+ uptake efficiency by five times was reported, compared to the
hydroxyl bond functionalization.

 

Figure 4. Elemental mapping images of solid (A) and hollow PB (B) nanoparticles of 190 nm in diameter.
(a) Dark-field TEM image, (b) elemental mapping of both Fe and Cs (c) elemental mapping of Fe, and
(d) elemental mapping of Cs. Adapted with permission from [35], Copyright RSC, 2012.
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3. Magnetic Extraction Using Prussian Blue

There are reports of photo-induced magnetism where an electromagnetic radiation induces a
residual magnetization even after the excitation is turned off, [37] due to low and high spin combinations
of the transition metals in PB analogs. On their own PB and its analogs exhibit ferromagnetism at a
Curie temperature of 11 K with a saturation magnetization of 3.4 emu/g as obtained by Tokoro et al., for
Mn-Rb-Fe PB analogs [38]. The presence of Mn in the structure creates a Jahn-Teller distortion [39] by
changing the M–CN–M bond angle and deviating it from 180◦, whereupon inducing ferromagnetism.
Among the various PB analogs, Mn based ones have shown the highest saturation magnetization [40].
One method of decreasing the Curie temperature of PB is by synthesizing nanoparticles of PB. Uemura
et al., have demonstrated a decrease in Tc from 5.5 K in bulk PB to 4 K for PB nanoparticles protected
by PVP [41]. Nevertheless, finding practical applications involving magnetic extraction would require
having a Tc at around room temperature. Also, humidity increases the Curie temperature for Co-Cr PB
analogs, [38] thus making it difficult for their direct application in aqueous media. This implies that
most methods using PB for 137Cs+ extraction, do not prescribe any efficient approach to recover the
exhausted adsorbent.

Literature on nanostructured PB alone is very scarce as they are generally combined with magnetic
nanomaterials like superparamagnetic iron oxide nanoparticles (SPIONs) i.e., Fe3O4 or γ-Fe2O3

nanoparticles. In the past, there have been reviews briefly describing 137Cs+ adsorption employing
magnetic PB-Fe3O4 nanoparticles [16]. However, this review goes further as it not only describes more
recent developments in the latter but also discusses the development of the magnetic nanocomposite
in detail from a nanoscale point of view. In nanostructures, physical properties such as magnetic
moment as well as adsorption vary as a function of the nanoparticle size and further depend upon the
surfactants used to stabilize them during synthesis. In the paragraphs that follow, the efficiency of
magnetic PB nanoparticles and their combination with carbon allotropes are assessed. To the best of
our knowledge, in the literature such nanostructures have not been evaluated in detail.

Core-shell structures with the magnetite constituting the core and the PB active layer constituting the
shell have been employed. Jang et al., have reported that the poly(diallyldimethylammoniumchloride)
(PDDA)@Iron oxide nanoparticles can act as nucleation sites for the precipitated PB, resulting in the
coating of a negatively charged PB on the PDDA@Iron oxide nanoparticle surface [42]. Furthermore,
they have also studied the magnetic properties of Fe3O4 and have observed a decrease in the saturation
magnetization from 56 emu/g for pure Fe3O4 to 12 emu/g for the PB-Fe3O4 nanocomposite. The reduction
was mostly due to the shielding of the superparamagnetism of Fe3O4 by the PB capping. Nevertheless,
successful magnetic extraction was achieved with the nanocomposite [43]. PB analog compounds tend
to show degradation in various applications after successive cycles of reuse. Chang et al., Figure 5A,
have synthesized Fe3O4 (shell)-PB (core) nanocomposites with sizes between 20–40 nm; [44] two different
concentrations of FeCl3 were used during the synthesis. The higher Fe concentrations produced Fe3O4

cores with a higher magnetic saturation moment (Figure 5B), which conversely had an adverse effect on
the 137Cs+ adsorption due to the higher shielding of the active sites in the PB core as depicted in Figure 5C.

Some researchers have also used different ferrimagnetic nanoparticles like CoFe2O4 combined
with PB for the extraction of cesium and have indicated very high efficiencies compared to pure
CoFe2O4, which has some interesting 137Cs+ adsorption capacity by itself [45]. CoFe2O4 possesses the
spinel structure and tends to be physically more robust but is a hard magnetic compound compared to
Fe3O4. The latter is a soft magnet with a very small residual magnetization.
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Figure 5. (A) TEM images of PB and magnetic PB (MPB) nanoparticles. (B) Field-dependent magnetization
of PB and magnetic PB nanoparticles. (C) Adsorption capacity of samples under different Cs+ concentration.
T = 25 ◦C; contact time = 6 h; [Cs+]initial = 50–2500 μg/mL; madsorbent/Vsolution = 4 μg/mL. Adapted with
permission from [44], Copyright RSC, 2016.

4. Nanostructured Carbon Allotropes in 137Cs+ Capture

Carbon based materials have a large surface area with good ion-exchange capabilities. These
are further enhanced by the presence of functional groups such as hydroxyl or carboxyl groups on
their surfaces, which can trap heavy metals from aqueous solutions. Carbon has various allotropes
such as fullerenes, graphite, and diamond. The 2D carbon allotropes include carbon nanotubes and
graphene [46]. The latter is the building block for graphite, which consists of stacked graphene sheets.
On the other hand, a carbon nanotube (CNT) is a rolled-up graphene sheet and belongs to the fullerene
or C60 family. The number of walls on a CNT is determined by the number of times the graphene sheet
is rolled-up. The defects in graphene include folds and wrinkles operating as active sites towards their
decoration. In a CNT, the edges, bends and breaks in the walls promote the attachment of functional
groups that are subsequently linked to other organic or inorganic nanoparticles. Therefore, CNT and
graphene are attractive nanoscale structures with large surface areas displaying high ion adsorption
capacities and constituting versatile catalytic supports with tailored properties.

There are a few works based on activated carbon or carbonaceous materials in the extraction of
low level 137Cs+ contamination [47]. Mesoporous carbon based magnetic nanoparticles for 137Cs+

sequestration are also being studied [48]. However, activated carbon is more efficient in extracting
organic species than metal ions, [49] with an estimated adsorption efficiency between 0–10% for
inorganic contaminants [50]. Activated carbon and PB analogs have shown moderate efficiency in
137Cs+ extraction with a Qmax = 63 mg/g [51]. PB acts as the active material while as activated carbon
is the support material for the PB analog. On the other hand, nanoscale carbon-based materials are
gaining importance as they can extract heavy metal ions as well as radioactive cesium ions on their
own. PB and their analogs also show a higher efficiency and a greater adsorption capacity towards
137Cs+ when combined with carbon-based nanomaterials. Table 1 lists the various nanocomposites
of CNT/graphene used in 137Cs+ extraction from aqueous solution. All of these nanocomposites are
discussed in the paragraphs that follow.

4.1. Graphene Based Nanocomposites for 137Cs+ Extraction

There is not much work on pristine graphene in the adsorption of 137Cs+ from aqueous solutions.
Only one paper reporting a very high efficiency of 137Cs+ extraction using pristine graphene has been
published [52]. Graphene oxide and graphene functionalized with polyaniline (PANI) have also been
used in radionuclide extraction, including 137Cs+ from aqueous solutions with the former showing a
lower Qmax than the latter [53,54]. Combining graphene with nano PB further increases the efficiency as
described below. Other combinations of graphene and PB with other bioabsorbants are also available
in the literature viz. chitosan and biopolymers such as pectins [55,56]. For practical application,
reclaiming the exhausted nanomaterials is an important aspect to consider. In addition, once the nano
PB sorbent is exhausted it takes a very long time for a small quantity of it to precipitate, as PB has a
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tendency to disperse like a colloid in aqueous solutions. Combining them with graphene nanosheets
cannot really solve the problem of recovering the exhausted materials either, as they too tend to form
a colloidal suspension in aqueous solutions depending upon the pH. One way of overcoming the
problem of reclaiming these PB nanoparticles is to pack them in a graphene oxide foam (Figure 6) that
could be loaded directly into the filtration column [57]. This has already been applied to organic dyes
such as methylene blue where wood was impregnated with graphene, intended for a continuous flow
system. The sorbent showed potential of being regenerated and was reused multiple times [58].

 

Figure 6. Schematics of PB and reduced graphene oxide nanocomposite synthesis in order to prepare
foams. Adapted from [57] under Creative Commons agreement from Nature Research, 2015.

As mentioned earlier, PB nanoparticles have a tendency to agglomerate because of the magnetic
moments generated by the various oxidation states of the transition metals [40]. In general, nanosize
materials tend to agglomerate in order to reduce their surface energy [59]. The superparamagnetic
properties of Fe3O4 allow easy recovery of the PB from the aqueous solution when combined together
to form Fe3O4-PB nanocomposites. Nevertheless, the 137Cs+ uptake efficiency of such nanocomposites
tends to decrease with a higher magnetization of Fe3O4. This is mainly because when the magnetization
increases, magnetic nanoparticles tend to show higher agglomeration, which conversely reduces their
active surface area. To this end, PVP surfactant was employed, which increases the mono-dispersion
of the nanomaterials and provides larger surface areas for adsorption. However, surfactants tend to
reduce the adsorption efficiency as seen previously. In this regard, graphene based nanocomposites
are therefore an alternative to the above-mentioned shortcomings. Firstly, Fe3O4 nanoparticles are
immobilized on the graphene surface in a dispersed manner, whereby reducing their agglomeration.
Secondly, these nanoparticles serve as spacers between the graphene sheets discouraging the graphene
sheets to stick together due to Van der Waals interactions [60]. Thirdly, PB is then directly decorated
onto the graphene without being linked to the Fe3O4 nanoparticles. Here again, PB hosts the
active adsorption sites whereas Fe3O4 aids in magnetically extracting the exhausted nanocomposites.
Graphene mainly serves as a support even though its synergistic interaction with PB cannot be
neglected. Yang et al., obtained the nanocomposite by wet impregnation of graphene with FeCl3
followed by K4[Fe(CN)6] with constant magnetic stirring for 1 h at room temperature. The precipitates
were subsequently recovered with a magnet by them [61].

4.2. Carbon Nanotubes for 137Cs+ Extraction

Similarities in adsorption exist between graphene and CNT despite their opposite extreme aspect
ratios. Like in the case of graphene, CNT also promises exciting 137Cs+ extraction properties. Both
have the capacity to be used either as colloids that can be magnetically extracted or as membranes
which allow reclaiming them easily once exhausted [62]. The mechanism of adsorption is similar to
graphene and relies on electrostatic, hydrogen and π-π interactions between the carbon allotrope and
the contaminant [63]. Moreover, CNT have an additional advantage compared to graphene, which is
the capacity to create mesopores when bundled together. Therefore, it presents several more sites for
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the adsorption of ions: within the walls of the CNT, between CNT or within the mesopores, on the
walls of the CNT and in peripheral grooves [64].

In addition, nitric acid treated CNT have demonstrated efficacy in the extraction of heavy metals
ions such as Cu2+, Mn2+, Co2+, Zn2+, Pb2+ owing to amine groups on the surface. This has motivated
researchers to employ CNT for the extraction of other radioactive ions from aqueous solutions viz.,
U4+, U6+, Th4+ and radioactive Co2+ and Cu2+ ions [65]. Many groups have therefore carried out
treatment or functionalization of CNT in order to make them more reactive to 137Cs+ species. Several
studies have shown that 137Cs+ is attracted to OH groups [66]. CNT easily harbor different groups such
as amine, hydroxyl, lactone, phenol or carboxyl groups on their surfaces post-functionalization [67].
They therefore are ideal candidates for the adsorption of 137Cs+. Yang et al., have therefore prepared
chitosan grafted CNT owing to the abundance of OH groups present in the former [68]. Their study
demonstrated that the pH of the aqueous solution had a very important role to play on the 137Cs+

adsorption by the OH groups of chitosan. They also manifested a higher adsorption than the bare
CNT. Another study determined that increasing the amount of hydroxyl groups does not necessarily
bring about an increase in 137Cs+ adsorption. To this end, Yang et al., combined CNT with bentonite
which are both known 137Cs+ adsorbents linked to each other via chitosan [69]. They demonstrated
that cation exchange is more effective than hydroxyl capture. More importantly, they established that
hydroxyl capture depends upon the host matrix and increasing the number of OH groups will not
increase the 137Cs+ adsorption. This mainly suggests that the OH groups should be linked directly
to the CNT matrix and are therefore limited by the number of active sites on the CNT walls. In this
regard, single-walled carbon nanotube (SWCNT) could be more effective [70] than multi-walled carbon
nanotube (MWCNT) [71], considering that the former possess a higher specific surface. In any case,
the type of functional group also plays a role in 137Cs+ selectivity.

Other groups have studied the effects of Prussian blue and their analogs on the adsorption
efficiency of 137Cs+ when combined with CNT. These tend to have a catalytic effect on the PB analogs
by increasing the adsorption efficiency of the latter [72]. In one study by Li et al., Cu-Co-Ni PB analogs
were combined with CNT [73]. Chitosan was wrapped around the CNT to increase their dispersion
and also to link them to the PB analogs. Two studies have combined CNT with Cu cyanoferrates
linked via different amine groups i.e., propargylamine (Figure 7) and dietheleneamine on SWCNT [74]
and MWCNT [75], respectively. The Qmax increased from 150 mg/g (MWCNT) to 239 mg/g (SWCNT).
These differences could be attributed to the use of different types of nanotubes and to variety of
the amine ligands. In any case, the SWCNT study demonstrated that only 30% of 137Cs+ ions were
adsorbed by the PB nanoparticles. The rest were adsorbed onto other active sites of the functionalized
SWCNT. Tsuruoka et al., have studied ferrocyanides embedded into diatomite nanoparticles encaged
in both MWCNT and SWCNT which were impregnated in a polyurethane spongiform [76]. They have
observed a synergistic effect owing to the porous structures created by both types of CNT. Zheng et al.,
have also demonstrated that it was possible to electrochemically clean the nanocomposite of 137Cs+

ions and reuse them [77]. Water-soluble sodium CoHCF encapsulated in alginate beads reinforced
with highly dispersed CNT was employed in the extraction of 137Cs+. The beads were stable in a broad
pH range of 4–10 and revealed potential for large scale applications [72]. A combination of graphene,
carbon fiber and PB has also been used to extract 137Cs+ directly from a lake in China [78]. Such a
combination therefore allows an increased specific surface area with prospective scalable applications.
A high efficacy of the graphene-CNT nanocomposites has been demonstrated for the extraction of
aromatic compounds and Cu+2 heavy metal ions [79]. These hybrid carbon allotropes exhibit 25%
higher adsorption capacities in both cases than their individual counterparts. They have also shown
high desalination capacities along with adsorption of heavy metal ions [80]. This suggests that alkali
metal ions would tend to have a higher affinity towards the hybrid carbon allotrope compared to PB,
making 137Cs+ extraction by PB more effective in a high salinity aqueous medium such as seawater.
Combining them with Fe3O4 would then be a suitable method of reclaiming the exhausted sorbents.
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Figure 8 provides the schematic of the 137Cs+ extraction mechanism of graphene/CNT/magnetic
PB nanocomposites.

 
Figure 7. Mechanism of 137Cs+ capture in propargylmine functionalized SWCNT decorated with
copper hexanoferrates. Adapted with permission from [74], Copyright RSC, 2017.

 

Figure 8. Mechanism of 137Cs+ capture in graphene/CNT/PB nanocomposite. Fe3O4 is used for
magnetic extraction and does not participate in the adsorption of 137Cs+. PB is linked to CNT and
graphene. Some of the possible functional groups that capture 137Cs+ are depicted on the CNT and
graphene surfaces. A sub-cube or unit-cell of PB capturing and sequestering the 137Cs atom is also
provided in the top right corner. The nanocomposite therefore harbors several active sites for the
capture of 137Cs+ ions.
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5. Efficiency of Various Carbon Based Materials in 137Cs+ Capture

Various batch tests performed on the different sorbents have shown increased efficiency of the
graphene or CNT based sorbents (Table 1). Adsorption kinetics and equilibrium studies provide
the efficacy of an adsorbent in a given adsorption system and are necessary to understand the
underlying adsorption mechanisms. Most of the equilibrium adsorption studies that are provided
in Table 1, employ the Langmuir and Freundlich adsorption models [67,77]. In the Langmuir model,
the adsorption of 137Cs+ from an aqueous solution onto a graphene-based nanocomposite is mainly
used to obtain Qmax values. The model would hold for graphene-based nanocomposites as only a
single monolayer of adsorption is considered, as defined by the active sites on the graphene/CNT
surfaces. In the Langmuir model, all sites are considered equally favorable. This is contrary to the
Freundlich model, which considers that the active sites possess varying adsorption energies and
such is the case of graphene-PB based nanocomposites. In the Tempkin model it is assumed that the
adsorption energy reduces as and when the sites become saturated [71,77]. The Brunauer-Emmet-Teller
model assumes multilayer adsorption by considering the Langmuir model for each adsorbed layer [75].
Figure 9 provides examples of some of the isotherm models used in CNT/graphene-PB nanocomposites
surveyed in this work. However, graphene and CNT based PB nanocomposites can be regarded
as monolayer adsorption considering that the active sites lie on the surface of CNT and graphene,
implying that all three models, Langmuir, Freundlich and Tempkin are appropriate. These equilibrium
models are seconded by kinetic models such as, the pseudo first order (PFO) and second order kinetic
models (PSO), which define the adsorption rate limiting factors [70,78,81,82]. The Elovich kinetic model
has also been applied to chitosan-CNT-PB composites in consideration of their elemental heterogeneity,
as the solid surfaces under study are energetically heterogeneous also [74].

 
Figure 9. Examples of Langmuir, Freundlich and Redlich-Peterson adsorption isotherms models
applied to (A) oxidized MWCNT and CuFC-MWCNT, adapted with permission from [75], Copyright
Springer Nature, 2015, (B) Graphene foam-PB composite, adapted from [57] with permission under
Creative Commons agreement from Nature Research, 2015 and (C) Chitosan-PB analog-CNT, adapted
with permission from [73], Copyright Springer Nature, 2016.

Table 1 below therefore provides Qmax values obtained from batch tests of several different CNT,
graphene, Fe3O4 and PB combinations. Qmax gives a direct indication of the available active sites or the
maximum monolayer capacity for 137Cs+ adsorption. Moreover, the Langmuir equation is valid over a
wide concentration range. The table indicates that PB analogs along with CNT statistically provide
the highest Qmax values reaching 310 mg/g. Pristine CNT or graphene in general do not show much
efficiency compared to their hybrid counterparts. However, when they are decorated with amine
groups their Qmax reaches 240 mg/g. This value is higher than CNT attached with hydroxyl groups
of chitosan. However, chitosan when used as a linker between CNT and PB has a Qmax of 219 mg/g.
Nevertheless, the value of the Qmax depends on various factors such as pH, temperature of the solution,
presence of competing ions and the initial concentration of 137Cs+. The particle size of the sorbent is
also an important consideration but since we are only considering nanosize sorbents in this review, we
can neglect this parameter in our discussions. Various studies on graphene or CNT based materials
in this study show that the temperature of the solvent is instrumental in increasing the Qmax of the
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sorbent [54,71,78]. This is mainly because the process becomes endothermic with temperature increase
and 137Cs+ in the solution is therefore more mobile due to which they attain active sites more efficiently
on the sorbent. This further implies that 137Cs+ capture efficiency and can increase if the number
of active sites obtained by various treatment or functionalization on the carbon-based materials are
increased to their maximum capacity. The adsorption of 137Cs+ is also highly dependent on the initial
pH of the solution, which has mostly to do with the functional groups of the carbon-based materials
becoming protonated at low pH [67,72]. Since an OH group is necessary for the capture of 137Cs+ as
discussed above a reduction in the former due to protonation would decrease the Qmax of the sorbent.
At higher pH, a deprotonation of the functional group and an increase in OH- ions in the solution
makes the 137Cs+ capture process more efficient.

The presence of other ions or salts such as Mg, Na, Li and K also affects the 137Cs+ adsorption due
to the inherent competition between them. They all manifest similar affinities to the active sites on the
carbon-PB based nanocomposites. In the case of PB or its analog, a higher affinity to K+ and Na+ has
been observed with a given order of competition: K+ > Ca2+ >Mg2+ > Na+. When combined with
MWCNT, the Qmax value decreased only slightly but showed a higher selectivity towards 137Cs+ [75].
Lin et al., have used CNT-PANI-NiHCF composites for electrically switching ion exchange studies
and have demonstrated a higher affinity towards 137Cs+ than Na+ ions [83]. Such nanocomposites are
also employed for the extraction of Sr2+ at the same time. However, they appear to have a greater
affinity towards 137Cs+ than 81Sr2+, which may have to do with the difference of oxidation states of the
two cations [73]. The contact time between the sorbent and the sorbate are also necessary parameters
towards understanding the adsorption of 137Cs+. Optimal adsorption times are required in order to
evaluate the feasible scalability of the developed methods. This means that the contact time should be
calculated in such a way that optimum adsorption should be obtained with minimum leaching of the
adsorbed 137Cs+ as well as the transition metals and alkali metals constituting the PB framework. Both
adsorption and equilibrium times should be short for large-scale applications. The rate of adsorption
depends on the temperature, number of adsorption sites, and diffusion of the 137Cs+ within the porous
matrix, which in turn depends on the density of the packed material. In the case of MWCNT, a contact
time of 80 min was required to attain equilibrium [67]. A study with graphene oxide required a long
contact time of 24 h [54] similarly to stirred pectin stabilized magnetic PB-GO nanocomposites [56].
For PB-graphene-carbon fiber composite the equilibrium was reached after 8 h [78].

6. Toxicity of Nanomaterials

Toxicity of nanomaterials is a key issue that is under debate [84]. If used in water remediation
systems, their release and disposal need to be properly planned and evaluated. Nanomaterials are
small enough to pass the skin barrier and enter the blood stream. In addition, they can be inhaled
causing lung damage or ingested causing kidney damage. In the case of heavy metals, their ions can
be fatal and can engender life-threatening maladies. Both CNT and graphene have been studied to
evaluate their toxicity and environmental impact. Studies on zebra fish have shown that both their
growth and cardiac rates are affected by these 2D nanocarbon allotropes [85]. The toxicity of CNT is an
important enough issue to incite the development of related counter small-molecule-drugs [86]. CNT
present risks during their entire lifecycle and mainly during occupational exposure. This implies that
their manipulation needs to be regulated. CNT could also interact with biomolecules in the water and
produce toxic effects [87]. The stability of PB needs to be thoroughly evaluated in various aqueous
conditions. Studies have demonstrated the possibility of leaching of cyanide into ground water on
decomposition of the ferrocyanides [88]. This also implies that 137Cs+ could leach out and contaminate
ground water. One method to stabilize PB analogs viz., titanium ferrocyanide and curb leaching of
cyanide and 137Cs+ includes transforming the spent material into lithium titanate, which consequently
immobilizes the 137Cs [89]. In some studies, the release of iron from PB in Fenton type reactions were
studied by Doumic et al. [90]. They studied the catalytic effect in a pH = 3 environment and have
observed that insoluble PB nanocomposites were more stable and showed negligible Fe release (10%
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after 13 cycles). Kim et al., also have observed negligible leaching of Fe during the 137Cs+ adsorption
process in PB-cellulose hydrogel composites [91]. Yang et al., have also carried out a systematic study
of the possible leaching of Fe from PB-Fe3O4-graphene nanocomposites in a wide pH range from 4 to
10 [61]. Even in the highest ionic strength seawater, the amount of Fe leaching ranged from 0.95% to
0.61% while in natural water, Fe leaching as low as 0.0026% was observed. In another study with PB
embedded magnetic hydrogels, leaching of Fe was studied over a period of two weeks and only a
0.3% increase in Fe was observed in the solution [81]. Graphene is also considered a chemically stable
material. Nevertheless, changes in pH affect the protonation of the carbonyl or hydroxyl groups. At
high pH graphene dissolves like a salt while at low pH, it tends to form aggregates and at neutral pH
it stays suspended in the solution [92]. This also implies that the stability of graphene oxide depends
upon the functional groups on its surface and their particle sizes [93]. In such a scenario, the dose
related toxicity could vary. Overall, the formation of colloids should be absolutely avoided. However,
the effect of graphene on the human body is still unknown; on the other hand, graphene oxide has been
known to accumulate in the lungs of mice when inhaled, but no pathological outcome was further
reported. Nano-graphite and Fe3O4 were also tested for Fe leaching. A very low pH < 3 showed an
exponential increase of Fe release. Fe3O4 are linked to graphene via electrostatic forces or via functional
groups on their surfaces similar to CNT therefore, the risk of nanoparticles being loosely bonded does
exist. Nevertheless, in general, many studies have shown that linking Fe3O4 to graphene and CNT
exhibit exceptionally high stability with very little leaching of Fe [94]. In any case, the exhausted
nanoadsorbent has to be removed from the water and presently; magnetic extraction appears to be the
most adapted solution.

7. Conclusions and Perspectives

7.1. The Road so Far for 137Cs+ and the Prospects of Graphene/CNT-PB Based Nanocomposites Towards
Its Extraction

Research on 137Cs+ contamination has taken giant leaps since the Chernobyl catastrophe. Cesium
is known to damage soft tissue, bones and provoke bone cancer. Today, eight years after the Fukushima
Daiichi disaster, cesium still seems to be prevalent in soil and water; a large-scale cleanup at both fronts
is still being pursued. Radioactive 137Cs+ has also been detected in tap waters of Tokyo. Salty ground
water containing 137Cs+ is one artery for land contamination to reach the sea. Even though there is
some on-site storage capacity at Fukushima Daiichi of the contaminated water, a large amount of the
least contaminated water has already been rejected into the sea. There has been some progress in the
cleansing of waters, however the problem is still at large. Tokyo Electric Power Company (TEPCO)
forecasts the decontamination procedure to continue for the next 30–40 years. Therefore, new materials
and methods towards the capture and sequestration of 137Cs+ are being developed at an accelerated
pace in order to quickly reply to the concern.

Adsorption and ion exchange have been found to be efficient methods in the capture of 137Cs+.
The contamination in Fukushima has been cleaned by the Kurion process, which consisted of effective
capture of the ions (81Sr2+ and 134,137Cs+) via an extremely porous aluminosilicate based zeolite [95].
Areva, the French nuclear company then further treated the water with a nickel ferrocyanide (NiHFC)
and sand-polymer mixtures [96], which reduced the contamination by at least more than 1000 times.
Advanced liquid processing system (ALPS) technology uses different combinations of resins, zeolites,
titanates, activated carbons and hexacyanoferrates with a selectivity towards 62 radionuclides but is
only applicable after 137Cs, 134Cs and 90Sr quantities are reduced by the Kurion and Areva methods [97].
Therefore, the Prussian blue analog or hexacyanoferrates have already shown efficiency at a large
scale and a total of 482,000 m3 of water has been decontaminated so far. The major drawback of the
methods was the similarity between Na+ and 134,137Cs+ affinities thus, making the whole process less
efficient. The storage of sludge obtained via such processes was initially planned in large underground
tanks on the Fukushima-Daiichi premises with no radioactive leaching detected. The waste was then

17



Nanomaterials 2019, 9, 682

immobilized by cementation treatment [98]. The major disadvantage of cementation was the increase
in volume of the waste to be stored in a nuclear repository along with the risk of the cement cracking.
To this end, vitrification has been proposed as a method that not only immobilizes 137Cs more securely
without the risk of breaking or cracking but also compresses the quantity of stored radioactive waste.

Graphene based nanomaterials seem to have a catalytic effect on PB as the Na+ and K+ selectivity
decreases compared to that of 137Cs+. This selectivity towards 137Cs+ can be further enhanced on
electrical switching as in the case of PB with CNT. In addition, 81Sr2+ and 134Cs+ ions are also extracted
simultaneously with 137Cs+. Nevertheless, PB does show a higher affinity to 134,137Cs+ than 81Sr2+,
which can be further enhanced by using high specific surface materials such as graphene, CNT or
hollow nano PB and their analogs, which exhibit higher Qmax values than their bulk counterparts.
These nanopowders can be dispersed into a water body to be decontaminated and recovered via
magnetic extraction on attaching Fe3O4 nanoparticles to the graphene surfaces. The drawback of Fe3O4

is that the saturation magnetization is rather low for large-scale applications as they usually contain
surfactants. This would imply a risk of leaving behind some nanomaterial uncaught by the applied
magnetic field. Another scenario could consist of making membranes of functionalized graphene and
CNT with PB, which could then be easily recovered once exhausted. The main drawback of using PB is
an increase of alkali metal content in the water due to ion exchange. This would not have detrimental
effects on seawater; however, increased salinity in ground water could render it unsafe to drink.

Graphene and CNT are resistant in harsh environments and further offer recycling capabilities.
Moreover, carbon is the fourth most abundant element in the Earth’s crust implying continuous availability
for large-scale applications. However, no publications reporting large-scale use of graphene or CNT in
water filtration are available. This suggests that new technologies and methods employing them are
potential candidates. Nevertheless, large-scale applications require large cost-effective production and
functionalization capacities. Moreover, a choice between fixed bed and batch adsorption has to be made
when employing graphene. In certain cases, batch methods appear to be more efficient for contaminant
adsorption than fixed bed methods. Such a choice would allow obtaining maximal adsorption with
minimal amounts of absorbent, thereby reducing the quantities of radioactive wastes to be treated [99].
Further studies on the toxicity of these carbon-based materials are also required. The most important
parameter is the contact time of the adsorbent with the adsorbate, which should be as low as possible for
large-scale applications especially considering the thousands of cubic meter waiting to be remediated.
Regeneration of graphene and CNT has been studied using acids and bases, making the recovery of the
metallic contaminants feasible. However, from an industrial point of view, there is much work that needs
to be conducted in this very promising field.

7.2. Development of Other Nanocomposites

Different materials need to be combined in order to increase the 137Cs+ selectivity and hence
its extraction efficiency, as already proven by the Kurion-Areva-ALPS combinations. With regards
to other potential materials, PB has also been combined with zeolites for the adsorption of 137Cs+

ions [100,101]. Zeolites were seen as promising materials [101] for 137Cs+ adsorption [102,103] and
were subsequently combined with fibrous polymer adsorbents to enhance their 137Cs+ extraction
capacity. These zeolite-polymer composite fibers were initially studied for heavy metal ion removal
such as Pb2+, Cu2+, Ni2+, and Cd2+ [104,105]. One advantage is that the surface to volume ratio could
be tuned through the zeolite fibrous polymer ratio with a specific surface value of 145 m2/g. The study
suggested that with such zeolite polymer composite fibers, the Pb2+ extraction takes place by both ion
exchange and inclusion mechanisms. Zeolite and poly(ethersulfone) were then combined for 137Cs+

extraction with 30 wt% of zeolite in porous fibrous polymer [15]. These composites were applied to
the decontamination of radioactive 137Cs+ in the city of Fukushima for a period of 28 days. A total of
7700 Bq/kg of radioactive Cs was extracted during this period, while with the zeolite alone only 33 Bq/kg
was extracted [7]. The main advantage of this composite is that water can flow unobstructed through
the composite compared to the zeolite powders. Fiber based porous structures seem to be more adapted
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for large flow extraction than magnetic extraction that needs a specific set-up. The latter nevertheless
has the advantage of limiting the quantity of nuclear waste produced during the radioactive 137Cs+

extraction process. Functionalized graphene and CNT could very well be included in such porous
structures without clogging the pores and increasing the 137Cs+ selectivity during extraction.
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Abstract: Due to multiple charge transport pathways, adjustable layer spacing, compositional
flexibility, low manufacturing cost, and absorption of visible light, layered double hydroxides (LDHs)
are a promising material for wastewater treatment. In this study, LDH films and Fe-doped LDH
films with different metal ions (Ni, Al, Fe) on the surface of conductive cloth were successfully
prepared and applied for the photocatalytic degradation of wastewater containing methyl orange
and Ag ions under visible-light irradiation. The chemical state of Fe ions and the composition of
LDHs on methyl orange photodegradation were investigated. The experimental results showed
that LDH films exhibited high photocatalytic activity. The photocatalytic activity of LDH films on
methyl orange improved in the mixed wastewater, and the Fe-doped NiAl–LDH films exhibited best
visible-light photocatalytic performance. The analysis showed that Ag ions in the mixed wastewater
were reduced by the LDH films and subsequently deposited on the surface of the LDH films. The Ag
nanoparticles acted as electron traps and promoted the photocatalytic activity of the LDH films on
methyl orange. Thus, we have demonstrated that prepared LDH films can be used in the treatment
of mixed wastewater and have broad application prospects in environmental remediation and
purification processes.

Keywords: LDHs; film; mixed wastewater; photocatalytic activity

1. Introduction

Heavy metal ions and organic compounds are often discharged together during many industrial
processes such as metal finishing, petroleum refining, and leather tanning and finishing, which
indicates that the coexistence of heavy metal ions and organic compounds in wastewater is a common
phenomenon [1–3]. For example, heavy metal ions such as Ag+, Cr6+, Cu2+, generated from rinsing
of plated articles, often coexist with organic dyes such as methyl orange. Many studies have
focused on single pollutant treatments, however, it is often difficult to treat mixed contaminants
using photocatalysts designed for single pollutants [4]. Therefore, the design and preparation of
photocatalysts which can be used to treat the mixed contaminants of heavy metal ions and organic
compounds are very important for practical pollutant remediation.

Among the developed photocatalytic materials, layered double hydroxides (LDHs) can be
considered ideal photocatalysts for the treatment of various types of pollutants due to multiple charge
transport pathways, adjustable layer spacing, compositional flexibility, low manufacturing cost and
absorption of visible light. Many studies have been reported on the photocatalytic degradation of heavy
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metal ions, organic compounds, and CO2 using LDHs as the photocatalyst [5–8]. The composition of
LDHs with metal ions of variable valences (such as Co, Ni, Fe, Cr) could offer an effective pathway for
electron-hole transportation and help to capture heavy metal ions in solution. For example, the Co(II)
in CoAl–LDHs helps to capture Pd(II) species through an in situ redox reaction, resulting in the
formation of Pd nanoclusters monodispersed on the surface of CoAl–LDHs [9]. It has also been shown
that Au/Cr-substituted hydrotalcite could be an efficient heterogeneous catalyst for aerobic alcohol
oxidation, owing to the formation of the Cr3+–Cr6+ redox cycle [10]. In addition, NiFe–LDHs have
multiple electronic excitation pathways via metal-to-metal charge transfer through Ni2+–O–Fe3+, d–d
transitions of Ni2+, and ligand-to-metal charge transfer through O–Ni2+/Fe3+ [11].

The effective properties of photocatalytic materials could further be improved by the modification of
metal ions or the formation of innovative compositions. For example, Ag@Ag3PO4/g-C3N4/NiFe–LDH
nanocomposites improved the photocatalytic ability for the reduction of Cr(VI) to Cr(III) [5].
Similarly, Ag nanoparticle-coated Zn/Ti–LDH composites showed higher photocatalytic activity
for rhodamine B (RhB) and NO, owing to the formation of Schottky barriers between LDH
and Ag nanoparticles and the surface plasmon resonance effect of Ag nanoparticles [12].
Furthermore, NiFe–LDHs modified through ion doping with [M(C2O4)3]3− (M = Cr and Rh) exhibited
higher magnetic properties [13]. In another study, Tb3+-doped CaAl–LDHs showed an enhancement
in fluorescence intensity [14], H2SrTa2O7 with difference photocatalytic activities toward CO and
H2 evolution was obtained using various metals as cocatalysts (Ag, Pd, Au, and Cu2O) [15],
and the photocatalytic properties of ZnS were improved by modification with Ru nanoparticles [16].
Similar studies have shown that the formation of dual surface heterostructure by deposing Au and CuO
on Cu2O cubes improved the photocatalytic activity of Cu2O due to the synergistic effect of CuO/Cu2O
and Au/Cu2O [17]. However, in one study, the diffusion of K+ ions from poly(heptazine imide)
(PHIK) to a metal–organic framework (MOF) made PHIK more negatively charged and MOF more
positively charged, which provided the strongest interaction between PHIK and MOF and resulted in
superior photocatalytic activity through rhodamine B degradation [18]. It has also been shown that the
formation of heterojunctions could increase photocatalytic properties, such as Cu2S/ZnO, Cu2O/TiO2,
and CuInS2/TiO2 [19–21], and that the presence of Na2S hole scavengers increased the photoreduction
of CO2 to form (HCOO−) on ZnS [22]. Finally, due to the different Fermi levels between heavy metals
and LDHs, heavy metals deposited on the surface of LDHs could act as electron traps to prevent
electron-hole recombination [5,9,10], which would improve the photocatalytic performance of LDHs.

According to the above discussion, LDHs could be used for the photocatalytic degradation of mixed
wastewater. However, LDH powders exhibit the following drawbacks: low photocatalytic activity,
formation of aggregates, and difficulties in subsequent separation processes. Using a two-dimensional
structure with excellent carrier mobility as the substrate is an effective approach for enhancing the
photocatalytic efficiency by preventing agglomeration and decreasing charge recombination [23,24];
besides, the formation of films on the substrate is beneficial for recovering the catalysts from the
solution. Among those substrates, conductive cloth has the characteristics of good conductivity,
flexibility, and low manufacturing cost. From this viewpoint, we used conductive cloth as the substrate
and LDHs as the active sites for photocatalytic domains. Based on the photo-induced reduction and
photocatalytic degradation of LDHs, LDH films were successfully used to treat the mixed wastewater
containing heavy metal ions and organic compounds. The formation of heavy metals and LDHs on
the surface of the conductive cloth led to an enhancement of the photocatalytic activity for organic
pollutants degradation and, thereby, realized the photocatalytic treatment of mixed wastewater.

2. Materials and Methods

2.1. Materials

Al(NO3)3·9H2O, Ni(NO3)2·6H2O, Fe(NO3)3·9H2O, AgNO3, ferric ammonium citrate
((NH4)3·[Fe(Cit)2]), urea, methyl orange, and ammonium fluoride (NH4F) were purchased from
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Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China) and used as received without further
purification. The conductive cloth was purchased from Zhongyang shielding material production
company, Guangzhou, China.

2.2. Synthesis of LDH Films

NiAl–LDH films were prepared using the method previously reported with some minor
modifications [25]. The conductive cloth (2 cm × 6 cm) was cleaned with a mixed solution of deionized
water, ethanol, and acetone (volume ratio, 1:1:1) in an ultrasonic bath for 30 min. Ni(NO3)2·6H2O
(0.15 mol·L−1), Al(NO3)3·9H2O (0.05 mol·L−1), NH4F (0.2 mol·L−1), and urea (0.5 mol·L−1) were
dissolved in deionized water under magnetic stirring to form a clear solution at room temperature.
The conductive cloth was vertically placed in the solution without stirring and heated at 110 ◦C for 8 h
to form a thin film on its bottom side, which was washed by deionized water. For NiFe–LDH films,
Fe(NO3)3·9H2O (0.05 mol·L−1) was used instead of Al(NO3)3·9H2O. LDH powders were also prepared
under the same experimental conditions as that of LDH films but without conductive cloth.

Fe-doped LDH films: LDH films were vertically placed in a (NH4)3·[Fe(Cit)2] solution (0.01 mol·L−1)
and heated at 75 ◦C for 12 h to form Fe-doped LDH films, which were cleaned with deionized water.
For Fe-doped LDH powders, LDH powders were used instead of LDH films.

2.3. Characterization

X-ray powder diffraction (XRD) patterns were recorded using a D8 ADVANCE X-ray diffractometer
(Karlsruhe, Germany) with Cu Kα radiation (λ = 0.15406 nm). The scanning electron microscopy (SEM)
images were recorded on a FEI-Sirion 200 F field emission scanning electron microscope (Hongkong,
China). The transmission electron microscopy (TEM) images, high-resolution transmission electron
microscopy (HRTEM) images, and the energy dispersive spectroscopy (EDS) spectra were taken with
a FEI-Tecnai G2 field emission transmission electron microscope (Hongkong, China). The samples
were obtained by peeling off LDH films from the substrate. Photocatalytic reactions were carried
out using a 300 W Xe lamp as the light source and the light intensity in the visible region was about
85 mW·cm−2. The UV–Vis diffuse reflectance spectra were recorded by a UV–Vis spectrophotometer
(UV-3900H, Hitachi, Tokyo, Japan). Fourier transform infrared (FTIR) spectra were recorded by a
Thermo Nicolet 5700 (Waltham, MA, USA). The chemical state of LDHs was investigated by X-ray
photoelectron spectroscopy (XPS) on a ESCALAB 250Xi photoelectron spectrometer (Waltham, MA,
USA) with Al K (1486 Ev) as the excitation light source. The N2 adsorption/desorption tests were
measured by Brunauer–Emmett–Teller (BET) measurements using a NOVA2200e surface area analyzer
(Boynton Beach, FL, USA).

2.4. Photocatalytic Property Measurement

LDH films (2 cm × 6 cm) were immersed in a mixed solutions of methyl orange (20 mg·L−1) and
AgNO3 (0, 5, 10, 20, and 30 mg·L−1) and kept in the dark for 30 min to ensure adsorption–desorption
equilibrium. The pH value of the solution was about 6. Samples were removed from the solution after
various irradiation times and analyzed using a UV–Vis spectrophotometer at 464 nm. All photocatalytic
experiments were repeated three times. The weight of the photocatalyst was calculated from the
formula m = m1 − m0, where m0 and m1 represent the weight of the substrate before and after LDH
growth, respectively. The LDHs grown on conductive cloth were about 6.6, 6.9, 6.5, and 6.7 mg
for NiAl–LDH films, NiFe–LDH films, Fe-doped NiAl–LDH films, and Fe-doped NiFe–LDH films,
respectively. To test the photocatalytic performance of LDH powders, LDH powders (15 mg) were
used instead of LDH films.

3. Results and Discussion

XRD analysis was performed to confirm the crystal structure and phase (Figure S1). Both the
structure of NiAl–LDH films and NiFe–LDH films matched well to the typical LDH lamellar structure
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(JCPDS File No. 48-0594 and 51-0463). According to the (003), (006), and (009) reflections, the basal
spacing values were 0.756 nm (NiAl–LDHs) and 0.764 nm (NiFe–LDHs), which coincide well with
the values for CO3

2−-intercalated LDH materials [26]. The Fe-doped LDH films displayed a phase of
lamellar structures with a slightly lower degree of crystallinity and basal spacing (0.755 and 0.762 nm
for Fe-doped NiAl–LDH films and Fe-doped NiFe–LDH films, respectively) which was lower than
that of Fe complex-intercalated LDHs (1.214 nm) [27]. This suggests that the interlayer ion of LDHs
was CO3

2− and that no Fe complex intercalated in the interlayer. According to the (003) crystal plane
spacing, grain size and stacking numbers of LDHs in the direction of the c axis were calculated using
the Scherrer formula. The grain size for NiFe–LDH films and NiAl–LDH films were 43.2 and 33.9 nm,
respectively, whereas the stacking numbers for NiFe–LDH films and NiAl–LDH films were 57 and
45, respectively.

The chemical state of Fe ions in the LDH films was investigated by XPS spectra. The peaks at
726.28 and 712.78 eV are attributed to the 2p1/2 and 2p3/2 spin states of Fe(III) for LDH lamellar
structure [28–32] as seen in Figure 1a. After Fe ion doping, the positions of Fe 2p3/2 were basically
the same (within the experimental uncertainty [33]), while the peaks for Fe 2p1/2 in both LDH films
showed a negative shift of ~0.4 and 0.6 eV, as shown in Figure 1b,c. The mole ratio of Fe/Ni for Fe-doped
NiFe–LDH films and Fe-doped NiAl–LDH films were 0.58:1 and 0.38:1, respectively. The increase in
the mole ratio of Fe/Ni after doping indicates successful doping of Fe ions. No peaks for Fe complexes
(725.0 and 711.5 eV) were observed, confirming that no Fe complex intercalated into the LDH films [28].

 

Figure 1. The high-resolution Fe 2p XPS spectra of (a) NiFe–LDH films, (b) Fe-doped NiFe–LDH films,
and (c) Fe-doped NiAl–LDH films.

As seen in Figure 2, FTIR spectra of all LDH films provide evidence for the presence of intercalated
CO3

2− and interlayered water. After Fe(III) doping, the peak position of CO3
2− moved toward high

frequency (around 1388 cm−1) due to the change in charge density by doping Fe(III) into the LDH
films [34]. No vibration peak (1290 cm−1) for an Fe complex appeared.
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Figure 2. FTIR spectra of (a) NiFe–LDH films, (b) NiAl–LDH films, (c) Fe-doped NiAl–LDH films,
and (d) Fe-doped NiFe–LDH films.

Figure 3 shows morphology images of the LDH films obtained using SEM analysis and suggests
typical sheet-like structures uniformly distributed on the surface of the substrate, thus effectively
solving the problem of powder agglomeration. Figure 3a shows NiAl–LDH sheets intersecting and
aligned vertically on the conductive cloth under the orienting function of NH4F [10]. NiFe–LDH films
also exhibited a similar sheet-like morphology, as seen in Figure 3b, but the sheets were larger and more
loosely distributed. The composition of the LDHs affected the sheet thickness, which was consistent
with the results from XRD analysis. After Fe ion doping, NiAl–LDH and NiFe–LDH sheets displayed
a lamellar structure of similar size. TEM investigation of LDH films revealed the almost transparent,
thin, layered morphology of the sheets, as shown in Figure 4. All HRTEM images exhibited clear lattice
fringes with a d-spacing value of 0.2593 nm corresponding to (012) reflection from the LDHs.

 

Figure 3. SEM images of (a) NiAl–LDH films, (b) NiFe–LDH films, (c) Fe-doped NiAl–LDH films,
and (d) Fe-doped NiFe–LDH films.
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Figure 4. TEM images of (a) NiAl–LDH films, (b) NiFe–LDH films, (c) Fe-doped NiAl–LDH films,
and (d) Fe-doped NiFe–LDH films. Insets are corresponding HRTEMs, scale bar: 2 nm.

The photocatalytic activity in methyl orange degradation under visible-light irradiation was
evaluated, as shown in Figure 5a. All LDH films showed a weak adsorption effect after treatment in
a dark place for 30 min. Figure 5b illustrates the blank experiment—in the absence of catalysts but
under irradiation, showed that a small quantity of methyl orange was degraded Figure 5b. No obvious
photosensitive degradation of methyl orange was observed. The degradation of methyl orange mainly
depends on photocatalytic activity, which tends to increase with increasing irradiation time. In general,
the photocatalytic activity depends on the amount of catalyst. Within a certain range, the use of more
photocatalyst provides higher photocatalytic activity [35]. In our experiments, the degradation of
methyl orange per milligram of LDHs was used to describe the photocatalytic activity. Under 120 min
illumination, the degradation of methyl orange for NiAl–LDH and NiFe–LDH films was 9.1%·mg−1

and 8.4%·mg−1, respectively. When Fe-doped LDH films were used as a photocatalyst, the degradation
of methyl orange decreased.

Figure 5. (a) Photocatalytic activity of methyl orange for LDH films without Ag ions. (b) Effect of Ag
ion concentration on degradation of methyl orange under 120 min illumination. C0: the equilibrium
concentration of methyl orange before irradiation, ΔC: the change in the concentration of methyl
orange after irradiation. (c) FTIR spectra of NiAl–LDH films after photocatalytic experiments and
adsorption experiments.

The Fe(III) ionic radius (64.5 pm) is larger than Al(III) ionic radius (53.5 pm); hence, the replacement
of Al(III) by Fe(III) could increase the distance between metal ions in the layer and reduce the charge
density. This is unfavorable to electron-hole transfer throughout the layered framework, and thereby
leads to a low level of photocatalytic activity as shown in Figure 6a [5,7]. Therefore, NiAl–LDH films
showed better photocatalytic activity compared to NiFe–LDH films. The Figure 6b pathway 3 shows
that after Fe doping, Fe(III) ions act as traps for photogenerated electron-hole pairs and accelerate
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electron-hole pair recombination [36–38], thus decreasing the photocatalytic degradation of methyl
orange by Fe-doped LDH films.

 
Figure 6. Schematic diagram of possible electron transport in (a) LDH films and (b) Fe-doped LDH
films in degradation of methyl orange or a mixed solution of methyl orange and Ag ions. (c) Possible
electron transport between LDHs and Ag nanoparticles.

The photocatalytic activity of LDH films was studied in mixed wastewater containing Ag ions and
methyl orange. The degradation of methyl orange was gradually accelerated when the concentration
of Ag ions increased from 0 to 20 mg·L−1, as seen in Figure 5b. Fe-doped NiAl–LDH films exhibited
the best photocatalytic activity with 20 mg·L−1 Ag ion concentration and 11.92%·mg−1 degradation
rate of methyl orange, which is higher than reported values (degradation of methyl orange for xanthan
gum/TiO2 [35], MnO2-M [39], and WO3/g-C3N4 [40] were 2.3%, 9.5%, and 4.84%·mg−1, respectively).
When the concentration of Ag ions in solution was further increased from 20 mg·L−1, the degradation
of methyl orange decreased slightly due to the light shielding effect of Ag ions adsorbed on the surface
of LDHs.

In the presence of Ag ions, the degradation of methyl orange by LDH films was higher as seen
in Figure 5b. Figure 6, pathway 2 shows Ag nanoparticles were reduced from the solution and
deposited on the surface of the LDH films, which received electrons and promoted the separation of
photogenic electron-hole pairs [41], thus improving the photocatalytic activity of LDH films. That is,
the electron traps of Ag nanoparticles prevented the recombination of electron-hole pairs on Fe(III)
ions. The capture of electrons and holes by Ag nanoparticles and Fe(III) ions promoted the separation
of electron-hole pairs. As a result, when the concentration of Ag ions increased from 0 to 20 mg·L−1,
there was a large increase in the degradation of methyl orange by Fe-doped LDH films, as shown in
Figure 5b.

For comparison, corresponding LDH powders were also prepared. All of the LDH powders
showed similar sheet-like morphology and lamellar structure to that of LDH films, as shown in Figures
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S2 and S3. However, as seen in Figure 5b, the photocatalytic degradation of methyl orange by LDH
powders was lower than that of LDH films, which confirms that the conductive cloth could facilitate
the transportation of photogenerated charges shown in Figure 6a,b, pathway 1 [23]. However, this
comparison is qualitative and we will further study the kinetics of excitons and free carriers in
LDH films, for example, the charge transfer dynamics, to obtain the quantitative properties of LDH
films [42–44]. In addition, LDH films could be easily separated from the solution, providing a simple
method for the recovery of the catalyst.

We also used FTIR spectra to investigate LDH films after photocatalytic degradation and adsorption
experiments, as shown in Figure 5c. After photocatalytic degradation of methyl orange, the peak
intensity of CO3

2− decreased and no obvious peaks for methyl orange were observed. While after
adsorption experiments, some peaks for methyl orange were observed. The differences between
photocatalytic degradation and adsorption experiments confirm that the degradation of methyl orange
in the presence of LDH films was not through adsorption.

The LDH films after the photocatalytic reaction were examined by TEM and EDS. No noticeable
change was observed in the morphology of LDH films before and after the photocatalytic reaction.
LDH films exhibited good stability for the degradation of methyl orange. As shown in Figure 7,
the LDH sheets were transparent to the electron beam, suggesting that they were very thin. The insets
in Figure 7a–c show that after the photocatalytic reaction, the HRTEM images taken from one sheet can
be indexed to the (0 0 10) plane, which matches well with the reported values of the LDH structure.
Figure 7c shows that in the presence of Ag ions, some Ag nanoparticles were observed on the surface
of LDH sheets. The lattice spacing of 0.2083 nm can be indexed to the (200) plane of Ag nanoparticles.
EDS spectra also confirmed the formation of Ag after photocatalytic reaction, as seen in Figure S5.

 

Figure 7. TEM images after photocatalytic reaction (a) NiAl–LDH films, (b) Fe-doped NiAl–LDH
films, and (c) Fe-doped NiAl–LDH films in the presence of 5 mg·L−1 Ag ions. Insets are corresponding
HRTEM images. Scales in insets are 2 nm.

4. Conclusions

LDH films and Fe-doped LDH films with different compositions (Ni, Al, and Fe) on the surface of
conductive cloth were successfully prepared and applied for photocatalytic degradation of methyl
orange in mixed wastewater. All LDH films showed layered structures and were distributed uniformly
on the surface of the substrate. They exhibited high photocatalytic performance and could be easily
separated from the solution, providing a simple method for the recovery of the catalyst. Benefiting from
the electron trap of Ag nanoparticles, the photocatalytic activity of LDH films on methyl orange
was improved, and the Fe-doped NiAl–LDH films presented the best visible-light photocatalytic
performance. Our study indicates that LDH films can be used in the treatment of mixed wastewater
and have broad application prospects for environmental remediation and purification processes.
In order to better realize the application of LDH films in wastewater treatment, further research is
needed, including 1) to explore different conductive substrates with excellent carrier mobility which
could influence the photocatalytic performance of LDHs; and 2) to explore the reducing capacity of
LDH films to other heavy metal ions with different Fermi levels in order to prevent hole-electron
recombination, thereby enhancing photocatalytic activity. Based on such research, the factors affecting
the photocatalytic performance of LDH films can be better understood. By adjusting the structure
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and composition of LDHs, different types of mixed wastewater containing heavy metal ions and
organic compounds can be selectively treated. We envision that our findings will help in further
development of new, improved, and more effective LDH films with enhanced photocatalytic activity
for the treatment of mixed wastewater.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/6/807/s1,
Table S1: XPS Peak positions for Fe3+ obtained from LDH films and Fe-doped LDH films. Figure S1: XRD patterns.
(a) NiAl–LDH films, (b) NiFe–LDH films, (c) Fe-doped NiAl–LDH films, and (d) Fe-doped NiFe–LDH films.
Figure S2: SEM images. (a) NiAl–LDH powders, (b) NiFe–LDH powders, (c) Fe-doped NiAl–LDH powders,
and (d) Fe-doped NiFe–LDH powders. Figure S3: XRD patterns. (a) NiAl–LDH powders, (b) Fe-doped NiAl–LDH
powders, (c) NiFe–LDH powders, and (d) Fe-doped NiFe–LDH powders. Figure S4: EDS elements mapping for
Fe-doped NiAl–LDH films after the photocatalytic degradation in the presence of methyl orange (20 mg·L−1) and
Ag ions (5 mg·L−1). (a) Area without Ag particles, (b) area with Ag particles. Figure S5: EDS spectra for Fe-doped
NiAl–LDH films after photocatalytic reaction in the presence of 5 mg·L−1 Ag ions. (a) Area with Ag nanoparticles,
(b) area without Ag nanoparticles in Figure 7c. Figure S6: N2 adsorption/desorption isotherms of (a) NiAl–LDH
powders and Fe-doped NiAl–LDH powders, (b) NiFe–LDH powders and Fe-doped NiFe–LDH powders.
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Abstract: The synthesis of interconnected nanoporous carbon (NPC) material from direct annealing
of ultra-small Al-based metal–organic complex (Al-MOC) has been demonstrated. NPC presents a
large accessible area of 1054 m2/g, through the Methylene Blue (MB) adsorption method, which is
comparable to the high specific surface area (SSA) of 1593 m2/g, through an N2 adsorption/desorption
analysis. The adsorption properties and mechanisms were tested by various dye concentrations, pH,
and temperature conditions. The high MB accessible area and the good electrical conductivity of
the interconnected NPC, led to a large specific capacitance of 205 F/g, with a potential window from
0 to 1.2 V, in a symmetric supercapacitor, and a large energy density of 10.25 Wh/kg, in an aqueous
electrolyte, suggesting a large potential in supercapacitors.

Keywords: nanoporous carbon; adsorption properties; dye; adsorption models; supercapacitor

1. Introduction

Nanoporous carbon (NPC) materials with large specific surface area (SSA), have been applied in
different fields, especially, as electrode materials and dye adsorbents [1–3]. Dyes are applied in many
different industrial fields, such as paper, textile, rubber, food, leather, cosmetics, plastic, and others.
However, used dyes also become harmful, due to the fact that they can not only reduce light penetration
and photosynthesis in water, but can also contain toxic and carcinogenic chemicals that might be a threat
to human health [4]. Unfortunately, most of the wasted dyes are quite stable in the real environment [5].
Therefore, removing dyes from industrial waste water, through efficient technologies, is quite urgent.
Adsorption is considered as an economical and efficient method. The adsorption method has the
advantages of a simple design, easy operation, and possible regeneration. Methylene Blue (MB) has
become a model cationic dye for dye adsorption investigations [6,7]. Various adsorbents, such as
biomass materials [8–12], carbon nanotubes [13–16], graphene-based materials [17–20], and magnetic
materials [21,22], have been investigated in the field of dye removal. Additionally, researchers always
use the MB adsorption method to test the surface area of carbon samples, which can indicate the
accessible surface of electrodes [23,24].

Carbon materials are also popular as electrode materials, due to their good electrical conductivity,
high power density, and good cycling stability [25–29]. Many efforts have been made in these aspects
to fabricate NPC materials with excellent properties, including a large SSA and high porosity. As it has
been reported, NPC can be synthesized by various methods, such as chemical vapor decomposition
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(CVD), chemical activation, and template methods [30–32]. Among these, the template method has
drawn a lot of interest. Easily acquiring zeolites and mesoporous silica have been effectively used as
templates, for the formation of NPC with different sizes and structures. Metal–organic frameworks
(MOF) have become a new choice of precursors for NPC materials [33–35]. There are two types of
MOF-derived NPC materials, depending on the production process. One induces a secondary carbon
precursor and the other is a direct carbonization of the organic components of MOF. MOF-derived NPC
materials possess a high SSA and a tunable pore size. The tunable pores can provide an appropriate
size for the electrolyte ions and dye molecules diffusion, thus, increasing the accessible area and
providing more physical active sites for the adsorption process. However, the specific capacitance
of the MOF-derived NPC reported so far, is still not satisfactory. Due to the large size of the MOF
template [36,37], it is difficult for electrolyte and ions to transport into the inner or the center of the
micrometer-sized NPC, leaving many inaccessible active sites. Thus, the resultant specific capacitance
is limited, especially under a high charging rate. In this respect, decreasing the MOF size is conducive
to improving the electrochemical performance. Additionally, a proper pore size distribution (PSD) can
also help to improve the capacitance [38].

Herein, we have prepared an interconnected NPC material from a direct carbonization of the
ultra-small Al-MOC. NPC presents a high Brunauer-Emmett-Teller (BET) area, showing an excellent
adsorption capacity for MB. NPC can adsorb MB with a maximum value of 415 mg/g, via a physical
adsorption process, which suggests a large molecular accessible area of 1054 m2/g, very close to the SSA
from the N2 adsorption/desorption analysis (1593 m2/g). The large accessible surface area, together
with the suitable pore distribution (micropores and mesopores) and high conductivity of the NPC,
makes it a good candidate for an electrode material. Hence, a two-electrode supercapacitor has been
designed with the NPC material, exhibiting a large specific capacitance of 226 F/g and an energy density
of 10.25 Wh/kg, in an aqueous electrolyte.

2. Materials and Methods

2.1. Synthesis of NPC

NPC was fabricated from Al-MOC, according to our previous report [2]. In brief, 2 g of the
Al-MOC was heated at 950 ◦C, for 3 h, in Ar atmosphere and then treated with 10 mL 17% HCl,
to remove the metal components. The final product was dried at 105 ◦C and named as NPC. All the
chemicals were purchased from MERCK (Darmstadt, Germany).

2.2. Characterization

Transmission electron microscopy (TEM), High-resolution transmission electron microscopy
(HRTEM) (Tecnai F30, FEI, Eindhoven, The Netherlands), Scanning Electron Microscopy (SEM, Hitachi
SU8020, Tokyo, Japan), X-ray diffraction using Copper K-α with an X-ray wavelength of 1.5406 Å
(XRD, X’Pert PRO Philips diffractometer, Almelo, Holland), and Raman scattering (Renishawmicro,
Renishaw, London, UK; λ = 785 nm) were performed, to characterize the structural properties.
Thermogravimetric analysis (TGA, DTA-Q600 SDT TA, New Castel, DE, USA) was conducted to
determine the composition. The N2 adsorption/desorption analysis (Micromeritics ASAP 2010M,
Boynton Beach, FL, USA) were used to calculate the SSA and the PSD. UV-vis spectrophotometer
(Thermo Scientific, Waltham, MA, USA) was applied to calculate the concentration of MB.

2.3. Adsorption Equilibrium Isotherm

NPC (W: 0.02 g) was dissolved in a constant volume (V: 0.02 L) of MB aqueous solutions, with
different initial concentrations (C0: 100 to 900 mg/L), at 25 ◦C, for 24 h. The MB concentrations in the
supernatant were measured as Ce (mg/L) and the adsorbed dye amounts by NPC (qe, mg/g) were
calculated as follows:

qe =
(C0 −Ce)V

W
(1)
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2.4. Adsorption Kinetics

The adsorption kinetic measurements were carried out by continuously stirring the NPC and MB
solutions (C0: 200, 400, or 600 mg/L). The concentrations of MB (Ct: mg/L) in the supernatant were
checked at preset time intervals (t: min), to calculate the adsorbed MB amount at time (qt, mg/g):

qt =
(C0 −Ct)V

W
(2)

2.5. Adsorption Thermodynamics

To observe the influence of different temperatures on the adsorption capacity, NPC and MB
solutions (500 or 700 mg/L) were placed under different temperatures (25, 35, 45, or 55 ◦C) and stirred
for 24 h. The concentrations of MB and the amounts of MB adsorbed onto the NPC, at equilibrium,
were measured, similar to that of adsorption equilibrium experiments.

2.6. Effect of pH Values

Five different pH values (3.62, 5.14, 7.21, 8.76, and 10.20) were investigated by adjusting the pH of
MB (400 mg/L) solution, with NaOH or HCl (0.1 M).

2.7. Electrochemical Evaluation

NPC (80 wt.%) was mixed with carbon nanotubes (Sigma, Kawasaki, Kanagawa Prefecture,
Japan; 10 wt.%) and polyvinylidenedifluoride (Solvay, Brussels, Belgium; 10 wt.%), and the electrode
(d: 1 cm) was prepared by pressing the mixture at 10 MPa. A two-electrode system was used with
active materials mass of 2 mg. The cyclic voltammetry (CV), galvanostatic charging/discharging
(GCD), and electrochemical impedance spectroscopy (EIS) tests were performed on the EC-LAB
VMP3 workstation (BioLogic Science Instruments, Seyssinet-Pariset, France), with 1 M Li2SO4

aqueous solution.

3. Results and Discussion

The morphology of NPC material is presented by SEM and TEM. Figure 1 shows the TEM images
of the Al-MOC, before (Figure 1a) and after carbonization (Figure 1b). Al-MOC, which had an XRD
pattern (Figure S1) comparable to the MIL-53 (Al) from the report [39], exhibited separated nanocubes
with ultra-small size around 100 nm, while NPC turned into an interconnected three-dimensional bulk
structure, after sintering under high temperatures (Figure 1b). SEM image of NPC also indicated a large
size, after annealing (Figure S2). XRD pattern of the obtained NPC is shown in Figure 1c. The NPC
powder presents the graphitic carbon (002) and (101) diffractions. The presence of (002) diffraction at
2θ = 23◦ shifted to the left, compared to the perfect graphite diffraction at 2θ = 26◦, suggesting that
the NPC sample had a low crystallinity [40]. TGA data (Figure 1d) showed a negligible weight of the
remaining NPC, after heating to 900 ◦C, suggesting a successful removal of alumina.
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Figure 1. TEM images of Al-based metal–organic complex (Al-MOC) (a) and nanoporous carbon (NPC)
(b); XRD pattern (c) and TGA curve (d) of NPC.

Although NPC showed an interconnected structure after high-temperature annealing, the HRTEM
(Figure S3) images still exhibited an amorphous structure. Notably, irregular mesopores can be
found from the agglomerate (Figure S3a–c). In order to achieve the detailed information, the N2

adsorption–desorption isotherm within the relative pressure of 0–1 was measured. The isotherm in
Figure 2a exhibits a typical type IV profile, suggesting the existence of micro-, meso- and macropores.
It was calculated that the SSA of NPC was 1593 m2/g and the total pore volume was 2.49 cm3/g
(Figure 2b), due to the new pores that appeared among the agglomerated complex in bulk NPC.
Raman spectrum (Figure 2c) of the NPC sample showed two peaks at 1324 (D band) and 1580 1/cm
(G band). The D and G bands were ascribed to the disordered carbons and ideal graphitic carbon,
respectively [41]. The intensity ratio ID/IG for the NPC was 1.36, suggesting the disordered nature
for NPC.
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Figure 2. Nitrogen adsorption/desorption isotherms (a), pore size distributions (b), and Raman
spectrum (c) of NPC.
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Encouraged by the large SSA and the well-distributed porous structure, the adsorption properties
of NPC were tested. First, the adsorption process was studied with different dye concentrations.
A fast color fading could be observed with the low-concentration groups, and then the adsorption
equilibrium, proceed slowly with the high-concentration groups. The fast color fading indicated
a fast adsorption rate, which was contributed by the large SSA, as well as the large pore volume.
Figure 3 shows that there was a significant increase of the adsorption capacities, with the first four
concentrations, which grew slowly, with the latter five concentrations. This could be proved by the
well-fitted Langmuir model [42], indicating a monolayer adsorption behavior, which meant that no
further dye adsorption could happen at the occupied site of the NPC. The fitted Langmuir isotherm
could be defined in the following form:

Ce

qe
=

Ce

qmax
+

1
KLqmax

(3)

Figure 3. Non-linear fits of the Langmuir and Freundlich isotherm models, to the Methylene Blue
(MB) adsorption.

From Figure 4a, qmax (mg/g) is the maximum amount of MB adsorbed onto the NPC and the
constant (KL: L/mg) had a relationship to the rate of adsorption. Additionally, the RL parameter which
indicated the adsorption process to be favorable (0 < RL < 1) or unfavorable with the isotherm (RL > 1),
was calculated as follows [43]:

RL =
1

1 + KLC0
(4)

The Freundlich isotherm model which demonstrated a heterogeneous adsorption process [44],
could be written in the following form:

ln qe = ln KF +
1
n

ln Ce (5)

where the constants (KF and n) are related to the intercept and the slope of Figure 4b. The parameters for
adsorption isotherms calculated from the above Equations (3)–(5) are shown in Table 1. The correlation
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coefficient (R2) values indicated that the dye adsorption process was well-matched to both models, but was
better matched to the Langmuir isotherm model. It revealed that the dye adsorption started on both the
homogeneous and heterogeneous active sites of NPC. The heterogeneous sites were from the possible
functional groups contained on the NPC surface. There were negligible differences between the maximum
adsorption capacity (qmax) fitted by the Langmuir model (417 mg/g), and the experimental value (415 mg/g),
which also proved to be a better match to the Langmuir isotherm. According to Table 1, the RL value was
near zero (0.0035), illustrating that the adsorption process was favorable and irreversible. Value n (8.656) in
the range of 1–10, also illustrated that this adsorption was favorable [45,46].

Figure 4. Linear fits of the Langmuir (a) and Freundlich (b) isotherms for the MB adsorption on the
NPC samples.

Table 1. Parameters of the Langmuir and Freundlich isotherms for the adsorption of MB on the
NPC samples.

qmax (mg/g) KL (L/mg) RL KF n R2

Langmuir 417 0.317 0.0035 - - 0.999667
Freundlich - - - 220.256 8.656 0.974407

To study the effect of time, adsorption kinetics was measured by choosing different time intervals.
Adsorption kinetics could also help to quantify the adsorption rate and illustrate the mechanism of
adsorption. The adsorption kinetics of the MB-NPC was obtained by three different MB concentrations
(200, 400, and 600 mg/L). The MB adsorption was rapid in the first 5 min (Figure 5), and then the adsorption
rate gradually slowed down, with the proceeding time. At last, the adsorption achieved equilibrium,
within 2 h. Four kinetics models were applied to figure out the kinetic mechanism of the dye adsorption.
First, the adsorption kinetics was examined by the pseudo-first-order model. The equation is described as
follows [47]:

ln(qe − qt) = ln qe − k1t (6)

Based on the equation, the plots of ln(qe − qt) versus t (Figure 6a) can be used to calculate k1 and
qe. Second, the pseudo-second-order equation can be expressed as follows [48]:

t
qt

=
1

k2q2
e
+

1
qe

t (7)

Based on this equation, qe and k2 calculated from the plots of t/qt versus t (Figure 6b) are
shown in Table 2. The corresponding R2 values in the pseudo-first-order kinetic model (<0,920) are
relatively smaller than in the pseudo-second-order kinetic model (0.999). Moreover, the qe values of
the pseudo-second-order model from the fitted linear plots, are better agreed with the experimental
data than those of the pseudo-first-order model, indicating that, in this work, it was more appropriate
using the pseudo-second-order kinetic model, to describe the adsorption kinetics.
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Figure 5. Effect of contact time on the adsorption capacity of MB on NPC samples.

Figure 6. Linear fits of pseudo-first-order kinetics (a), pseudo-second-order kinetics (b), Elovich kinetic
(c), and intraparticle diffusion (d) models for the adsorption of MB on the NPC samples.

The Elovich model, which can be used to identify chemical adsorption, is described as follows [49]:

qt =
1
β

ln(αβ) +
1
β

ln(t) (8)

where α and β values correspond to the initial adsorption and desorption rate, respectively. As shown
in Table 2, the large α shows the viability of the MB-NPC adsorption, while the low value of β confirms
that the MB-NPC adsorption is essentially irreversible [50,51]. This model, with a low value of R2,
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has a poor linearity (Figure 6c), considering that the mechanism of adsorption did not occur via
chemical adsorption.

Dye adsorption might involve the following three sequential steps—(1) external adsorption on
the sorbent surface, (2) dye diffusion to the sorbent pore or intraparticle diffusion, and (3) chemical
adsorption [7,52,53]. These steps can be investigated by the intraparticle diffusion model described as
follows [54]:

qt=kit0.5+C (9)

Based on this equation, the plot of qt versus t0.5 could be used to calculate the intraparticle
diffusion rate constant (ki: mg/g/min0.5) and C (mg/g) (Figure 6d). The corresponding parameters are
listed in Table 2. As shown in Figure 6d, there are two linear plots, by fitting qt versus t0.5, suggesting
that intraparticle diffusion was involved but was not the predominant mechanism in the adsorption
process. Thus, there might be other factors that could influence the adsorption kinetics [53,55].
The concentrations showed two defined stages (Figure 6d). For all concentrations, the first stage had a
higher slope, indicating the external and boundary diffusion of the dye adsorption on the NPC surface.
The second linear stage showed a drop in the slope, which could be assigned to the intraparticle
diffusion. The C values could be used to evaluate the diffusion resistance, suggesting the thickness of
the boundary layer. The C values showed an increasing trend towards the dye concentrations (Table 2),
which meant that the boundary layer diffusion had a larger effect on the high initial dye concentration.

Table 2. Parameters of the kinetic models for the adsorption of MB on the NPC samples.

C0 (mg/L)

200 400 600
qe,exp (mg/g) 199.36 368.63 404.42

Pseudo-1st-order
qe (mg/g) 1.46 14.44 22.46
k1 (1/min) 0.01887 0.02236 0.01148

R2 0.91945 0.87247 0.90755
Pseudo-2nd-order

qe (mg/g) 199.6 369 404.9
k2 (g/mg/min) 0.000005 0.004877 0.002537

R2 0.999999 0.999996 0.999993
Elovich

α (mg/g/min) - 3.1 × 1015 5.3 × 1017

β (g/mg) 1.261 0.104 0.109
R2 0.69778 0.53520 0.80215

Intraparticle diffusion
Kd 0.01903 0.10303 0.58545
C 199.0359 366.7999 393.3279
R2 0.859991 0.949224 0.983385

Temperature is another important factor for the dye adsorption. The temperature effect
was investigated at 25, 35, 45, and 55 ◦C, with two MB initial concentrations (500 or 700 mg/L).
The thermodynamic equations were as follows:

KD =
qe

Ce
(10)

ΔG = −RTlnKD (11)

ln KD =
ΔS
R
− ΔH

RT
(12)

where KD was the adsorption constant, T (K) is the temperature, R (8.314 J/mol/K) is the gas constant,
and ΔGθ is the change of the Gibbs free energy (kJ/mol), the change of enthalpy ((ΔHθ, kJ/mol), and the
change of entropy (ΔSθ, J/mol/K), which could be calculated from the slope and the intercept of lnKD
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against the 1/T plot (Figure 7). Table 3 shows the thermodynamic parameters obtained from MB-NPC
adsorption. The ΔGθ was negative, proving that the adsorption of MB on the NPC was spontaneous
in the temperature set, and the positive values of ΔHθ confirmed that the adsorption process was
endothermic. Furthermore, ΔGθ changed to more negative values with increasing temperature,
indicating that the MB-NPC adsorption was more favorable at a higher temperature, which could
also be revealed by the increased experimental adsorption, under a higher temperature. In addition,
the values of ΔGθ, within the range of −20–0 kJ/mol, indicated that the mechanism of the adsorption
process was mainly physical adsorption. The ΔSθ was positive, reflecting the randomness at the
solid–liquid interface, during the increasing MB-NPC adsorption.

Figure 7. The plot of lnKD versus 1/T for the adsorption of MB on the NPC samples.

Table 3. Thermodynamic parameters for the adsorption of MB on the NPC samples.

C0 (mg/L) T (K) qe (mg/g) KD ΔGθ (kJ/mol) ΔHθ (kJ/mol) ΔSθ (kJ/mol/K)

500

298 385 3.32 −2.98

20.28 0.078
308 405 4.26 −3.71
318 417 5.05 −4.28
328 439 7.24 −5.40

700

298 414 1.45 −0.92

17.69 0.062
308 447 1.79 −1.46
318 475 2.11 −1.98
328 517 2.83 −2.84

Different pH values of the solution were considered to be another factor in the MB-NPC adsorption.
As the pH values of the wasted water were various in practice, it was necessary to evaluate the effect
of the pH values on the dye removal technologies. The pH values could affect the adsorption capacity
because they could remarkably change the surface charge of the adsorbent. They could also influence
the electrostatic interactions and chemical reaction between adsorbates and the adsorbent on active
sites [56]. In this study, the pH values were changed from 4 to 10 (Figure 8). The adsorption capacity
showed a negligible change within the entire pH region, indicating that the adsorption capacity of the
NPC with MB, was not influenced by this factor.
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Figure 8. Influence of the solution’s initial pH on the MB adsorption onto the NPC.

The electrochemical properties were studied in a full-cell setup, to evaluate the capacitive
performance of NPC, in practice. Using 1 M Li2SO4 aqueous solution as the electrolyte, CV measurement
could be tested in a wide voltage window from 0–1.2 V, at different scanning rates (Figure 9a). The similar
shape for all curves suggested a negligible diffusion limitation in higher scanning rates. The CV curves
showed a little distortion from rectangular, especially at a high scan rate, which might be due to the
porosity saturation [57] and the poor mobility of highly solvated ion Li+ and highly solvated anion
SO4

2− [58]. The specific capacitance derived from the CV, at a scanning rate of 1 mV/s, was calculated
to be 226 F/g (Figure 9c). The large specific capacitance was benefits of the interconnected structure
of the NPC. The interconnected structure could provide a good electron transfer, leading to a good
electrical conductivity. In addition, this interconnected structure, formed from the aggregation of
the ultra-small crystal, could supply the connected pores for a continuous and efficient ion diffusion.
GCD was conducted to evaluate the stability in the potential window from 0 and 1.2 V, in a 1 M
Li2SO4 aqueous solution (Figure 9b). NPC exhibits almost symmetrical triangular shapes within the
wide potential window, implying a reversible capacitive performance, contributed by the electric
double layer supercapacitor (EDLC), and excellent coulombic efficiency. To better analyze the rate
performance of the electrode materials, the GCD curves of NPC, at various current densities from
1 to 20 A/g, were collected. The specific capacitances are 205, 179, 155, 143, and 128 F/g, at current
densities of 1, 2, 5, 10, and 20 A/g, respectively (Figure 9c). The maximum energy density of NPC was
10.25 Wh/kg in aqueous electrolyte, among the highest values published. The Nyquist plot of the NPC
revealed that the electrical conductivity was acquired from EIS measurements. In Figure 9d, from
the intersection in the Z’ axis, the interface contact resistance was as low as 0.12 Ω. The low charge
transfer resistance could be revealed from the small diameter of a semicircle, which benefited from
the interconnected structure. The almost vertical curve in the low-frequency region indicated a fast
ion diffusion and an ideal capacitive behavior. Good cycling stability was another important factor
for capacitors. The electrochemical stability of the NPC was further evaluated at a current density of
10 A/g. Figure S4 shows that there was still a 97.8% retention of capacitance, for the NPC electrodes,
after 5000 cycles, confirming a long lifetime.
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Figure 9. Cyclic voltammetry (CV) curves (a) and galvanostatic charging/discharging (GCD) curves (b)
of NPC; Variations of the specific capacitances (c) of NPC from CV and GCD; Nyquist plots (d) of NPC
(inset shows the Nyquist plots in a high-frequency region).

4. Conclusions

In summary, interconnected NPC was successfully prepared by direct carbonization of the
ultra-small Al-MOC. With a porous structure, NPC had a high SSA (1593 m2/g) and a large dye
adsorption, with a maximum value of 415 mg/g, proceeding the physical adsorption. The equilibrium
adsorption isotherm and the adsorption kinetics have been fully discussed. The adsorption process was
not influenced by the different pH values. Moreover, it was a spontaneous and endothermic process,
proved by the thermodynamic studies. NPC, with an excellent adsorption capacity of MB, was believed
to have excellent capacitive characteristics in supercapacitors, due to its large ion accessible area, good
electrical conductivity, and suitable PSD. NPC exhibited a high specific capacitance of 226 F/g, in a
symmetrical supercapacitor, suggesting a large potential in supercapacitors.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/4/601/s1,
Figure S1. X-ray diffraction (XRD) pattern of Al-based metal-organic complex (Al-MOC) and the peak position
of simulated MIL-53 (Al); Figure S2. Scanning Electron Microscopy (SEM) image of nanoporous carbon (NPC);
Figure S3. (a) Transmission electron microscopy (TEM) image of NPC with mesopores pointed by arrows at the
edge, (b,c) High-resolution TEM images of the thin edges of NPC with mesopores pointed by arrows; Figure S4.
Specific capacitance retention for NPC at a current density of 10 A/g within 5000 cycles.
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Abstract: The use of zinc oxide nanoparticles (ZnO NPs) and polybrominated diphenyl ethers
(PBDPEs) in different products and applications leads to the likelihood of their co-occurrence in
the aquatic system, making it important to study the effect of PBDPEs on the fate and transport
of ZnO NPs. In this study, we determine the influence of PBDPEs (BDPE-47 and BDPE-209) on
the colloidal stability and physicochemical properties of ZnO NPs in different aqueous matrices.
The results indicated the shift in ζ potential of ZnO NP from positive to negative in the presence
of both PBDPEs in all tested waters; however, the effect on the NPs surface potential was specific
to each water considered. The lower concentration of the PBDPEs (e.g., 0.5 mg/L) significantly
reduced the ζ potential and hydrodynamic diameter (HDD) of ZnO NP, even in the presence of high
content of dissolved organic matter (DOM) in both freshwater and industrial wastewater. Moreover,
both BDPE-47 and BDPE-209 impede the agglomeration of ZnO NP in simple and natural media,
even in the presence of monovalent and polyvalent cations. However, the effect of BDPE-47 on the ζ

potential, HDD, and agglomeration of ZnO NP was more pronounced than that of BDPE-209 in all
tested waters. The results of Fourier transform infrared (FT-IR) and X-ray Photon Spectroscopy (XPS)
further confirm the adsorption of PBDPEs onto ZnO NP surface via aromatic ether groups and Br
elements. The findings of this study will facilitate a better understanding of the interaction behavior
between the ZnO NPs and PBDPEs, which can reduce the exposure risk of aquatic organisms to
both pollutants.

Keywords: agglomeration; interaction; organic pollutants; stability; ZnO nanoparticles

1. Introduction

Engineered nanoparticles (ENPs) are used in various fields, because of their unique structural
properties and high reactivity. Among them, zinc oxide (ZnO) NPs is the third extensively produced
ENP, and is used in cosmetics, marine antifouling paints, and packaging. The industrial applications of
ZnO include catalysts, photovoltaic devices, lasers, transducers, and sensors [1]. The global production
of ZnO NPs was around 1600 tons in 2010, which is estimated to increase to 58,000 tons/year by
2020 [2]. Moreover, a recent study [3] reported the concentration of ZnO NPs in wastewater treatment
plant biofilm to be (22–24) μg/Kg, which is anticipated to increase over time. As a consequence, a
considerable fraction of ZnO NPs may enter into water, which may pose a threat to aquatic life and
human health. Previous studies [4,5] indicated the adverse effects of ZnO NPs on different aquatic
organisms, such as zebrafish, sea urchin, algae, bacteria, and plants. A recent study have reported the
toxic effect of ZnO NPs on the organisms living on the ground, which include the accumulation of
tiny NPs in mice liver causing endoplasmic reticulum (ER) stress response [6]. Accordingly, the effect
of ZnO NPs on the reproduction of Folsomia candida and Eisenia fetida showed that the toxicity of
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ZnO NPs highly influenced by soil pH, as the rate of dissolution increased in more acidic soils [7,8].
Moreover, the toxic effects of these NPs on human cells, including damage to DNA and cell membranes,
have also been well reported [9]. Thus, understanding the fate and mobility of ZnO NPs in water is
essential to assess their potential risk in the ecosystem.

The toxicity and colloidal stability of ZnO NPs depend upon several environmental factors, such
as primary particle size, pH, ionic strength (IS), dissolved organic matter (DOM), and extracellular
polymeric substances (EPS) [10–13]. The small size of NPs may cause significant variation in
the aggregation kinetics under various water matrices. Moreover, they are considered stable in
suspension with high capability to convey toxic substance, while large size NPs have a tendency
to form large agglomerates which decrease the dissolution of NPs in solution [9]. Some recent
studies [14,15] demonstrated that ZnO NPs are unstable in waters with high IS (e.g., seawater);
however, high concentration of DOM enhances the colloidal stability. In addition, natural waters may
also contain synthetic organic pollutants resulting from direct or indirect anthropogenic activities.
Among many persistent organic pollutants (POPs), polybrominated diphenyl ethers (PBDPEs) are
mostly used as flame retardants in paints, industrial applications, and other consumer products [16].
Therefore, there are growing concerns regarding the release of PBDPEs into the natural environment
during the usage and disposal of these products. Earlier study [17] has shown the adsorption of
organic pollutants onto the NPs surface in water. Several developed countries have restricted the use
of PBDPEs; however, these pollutants are still found in products manufactured prior to the phase-out
completion in these countries. Moreover, their products are frequently available in countries with
unrestricted use of PBDPEs, thus leading to their risk in the eco-toxicological context [18]. A few
researchers [19,20] have reported the concentration of PBDPEs in surface waters up to 1000 ng/L, while
it has been also found in the atmosphere, sediments, and humans [21–23]. Moreover, the elevated
concentration of organic pollutants such as PBDPEs may lead to their adsorption onto the NPs surface
in an aquatic environment, thus enhancing the overall colloidal stability [24]. After an extensive
literature search, we found that the interaction between POPs and ZnO NPs in water has barely been
touched by the environmental scholars. Moreover, previous studies also seem insufficient regarding
the effect of hydrophobic POPs on the environmental fate and mobility of ENPs in water.

Accordingly, the objective of the present study was to investigate the effect of two widely used
PBDPEs, BDPE-47 and BDPE-209, on the colloidal stability of ZnO NP in aqueous matrices. Moreover,
this work also hopes to assess the influence of POPs on the physicochemical properties of ZnO NPs in
both synthetic and natural waters.

2. Materials and Methods

2.1. Materials and Reagents

The ZnO powder (CAS No:1314-13-2, purity > 97%, see Table S1 of the Supplementary Information
(SI) for detailed properties), and two BDPE congeners 2,2′,4,4′-tetrabromodiphenyl ether (BDPE-47)
and 2,2′,3,3′,4,4′,5,5′,6,6′-decabromodiphenyl ether (BDPE-209) with purity > 97% were purchased
from Sigma Aldrich (St. Louis, MO, USA). Table 1 shows the physicochemical properties of both
BDPEs. The potassium chloride (KCl), magnesium chloride (MgCl2), aluminum sulfate Al2(SO4)3,
hydrochloric acid (HCl), and sodium hydroxide (NaOH) were obtained from Samchun (Samchun Pure
Chemicals Co., Ltd., Pyeongteak-si, Korea). The Synergy water system (Milli-Q, Millipore, Burlington,
MA, USA) was used to produce deionized (DI) water (18.2 MΩ cm−1 resistivity), and it was used in
the preparation of the stock solutions.

2.2. Preparation of Stock Suspension

The stock solution of ZnO NPs was prepared by adding 100 mg of ZnO powder in 1 L of DI water.
The detailed procedure can be found in our previous study [25]. Stock solutions (500 mg/L) of BDPE-47
and BDPE-209 were prepared in anhydrous ethanol and dimethyl sulfoxide (DMSO, purity > 99.5%),
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respectively, by continuous mixing with a magnetic stirrer for 2 h. The ZnO–PBDPEs suspensions were
prepared with a lower ratio of 1:20 (solvent:water) to reduce the effect of solvent during experiments,
and further diluted to achieve the desired concentration.

2.3. Collection of Natural Waters

To investigate the effect of PBDPEs on ZnO NPs stability in synthetic and natural waters,
the freshwater (FW) was prepared in the laboratory, while the industrial wastewater (IWW) was
obtained from metal processing industry (Onsan National Industrial Complex, Ulsan, Korea). Table S2
of the SI shows the major properties of both waters. The concentration of various ions present in
IWW was measured with ion chromatography (861-Advanced Compact IC, Herisau, Switzerland)
using standard methods [26]. The pH and total organic carbon (TOC) of collected samples were
measured with pH meter (HACH-HQ40d portable multi meter, Loveland, CO, USA) and TOC analyzer
(TOC-5000A, Shimadzu Corporation, Kyoto, Japan). In order to remove the particulates, both waters
were filtered using 0.45 μm glass fiber filter.

Table 1. Important properties of the PBDPEs used in the present work.

Property BDPE-209 BDPE-47

Solubility (μg/L) 20–30 1–15
Log kow 6.27–9.98 6.77–6.81

Molecular weight (g/mol) 959.2 485.79
Empirical formula C12Br10O C12H6Br4O

Molecular structure

  

Sources: [22,27,28].

2.4. Effect of PBDPEs on ζ Potential and Size of ZnO NPs

The ENPs stability and their interactions with other molecules in aqueous environment are mostly
controlled by the absolute surface charges of the colloids. The controlled experiments were performed
to investigate the influence of PBDPEs type (BDPE-47, BDPE-209) and concentration ((0–5) mg/L)
on the ζ potential and hydrodynamic diameter (HDD) of ZnO NPs in DI water at pH 7. Moreover,
additional experiments were conducted in synthetic and natural waters to quantify the effect of both
PBDPEs on the ζ potential and HDD of ZnO NPs in these waters.

2.5. Aggregation Kinetics in Various Aqueous Matrix

The aggregation kinetics of ZnO NP was studied through the time-resolved dynamic light
scattering (DLS) method. The predetermined amount of ZnO NPs suspension was added into the
glass vials with known volume of either DI water or electrolyte solution (KCl, MgCl2, and Al2(SO4)3).
Afterwards, the vials were instantly vortexed for 5 s, to ensure complete mixing. Subsequently,
1 mL of the suspension was transferred into a DTS0012 cuvette (Malvern) and then placed in the
Zetasizer sample chamber for hydrodynamic size measurements. Following the same procedure,
further experiments were conducted by adding known concentrations (0–10 mg/L) of BDPE-47 or
BDPE-209, prior to the addition of ZnO NPs in solutions. In order to obtain sufficient signal for
DLS analysis, the ZnO NPs concentration was set to 10 mg/L. Since the higher polydispersity index
(PDI) limits the reliability of particle HDD values, the PDI values above 0.7 in datasets were not
considered [29]. The DLS data were collected in triplicates at 30 s intervals for 30 min at 25 ◦C, while
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pH was adjusted to 7.0 using 0.1 M HCl or NaOH solution. The aggregation kinetics of ZnO NPs in
synthetic and natural waters were determined using Equation (1) as described in earlier studies [30,31]:

ka ∝
1

N0

(
dDh(t)

dt

)
t→0

→ ka.N0 =

(
dDh(t)

dt

)
t→0

(1)

where ka is the aggregation rate constant, and N0 is the initial particle number concentration. The early
stage aggregation period was defined for Dh values equal to, or less than two times of initial Dh [30].

The attachment efficiency α was used to measure ZnO NP aggregation kinetics in various
waters [32]. The α can be determined from the aggregation rate constant (ka) normalized by the
aggregation rate constant (ka)fast in the diffusion-limited regime, as shown in Equation (2):

α =
1
w

=
ka

kafast
=

1
N0

(
dDh(t)

dt

)
t→0

1
(N0) fast

(
dDh(t)

dt

)
t→0, fast

(2)

where (ka)fast shows the favorable suspension condition, where fast, diffusion-limited aggregation
occurs [33].

Furthermore, the intersection of two lines extrapolated through the diffusion-limited and
reaction-limited regimes yields the critical coagulation concentration (CCC) of KCl for ZnO NP [34].
The CCC can be defined as the minimum amount of an electrolyte required to destabilize NP
suspension completely. The value of CCC provides essential information about NPs stability, and can
thus be used to predict the fate and transport of NPs in natural waters [14,23].

2.6. Other Analytical Procedures

The ζ potential of ZnO NPs was measured with Zetasizer (Nano ZS90, Malvern Instruments,
Worcestershire, UK). The instrument was equipped with a 633-nm red laser and was capable of
analyzing particles with diameters ranging from 0.3 nm to 5.0 micron using DLS as the basic principle
of operation, and ζ potential measurement through Doppler electrophoresis. Folded capillary cell
(DTS1060) was used for ζ potential measurements, and disposable low volume polystyrene (DTS0012)
cuvette was used for particle size measurement. The ζ potential (mV) was measured at 25 ◦C with
10 repeated measurements, where the refractive indices of ZnO and water were set to 2.00 and 1.33,
respectively. The absorption spectra of ZnO NPs were determined using UV–Vis spectrophotometer
(Optizen-2120, Mecasys, Daejeon, Korea) in the 250–800 nm wavelength range. The X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, X-ray diffractometry (XRD), and Brunauer–Emmett–Teller
(BET) surface area analysis of the ZnO NPs were done using XSAM HS (KRATOS), D max C III (Rigaku
Corporation, Tokyo, Japan), Jobin Yvon microscope (Horiba, Bensheim, Germany), and ASAP 2020
(Micromeritics, Norcross, GA, USA) respectively. Fourier transform infrared (FT-IR) spectroscopy
(JASCO, FT-IR-4700, Easton, PA, USA) of ZnO and PBDPEs before and after interaction were conducted
to explore the possible attachment of functional groups during the interaction between the two
pollutants. Moreover, XPS analysis of ZnO–PBDPEs complexes was conducted to confirm the presence
of different elements in the structure of ZnO NP after interaction with PBDPEs.

3. Results

3.1. ZnO NP Characterization

Figure 1A shows the FT-IR spectroscopy of pristine ZnO powder, which reveals the broad band at
556 cm−1 corresponding to the stretching vibration of Zn–O bonds [25]. Moreover, the peaks observed
at 1378, 1629, and 3402 cm−1 are attributed to the OH groups and displacement of weakly adsorbed
water molecules on the NPs surface. Figure 1B shows the XPS spectra of pure ZnO, which revealed
that the corresponding binding energies of Zn 2p1/2 and 2p3/2 were 1042 and 1021 eV, respectively [35].
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In addition, the Raman scattering showed peaks at 386 and 441 cm−1, which correspond to A1 (TO)
and E1 (TO) mode (Figure 1C).

  

  

Figure 1. Characterization of the zinc oxide nanoparticles (ZnO NPs) powder (A) FT-IR; (B) X-ray
photoelectron spectroscopy (XPS) survey spectrum; (C) Raman spectrum; (D) XRD spectra expressed
in arbitrary units and counts per second.

The XRD spectrum pattern confirms the crystalline structure of the ZnO NPs (Figure 1D).
In the spectrum, peaks observed at 31.76◦, 34.37◦, 36.24◦, 47.54◦, 56.58◦, 62.85◦, and 67.97◦, were
corresponding to (100), (002), (101), (102), (110), (103), and (112) planes of pure ZnO, respectively.
Therefore, all detectable peaks can be indexed to the ZnO wurtzite structure (JCPDS: 00-036-1451) [36].
In addition, the crystallite size of ZnO NPs was determined using Scherer formula [37], and the
average size of ZnO NPs has been calculated to be 45 ± 2 nm. The detailed description can be
found in (Supplementary Materials, Section 1.1). Furthermore, Figure S1A of the SI shows the
Brunauer–Emmett–Teller (BET) surface area of the ZnO NPs to be around 12.5 m2/g.

3.2. Effects of PBDPEs on the ζ Potential of ZnO NPs

Figure 2 presents the effects of both PBDPEs on the ζ potential of ZnO NPs (10 mg/L) at pH
7 in the absence and presence of the electrolyte. As indicated in Figure S1B of the Supplementary
Information, the ζ potential of ZnO NPs was +12.6 mV, while the isoelectric point (pHiep) was observed
to be approximately 9.2, which is consistent with previous studies [38,39]. The ζ potential of ZnO NPs
became negative upon the addition of BDPE-47 and BDPE-209 (Figure 2A). It is noteworthy that the
higher concentration of both PBDPEs resulted in a further decrease in ζ potential (more negative) of
the ZnO NPs. For example, the significant decrease in surface charge of ZnO NPs in the presence of
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5 mg/L of BDPE-47 and BDPE-209 was found to be −33.2 and −27.1 mV, respectively. However, the
ζ potential of 5 mg/L BDPE-47 and BDPE-209 in DI water was observed to be −50.0 and −42.8 mV,
respectively (Figure 2A).

  

  

Figure 2. (A) ζ potential of ZnO NPs with polybrominated diphenyl ethers (PBDPEs) ((0–5) mg/L) in
DI water. ζ potential of BDPEs and ZnO NPs coated with (5 mg/L) PBDPEs in the presence of (B) KCl;
(C) MgCl2, and (D) Al2(SO4)3 electrolytes.

These results suggest that both PBDPEs interact with ZnO NPs and reverse their surface potential
from positive to negative, thus enhancing the overall colloidal stability [28]. In addition, the adsorption
of both PBDPEs on the ZnO NPs surface might decrease the van der Wall (vdW) forces, and increase
steric hindrance among the NPs [23]. A more prominent effect of BDPE-47 on the ζ potential was
observed as compared to BDPE-209, which might be ascribed to greater electrostatic repulsion and
more steric stabilization.

The effects of various electrolytes ((0–20 mM) KCl, (0–0.5 mM) MgCl2, and (0–0.1 mM) Al2(SO4)3)
on the ζ potential of ZnO NPs in the presence of both PBDPEs (5 mg/L) were investigated (Figure 2B–D).
The presence of all electrolytes significantly increases the ζ potential of ZnO NPs in the presence of
BDPE-47 and BDPE-209. For example, the ζ potential of NPs with BDPE-47 indicated significant
shifts to be −5.0, −4.5, and +7.7 mV at the concentration of each electrolyte, i.e., KCl (20 mM), MgCl2
(0.5 mM), and Al2(SO4)3 (0.1 mM), respectively. The effect of trivalent cations on the ζ potential of ZnO
NPs was more pronounced, as it required 0.1 mM Al2(SO4)3 to reverse the surface charge from (−52.0 to
+7.7) mV with BDPE-47. The possible explanation for such phenomena may be related to the effective
charge screening, due to the adsorption of the cations around the EDL of the NPs [10,13]. Moreover,
according to the Schulze–Hardy rule, higher valence cations, such as Mg2+ and Al3+, have a greater
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ability for charge screening. These results are consistent with a previous studies [40,41], which reported
that trivalent cations effectively compress the EDL of NPs in the solution. Furthermore, the ζ potential
of BDPE-47 and BDPE-209 indicated a similar trend in the presence of each electrolyte (Figure 2B–D).
Our results are in good agreement with earlier studies [14,36] that found charge screening and the
neutralization effect from counterions played a substantial role, in comparison to the compressive
effect of co-ions.

3.3. Effects of PBDPEs on the HDD of ZnO NPs

Figure 3 shows the effects of (5 mg/L) BDPE-47 and BDPE-209 on the HDD and size distribution
of ZnO NPs suspension. Prior to HDD measurement, the influence of solvent on the ZnO NPs
aggregation was determined, which showed that the aggregation kinetics remains the same in the
absence and presence of solvents (Figure S1C of the SI). The ZnO NP suspension obtained in DI water
showed intensity-weighted HDD of 226 nm, which was much larger than the vender-reported primary
particle size (<50 nm). Such observation may be attributed to enhanced vdW forces among the NPs,
thereby forming large NP aggregates in aqueous solution [14]. The HDD of ZnO NPs increased to 278
nm in the presence of BDPE-209; however, HDD remained the same (~235 nm) in the case of BDPE-47
(Figure 3A). Moreover, the size distribution of ZnO NPs in DI water and BDPE-47 showed that NPs
typically exist in the range of 180–250 nm, while in the case of BDPE-209, the size distribution was
found to be between 250 and 350 nm (Figure 3B). These results indicate that the size distribution of NPs
in suspension highly depends upon the aggregation, as well as the magnitude, of the surface coating
of PBDPEs [29]. It is noteworthy that HDD and the size distribution of ZnO NPs slightly increase in
the presence of BDPE-209, which might be ascribed to its higher molecular weight, as compared to
BDPE-47 (Table 1). In addition, the enhancement in size distribution of ZnO NPs in the presence of
BDPE-209 as compared to BDPE-47 and DI water may also suggest the lower colloidal stability of ZnO
NPs in suspension.

 

Figure 3. (A) Hydrodynamic diameter (HDD) of ZnO NPs (10 mg/L) with and without PBDPEs
(5 mg/L) in DI water; (B) distribution by volume (%) of ZnO NPs in the presence of (5 mg/L) of
BDPE-47 and BDPE-209 at pH 7.

3.4. Effects of PBDPEs on ζ Potential and HDD of ZnO NP in Natural Waters

The ζ potential of ZnO NP in FW and IWW was found to be 5.51 and −8.64 mV, respectively
(Figure 4A). The interactions between NPs and organic matter present in IWW resulted in the charge
reversal of ZnO NPs; moreover, the cations present in FW provide an effective EDL compression on the
NPs surface [42]. The addition of low concentration (0.5 mg/L) of both PBDPEs in these waters reduces
the ζ potential of ZnO NP with different degrees (Figure 4A). It can be observed that the ζ potential of
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ZnO NP in FW reduces from 5.51 to −6.8 mV in the presence of 0.5 mg/L of BDPE-47, while it further
decreases upon increasing the BDPE-47 concentration. For example, at higher concentration (10 mg/L)
of BDPE-47 and BDPE-209 in FW, the reduction in surface charge of ZnO NPs was observed to be
−18.5 and −22.0 mV, respectively. Moreover, the results of ζ potential of ZnO NP in IWW showed a
similar trend, which was indicated (−18.0 and −17.4 mV) in the presence of 10 mg/L of BDPE-47 and
BDPE-209, respectively. It is noteworthy that the effect of PBDPEs on the ζ potential of ZnO NP in FW
was more pronounced than that of IWW.

 

Figure 4. (A) The ζ potential and HDD of ZnO NPs coated with different concentrations (0–10 mg/L)
of both BDPEs in freshwater (FW) and industrial wastewater (IWW); (B) size distribution of ZnO NPs
with various BDPE-47 (0, 1, 5, and 10 mg/L) concentrations in FW.

Figure 4A shows significant increases in the HDD of ZnO NPs from 226 to 659 nm in FW and
769 nm in IWW. Moreover, in comparison to DI water, the particle size of ZnO NPs was found to
be in the range of 400–850 nm in FW, and 350–900 nm in IWW (Figures S2A, S3A, and S4A of the
Supplementary Information). This might be attributed to the higher conductivity in FW (150 μS/cm)
and IWW (619 μS/cm), which might result in the formation of large agglomerates. The reduction in
HDD and size distribution was observed upon the addition of both PBDPEs for all tested concentrations
(Figure 4A,B and Figures S2–S4).

For example, the addition of 0.5 mg/L of BDPE-47 reduces the HDD of NPs to 306 nm (FW)
and 493 nm (IWW), which further decrease upon increasing BDPE-47 concentration in these waters.
The higher concentration (10 mg/L) of BDPE-47 and BDPE-209 presented low HDD values of 280
and 385 nm in FW, and 450 and 495 nm in IWW, respectively. This is consistent with our previous
ζ potential observation, which indicated the significant influence of both PBDPEs, even at the high
concentration of DOM present in natural waters (Table S2). It is interesting to note that the more
drastic decrease in HDD of ZnO NPs was observed with the increasing concentration of BDPE-47
in comparison to BDPE-209. The shifts in size range further specify that the smaller size NPs may
form due to the coating of PBDPEs onto ZnO NPs surface in natural waters, which may enhance the
bioavailability and toxicity to the aquatic environment. Therefore, aggregation kinetic studies were
conducted in the presence of various electrolytes to understand the fate and transport of the NPs in
the heterogeneous aqueous environment.

3.5. Effects of PBDPEs on the Aggregation Kinetics of ZnO NP

Figure 5A shows the effects of BDPE-47 and BDPE-209 on the aggregation kinetics (30 min)
of ZnO NPs in the presence of 20 mM KCl in both waters that were studied. It can be observed
that the NPs suspension become unstable in the absence of PBDPEs, as indicated by the higher
HDD value that reached up to 600 nm within the studied period (Figure S5A,B). The addition of
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0.1 mg/L BDPE-47 slightly suppressed the aggregation, thereby reducing the HDD by up to ~500 nm
(Figure S5A). Furthermore, the increase in BDPE-47 concentration to 5 mg/L remarkably suppressed
the aggregation, as well as decreasing the HDD value (220 nm). In contrast, the effect of BDPE-209 on
the aggregation of NPs was found to be insignificant where HDD of ZnO NPs observed ~600 nm, even
at 5 mg/L of BDPE-209 (Figure S5B). Interestingly, the aggregation of NPs was fully suppressed at
higher BDPE-209 concentration (10 mg/L), as shown in Figure S5C. These results suggest the higher
stabilizing ability of BDPE-47 than BDPE-209, even at low concentration. This phenomenon is in good
agreement with our previous observation that the higher adsorption of BDPE-47 molecules onto ZnO
NPs contributes to higher surface charge than for BDPE-209.

 

Figure 5. (A) Aggregation rate constant (ka) of ZnO NPs at various concentrations (0–10 mg/L) of
both BDPEs in FW and IWW; (B) FT-IR spectra of both pristine BDPEs and ZnO NPs coated with
BDPE-47 and BDPE-209; (C) XPS survey spectra of both BDPEs; and (D) ZnO NPs coated with BDPE-47
and BDPE-209.

To further understand the influence of PBDPEs on the colloidal stability, the aggregation rates (ka)
were measured using the kinetic data. In the absence of PBDPEs, the ka value reached to 13.75 nm/min,
while it reduced to 0.87 nm/min at the concentration of 5 mg/L BDPE-47 (Figure S5D). In contrast,
the effect of BDPE-209 on the stability of ZnO NPs was insignificant, even at higher concentration
(5 mg/L). Moreover, a slight decrease in the aggregation rate of ZnO NPs was observed, where the ka

was found to be 10.38 and 9.96 nm/min upon the addition of 0.5 and 1 mg/L BDPE-209, respectively
(Figure S5D). This observation indicated that the sorption of PBDPEs onto NPs surface mainly occurs
via electrostatic forces, thereby affecting the pH and IS of the solution [15]. Another possible reason
might be related to the competitive adsorption behavior between cations and PBDPEs onto the NPs
surface, which increases with the hydrophobicity of the organic pollutant. It is therefore noteworthy
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that the influence of 20 mM KCl on the binding affinity of ZnO NPs was maximum in the presence of
BDPE-209 (for concentration up to 5 mg/L), rather than for the less hydrophobic BDPE-47.

Figure 5A shows the results of the aggregation kinetics and rates (ka) of ZnO NPs in the absence
and presence of PBDPEs in natural waters. It can be observed that the addition of PBDPEs in natural
waters resulted in the decrease in ka values (Figure 5A). The aggregation rate of ZnO NPs in FW
significantly decreased from 17.5 to 7.5 nm/min upon the addition of 1 mg/L BDPE-47; afterwards it
slightly decreased to 6.8 nm/min at a higher concentration of BDPE-47 (10 mg/L). Similar trends have
been observed in FW containing BDPE-209; however, both PBDPEs showed discrepant aggregation
kinetics behavior in IWW (Figure S6). These results indicate that the lower concentration of PBDPEs
may significantly influence the fate and mobility of ZnO NPs, even in waters containing high DOM
concentration. The low solubility (1–30 μg/L) of organic pollutants in water might enhance the stability
of ZnO NPs, thereby reducing the risk of releasing Zn2+ ions into natural water bodies. Moreover, the
extremely high hydrophobicity of BDPE-209 (log Kow = (6.27–9.97)) and BDPE-47 (log Kow = (6.77–6.81))
might facilitate the adsorption of organic pollutant onto ZnO NPs surface in these waters [14,23]. These
results strongly suggest that a low concentration of PBDPEs and other organic contaminants may
adsorb on the NPs surface via hydrophobic ligands, thereby affecting the overall colloidal stability.

The interaction behavior of PBDPEs with ZnO NPs depends upon the surface charges,
physicochemical interactions, and characteristics of PBDPEs. Moreover, vdW forces and hydrogen
bonding might play a vital role during the interactions between NPs and PBDPEs [39]. Figure 5B shows
the FT-IR spectra of ZnO NPs before and after interactions with BDPE-47 and BDPE-209. The peaks
at ~3294, ~2968, and ~2330 cm−1 that appear in ZnO–PBDPEs complex correspond to the stretching
vibrations of OH, and symmetric stretching vibration of aliphatic C–H and C=O, respectively [19,25].
In comparison to the pristine ZnO NPs, a new band was observed at ~1346–1358 cm−1, which is
attributed to the adsorption of PBDPEs onto ZnO NPs surface via aromatic ether (-O-) groups [27,42]
Furthermore, Figure 5C,D, indicate the XPS analysis of PBDPEs before and after the interaction with
ZnO NPs, which further confirm the attachment of Br (present in BDPE-47 and BDPE-209) onto the
ZnO NPs surface [43,44] Therefore, it can be inferred that surface Zn-OH groups (donor) of the NP
and ether (-O-) groups in PBDPEs (acceptor), or induced dipole, might be responsible for the strong
interaction between PBDPEs and ZnO NPs.

3.6. Effects of PBDPEs on ZnO Colloidal Stability

The stability of ZnO NPs was further explored by measuring the CCC of KCl for ZnO NPs
in the absence and presence of PBDPEs in aqueous media (Figure 6). The energy barrier among
the particles is diminished at CCC and electrolyte concentrations above CCC, and hence promotes
the diffusion-controlled aggregation. The commonly used DOM substitute humic acid (HA) was
used to compare the NPs stability with PBDPEs. Different diffusion-limited agglomeration (DLA)
and reaction-limited agglomeration (RLA) regimes were found in the absence and presence of both
PBDPEs (Figure 6). The CCC of KCl for ZnO NPs in the absence of PBDPEs was found to be 1.3 mM.
This has practical implications in natural waters with IS (1–15 mM), suggesting the rapid settling of
ZnO NPs in those environments [10,14]. Moreover, increasing IS weakens the electrostatic repulsion
forces and increase the attractive forces among the NPs, thereby enhance the sedimentation due to
an increase in attachment efficiency [34,45]. Upon the addition of 0.5 mg/L BDPE-47 and BDPE-209,
the CCC of ZnO NPs increase to 6.8 and 11.7 mM KCl, respectively, which indicate the enhancement in
stability of ZnO NPs in the presence of PBDPEs (even at low concentrations). This may be attributable
to the surface coating of organic pollutant onto NPs increasing the steric hindrance, thus reducing
the compression-induced effect of electrolytes [46]. Compared with organic pollutants, the HA
increases the CCC of KCl for ZnO NPs two-fold, i.e., 32 mM. These results are in good agreement
with previous [13,36,39] that affirm that high molecular weight (HMW) compounds such as HA have
higher affinity of sorption onto NPs, due to the presence of several aliphatic and aromatic groups.
These results are also consistent with our previous DLS observation, where BDPE-209 shows an
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insignificant effect on the aggregation of NPs for concentration up to 5 mg/L (Figure S5). Thus, further
experiments were conducted to quantify the effect of different concentration of BDPE-209 on the
CCC of KCl for ZnO NPs (Figure 6B). The slight increase in CCC was observed to be 20 mM KCl
at 3 mg/L BDPE-209 concentration; the CCC becomes 78 mM when the BDPE-209 concentration
reaches 6 mg/L. Similar behavior has been observed in the kinetic aggregation study, where the
stability of ZnO NPs was significantly increased above 5 mg/L BDPE-209 concentration (Figure S5C).
In general, such observations suggest that PBDPEs might improve the colloidal stability of ZnO NPs
in the heterogeneous aqueous environment.

 

Figure 6. (A) Effects of 0.5 mg/L BDPE 47, BDPE 209, and humic acid (HA) on the critical coagulation
concentration (CCC) of KCl, and (B) effects of different concentrations of BDPE-209 on the CCC of KCl
for ZnO NPs (10 mg/L) at pH 7.

3.7. Effects of Electrolyte Type on Aggregation Kinetics

To further understand the effect on the aggregation behavior of ZnO NPs in the presence of
various cations and PBDPEs, additional experiments were performed (Figure 7). The aggregation
kinetics and rate (ka) of ZnO NPs at 1 and 5 mM KCl were found to be 320 and 430 nm, and 7.2 and 12.9
nm/min, respectively (Figures 7A and S6). This might be related to the closeness to the value of CCC
of ZnO NPs for KCl; thus, most of the NPs are unstable under these conditions. Similar observation
was reported in an earlier study [23,39], where enhanced agglomeration was observed in the presence
of K+, as depicted by the larger HDD of NPs. In contrast, lower concentration of MgCl2 (0.5 mM),
Al2(SO4)3 (0.15 mM) significantly destabilized the NPs in solution, as described by their higher HDD
(1250, 1600 nm) and ka (89.3, 92 nm/min) values (Figures 7A and S6B,C). These results are in good
agreement with the recent study [10,38], that demonstrated the greater charge screening ability of
polyvalent cations, thus effectively destabilizing the NPs in suspension.

The addition of PBDPEs suppresses the ZnO NPs agglomeration even in the presence of
electrolytes, regardless of their type and concentration (Figure 7B,D). For example, the addition of
0.5 mg/L of BDPE-47 and BDPE-209 in ZnO NPs suspension containing 5 mM KCl decreases the HDD
to 350 and 370 nm (Figure 7B). Moreover, the value of ka of ZnO NPs decreases to 5 and 7 nm/min in the
presence of both PBDPEs (Figure S7A). The greater decrease in ka value in the presence of BDPE-47 may
be attributable to the higher stabilizing ability, as observed in our previous section results. The addition
of BDPE-209 and BDPE-47in ZnO NPs suspension containing divalent cations (0.5 mM MgCl2) slightly
decreased the HDD of 900 and 700 nm and ka of 71 and 54 nm/min, respectively (Figures 7C and
S7B). However, the effect of BDPE-47 and BDPE-209 in ZnO NPs suspension with trivalent cations
(0.15 mM Al2(SO4)3) on the colloidal stability of NPs was insignificant (Figures 7D and S7C). In general,
the stabilization ability of PBDPEs showed a remarkable effect in the presence of monovalent cations,
as compared to polyvalent cations. This might be related to the competitive adsorption, as well as the
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strong interactive behavior between the contaminants in the ternary environment. However, further
study is needed to confirm this interpretation.

 

Figure 7. Influence of BDPE-47 and BDPE-209 on the aggregation kinetics of ZnO NPs (10 mg/L) in
(A) KCl, MgCl2, and Al2(SO4)3 at different IS ((0–5) mM); (B) monovalent (0–5mM) KCl; (C) divalent
ions ((0.1 and 0.5) mM of MgCl2); and (D) trivalent ions ((0.1 and 0.15) mM Al2(SO4)3) at pH 7.

3.8. Study Significance

This study is the first approach to provide some insight into the interaction behavior of ZnO NPs
in synthetic and natural waters containing different PBDPEs. Several studies study [13,15,25,34], have
described the influence of DOMs on the individual parameters of ENPs. Although the PBDPEs found
in the natural environment are at very low concentration, due to their hydrophobic characteristics,
they are mostly found in the dissolved state. Thus, the large surface area of ZnO NPs may provide
active absorption site to these hydrophobic compounds, and could alter their fate and transport
behavior in natural water bodies. The higher concentration of PBDPEs was used in the present
short-term study to simulate the amount of POPs absorbed onto the ZnO NPs surface for a more
extended period. Moreover, such concentration of PBDPEs (i.e., 0.5 mg/L) facilitates an understanding
of the possible interaction mechanism of PBDPEs with ZnO NPs.

4. Conclusions

In the present work, we investigated the interaction behavior between ZnO NPs and the two
common organic pollutants, BDPE-47 and BDPE-209, in synthetic and natural waters. The results
showed that at similar concentrations, BDPE-47 improved the stability of ZnO NPs suspension more
than did BDPE-209. Moreover, the BDPE-47 imparts a higher surface potential and more effective
surface coating of the ZnO NP, than does BDPE-209. The presence of both PBDPEs suppresses the
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aggregation rate of ZnO due to the electrosteric hinderance effect, even in the presence of monovalent
and polyvalent cations. The FT-IR analysis of ZnO–PBDPEs complexes indicated that aromatic ether
groups of PBDPEs played an essential role in the interactions between the POPs and NPs. The results
of XPS further confirm the attachment of Br onto the ZnO NPs surface. The presence of both PBDPEs
in environmental waters (freshwater and industrial wastewater) results in a discrete adverse effect on
the aggregate kinetics and rate of ZnO NPs. Further research and endeavors will focus on the impact
of other factors, such as media pH, DOM type, etc., on the interaction behavior between PBDPEs and
ZnO NPs in the aquatic system. The findings of this study provide new insights into the enhanced
stability of PBDPEs-sorbed ZnO NPs in natural bodies, which may influence the fate and mobility of
NPs, thereby increasing their exposure risk to aquatic life and humans.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/3/472/s1,
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of both solvents used for dissolving the polybrominated diphenyl ethers (PBDPEs); and (D) hydrodynamic
size distribution of ZnO NPs in DI water after 30 min sonication. Figure S2. Volume distribution of ZnO NPs
(10 mg/L) with different concentrations of BDPE-47 of (A) 0 mg/L; (B) 1 mg/L; (C) 5 mg/L; and (D) 10 mg/L in in
industrial wastewater (IWW). Figure S3. Volume distribution of ZnO NPs (10 mg/L) with different concentration
of BDPE-209 of (A) 0 mg/L; (B) 1 mg/L; (C) 5 mg/L; and (D) 10 mg/L in freshwater (FW). Figure S4. Volume
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(C) 5 mg/L; and (D) 10 mg/L in IWW. Figure S5. Effects of different concentrations (0–5 mg/L) of (A) BDPE-47
and (B) BDPE- 209 on the aggregation kinetics of ZnO NPs (10 mg/L) in the presence of 20 mM KCl at pH 7;
(C) aggregation kinetics of ZnO NPs in DI water containing 0, 5, and 10 mg/L BDPE-209, while inset showing
aggregation rates at same concentrations; and (D) aggregation rates of ZnO NPs at various concentrations
(0–5 mg/L) of BDPE-47 and BDPE-209. Figure S6. Effects of (A) BDPE-47 and (B) BDPE-209 on the aggregation
kinetics of ZnO NPs (10 mg/L) in FW, and (C) BDPE-47 and (D) BDPE-209 on the aggregation kinetics of ZnO NPs
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Table S1. Detailed properties of Zinc oxide nanoparticles used in this study. Table S2. Properties of the synthetic
and natural waters used in the current study.
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Abstract: In the present study, nanoscale rod-shaped manganese oxide (MnO) mixtures were
successfully prepared from graphitic carbon nitride (C3N4) and potassium permanganate (KMnO4)
through a hydrothermal method. The as-prepared MnO nanomixtures exhibited high activity in the
adsorption and degradation of methylene blue (MB). The as-synthesized products were characterized
by scanning electron microscopy (SEM), transmission electron microscopy (TEM), surface area
analysis, X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). Furthermore,
the effects of the dose of MnO nanomixtures, pH of the solution, initial concentration of MB, and
the temperature of MB removal in dye adsorption and degradation experiments was investigated.
The degradation mechanism of MB upon treatment with MnO nanomixtures and H2O2 was studied
and discussed. The results showed that a maximum adsorption capacity of 154 mg g−1 was obtained
for a 60 mg L−1 MB solution at pH 9.0 and 25 ◦C, and the highest MB degradation ratio reached 99.8%
under the following optimum conditions: 50 mL of MB solution (20 mg L−1) at room temperature
and pH ≈ 8.0 with 7 mg of C, N-doped MnO and 0.5 mL of H2O2.

Keywords: hydrothermal method; manganese oxide; adsorption; degradation; nanomixtures

1. Introduction

Water pollution is currently among the major environmental challenges and has attracted
increasing research attention. The wide use of dyes has resulted in organic pollution in water, and
dyes are considered a severe threat to ecosystems [1–6]. As untreated dyes are very active and stable,
adsorption followed by oxidative degradation has emerged as a practical and effective technique to
accelerate the treatment of dye effluent pollution. Thus, the following technological systems have
been developed for the removal of dyes from water: physical adsorption [7], biodegradation [8,9]
and chemical reaction and adsorption [10]. In recent years, photocatalytic decomposition [11–13] and
chemical oxidation reduction have become highly efficient techniques for the degradation of methylene
blue (MB) in water.

Over the last decades, nanomixtures, mostly nanorods/nanotubes-like structured, have been
widely used for contaminant adsorption/removal [14–17]. Cavallaro et al. [15] investigated
comprehensively the effect of anionic surfactants (sodium dodecanoate and sodium dodecylsulfate)
on pristine halloysite nanotubes (HNT), which was beneficial for the solubilization and delivery of
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hydrophobic compounds from such hybrid materials. Recently, the oxidation degradation of dyes in
water using environmentally benign oxidants has attracted considerable attention [18–21]. On this
basis, some nontoxic and low-cost metal oxides have been widely used as catalysts for the oxidation of
organic compounds [22–25]. Huang et al. [26] reported the application of Prussian blue (PB)-modified
γ-Fe2O3 magnetic nanoparticles (PBMNPs) in the degradation of MB. The PBMNPs were used as
peroxidase-like catalysts with H2O2 as the oxidant to completely degrade MB. The optimal conditions
were as follows: pH range of 3 to 10, degradation temperature of 25 ◦C and degradation time of
120 min. However, the preparation process for the PBMNPs was very complicated and involved the
use of toxic chemicals. Wolski et al. [27] investigated the effects of ZnO, Nb2O5 and ZnNb2O6 on the
degradation of dyes, and MB could be completely degraded under optimal conditions. Nevertheless,
the as-reported metal oxides (Nb2O5 and ZnNb2O6) were highly toxic and expensive.

In recent years, the synergistic application of metal oxides and H2O2 as peroxidase-like catalysts
and an oxidant, respectively, in the degradation of dyes has been reported. Metal oxides can catalyze
the generation of active oxygen (such as hydroxyl radicals (HO•), peroxides (HO2

-) and superoxide
anions (HO2

•)) upon H2O2 treatment, and this active oxygen can catalyze the degradation of dyes
in water [28]. Saha et al. reported a novel method to prepare nanodimensional copper ferrite which
exhibited high activity in the degradation of dyes in water with H2O2 as an oxidant [29]. The researchers
used ethylenediaminetetraacetic acid and citric acid as the complexing agent and the fuel, respectively,
in a modified complexometric method to prepare CuFe2O4, which had the capability to degrade 96% of
the total MB. Because of its size-, structure- and morphology-dependent characteristics, and the variety of
unique physical, chemical and functional properties, hausmannite (MnO) has been widely investigated
in the fields of materials science, chemistry and physics. Zhang et al. prepared MnO nanocrystals
of various sizes and shapes by soft-template self-assembly and studied the synthetic conditions and
degradation mechanism of MB with H2O2 treatment [30]. In their report, cetyltrimethylammonium
bromide (CTAB), polyvinyl pyrrolidine (PVP) and P123 were used as structure-directing agents;
manganese sulfate was used as the source of manganese; and the size and shape of MnO could
be controlled by varying the growth time, reaction temperature, surfactant, and manganese source.
The as-prepared MnO showed a very high capacity for (above 99.7%) MB degradation.

Recently, Because of its excellent chemical and thermal stabilities and nontoxicity, graphitic carbon
nitride (g-C3N4) [31–35], a novel 2D material, which was prepared through simple and green pyrolysis
of melamine, has been used in many applications, such as energy conversion, biomedical applications
and hydrogen production. According to the literature, g-C3N4 can absorb aromatic pollutants via the
conjugated π region, which makes g-C3N4 a potential effective adsorbent. In this paper, the preparation
of MnO Nanomixtures through a hydrothermal method with C3N4 as the source of carbon and nitrogen
and potassium permanganate (KMnO4) as the source of manganese was investigated. The effects of
the hydrothermal reaction time, molar ratio of C3N4 to KMnO4, and hydrothermal temperature on the
adsorption capacity for MB were studied. In addition, the adsorption and degradation properties of
the as-prepared product were systematically studied, and thermodynamic and kinetic analyses of the
adsorption–degradation process were performed through experiments.

2. Materials and Methods

2.1. Materials

All reagents were purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd, Shanghai,
China. All reagents were of analytical reagent (AR) grade and were used as received without
further treatment.

2.2. Synthesis of C3N4

C3N4 was prepared by heating melamine (10 g) at 650 ◦C for 4 h in an air atmosphere. After the
heat treatment, a light yellow solid was obtained.
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2.3. Synthesis of MnO Nanomixtures

MnO nanomixtures were prepared via a hydrothermal method with C3N4 as the source of carbon
and nitrogen and potassium permanganate (KMnO4) as the source of manganese. Typically, certain
amounts of C3N4 power and KMnO4 were put into a 100 mL hydrothermal reactor. The molar ratios
of C3N4 to KMnO4 were 2.0, 4.0 and 6.0, and the mass concentration of the reactants (C3N4 + KMnO4)
in the solution was 12%. The hydrothermal temperature was set as 180 ◦C, and the hydrothermal
reaction times were 24 h and 30 h. The as-prepared MnO nanomixtures with a hydrothermal reaction
time of 30 h were denoted MnO-X (X = 2, 4, and 6), where X represents the reactants molar ratio of
C3N4 to KMnO4. The sample prepared with a molar ratio of 4.0 and a hydrothermal reaction time of
24 h was denoted as MnO-24.

2.4. MB Adsorption and Degradation Experiments

In the adsorption experiments, 50 mL of 10−60 mg L−1 MB aqueous solutions containing 5 mg
of the MnO nanomixtures adsorbent were stirred at different temperatures (293.15−333.15 K) and
different pH values (3.0–11.0) for MB adsorption. After an adsorption time of 20–300 min, the adsorbent
solution was centrifuged, and the supernatant was examined by a UV-Vis spectrophotometer (TU-1900,
Beijing Persee Instruments Co. Ltd., Beijing, China) to determine the MB concentration. The maximum
wavelength of MB absorption was observed at λ = 665 nm.

The reusability of the MnO nanomixtures adsorbent was also investigated via 10 consecutive
adsorption/desorption cycles. Briefly, the MnO nanomixtures with MB adsorbed were stirred in 50 mL
of HCl solution (0.1 M) for 120 min, and then, the adsorbent was washed three times with distilled
water. The adsorbed MB was desorbed from the MnO nanomixtures adsorbent, and the recovered
MnO nanomixtures adsorbent was used to adsorb MB in another cycle. This cycle of adsorption and
desorption was performed 10 times. The amount of MB adsorbed (qt) was calculated according to
Equation (1):

qt =
(C0 − Ct)V

W
(1)

where C0 is the initial concentration of MB (mg L−1), Ct is the concentration of MB at contact time t
(mg L−1), V is the volume of the MB solution (L), and W is the weight of the adsorbent (g).

The MB degradation process was carried out in a 100 mL beaker containing 50 mL of a MB
dye solution (20 mg L−1 or 40 mg L−1), 0.5 mL of 30% H2O2, and 7 mg of MnO nanomixtures.
The degradation time was varied from 0 h to 24 h, and the MB concentration was monitored by
a UV-Vis spectrophotometer.

2.5. Characterization

MnO nanomixtures were characterized by X-ray diffraction (XRD, SMART LAB, Rigaku,
Akishima, Japan) with CuKa radiation (λ = 1.54 Å), scanning electron microscopy (SEM, Field Emission
Gun FEI QUANTA FEG 250, FEI Corporate, Hillsboro, OR, USA), transmission electron microscopy
(TEM, HT7700, High-Technologies Corp., Ibaraki, Japan) and X-ray photoelectron spectroscopy (XPS,
ESCALAB 250Xi XPS, Thermo Fisher Scientific, San Jose, CA, USA). The Brunauer−Emmett−Teller
(BET) method was utilized to calculate the specific surface areas (ASAP2420 surface area analyzer,
Micromeritics, Norcross, GA, USA). The pore volume and pore size were calculated from the
adsorption–desorption isotherms using the Barrett−Joyner−Halenda (BJH) model. The total pore
volume (Vtotal) was estimated from the amount adsorbed at a relative pressure (P/P0) of 0.998.
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2.6. Kinetic, Adsorption and Degradation Isotherm Models

The kinetics of the adsorption process were studied through kinetic models in our work.
The pseudo-first-order kinetic model (2) and pseudo-second-order kinetic model (3) were adopted to
fit the experimental data.

ln
(
qe − qt

)
= lnqe − k1t (2)

t
qt

=
1

k2qe
2 +

t
qe

(3)

In these equations, qe represents the equilibrium absorption capacity (mg g−1), qt represents the
absorption amount (mg g−1) at an absorption time of t (min), and k1 and k2 are the pseudo-first-order
rate constant (min−1) and the pseudo-second-order rate constant (g mg−1·min−1), respectively.

The Langmuir isotherm model (4) was adopted to investigate the surface properties, adsorbate
affinity and adsorption capacity of MnO nanomixtures.

Ce

qe
=

1
qmb

+
Ce

qm
(4)

In this equation, qe (mg g−1) is the equilibrium adsorption capacity, qm (mg g−1) is the maximum
adsorption capacity (corresponding to complete monolayer coverage), Ce (mg L−1) is the adsorbate
concentration at the adsorption equilibrium, and b (L mg−1) is a constant. The kinetics of the
degradation process was also investigated via the pseudo-first-order kinetic model (2).

2.7. Thermodynamic Evaluation of the Adsorption Process

The thermodynamics of the adsorption process were obtained from Equations (5)–(7).

Kc =
qe
Ce

(5)

ΔG0 = −RTlnKc (6)

lnKc =
ΔS0

R
− ΔH0

RT
(7)

In these equations, ΔG0 is the standard Gibbs free energy change, ΔH0 is the standard enthalpy
change, ΔS0 is the standard entropy change, qe is the equilibrium adsorption capacity, Ce (mg L−1) is
the adsorbate concentration at the adsorption equilibrium, Kc is the distribution coefficient, R is the
molar gas constant (8.314 J mol−1 K−1), and T is the adsorption temperature (K).

3. Results and Discussion

The XRD patterns of the as-prepared MnO nanomixtures samples are shown in Figure 1.
As presented in Figure 1, the peaks of (111), (200), (220), (311) and (222) were attributed to MnO [36],
which indicated that MnO nanomixtures were successfully prepared via a novel hydrothermal
self-assembly method. We also investigated the effect of the hydrothermal reaction time on the
formation of MnO nanomixtures. We found that other manganese oxides were produced when the
hydrothermal reaction time was less than 30 h. In the experiment, manganese oxide was the only
product when the hydrothermal reaction time exceeded 30 h.

The nitrogen adsorption–desorption isotherms are shown in Figure 2a, and the pore size
distribution curves are shown in Figure 2b. As seen in Figure 2a, all the curves corresponded to
type-IV isotherms, and hysteresis loops could be clearly observed, illustrating the presence of a pore
structure. The high P/P0 of the hysteresis loops indicated a large pore size distribution, which was
in accordance with the pore size distribution curves. As shown in Figure 2b, the as-prepared MnO
nanomixtures samples exhibited a micro-mesoporous structure. The surface properties, consisting of
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the specific surface area (SBET), micropore surface area (Smicro), average pore diameter (Daverage) and
total pore volume (Vtotal), are listed in Table 1. MnO-4 showed the largest surface area and total pore
volume, which were beneficial for adsorption. As presented in Table 1, the molar ratio of C3N4 to
KMnO4 and the hydrothermal reaction time exerted obvious effects on the textural properties, in which
shorter hydrothermal reaction times and higher or lower molar ratios affected the hydrothermal
self-assembly process.

Figure 1. XRD patterns of the as-prepared MnO nanomixtures samples.

Figure 2. Nitrogen adsorption–desorption isotherms (a) and pore size distributions (b).

Table 1. Surface characterization of different samples.

Entry SBET (m2/g) Smicro (m2/g) Daverage (nm) Vtotal (cm3/g)

MnO-2 30.6 6.3 22.81 0.175
MnO-4 38.7 8.5 23.09 0.193
MnO-6 35.5 1.0 21.46 0.127
MnO-24 33.9 1.6 15.97 0.168

SEM images of the as-prepared MnO nanomixtures samples and TEM images of MnO-4 are
shown in Figures 3 and 4. The nanoscale rod-shape of C, N-doped MnO can be clearly seen in Figure 3;
this product was formed via the polymerization of C3N4 and oxidation by KMnO4. As shown in
Figure 3d, the amount of rod-shaped MnO nanomixtures particles in MnO-24 was less than that in
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the other samples, which was caused by the shorter hydrothermal reaction time. When the molar
ratio of C3N4 to KMnO4 was more than 4.0, many linked spherical particles were formed, as shown
in Figure 3c; there particles formed through the polymerization of excess C3N4 in the hydrothermal
process. As presented in Figure 4a,b, nanoscale rod-shaped MnO nanomixtures particles were clearly
observed. The lattice fringe spacing was determined from Figure 4c and was attributed to the presence
of manganese.

 

Figure 3. Images of MnO-2 (a), MnO-4 (b), MnO-6 (c) and MnO-24 (d).

 

Figure 4. TEM images (a,b) and high resolution image (c) of MnO-4.

XPS was performed to analyze the chemical nature of MnO-4; the results are shown in Figure 5.
Figure 5a reveals the presence of C, K, O, N and Mn, which corresponded to peaks at 285 eV, 300 eV,
535 eV, 410 eV and 650 eV, respectively. As presented in Figure 5b, five peaks were observed (284.6 eV,
285.3 eV, 285.9 eV, 287.4 eV and 289.0 eV), and these peaks were attributed to C–N–C, C–C, C–O, C=O,
and O–C=O groups. This result indicated that C3N4 was oxidized by KMnO4 in the hydrothermal
self-assembly process. The peaks shown in Figure 5c corresponded to C=O (531.0 eV), COOH (532.0 eV)
and C–O–C (535.0 eV). As shown in Figure 5d, two peaks [7] were observed at 400.3 eV and 398.8 eV,
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which were assigned to N–C3 and C–N–C, respectively. The presence of N–C3 was beneficial for MB
adsorption [37]. The peaks at 641.8 eV and 653.4 eV corresponded to Mn 2p, which indicated the
presence of manganese.

 
Figure 5. XPS spectra of MnO-4: (a) full-scan spectrum, (b) C 1s spectrum, (c) O 1s spectrum, (d) N 1s
spectrum, and (e) Mn 2p spectrum.

The effect of the different samples on the MB adsorption amount was investigated, and the result
is shown in Figure 6. As seen in Figure 6, MnO-4 and MnO-6 exhibited larger adsorption amounts than
MnO-2, which was attributed to the higher reactant molar ratio of C3N4 to KMnO4. C3N4 introduced
a π-conjugation system in MnO nanomixtures during the hydrothermal process, which could improve
the adsorption capacity. Meanwhile, a moderate dosage of KMnO4 could improve the surface area
to increase the adsorption of MB. From the comparison of the adsorption amounts of MnO-4 and
MnO-24, the hydrothermal reaction time exerted an effect on the adsorption capacity, in which MnO-4
had a higher adsorption capacity of up to 137 mg g−1 in a 20 mg L−1 MB solution at 20 ◦C. The zeta
potentials of MnO-2, MnO-4, MnO-6 and MnO-24 in water were as follows: −29.8 mV, −42.3 mV,
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−37.1 mV, and −34.7 mV, respectively. MB is a cationic dye; thus, the lower the zeta potential is,
the better the adsorption.

 

Figure 6. MB adsorption curves of the as-prepared samples.

The effect of the MB concentration on the adsorption capacity is shown in Figure 7a, in which
the adsorption capacity was observed to increase with the MB concentration. The higher the MB
concentration, the shorter the adsorption equilibrium time was. The MB adsorption efficiency was
up to 96% for an MB concentration of 10 mg L−1 at 150 min. As seen in Figure 7b, an equilibrium
plateau was reached, which indicated that MnO-4 acted as a monolayer adsorbent in MB absorption.
The Langmuir model was adopted to investigate the adsorption process on the MnO-4 surface, and
the results are shown in Figure 7c. The correlation coefficient (R2) of the fitted curve was 0.996, which
indicated that adsorption occurred through a Langmuir process, meaning that it was a monolayer
process. This analysis result was in accordance with the results of Figure 7b.

The effect of the MB solution pH on the adsorption capacity was studied, and the results are
presented in Figure 8, in which the maximum adsorption capacity was achieved with a strong basic
MB solution and the adsorption capacity increased with the solution pH. This result was attributed
to the electrostatic interaction between the MB molecules and MnO nanomixtures. In the previous
discussion, the zeta potentials exerted an effect on the adsorption capacity, as MB is a cationic dye.
In an acidic solution, the zeta potentials of MnO nanomixtures were positive, which inhibited MB
adsorption. In contrast, at lower pH values, the zeta potentials were negative and lower. Therefore,
MnO-4 had a high adsorption capacity in a basic MB solution. Meanwhile, the nitrogen doping of
MnO could improve the alkalinity of the solution, which was beneficial for MB adsorption.

The pseudo-first-order and pseudo-second-order kinetic models were used to analyze the
kinetics of the adsorption process. The theoretical adsorption capacity of MnO-4 calculated from
the pseudo-first-order model was 194 mg g−1, and that calculated from the pseudo-second-order
model was 164 mg g−1 (Table 2), which fit well with the experimental data (154 mg g−1). As shown in
Figure 9, the R2 values obtained from the pseudo-second-order model were better than the R2 values
obtained from the pseudo-first-order model. In conclusion, the pseudo-second-order model was more
suitable for investigation of the MB adsorption process.
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Figure 7. (a) Adsorption curves under different concentrations of MB; (b) adsorption isotherm of
an MB solution in MnO-4; (c) Langmuir isotherm plot for MB adsorption in MnO-4.

Figure 8. MB adsorption capacity of MnO-4 at different pH values.
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Figure 9. Pseudo-first-order kinetic model plot (a) and pseudo-second-order kinetic model plot (b).

Table 2. Parameters of pseudo-first-order kinetic model and pseudo-second-order kinetic model for
the adsorption of MB in MnO nanomixtures.

Entry
Pseudo-First-Order Kinetic Model Pseudo-Second-Order Kinetic Model

K1 qe (mg g−1) K2 qe (mg g−1)

MnO-2 0.019 43.70 0.00031 150.38
MnO-4 0.025 194.03 0.000097 164.12
MnO-6 0.021 122.85 0.00012 111.48
MnO-24 0.022 234.40 0.000047 160.67

MB adsorption experiments were performed at different temperatures, and the results are shown
in Figure 10a. At the same time, the plot of ln Kc versus 1/T for MnO-4 is demonstrated in Figure 10b.
As presented in Figure 10a, a higher adsorption capacity was obtained at a higher temperature, which
indicated that a high temperature was beneficial for MB adsorption. The ΔG0, ΔH0 and ΔS0 values
of MB adsorption on MnO-4 were calculated from Equations (6) and (7) [38] to be −7.4 kJ mol−1,
21.5 kJ mol−1 and 97.0 J mol−1, respectively. The value of ΔG0 was negative, which demonstrated
that spontaneous MB adsorption occurred on the MnO-4 surface. In addition, the value of ΔS0 was
positive, which was attributed to an increase in the chaos at the adsorbent/solution interface during
MB adsorption in MnO-4. In addition, the value of ΔH0 was below 40 kJ mol−1, as demonstrated by
the physisorption of MB in MnO-4, and the positive value indicated that the process was endothermic,
which was in accordance with the experimental results.

 
Figure 10. Adsorption curves measured at different temperatures (a) and the plot of ln Kc versus 1/T
for MnO-4 (b).
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Repeated experiments were conducted to investigate the reusability of MnO-4 for MB adsorption,
and the results are shown in Figure 11. The adsorption capacity was 137 mg g−1 in the first cycle,
and 96% of the adsorption capacity, corresponding to 132 mg g−1, was retained in the last cycle.
Therefore, this reusability indicated that MnO-4 was a good adsorbent for MB. Meanwhile, the
obtained MnO-4 exhibited excellent adsorption capacity, which could be roughly compared with other
reported absorbents shown in Table 3.

 
Figure 11. MB adsorption capacities of MnO-4 in 10 adsorption cycles.

Table 3. Comparison of the adsorption capacities of different absorbents from previous reports with
that of C, N-MnO-4.

Adsorbent mg g−1 Reference

Wheat shells 21.5 [39]
Chitosan-modified zeolite 37 [40]

Fe3O4@Ag/SiO2 nanospheres 128.5 [41]
α-Fe2O3@carboxyl-functionalized yeast composite 49.5 [42]

N, O-codoped porous carbon 100.2 [43]
Kaolin 52.7 [44]

C, N-doped MnO 154 Present work

The degradation efficiency of MB in MnO nanomixtures was investigated in this work. As shown
in Figure 12a, MnO nanomixtures exhibited high degradation efficiency under different MB
concentrations (99.8%, ≈142 mg g−1 at a MB concentration of 20 mg L−1). As presented in Figure 12b,c,
the MB solution exhibited a sharp absorption band at 656 nm in the UV-Vis spectrum, and this
absorption band obviously decreased with increasing degradation time. The degradation kinetics were
well fitted by the pseudo-first-order model shown in Figure 12d, and the theoretical De (the degradation
amount at the degradation equilibrium) value was 146 mg g−1, which was in good agreement with the
experimental data. This analysis result indicated that the pseudo-first-order model could effectively
describe the MB degradation process in MnO nanomixtures [45–52].
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Figure 12. MB degradation curves under different MB concentrations (a); UV-Vis spectra of 20 mg L−1

MB after various degradation times (b); UV-Vis spectra of 40 mg L−1 MB after various degradation
times (c); and pseudo-first-order kinetic model plot of the degradation process (d).

The degradation mechanism of MB in MnO nanomixtures was proposed (Figure 13). Active
superoxide anions and/or peroxide species could form in the H2O2-MnO system according to previous
reports [16,53], and these species could oxidize MB. As shown in Figure 13, H2O2 was used as an
oxidant to form various superoxide anions and peroxide species, and C; N-doped MnO was used
as a catalyst to catalyze the decomposition of H2O2. Mn(III)/Mn(II) played an important role in
the MB degradation process and contributed to ideal MB degradation in C, N-doped MnO. Present
obtained MnO nanomixtures demonstrated potential applications in self-assembled materials design
and composites for wide applications [54–65].

 

Figure 13. Degradation mechanism of MB in MnO nanomixtures.
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4. Conclusions

In summary, novel nanoscale rod-shaped MnO nanomixtures were successfully prepared via
a hydrothermal self-assembly method with C3N4 as the source of carbon and nitrogen and potassium
permanganate (KMnO4) as the source of manganese. The as-prepared materials exhibited good
MB adsorption and degradation with H2O2 as the oxidant. The maximum adsorption capacity
was 154 mg g−1, and the optimum degradation efficiency was 99.8%. The adsorption process was
very well fitted by the pseudo-second-order model, and the degradation process was very well
fitted by the pseudo-first-order model. MB adsorption occurred through physicorption, and MB
degradation was caused by a chemical reaction. Meanwhile, MnO nanomixtures exhibited excellent
reusability. The as-prepared MnO nanomixtures are potential and effective materials for extensive
pollutant removal.
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Abstract: Increasing concerns regarding the adverse effects of radioactive iodine waste have inspired
the development of a highly efficient and sustainable desalination process for the treatment of
radioactive iodine-contaminated water. Because of the high affinity of silver towards iodine
species, silver nanoparticles immobilized on a cellulose acetate membrane (Ag-CAM) and biogenic
silver nanoparticles containing the radiation-resistant bacterium Deinococcus radiodurans (Ag-DR)
were developed and investigated for desalination performance in removing radioactive iodines
from water. A simple filtration of radioactive iodine using Ag-CAM under continuous in-flow
conditions (approximately 1.5 mL/s) provided an excellent removal efficiency (>99%) as well as
iodide anion-selectivity. In the bioremediation study, the radioactive iodine was rapidly captured by
Ag-DR in the presence of high concentration of competing anions in a short time. The results from
both procedures can be visualized by using single-photon emission computed tomography (SPECT)
scanning. This work presents a promising desalination method for the removal of radioactive iodine
and a practical application model for remediating radioelement-contaminated waters.

Keywords: bioremediation; desalination; membrane; nanocomposite; radioactive iodine;
silver nanomaterials

1. Introduction

In recent decades, radioactive isotopes have widely been used for industrial and medical
applications that have introduced drastic quantities of radioactive toxic pollutants to the
environment [1,2]. Among many radioactive isotopes, large amounts of after-use radioactive iodine
species (iodines) have been discarded following applications in radiation therapies and biomedical
studies [3–8]. Moreover, the recalcitrant characteristics of exposed radioactive materials contribute
to serious adverse effects such as acute diseases, metabolic imbalances, and genetic mutations [9–14].
Thus, the development of sustainable treatment methods for the removal of radioactive iodines is
necessary for public health and environmental safety.

Nanomaterials 2018, 8, 660; doi:10.3390/nano8090660 www.mdpi.com/journal/nanomaterials82
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Many engineered nanomaterials have been used as adsorbents in nuclear waste treatment because
of their large surface area. In addition, these materials possess high reactivity towards specific
radioactive elements without additional chelating molecules [15]. Among them, silver metal-based
materials have widely been used in the desalination of radioactive iodine wastes because of the high
affinity of silver towards iodine species [16–30]. In a typical desalination procedure, these adsorbents
should immerse in contaminated water for the removal of radioactive iodine, and thus radioactive
elements-containing solid wastes generated by this process need to be separated from water [31].
Therefore, time-consuming processes such as centrifugation was required to harvest unsettled
silver nanoparticles (AgNPs) and reprocess radioelement-contaminated solid adsorbents. Moreover,
nano- or microscale silver materials are aggregated easily under high salt concentrations, causing
physicochemical property losses [32,33].

Together, these observations inspired the design of a more efficient and stable silver particle-based
desalination method for the removal of radioactive iodine waste in two ways by the incarceration
of silver-based adsorbents. First, AgNPs were immobilized on a cellulose acetate membrane (CAM)
and evaluated for desalination performance in a continuous-flow system. If radioisotopes are
existed in homogeneous aqueous media, the engineered membrane can easily be applied to the
separation step. However, when significant slurry or insoluble materials are contained in liquid
contaminants, membrane-based equipment is unsuitable for purification procedures. In such cases,
the bioremediation could be considered for an alternative process, as this method has some advantages
over the membrane-based method, including: (1) possibility for on-site remediation; (2) removal of
complexed radioelement contaminants by simple genetic engineering; and (3) easily scaled remediation
processing. Therefore, as a second method, we report biogenic AgNP-containing radiation-resistant
bacterial cells as efficient adsorbent carriers for use in a novel bioremediation platform.

2. Materials and Methods

2.1. General Methods

Silver nitrate, sodium borohydride, trisodium citrate, and sodium iodide (non-radioactive)
were purchased from Sigma-Aldrich Korea (Yongin, Republic of Korea). CAMs (pore size = 0.20 μm,
diameter = 25 mm) were purchased from Advantec MFS. [125I]NaI was supplied by New Korea
Industrial Co., Ltd. (Daejeon, Republic of Korea). The radioactivity of 125I was measured by using
a radioactivity dose calibrator (Capintec, Inc., Florham Park, NJ, USA) and a radio-thin-layer
chromatography (TLC) scanner (Bioscan, AR-2000, Poway, CA, USA). The amount of radioactivity
was determined by using a γ-counter (PerkinElmer, 2480 Automatic γ-counter, Waltham, MA, USA).
Single-photon emission computed tomography/computed tomography (SPECT/CT) images were
obtained by using an Inveon SPECT/CT system (Siemens, Erlangen, Germany). Silver nanomaterials
on the CAMs and the surfaces of bacteria were observed using a field-emission scanning electron
microscope (FE-SEM, Inspect F50, FEI, Mahwah, NJ, USA) under high-performance conditions with
accelerating voltages reaching 15 kV. The elemental composition of the silver nanomaterials was
analyzed by SEM-energy-dispersive X-ray (EDX) (EDAX Apollo XL, AMETEK, Mahwah, NJ, USA)
analysis with accelerating voltages reaching 20 kV. EDX spectra were recorded in area scanning mode
by focusing the electron beam onto a region of the sample surface.

2.2. Synthesis of Citrate-Stabilized AgNPs

AgNPs with the average diameter of 30 nm were synthesized as described in the previous
report [34]. In brief, solutions of sodium borohydride (NaBH4, 2.08 mM) and trisodium citrate (TSC,
Na3C6H5O7, 2.08 mM) were mixed and the resulting solution was heated to 60 ◦C in the dark for
30 min. After heating, 2 mL of silver nitrate (AgNO3, 1.17 mM) was added dropwise and then the
temperature was raised to 90 ◦C. When the temperature reached 90 ◦C, the pH was adjusted to 10.5 by
adding 0.1 M NaOH solution. The resulting solution was then heated for 20 min. After the suspension
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was cooled to room temperature, the concentration of AgNPs was measured by using ultraviolet-visible
(UV/vis) spectrometry (concentration = 7.0 × 10−10 M with an extinction coefficient of 1.45 × 1010 at
the peak of 406 nm with a 1-cm path length). The solution was stored at 4 ◦C. The mean diameter of
citrate-stabilized AgNPs was approximately 30 nm [35].

2.3. Preparation of the Ag-CAM

The commercially available CAM filter (pore size = 0.2 μm, diameter = 25 mm) was washed
with 10 mL deionized water using a syringe. Next, 5 mL of citrate-stabilized AgNPs (7.0 × 10−10 M),
was passed through the filter using a syringe at the rate of 1 mL s−1. The membrane filter was then
washed with pure water three times, yielding a yellowish-brown colored filter. This Ag-CAM filter
was kept under ambient conditions until testing in the desalination experiment. To analyze the surface
of Ag-CAM by SEM-EDX, the composite membrane was isolated from the filter unit.

2.4. Desalination of Radioactive Iodine Using Ag-CAM Filter Unit under Continuous In-Flow Conditions

To evaluate the efficiency of the Ag-CAM filter unit under continuous-flow conditions, [125I]NaI
(3.7 MBq) was diluted with 50 mL aqueous media (pure water, 1.0 M NaCl, 1× phosphate-buffered
saline (1× PBS), 10 mM NaI). Each aqueous radioactive iodine solution was then passed through an
Ag-CAM at an in-flow rate of approximately 1.5 mL s−1 by using a syringe pump or by hand using
lead gloves. The amount of residual radioactivity in the filtrate was measured by using a γ-counter.

The removal efficiency (%) was defined by the following equation to assess the adsorption
capability of the Ag-CAM towards radioactive iodine:

Removal efficiency (%) = (C0 − Ce)/C0 × 100 (1)

where C0 and Ce represent the initial (before filtration) and equilibrium (after filtration) concentrations
of radioactive iodine, respectively.

The distribution coefficient (Kd) was determined using the following equation:

Kd = (C0 − Ce)/Ce × V
M

(2)

where C0 and Ce represent the initial and final concentrations of radioactive iodine, respectively;
V denotes the volume of radioactive iodine solution (50 mL); and M is the mass of the adsorbent
(0.1 mg AgNPs).

2.5. Preparation of Silver Nanomaterial-Containing Deinococcus radiodurans R1

Biogenic AgNPs were obtained using Deinococcus radiodurans cells as previously described [36,37].
In brief, D. radiodurans strain ATCC13939 was inoculated in a tryptone glucose yeast extract (TGY)
liquid medium until the sample reached the optical density at 600 nm (OD600) of 1.0. After cultivation,
silver nitrate was added to the cell cultures adjusted to the final concentration of 2.5 mM and incubated
for 24 h at 30 ◦C. The cultures were centrifuged at 4000 rpm for 30 min, and the resulting pellets were
washed three times with deionized water. The pellets were then re-suspended in 5 mL deionized water
and used for further analysis.

The absorption spectrum of AgNP-embedded D. radiodurans (Ag-DR) was monitored by a UV/vis
spectrophotometer (Epoch Microplate Spectrophotometer, BioTek Instruments, Daejeon, Republic
of Korea) from 400 to 800 nm. The dynamic light scattering (DLS) analysis of the biogenic AgNPs
was performed as described previously [34]. For analysis by SEM-EDX, the samples were fixed with
2.5% glutaraldehyde solution and then dehydrated with 30%, 50%, 70%, 80%, 90%, 95%, and 100%
ethanol (EtOH). After dehydration, samples were freeze-dried overnight. The prepared samples were
subjected to FE-SEM after platinum coating using ion sputtering for 1 min and the morphology and
existence of AgNPs were observed.
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2.6. Remediation Procedure of Radioactive Iodine Using Ag-DR

[125I]NaI solution (3.7 MBq) was added to the Ag-DR suspension in aqueous media (water or
1× PBS). The mixture was shaken on an orbital shaker. At each time point of 1, 5, and 15 min,
an aliquot (0.5 μL) was withdrawn from the Ag-DR solution and spotted onto a silica-coated thin-layer
chromatography (TLC) plate. The TLC plate was then developed using acetone as the mobile phase.
After the solvent traveled to the top of the plate, the TLC plate was cut in half. The radioactivity of
each piece was measured by using a γ-counter. The retention factor (Rf) values of free 125I− in solution
and 125I− in Ag-DR were 0.8 and 0, respectively. Therefore, the removal efficiency (%) was defined by
the following equation to evaluate the desalination performance of Ag-DR:

Removal efficiency (%) = C0/(C0 + CI) × 100 (3)

where C0 and CI represent the amounts of radioactivity at the bottom (Rf = 0) and higher position
(Rf = 0.8), respectively.

2.7. SPECT/CT Imaging of Radioactive Iodine Captured by Ag-DR

Radioactive iodine ([125I]NaI, 3.7 MBq) was diluted with 50 mL of pure water. An aqueous
radioactive iodine solution was then passed through the CAM or Ag-CAM. After the filtration
procedure, the radioactivity in the membrane filter was imaged by SPECT/CT scanning.

Radioactive iodine ([125I]NaI, 3.7 MBq) was added to both Ag-DR and a wild D. radiodurans
sample; each solution was shaken at room temperature for 15 min. Some of the cells were then
transferred to a 1.5-mL tube and centrifuged for spinning down of the cells. Molecular imaging was
performed by SPECT/CT.

3. Results and Discussion

3.1. Preparation of Ag-CAM

The main strategy for the desalination of radioactive iodines using silver nanomaterials is
described in Figure 1. To examine the removal efficiency of radioactive iodine under continuous-flow
conditions, the Ag-CAM filter is fabricated (Figure 2A,B). The immobilization of AgNPs on the
CAM yields a homogeneous yellowish-brown color. The AgNPs incorporated in the filter unit were
sustained stably without aggregate formation or elution from the membrane by continual washing
with high-concentration salt solutions such as 1.0 M NaCl. Notably, Ag-CAM could be stored for
several weeks without loss of stability or desalination performance. The hydroxyl and carbonyl groups
in the polymeric cellulose acetate apparently efficiently stabilize the novel metal nanoparticles on the
membrane [38,39]. SEM analysis of the surfaces of the Ag-CAM and CAM show that the nanomaterials
are incorporated stably on the cellulose nanofibrils (Figure 2C,D). Elemental analysis of the membrane
using EDX spectroscopy showed a set of peaks representing silver, along with carbon and oxygen
atoms from the carbohydrate units in the cellulose polymer. These analyses verify the successful
preparation of the composite membrane. The adsorption capacity of iodide anions on the Ag-CAM
filter with a surface area of 4.91 cm2 was measured as approximately 31 mg of I−/g of AgNPs.
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Figure 1. (A) Desalination of radioactive iodine by using Ag-CAM; and (B) bioremediation procedure
of radioactive iodine anions using Ag-DR.

Figure 2. Characterization of Ag-CAM: (A) Photographic images of the CAM filter (left) and Ag-CAM
(right) prepared using a syringe filter; (B) photographic images of the CAM (left) and Ag-CAM (right)
prepared using a vacuum filter holder; (C) SEM–EDX analysis of the CAM (40,000×); and (D) Ag-CAM
(100,000×). Yellow arrows in the images indicate AgNPs on cellulose fibers.

3.2. Desalination of Radioactive Iodine Using Ag-CAM

The removal efficiency of Ag-CAM was investigated in the continuous-flow system. The filtration
process was performed as shown in Figure 1A. The radioactive iodine solutions (typical concentration
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of 1.0 nM, 3.7 MBq/50 mL) were passed through the Ag-CAM at an in-flow rate of 1.5 mL s−1;
the amount of radioactivity in the filtrate was then measured using a γ-counter. After a single
filtration step, the concentration of 125I− in pure water is dramatically decreased from 1 to 0.004 nM
(Figure 3A). The removal efficiency reaches 99.6% and the distribution coefficient (Kd) exceeds
106 mL g−1. However, the unmodified CAM does not remove radioactive iodine under the same
operation. The Ag-CAM maintained excellent removal efficiency under the presence of high
concentrations of competing anions (1.0 M NaCl and 1× PBS). An excellent removal efficiency (99.5%)
is observed in 1.0 M NaCl solution, in which the ratio of Cl− to 125I− anions ([Cl−]:[125I−]) reached
109:1. However, in the presence of excess non-radioactive iodine, most radioactive iodine passed
though the column, because the AgNPs immobilized on the CAM are covered with 127I− anions.
The desalination results are further visualized by SPECT/CT scanning. After filtering the [125I]NaI
solution, the radioactive species, initially detected in the aqueous solution, is efficiently captured by
the nanocomposite membrane (Figure 3B). However, the CAM filter unit captures no iodide anions
via the same operation (Figure 3C). Thus, these images also confirm the Ag-CAM-mediated removal
of radioactive iodine in a continuous-flow aqueous system. The nanocomposite membrane used in
this study offer a simpler and more practical method to efficiently capture radioactive species from
various aqueous solutions. By a simple filtration process, the amount of radioactive iodine in water
is reduced significantly, with a removal efficiency of ≥99.5% in the presence of competing anions.
In addition, the desalination of 50 mL of aqueous solution can be accomplished in 1 min. These results
compare favorably with our previous report, which applied gold nanoparticles as adsorbents for
radioactive iodine [40]. In the previous study, approximately 1.6 mg of gold was necessary to prepare
the desalination membrane filter [41]; the present method uses approximately 0.1 mg AgNPs to achieve
high desalination performance. Because silver is much cheaper than gold, the proposed Ag-CAM is
more practical for the treatment of radioactive iodine wastes.

Figure 3. (A) Desalination of radioactive iodine using Ag-CAM in several aqueous solutions; (B) SPECT
image of post-filtration non-modified CAM; and (C) SPECT image of post-filtration Ag-CAM.

3.3. Remediation of Radioactive Iodine Using Ag-DR

In general, the most important feature of a water treatment system is its direct applicability to
a polluted environment. Although silver metal-based adsorbents show high removal efficiencies,
they have physical and spatial limitations for on-site remediation [36]. Meanwhile, bioremediation
has certain advantages over physicochemical methods, including cost-effectiveness, eco-friendliness,
and practicality [42]. Thus, bioremediation is considered as an alternative to previous physicochemical
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treatment processes. However, no reports on the application of biogenic silver nanoparticles on the
desalination of radioactive iodine wastes exist. This may be because of the high radiation dose emitted
by radioactive iodine. Thus, treatment of radioactive iodine wastes using AgNPs immobilized in the
radiation-resistant extremophile D. radiodurans was investigated (Figure 1B).

During the culturing of D. radiodurans with 2.5 mM AgNO3, the color of the culture broth gradually
changes from light orange to pale gray with increasing incubation time (Figure 4A). The UV/vis
spectrum of the culture broth shows an absorption peak at 400–450 nm, indicating the formation
of silver nanomaterials in the D. radiodurans strain (Figure 4B). The dynamic light scattering (DLS)
analysis of nanomaterials isolated from D. radiodurans showed silver nanomaterials of approximately
30 nm in size. In addition, SEM-EDX analysis also clearly displays the silver nanomaterials synthesized
by the bacterial cells (Figure 4C).

Figure 4. Characterization of Ag-DR: (A) Photographic image of D. radiodurans (left) and Ag-DR (right);
(B) UV/vis spectra of D. radiodurans and Ag-DR; and (C) SEM image of D. radiodurans (left, 50,000×),
Ag-DR (center, 50,000×), and EDX analysis of Ag-DR (right). Yellow arrows in the images indicate
AgNPs on D. radiodurans.

Next, to investigate the desalination efficiency, radioactive iodine (3.7 MBq [125I]NaI) was added
to Ag-DR and wild D. radiodurans (~109 cells). The amount of radioactivity captured by the Ag-DR
was then analyzed by a γ-counter and each experiment was performed in triplicate. As shown in
Figure 5A, Ag-DR shows rapid uptake kinetics at the beginning of incubation; >97% radioactivity
is captured by Ag-DR in 1 min. After overnight incubation (18 h), almost all iodine anions are
stably retained in the Ag-DR, suggesting that Ag-DR provides efficient and sustainable remediation
process. Meanwhile, D. radiodurans with no silver adsorbents show only non-specific retention of
radioactive iodine. Although the remediation kinetics are slowed (84% in 15 min) in the presence
of high concentrations of competing ions (1× PBS), the removal efficiency of 95% is obtained over a
prolonged incubation time (18 h). Furthermore, the kinetics of the removal of radioactive iodine mostly
depends on the amount of Ag-DR as can be seen in Figure 5B. However, a desalination efficiency of
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~90% is obtained with a smaller amount of Ag-DR (0.1×) in a short time. We also investigated the
removal capability of freeze-dried Ag-DR, considering the portability of the bacteria. Suspensions of 5,
10, 50, and 100 mg freeze-dried Ag-DR were mixed with equal amounts of radioactive iodine solution.
As shown in Figure 5C, faster adsorption kinetics occurs with higher bacterial cell levels. After 15 min,
satisfactory removal efficiency (>97%) is obtained with 5 mg freeze-dried Ag-DR.

To further confirm the bioremediation process, a molecular imaging study was performed using
SPECT imaging. Radioactive iodine (3.7 MBq) was added to both Ag-DR and wild D. radiodurans
and incubated for 15 min at room temperature. As shown in Figure 5D, the SPECT imaging
analysis shows a strong radioactive signal at the bottom of the Ag-DR sample, exactly overlapping
with photograph of the Ag-DR. However, D. radiodurans alone does not capture 125I− ions; thus,
most of the radioactivity retains in the supernatant. These observations clearly demonstrate that
the AgNP-containing bacterial cells successfully capture the radioactive 125I− ions. Although the
Ag-DR shows good desalination performances, more successful examples of microbial bioremediation
processes can be expected through guided strain development integrated with bioprocess engineering
and systematic biotechnology.

Figure 5. (A) Removal efficiency of Ag-DR in water and 1× PBS; (B) uptake kinetics for removal
of radioiodine using smaller concentrations of Ag-DR in water for 15 min (OD = optical density at
600 nm); (C) removal efficiency of freeze-dried Ag-DR in water for 15 min; and D) photographic and
SPECT/CT images of Ag-DR and D. radiodurans after 125I− incubation.

4. Conclusions

In the present study, we developed a desalination process for the removal of radioactive iodine
from water. First, an Ag-CAM filter was constructed and tested regarding its removal efficiency of
radioactive iodide ions (125I−). It showed the removal efficiency and distribution coefficient (Kd) of
>99.6% and 106 mL g−1, respectively. Next, biogenic AgNP-containing D. radiodurans was developed
as a platform strain for on-site bioremediation. Approximately 3.7 MBq of radioactive iodine was
successfully captured by the biogenic AgNPs immobilized in the cells within 15 min. Consequently,
it is expected that the immobilized silver nanomaterials-based desalination method will provide a
promising system worth to investigate large-scale nuclear waste management.

89



Nanomaterials 2018, 8, 660

Author Contributions: J.J. and Y.J.C. conceived and designed the experiments. H.E.S., S.-W.J., C.H.L., L.S., S.M.,
and D.S.C. performed the desalination experiments. S.-W.J. and J.E.Y. performed the analysis of nano-composite
materials. J.J., Y.J.C., and H.-E.S. wrote the manuscript. All authors approved the final version of manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant funded by the
Korea government (MSIT) (Grant number: 2017M2A2A6A01070858).

Acknowledgments: We would like to thank to S. H. Kim for assistance in SEM-EDX analysis.

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

References

1. Khayet, M.; Matsuura, T. Radioactive decontamination of water. Desalination 2013, 321, 1–2. [CrossRef]
2. Abdel Rahman, R.O.; Ibrahium, H.A.; Hung, Y.-T. Liquid radioactive wastes treatment: A review. Water

2011, 3, 551–565. [CrossRef]
3. Bonnema, S.J.; Hegedüs, L. Radioiodine therapy in benign thyroid diseases effects, side effects, and factors

affecting therapeutic outcome. Endocr. Rev. 2012, 33, 920–980. [CrossRef] [PubMed]
4. Prpic, M.; Dabelic, N.; Stanicic, J.; Jukic, T.; Milosevic, M.; Kusic, Z. Adjuvant thyroid remnant ablation in

patients with differentiated thyroid carcinoma confined to the thyroid: A comparison of ablation success
with different activities of radioiodine (I-131). Ann. Nucl. Med. 2012, 26, 744–751. [CrossRef] [PubMed]

5. Sabra, M.M.; Grewal, R.K.; Ghossein, R.A.; Tuttle, R.M. Higher administered activities of radioactive iodine
are associated with less structural persistent response in older, but not younger, papillary thyroid cancer
patients with lateral neck lymph node metastases. Thyroid 2014, 24, 1088–1095. [CrossRef] [PubMed]

6. Ravichandran, R. Management of radioactive wastes in a hospital environment. In Modelling Trends in Solid
and Hazardous Waste Management; Sengupta, D., Agrahari, S., Eds.; Springer: Singapore, 2017; pp. 1–14.

7. Ravichandran, R.; Binukumar, J.P.; Sreeram, R.; Arunkumar, L.S. An overview of radioactive wastes disposal
procedures of a nuclear medicine department. J. Med. Phys. 2011, 36, 95–99. [CrossRef] [PubMed]

8. Martin, J.E.; Fenner, F.D. Radioactivity in municipal sewage and sludge. Public Health Rep. 1997, 112, 308–316.
[PubMed]

9. Grossman, C.M.; Nussbaum, R.H.; Nussbaum, F.D. Thyrotoxicosis among Hanford, Washington,
downwinders: A community-based health survey. Arch. Environ. Health Int. J. 2002, 57, 9–15. [CrossRef]
[PubMed]

10. Hou, X.; Povinec, P.P.; Zhang, L.; Shi, K.; Biddulph, D.; Chang, C.-C.; Fan, Y.; Golser, R.; Hou, Y.; Ješkovský, M.;
et al. Iodine-129 in seawater offshore Fukushima: Distribution, inorganic speciation, sources, and budget.
Environ. Sci. Technol. 2013, 47, 3091–3098. [CrossRef] [PubMed]

11. Thomas, G.D.; Smith, S.M.; Turcotte, J.A. Using public relations strategies to prompt populations at risk
to seek health information: The Hanford community health project. Health Promot. Pract. 2009, 10, 92–101.
[CrossRef] [PubMed]

12. Grossman, C.M.; Morton, W.E.; Nussbaum, R.H. Hypothyroidism and spontaneous abortions among
Hanford, Washington, downwinders. Arch. Environ. Health Int. J. 1996, 51, 175–176. [CrossRef] [PubMed]

13. Goldsmith, J.R.; Grossman, C.M.; Morton, W.E.; Nussbaum, R.H.; Kordysh, E.A.; Quastel, M.R.;
Sobel, R.B.; Nussbaum, F.D. Juvenile hypothyroidism among two populations exposed to radioiodine.
Environ. Health Perspect. 1999, 107, 303–308. [CrossRef] [PubMed]

14. Grossman, C.M.; Nussbaum, R.H.; Nussbaum, F.D. Cancers among residents downwind of Hanford,
Washington, plutonium production site. Arch. Environ. Health Int. J. 2003, 58, 267–274. [CrossRef] [PubMed]

15. Yuan, Y.; Wang, H.; Hou, S.; Xia, D. Chapter 18. Applications of Nanomaterials in Nuclear Waste Management.
In Multifunctional Nanocomposites for Energy and Environmental Applications; Wiley-VCH: Hoboken, NJ, USA,
2018; pp. 543–566.

16. Mu, W.; Yu, Q.; Li, X.; Wei, H.; Jian, Y. Adsorption of radioactive iodine on surfactant-modified sodium
niobate. RSC Adv. 2016, 6, 81719–81725. [CrossRef]

17. Yang, D.; Liu, H.; Liu, L.; Sarina, S.; Zheng, Z.; Zhu, H. Silver oxide nanocrystals anchored on titanate
nanotubes and nanofibers: Promising candidates for entrapment of radioactive iodine anions. Nanoscale
2013, 5, 11011–11018. [CrossRef] [PubMed]

90



Nanomaterials 2018, 8, 660

18. Yang, D.; Sarina, S.; Zhu, H.; Liu, H.; Zheng, Z.; Xie, M.; Smith, S.V.; Komarneni, S. Capture of radioactive
cesium and iodide ions from water by using titanate nanofibers and nanotubes. Angew. Chem. Int. Ed. 2011,
50, 10594–10598. [CrossRef] [PubMed]

19. Li, B.; Dong, X.; Wang, H.; Ma, D.; Tan, K.; Jensen, S.; Deibert, B.J.; Butler, J.; Cure, J.; Shi, Z.; et al. Capture of
organic iodides from nuclear waste by metal-organic framework-based molecular traps. Nat. Commun. 2017,
8, 485–493. [CrossRef] [PubMed]

20. Chapman, K.W.; Chupas, P.J.; Nenoff, T.M. Radioactive iodine capture in silver-containing mordenites
through nanoscale silver iodide formation. J. Am. Chem. Soc. 2010, 132, 8897–8899. [CrossRef] [PubMed]

21. Sarina, S.; Bo, A.; Liu, D.; Liu, H.; Yang, D.; Zhuo, C.; Maes, N.; Komarneni, S.; Zhu, H. Separate or
simultaneous removal of radioactive cations and anions from water by layered sodium vanadate-based
sorbents. Chem. Mater. 2014, 26, 4788–4795. [CrossRef]

22. Mu, W.; Li, X.; Liu, G.; Yu, Q.; Xie, X.; Wei, H.; Jian, Y. Safe disposal of radioactive iodide ions from solutions
by Ag2O grafted sodium niobate nanofibers. Dalton Trams. 2016, 45, 753–759. [CrossRef] [PubMed]

23. Bo, A.; Sarina, S.; Liu, H.; Zheng, Z.; Xiao, Q.; Gu, Y.; Ayoko, G.A.; Zhu, H. Efficient removal of cationic and
anionic radioactive pollutants from water using hydrotalcite-based getters. ACS Appl. Mater. Interfaces 2016,
8, 16503–16510. [CrossRef] [PubMed]

24. Yang, J.H.; Park, H.-S.; Cho, Y.-Z. Al2O3-containing silver phosphate glasses as hosting matrices for
radioactive iodine. J. Nucl. Sci. Technol. 2017, 54, 1330–1337. [CrossRef]

25. Liu, S.; Wang, N.; Zhang, Y.; Li, Y.; Han, Z.; Na, P. Efficient removal of radioactive iodide ions from water by
three-dimensional Ag2O–Ag/TiO2 composites under visible light irradiation. J. Hazard. Mater. 2015, 284,
171–181. [CrossRef] [PubMed]

26. Bo, A.; Sarina, S.; Zheng, Z.; Yang, D.; Liu, H.; Zhu, H. Removal of radioactive iodine from water using
Ag2O grafted titanate nanolamina as efficient adsorbent. J. Hazard. Mater. 2013, 246–247, 199–205. [CrossRef]
[PubMed]

27. Chen, Y.-Y.; Yu, S.-H.; Yao, Q.-Z.; Fu, S.-Q.; Zhuo, G.-T. One-step synthesis of Ag2O@Mg(OH)2 nanocomposite
as an efficient scavenger for iodine and uranium. J. Colloid. Interface Sci. 2018, 510, 280–291. [CrossRef]
[PubMed]

28. Riley, B.J.; Vienna, J.D.; Strachan, D.M.; McCloy, J.S.; Jerden, J.L., Jr. Materials and processes for the effective
capture and immobilization of radioiodine: A review. J. Nucl. Mater. 2016, 470, 307–326. [CrossRef]

29. Kim, T.; Lee, S.-K.; Lee, S.; Lee, J.S.; Kim, S.W. Development of silver nanoparticle-doped adsorbents for the
separation and recovery of radioactive iodine from alkaline solutions. Appl. Radiat. Isot. 2017, 129, 215–221.
[CrossRef] [PubMed]

30. Conde-González, J.E.; Peña-Méndez, E.M.; Rybáková, S.; Pasán, J.; Ruiz-Pérez, C.; Havel, J. Adsorption
of silver nanoparticles from aqueous solution on copper-based metal organic frameworks (HKUST-1).
Chemosphere 2016, 150, 659–666. [CrossRef] [PubMed]

31. Othman, S.H.; Sohsah, M.A.; Ghoneim, M.M.; Sokkar, H.H.; Badawy, S.M.; El-Anadouli, B.E. Adsorption
of hazardous ions from radioactive waste on chelating cloth filter. Radiat. Phys. Chem. 2006, 75, 278–285.
[CrossRef]

32. Badawy, A.M.E.; Luxton, T.P.; Silva, R.G.; Scheckel, K.G.; Suidan, M.T.; Tolaymat, T.M. Impact of
environmental conditions (pH, ionic strength, and electrolyte type) on the surface charge and aggregation of
silver nanoparticles suspensions. Environ. Sci. Technol. 2010, 44, 1260–1266. [CrossRef] [PubMed]

33. Hotze, E.M.; Phenrat, T.; Lowry, G.V. Nanoparticle aggregation: Challenges to understanding transport and
reactivity in the environment. J. Environ. Qual. 2010, 39, 1909–1924. [CrossRef] [PubMed]

34. Agnihotri, S.; Mukherji, S.; Mukherji, S. Size-controlled silver nanoparticles synthesized over the range
5–100 nm using the same protocol and their antibacterial efficacy. RSC Adv. 2014, 4, 3974–3983. [CrossRef]

35. Paramelle, D.; Sadovoy, A.; Gorelik, S.; Free, P.; Hobley, J.; Fernig, D.G. A rapid method to estimate
the concentration of citrate capped silver nanoparticles from UV-visible light spectra. Analyst 2014, 139,
4855–4861. [CrossRef] [PubMed]

36. Li, X.; Xu, H.; Chen, Z.-S.; Chen, G. Biosynthesis of nanoparticles by microorganisms and their applications.
J. Nanomater. 2011, 11, 1–16. [CrossRef]

37. Kulkarni, R.R.; Shaiwale, N.S.; Deobagkar, D.N.; Deobagkar, D.D. Synthesis and extracellular accumulation
of silver nanoparticles by employing radiation-resistant Deinococcus radiodurans, their characterization,
and determination of bioactivity. Int. J. Nanomed. 2015, 10, 963–974.

91



Nanomaterials 2018, 8, 660

38. Amini, E.; Azadfallah, M.; Layeghi, M.; Talaei-Hassanloui, R. Silver-nanoparticle-impregnated cellulose
nanofiber coating for packaging paper. Cellolose 2016, 23, 557–570. [CrossRef]

39. Kaushil, M.; Moores, A. Review: Nanocelluloses as versatile supports for metal nanoparticles and their
applications in catalysis. Green Chem. 2016, 18, 622–637. [CrossRef]

40. Choi, M.H.; Shim, H.E.; Yun, S.-J.; Park, S.H.; Choi, D.S.; Jang, B.-S.; Choi, Y.J.; Jeon, J.
Gold-nanoparticle-immobilized desalting columns for highly efficient and specific removal of radioactive
iodine in aqueous media. ACS Appl. Mater. Interfaces 2016, 8, 29227–29231. [CrossRef] [PubMed]

41. Mushtaq, S.; Yun, S.-J.; Yang, J.E.; Jeong, S.-W.; Shim, H.E.; Choi, M.H.; Park, S.H.; Choi, Y.J.; Jeon, J.
Efficient and selective removal of radioactive iodine anions using engineered nanocomposite membranes.
Environ. Sci. Nano 2017, 4, 2157–2163. [CrossRef]

42. Choi, M.H.; Jeong, S.-W.; Shim, H.E.; Yun, S.-J.; Mushtaq, S.; Choi, D.S.; Jang, B.-S.; Yang, J.E.; Choi, Y.J.;
Jeon, J. Efficient bioremediation of radioactive iodine using biogenic gold nanomaterial-containing
radiation-resistant bacterium, Deinococcus radiodurans R1. Chem. Commun. 2017, 53, 3937–3940. [CrossRef]
[PubMed]

© 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/).

92



nanomaterials

Article

Fabrication and Highly Efficient Dye Removal
Characterization of Beta-Cyclodextrin-Based
Composite Polymer Fibers by Electrospinning

Rong Guo 1,2,3,†, Ran Wang 3,†, Juanjuan Yin 3, Tifeng Jiao 1,3,*, Haiming Huang 2, Xinmei Zhao 3,

Lexin Zhang 3, Qing Li 3,*, Jingxin Zhou 3 and Qiuming Peng 1

1 State Key Laboratory of Metastable Materials Science and Technology, Yanshan University,
Qinhuangdao 066004, China; guorong@stumail.ysu.edu.cn (R.G.); pengqiuming@ysu.edu.cn (Q.P.)

2 School of Environment and Civil Engineering, Dongguan University of Technology, Dongguan 523808,
China; huanghaiming52hu@163.com

3 Hebei Key Laboratory of Applied Chemistry, School of Environmental and Chemical Engineering,
Yanshan University, Qinhuangdao 066004, China; wr1422520780@163.com (R.W.); jjy1729@163.com (J.Y.);
zhaoxinmei2008@yeah.net (X.Z.); zhanglexin@ysu.edu.cn (L.Z.); zhoujingxin@ysu.edu.cn (J.Z.)

* Correspondence: tfjiao@ysu.edu.cn (T.J.); liqing_buct@163.com (Q.L.); Tel.: +86-335-805-6854 (T.J.)
† These authors contributed equally to this work.

Received: 30 November 2018; Accepted: 17 January 2019; Published: 20 January 2019

Abstract: Dye wastewater is one of the most important problems to be faced and solved in wastewater
treatment. However, the treatment cannot be single and simple adsorption due to the complexity
of dye species. In this work, we prepared novel composite fiber adsorbent materials consisting
of ε-polycaprolactone (PCL) and beta-cyclodextrin-based polymer (PCD) by electrospinning.
The morphological and spectral characterization demonstrated the successful preparation of a series
of composite fibers with different mass ratios. The obtained fiber materials have demonstrated
remarkable selective adsorption for MB and 4-aminoazobenzene solutions. The addition of a PCD
component in composite fibers enhanced the mechanical strength of membranes and changed the
adsorption uptake due to the cavity molecular structure via host–guest interaction. The dye removal
efficiency could reach 24.1 mg/g towards 4-aminoazobenzene. Due to the admirable stability and
selectivity adsorption process, the present prepared beta-cyclodextrin-based composite fibers have
demonstrated potential large-scale applications in dye uptake and wastewater treatment.

Keywords: beta-cyclodextrin polymer; host–guest interaction; dye removal; wastewater treatment;
electrospinning

1. Introduction

Contamination by dyes has led to many environmental problems [1–9]. In recent years, how to
manage water pollution by an efficient, simple, and safe method has become a hot topic in the field
of wastewater treatment research [10–12]. However, the treatment of dye wastewater is much more
difficult than other kinds of wastewater due to the complexity and diversity of dye molecules [13–21].
Azo dyes are one of the most widely used dyes with chromogenic groups [22–24]. Azo dyes and their
byproducts have been a focus of research attention due to their severe toxicological effects on human
health: they are known to be genotoxic agents with carcinogenic properties [25–28] that may lead to
birth defects [29] and food security issues [30–33]. Beyond this, dysfunction of the kidney, reproductive
system, liver, brain, and central nervous system could also be exacerbated by azo dyes [34–36]. Thus,
it is urgent that we learn how to properly deal with Azo dyes to achieve a safe and clean environment.
Many studies have made great efforts to do this [37–40]. However, traditional technologies and
methods cannot deal with the fact that different kinds of dyes need different treatments. Azo dyes are
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no exception. Therefore, selective chemical adsorption for different dyes has attracted wide interest.
The selectivity of adsorbents is the key to the adsorption capacity and performance.

On the other hand, cyclodextrin, as a class of cyclic oligosaccharides, has a hollow circular
cone with external hydrophilicity and internal hydrophobicity. This special structure has many
special physical and chemical properties. It can selectively bind small organic molecules in an
aqueous solution and the inclusion complexes formed have different degrees of stability [41–43].
Therefore, cyclodextrins and their derivatives are widely used in medicine, food, chemical engineering
materials, and especially in wastewater treatment [44–48]. For example, Li et al. prepared a
cyclodextrin-based material to remove malachite green [49]. The adsorption results fit the Langmuir
model and the maximum adsorption capacity reached 91.9 mg/g. Yilmaz et al. synthesized
two β-cyclodextrin-based polymers with the help of 4,4′-methylene-bis-phenyldiisocyanate (MDI)
or hexamethylenediisocyanate (HMDI) [50]. These materials could remove azo dyes, as well as
aromatic amines, while the dominant adsorption mechanism was host–guest interaction. Ozmen et
al. synthesized three beta-cyclodextrins and a starch-based polymer using HMDI [51]. They have
compared the adsorption capacity and the results showed high adsorption performance toward
some azo dyes. Generally, researchers have made a lot of efforts towards dealing with azo dyes
in the field of wastewater treatment. In addition, electrospinning technology demonstrated an
effective method to prepare fiber materials due to its obvious advantages of simple operation and
easy regulation [52–56]. At present, some cyclodextrin-based fiber systems via electrospun approach
have been reported [57–60]. For examples, Cui et al. described the investigation of plasma-treated
poly(ethylene oxide)-beta-cyclodextrin nanofibers to enhance the antibacterial activity [57]. Celebioglu
et al. demonstrated the electrospinning of polymer-free nanofibrous structures from an inclusion
complex between hydroxypropyl-beta-cydodextrin vitamin E [58]. The prepared vitamin E-contained
web provided enhanced photostability for the sensitive vitamin E by the inclusion complexation even
after exposure to UV light.

Based on previous reports, we have devoted our efforts to solving the increasingly serious azo
dye contamination by novel selective composite fiber absorbents containing beta-cyclodextrin-based
polymer (PCD) and ε-polycaprolactone (PCL). The electrospinning approach was an eco-friendly
and simple preparation method. One of the indispensable advantages of the electrospinning
membrane was the ultra-high specific surface area, which was extremely beneficial to adsorption.
More importantly, the PCD was selected for its infinite long-chain and cavity structures. The obtained
membrane contributed to the formation of more host–guest interaction due to a large number of
free cyclodextrin cavities in the fiber surface. Thus, the excellent selective adsorption capability
was foreseeable according to a previous report [61]. A few cyclodextrin cavities could be occupied
by long-chain polymer molecules during the electrospinning progress, which is unfavorable for
host–guest interactions and even results in a decrease in the undesirable adsorption effect. However,
our PCL/(n%)PCD composite fibers have innumerable cavities, which could guarantee the selective
adsorption capacity. Thus, it is obvious that the obtained PCL/(n%)PCD composite fibers can exhibit
remarkable adsorption capacity towards azo dyes with the host–guest interaction. Moreover, the
introduction of the β-cyclodextrin polymer could efficiently improve the mechanical strength and
stability of the membrane. This indicated that the obtained composites have great potential to provide
assistance with the problem of azo dye pollution in wastewater treatment.

2. Materials and Methods

2.1. Materials

Beta-cyclodextrin (98%, abbreviated as β-CD) and epichlorohydrin (C3H5ClO, 99.5%) were
purchased from Aladdin Chemicals (Shanghai, China). Methylbenzene (99%), chloroform (99%),
and N,N-dimethylformamide (99%, abbreviated as DMF) were obtained from Beijing Chemicals
(analytical reagent grade, Beijing, China). Acetone (C3H6O, 99.5%) was purchased from Alfa Aesar

94



Nanomaterials 2019, 9, 127

Chemicals (Shanghai, China). ε-Polycaprolactone (PCL average Mw~80000), methylene blue (MB) and
4-aminoazobenzene were purchased from Sinopharm Chemical Reagent Co., Ltd. (analytical reagent
grade, Shanghai, China). Hydrochloric acid (HCl, 99%) and sodium hydroxide (NaOH, 99%) were
obtained from Tianjin Kaitong Chemicals (Tianjin, China). Ultra-pure water was obtained using a
Millipore Milli-Q water purification system with a resistivity of 18.2 MΩ·cm−1. All chemicals were
used as received without further purification.

2.2. Preparation of β-Cyclodextrin Polymer (PCD)

First, the used β-cyclodextrin polymer (PCD) was synthesized as in previous similar
studies [62,63]. In brief, 10 g β-cyclodextrin was dissolved in 15 mL aqueous 15 wt% NaOH solution in
a clean beaker, and the system was stirred by mechanical agitation for at least 24 h at 35 ◦C in a water
bath. Subsequently, the 2 mL toluene solution was added to a beaker that was continuously stirred
at 35 ◦C for two hours. Then we added 14.8 mL epichlorohydrin solution and the whole system was
stirred for 3 h. After that the mixture system was added to 200 mL acetone solution and stirred at
50 ◦C overnight. The precursor was filtered and dissolved in water, before using hydrochloric acid to
neutralize it. After seven days of dialysis with ultra-pure water, freeze-drying treatment at −48 ◦C
was performed. The product, solid white PCD, was obtained and stored for further use.

2.3. Preparation of Electrospun Composite Fibers

The total mass of the electrospinning precursor was 10 g. The mixture solvent was made of
chloroform and N,N-dimethylformamide with a volume ratio of 3:2. The 1.2 g ε-polycaprolactone in
pellet form and 8.8 g mixture solvent were magnetically stirred for 4 h to obtain a uniform solution,
in accordance with previous reports [64,65]. Through electrospinning, neat PCL fibers were obtained.
In addition, a different mass of poly β-cyclodextrin powder was added to a PCL/(CCl4/DMF)
solution and formed a uniform spinning solution by magnetic stirring all night. During the following
electrospinning, the flow rate was delivered at 1 mL·h−1, while the potential difference was set to
15–30 kV and the distance was 15–30 cm from the point of the needle to the collector. By regulating
the spinning conditions, we finally obtained the optimal conditions based on the analysis of SEM
images. On the condition of constant content of PCL molecules in total mass, different masses of poly
β-cyclodextrin (PCD) component (10, 20, 30, 40, 50 wt%) were mixed with PCL to obtain composite
fibers abbreviated as PCL/(n%)PCD (n = 10, 20, 30, 40, and 50). The specific components and quantities
of electrospinning solution in the different groups are shown in Table 1. All of the samples were rested
in a vacuum drying oven for two days in order to volatilize the remaining solvent.

Table 1. The specific components and quantities used in electrospinning precursor solutions.

PCD Concentration (wt%) 0 10 20 30 40 50

PCL (g) 1.20 1.20 1.20 1.20 1.20 1.20
CCl4 (mL) 4.17 4.11 4.02 3.92 3.78 3.60
DMF (mL) 2.78 2.74 2.68 2.61 2.52 2.40

2.4. Dye Removal Tests

The dyes methylene blue (MB) and 4-aminoazobenzene were used to estimate the adsorption
properties of PCL/(n%)PCD (n = 10, 20, 30, 40, and 50) composite fibers with neat PCL fiber as the
control group. UV–VIS absorption spectra were recorded for the process at wavelengths of 632 nm (MB)
and 375 nm (4-aminoazobenzene) by a UV–VIS spectrometer. The freshly prepared definite samples
(5 mg) were added to 50 mL dye solutions that contained MB (10 mg/L) and 4-aminoazobenzene
(20 mg/L), respectively. The absorbance was measured, and corresponding concentrations and kinetic
data were calculated by calibration curves. At the end of the adsorption process, all samples were
washed with ethanol and DI water for several times and dried in a drying oven before further use.
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In addition, the recycling capacity of PCL/(n%)PCD composites was investigated. The prepared
samples were repeatedly used to remove the same fresh MB solution for eight consecutive cycles.

2.5. Characterization

The microstructures of all the obtained composite materials were characterized by a field-emission
scanning electron microscopy (FE-SEM, Hitachi S-4800-II, Tokyo, Japan) with 5–15 kV accelerating
voltage. Energy-dispersive X-ray spectrometry (EDXS) was utilized to distinguish the elements in
membranes at an accelerating voltage of 200 kV by taking advantage of an Oxford Link-ISIS X-ray
EDXS microanalysis system. In addition, themogravimetry-differential scanning calorimetry (TG-DSC)
was carried out to estimate the thermal stability of samples in air with a NETZSCH STA 409 PC Luxxsi
multaneous thermal analyzer (Netzsch Instruments Manufacturing Co., Ltd., Seligenstadt, Germany).
FTIR spectra were measured to analyze the molecular absorption spectroscopy by a Fourier infrared
spectroscopy (Thermo Nicolet Corporation, Madison, WI, USA) using the KBr tablet method. X-ray
diffraction (XRD) analysis was performed on an X-ray diffractometer equipped with a Cu Kα X-ray
radiation source and a Bragg diffraction setup (SMART LAB, Rigaku, Japan). Circular dichroism
spectra were measured by a JASCO J-810 CD spectrometer (Jasco Inc., Easton, MD, USA). UV–VIS
absorption was used to monitor the adsorption progress by a UV–VIS spectrometer (752-type, Sunny
Hengping Scientific Instrument Co., Ltd., Shanghai, China) at room temperature.

3. Results and Discussion

3.1. Structural Characterization of the Composite Polymer Fibers

Firstly, we prepared a uniform PCL spinning solution by taking advantage of the CCl4 and DMF
mixed solvent. By attempting different parameters including voltage, type of stainless steel needle,
distance between needle, aluminum foil, and injection rate, we finally confirmed the optimal conditions
that need to be abided by in the following electrospinning. The illustration of the preparation and
application in organic dyes of PCL/(n%)PCD composites is shown in Figure 1. Thus, we can get
the PCL/(n%)PCD composite fibers by electrospinning under the optimal parameter conditions.
In order to volatilize the excess solvent, all the samples have been put in a drying oven for two days.
The adsorption capacities of a series of composite fibers were characterized by taking advantage of the
methylene blue (MB) and 4-aminoazobenzene solution.

The optimal conditions of electrospinning were obtained under different mixed ratios of PCD,
after attempts and characterization of different parameters. Based on this, the representative
micromorphology images by SEM of neat PCL fibers and PCL/(n%)PCD composite fibers are depicted
in Figure 2. The neat PCL fibers showed a homogeneous solid fiber structure, and multiple layers of
fibers were stacked together in the form of an electrospun membrane. The physical properties of the
spinning precursor solution changed through different ratios of PCD power. Therefore, the parameters
of the electrospinning have also changed. After multiple trials and adjustment, the ideal conditions
for fiber formation were obtained. The micromorphology pictures of fibers with different ratios of
PCD, that is, PCL/(10%)PCD, PCL/(20%)PCD, PCL/(30%)PCD, PCL/(40%)PCD, and PCL/(50%)PCD,
can be seen in Figure 2. The diameter of neat PCL fibers appeared at a centered position of 500–600 nm
with the length in microns. In addition, with the addition of a PCD component in fibers, the fiber
diameters decreased and reached a centered range of 200–400 nm for the obtained PCL/(40%)PCD
composite fiber. A possible reason for diameter decrement was that the strong network between
the neighboring chains could be temporarily destroyed during the electrospinning process, which
enhanced the stretching of the jet [66]. As for the PCL/(50%)PCD composite fiber, more cross-linking
fibers could be clearly observed, mainly due to the increasing viscosity of the precursor solution.
Moreover, when the content of PCD in precursor solution exceeded 50%, the electrospun needle would
clog and could not obtain continuous electrospun fibers.
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Figure 1. Schematic illustration of preparation and application in dye removal of PCL/(n%)PCD
composite fibers by electrospinning.

It was well known that the thermal stability of composite materials is an important factor
in their characterization and wider application. The thermal stabilities of the obtained neat PCL
fiber and a series of PCL/(n%)PCD fiber composites were investigated by the thermogravimetry
(TG) curves as shown in Figure 3. In the N2 condition, all the samples were heated from room
temperature to 800 ◦C through a temperature-programmed route. Before the temperature reached
300 ◦C, the thermogravimetric curves of PCL fiber remained stable and there was no significant
weightlessness. The one-stage degradation was related to the decomposition of the carbon skeleton
from 372 ◦C to 457 ◦C. The final weight loss was approximately 79.8 wt% at 800 ◦C. In the cases
of present PCL/(n%)PCD composites, weight loss below 150 ◦C could be considered as removal of
trace moisture vapor adsorbed by PCD fibers and/or a small amount of crystal water entrapped
by PCD cavities. After that, the thermal degradation from 307 ◦C to about 370 ◦C corresponds to
PCD molecules. This is followed by the degradation of neat PCL fibers from about 370 ◦C to 450 ◦C.
With the increment of the PCD component, the initial degradation temperature and the final mass of
residue of PCL/(10%)PCD obviously dropped to 17.4 wt%, while the other PCL/(n%)PCD composites
was about 3 wt%. It was obvious that the weight loss originated from decomposition of PCL and
PCD components.
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Figure 2. SEM images and diameter distribution histograms of neat PCL fibers (a), PCL/(10%)PCD (b),
PCL/(20%)PCD (c), PCL/(30%)PCD (d), PCL/(40%)PCD (e), and PCL/(50%)PCD (f).

Figure 3. TG curves of neat PCL fibers and composite fiber composites.

98



Nanomaterials 2019, 9, 127

XRD data are frequently used to characterize and confirm the presence of both components.
As seen in Figure 4, the two diffraction peaks of neat PCL fibers appeared at 2θ values of 22◦ and
24◦ can be indexed to (110) and (200) reflections, which confirms its orthorhombic crystal structure.
In addition, PCD powder elicits many small and cluttered characteristic peaks, which can be attributed
to the cage structure of native beta-CD. It was apparent that all samples of obtained PCL/(n%)PCD
composite fibers show the same characteristic peak and only have two components without any other
impurities. However, slightly broadened characteristic peaks of PCL molecules in PCL/(n%)PCD
fibers can be clearly observed. We also noted that the peak shifted slightly to the right. Such results
can imply that there are some interactions between PCL and PCD molecules. The content of PCD
incorporated into PCL fibers was little in our work. Therefore, it is not sufficient to cause the obvious
XRD spectral characteristic peak change of PCL/(n%)PCD composite fibers. XRD results complement
the TG findings and indicate the presence of a physical mixture in the obtained composites as well.

Figure 4. XRD patterns of the prepared neat PCL fibers and composite fiber composites.

FT-IR analyses were performed for conclusive evidence, and the results are shown in Figure 5.
The conformational changes of the PCL fibers and PCL/(n%)PCD fibers were characterized by Fourier
transform infrared spectroscopy. It can be seen that the characteristic peaks of pure PCL spectra are
mainly typical ester bonds and hydrocarbon bonds. The additional peaks at 1728 cm−1, 1243 cm−1,
and 1046 cm−1 represent the vibration peaks of C=O, C–O–C, and C–C groups. In addition, the strong
wide peak at 3355 cm−1 can be ascribed to the association of hydrogen bonds formed by the –OH
group. In addition, the absorption peak at 1033 cm−1 represents C–O–C and C–O stretching vibration
of the beta-CD cross-linked polymer cavity. In addition, composite fibers of PCL with increasing
content of PCD addition (0, 10, 20, 30, 40, and 50 wt%) can show similar changes of type and position
of characteristic peak. Based on the above, the designed PCL/(n%)PCD composite fiber samples were
successfully synthesized. In addition, the microstructures of the obtained PCL fiber and PCL/(n%)PCD
composite fibers were investigated using N2 adsorption–desorption isotherms. The obtained properties
of the samples were generalized in Table 2. It could be clearly observed that the as-obtained PCL fibers
showed a specific surface area of 7.50 m2·g−1. In addition, with the increment of the PCD component in
the composite fibers, the values of specific surface area obviously increased and reached 11.52 m2·g−1

for PCL/(50%)PCD composite fibers, demonstrating the formation of more anchoring sites facilitating
the next adsorption of dye molecules. Meanwhile, the pore size and pore volume of all samples were
calculated via BJH methods. The obtained PCL/(50%)PCD composite fibers also exhibited enhanced
pore size and pore volume, meaning that larger pore diameters and pore volumes in composite fibers
could demonstrate lots of micro/nanoscale channels, thereby making them effective for the next
adsorption experiment.
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Figure 5. FT-IR spectra of neat PCL fibers and PCL/(n%)PCD (n = 10, 20, 30, 40, 50) composites.

Table 2. Physical data of as-prepared composite fibers.

Samples
Specific Surface Area

(m2·g−1)
Average Pore Diameter

(nm)
Pore Volume

(cm3·g−1)

PCL fiber 7.50 20.1 0.008231
PCL/(10%)PCD 7.82 20.5 0.008464
PCL/(20%)PCD 7.96 21.0 0.008576
PCL/(30%)PCD 8.45 22.5 0.009125
PCL/(40%)PCD 10.85 23.6 0.009277
PCL/(50%)PCD 11.52 23.6 0.009446

The tensile properties and stress–strain plots of several PCL/(n%)PCD composites were conducted
at room temperature with neat PCL fibers as a control for comparison, as shown in Figure 6. It is evident
that the neat PCL fiber has a high elongation at break (above 470%). Correspondingly, the elongation at
break of our functionalized PCL/(n%)PCD samples has decreased markedly with the increase in PCD
content. The elongation of PCL/(10%)PCD fibers at break was 230%, while the value of PCL/(50%)PCD
fibers was only 74%. The elongation at break of PCL/(20%)PCD, PCL/(30%)PCD and PCL/(40%)PCD
was 171%, 150%, and 127%, respectively. Compare with neat PCL fibers, the elongation at break
eventually declined sharply by six times. In addition, the ultimate tensile strength of neat PCL was
2.25 MPa. In hybridization cases of PCL/(n%)PCD samples, the fracture stress presented a trend of
first increasing, then decreasing, and next increasing along with the change of content of PCD. It could
be seen that the fracture stress generally increased and the final PCL/(50%)PCD composites were
destroyed when the fracture stress reached 3.41 MPa. Clearly, the introduction of PCD significantly
weakened the elongation at break but prominently increased the ultimate tensile strengths of present
composite fibers. This change phenomena seemed similar to previous report about electrospun
composite poly(ethylene glycol)/poly(caprolactone) nanofibrous membrane [67]. One explanation
could be that the content of PCD increased with the decrease of solvents, resulting in the presence of
hard segments or clusters. It could be clearly seen that the obtained PCL/(n%)PCD composite materials
showed good tensile strength, with PCD component playing a key role in improving it [68,69].
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Figure 6. Stress–strain plots of neat PCL fibers and PCL/(n%)PCD (n = 10, 20, 30, 40, 50) composites.

3.2. Dye Removal Performance of the Composite Fibers

In order to characterize the selective dye removal performances of the present obtained
composite fiber absorbents, the obtained PCL/(n%)PCD composite fibers were investigated with
respect to their uptake of removing MB and 4-aminoazobenzene (AA) as typical models [70,71].
The mechanism of removing organic dye molecules was adsorption and host–guest interaction
for MB and 4-aminoazobenzene, respectively. In addition, neat PCL was used as a control group
and the whole adsorption progress was monitored by taking advantage of the UV–VIS spectra.
The adsorption properties of PCL/(n%)PCD composites toward MB and 4-aminoazobenzene are shown
in Figure 7. Clearly, the PCL/(n%)PCD samples showed better dye uptake than neat PCL toward
the two organic dyes. However, the adsorption uptake of PCL/(n%)PCD composite fibers became
better with the increment of the content of PCD compared with PCL. The adsorption kinetics data
distinctly demonstrated the above view. The pseudo-first-order model and pseudo-second-order model
adsorption equations were used to further evaluate adsorption kinetics by fitting the experimental
data. All the fitted results are summarized in Table 3.

The pseudo-first-order model can be demonstrated by Equation (1) [53]:

log (qe − qt) = log qe − k1

2.303
t (1)

where t is the adsorption time, qe is the adsorption capacity at equilibrium, k1 is the pseudo-first-order
model rate constant, and qt is the adsorption capacity at time t.

The pseudo-second-order model can be demonstrated by Equation (2) [72]:

t
qt

=
1

k2qe2 +
t
qe

(2)

where qe is the adsorption uptake at equilibrium, k2 is the pseudo-second-model rate constant, and qt

is the adsorption uptake at time t.
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Figure 7. Kinetic adsorption of MB (a,b) and 4-aminoazobenzene (c,d).

Table 3. The fitting results achieved for kinetic adsorption data using the pseudo-first-order model and
pseudo-second-order model equation.

MB

Pseudo-First-Order Model Pseudo-Second-Order Model

qe
(mg/g)

R2 K1

(min−1)
qe

(mg/g)
R2 K2

(g/mg min)

PCL 3.8246 0.9337 0.0393 3.8879 0.9989 0.0811
PCL/(10%)PCD 4.4238 0.9129 0.0317 4.4767 0.9979 0.0568
PCL/(20%)PCD 5.1414 0.9498 0.0337 5.4077 0.9936 0.0206
PCL/(30%)PCD 7.3002 0.9404 0.0376 7.4862 0.9980 0.0303
PCL/(40%)PCD 8.0465 0.9398 0.0550 8.2740 0.9991 0.0373
PCL/(50%)PCD 10.5238 0.9837 0.0399 11.1632 0.9931 0.0102

4-aminoazobenzene
Pseudo-first-order model Pseudo-second-order model

qe
(mg/g) R2 K1

(min−1)
qe

(mg/g) R2 K2
(g/mg min)

PCL 6.8517 0.9916 0.0203 7.4427 0.9868 0.0064
PCL/(10%)PCD 13.9828 0.9872 0.0218 18.7512 0.9981 0.0090
PCL/(20%)PCD 15.6643 0.9941 0.0191 18.6324 0.9931 0.0014
PCL/(30%)PCD 16.7213 0.9986 0.0178 25.7070 0.9986 0.0004
PCL/(40%)PCD 18.9147 0.9895 0.0201 23.6183 0.9978 0.0009
PCL/(50%)PCD 20.1740 0.9870 0.0244 24.0674 0.9943 0.0012

In the case of the MB solution, the pseudo-second-order model had a higher correlation coefficient
(R2 > 0.99) than the pseudo-first-order model (R2 > 0.93). The obtained values of adsorption uptake
were almost equal to those fitted from the pseudo-second-order model. In addition, neat PCL fibers
showed low adsorption uptake, while the PCL/(n%)PCD samples all greatly improved, as shown
in Figure 7 and Table 2. The dye removal efficiency of neat PCL fibers only reached 3.8246 mg/g.
With the increment of PCD content, the adsorption uptake of composite fibers enhanced significantly,
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from 4.4238 mg/g to 10.5238 mg/g. The composite fibers showed a good adsorption performance for
MB mainly due to the following two reasons. Firstly, PCL, as the most basic component in electrospun
fibers, has almost no efficient groups for adsorption. Secondly, the unique cavity structure of PCD
has great potential to identify and select organic molecules. Thus, MB molecules could not enter
into the cavity of PCD. Only a small number of hydroxyl groups could form hydrogen bonds to
facilitate the adsorption of the MB dye solution. However, we could still come to the conclusion that
the introduction of PCD was conducive to adsorption.

By contrast, PCL/(n%)PCD samples exhibited outstanding adsorption uptake to 4-aminoazobenzene.
It was clearly observed that the pseudo-second-order (R2 > 0.99) was more accurate than
the pseudo-first-order model. Thus, the adsorption progress was more consistent with the
pseudo-second-order dynamic model. In Table 3, the dye removal efficiency of PCL/(10%)PCD
could reach 18.7512 mg/g, which was twice as high as the PCL fibers’ adsorption uptake. While more
and more PCD molecules were added and the proportion in spinning membranes was increasing,
the dye removal efficiency of the obtained composite fibers increased continuously and rapidly.
The PCL/(50%)PCD composites finally reached 24.0674 mg/g. Apparently, the adsorption uptake
of PCL/(n%)PCD toward 4-aminoazobenzene had appreciable performance due to the addition of
host–guest inclusion complexation. The 4-aminoazobenzene molecules could be included in the cavity
structure of PCD through host–guest interaction and/or being bound by the fiber surface through
electrostatic interaction and hydrogen bonds. The formed self-assembled structures were stable and
highly efficient.

In order to further prove that the driving force of removal mechanism relative to
4-aminoazobenzene consisted of host–guest interaction, we collected the data of UV–VIS and circular
dichroism spectra to characterize the PCL/(50%)PCD membrane before and after the adsorption
process, as shown in Figure 8. Obviously, as-prepared PCL/(50%)PCD membrane have no significant
characteristic peak in Figure 8a. After adsorption of 4-aminoazobenzene, the maximum absorption
peak of the composites appears at 400 nm, which was attributed to π–π* electron transition of the
4-aminoazobenzene group [73–77]. However, the additional characteristic peak of 4-aminoazobenzene
was at 370 nm. Therefore, the peak position of PCL/(50%)PCD membrane had a red shift after
adsorption, which could result from an interaction between the hydroxyl of PCD and the chromogenic
group of 4-aminoazobenzene. The circular dichroism spectra of PCL/(50%)PCD membrane have
shown similar results. The intensity of the signal was notable at 400 nm, with one positive Cotton
effect in Figure 8b. In addition, the images of SEM with C/O/N elemental mapping of PCL/(50%)PCD
composite fibers after adsorption of 4-aminoazobenzene have also been measured and are shown
in Figure 9. Obviously, a large quantity of N element was well distributed onto the obtained fibers
(Figure 9d), which further confirmed the presence and the good distribution of 4-aminoazobenzene in
the obtained composite fiber. It could be speculated that hydrophilic 4-aminoazobenzene molecules
was successfully anchored on the surface of PCL/(50%)PCD fibers by intermolecular host–guest
interaction and/or electrostatic interaction/hydrogen bonding, which could be expected to exert
adsorption activity and good stability in the next recovery and reuse process. Thus, combined with
UV–VIS spectra, the presence of a 4-aminoazobenzene group in the obtained composite materials
was further confirmed. So, it could be considered that the host–guest reaction occurred and the
4-aminoazobenzene moiety was located inside the cavity of PCD molecules via host–guest interaction
and/or anchored the surface of fiber via electrostatic interaction/hydrogen bonding. In addition,
it should be noted that the signal intensity of the circular dichroism spectra was lower, which could be
mainly due to two reasons. Firstly, partial PCD did not have enough contact with 4-aminoazobenzene
to form an inclusion complex because some cavities of PCD were inside the fibers. Secondly, partial
4-aminoazobenzene molecules only stayed on the surface of the membrane due to intermolecular
hydrogen bonding.
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Figure 8. UV–VIS (a) and circular dichroism spectra (b) of the PCL/(50%)PCD composite fibers.

Figure 9. SEM image (a) with C/O/N elemental mapping (b–d) of AA-absorbed PCL/(50%)PCD
composite fibers.

Adsorption reutilization research into PCL/(50%)PCD’s removal of MB was conducted and
the results are shown in Figure 10, with graphic illustration of used nanocomposite after eight
reutilization cycles. The obtained PCL/(n%)PCD composite fibers could be recovered and reused
by a simple washing and drying process. The membrane became blue after the adsorption of MB
molecules, followed by desorption in ethanol. Rapid and simple desorption and regeneration created
favorable conditions for reutilization. In the case of PCL/(50%)PCD, the removal of MB dye could
still reach 78% after repeated adsorption over eight cycles. The loss of adsorption may result from
a slightly deformed fiber structure and a few cavities of PCD molecules being occupied. All in all,
the composites consisting of PCL and PCD molecules have good stability in the field of adsorption
of organic dyes. It should be noted that the obtained PCL/(n%)PCD composites can hardly exhibit
outstanding adsorption capacity in a three-dimensional matrix such as a hydrogel structure. However,
the present PCL/(n%)PCD composites have demonstrated a capacity for selectivity adsorption and
excellent stability towards present two kinds of dyes. In addition, the electrospinning nanocomposites
formed by poly β-cyclodextrin have relatively more cavities than β-cyclodextrin monomer molecules.
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Thus, generous cavities were highly beneficial to the field of selectivity adsorption. Moreover,
the introduction of PCD molecules made the composites have better mechanical strength, which
also contributed to the improvement of stability. All in all, the PCL/(n%)PCD electrospinning
membranes not only have remarkable selectivity adsorption, but also admirable stability, which is
important for the prospect of industrialization in the field of wastewater treatment and self-assembled
nanomaterials [78–80].

Figure 10. Relative adsorption reutilization studies towards removal of MB for different consecutive
cycles at room temperature of PCL/(50%)PCD composites (a) and the photograph of PCL/(50%)PCD
composite after eight reutilization cycles (b).

4. Conclusions

In summary, we have successfully prepared electrospun PCL/(n%)PCD (n = 10, 20, 30, 40, 50)
composite fiber materials via a simple and low-cost method. It could be seen that the prepared
PCL/(n%)PCD composites showed uniform fiber nanostructures and had been well characterized.
According to the strain–stress plots, PCD molecules were advantageous to improve the mechanical
strength of the obtained fiber films. In addition, the introduction of PCD led to excellent uptake of
selectivity adsorption in the obtained electrospun composite films with a high specific surface area.
In addition, the improvement of mechanical strength also enhances the stability of electrospinning
membranes. This research work has proposed a new design of electrospun composites with a
cyclodextrin component and suggested new possibilities in selective adsorption for dye removal.
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Abstract: Polydopamine (PDA) nanoparticles can be used as an adsorbent with excellent adsorption
capacity. However, nanosized adsorbents are prone to aggregation and thus are severely limited
in the field of adsorption. In order to solve this problem, we utilized polydopamine in-situ
oxidation self-polymerization on the surface of polycaprolactone (PCL)/polyethylene oxide (PEO)
electrospun fiber after solvent vapor annealing (SVA) treatment, and successfully designed and
prepared a PCL/PEO@PDA composite membrane. The SVA treatment regulated the microscopic
morphology of smooth PCL/PEO electrospun fibers that exhibited a pleated microstructure,
increasing the specific surface area, and providing abundant active sites for the anchoring of
PDA nanoparticles. The PCL/PEO@PDA composite obtained by chemical modification of PDA
demonstrated numerous active sites for the adsorption of methylene (MB) and methyl orange (MO).
In addition, the PCL/PEO@PDA composites were reusable several times with good reutilization as
adsorbents. Therefore, we have developed a highly efficient and non-agglomerated dye adsorbent
that exhibits potential large-scale application in dye removal and wastewater purification.

Keywords: electrospinning; solvent vapor annealing; structural regularity; polydopamine;
dye removal

1. Introduction

In recent years, the rapid development of industrialization has caused serious water pollution
problems, which have received widespread attention [1,2]. Among the various pollutants, organic dyes
are one of the main sources of water pollution. Therefore, finding a convenient method for
effectively removing organic dyes from wastewater is a serious challenge [3–5]. A variety of
physical, chemical, and biological techniques have been reported for the removal of dyes from
wastewater including adsorption, coacervation, membrane separation, etc. [6]. Adsorption is an
effective and economical method for purifying dye wastewater due to its high efficiency, simplicity
of operation, and insensitivity to contaminants [7,8]. Various adsorbents such as natural materials,
activated carbon, hydrotalcite, nano-oxide particles, and biological adsorbents are used for wastewater
purification [9,10]. Due to its simple preparation method, high porosity, large specific surface
area, and high adsorption efficiency, nano-adsorbents exhibit significant adsorption capacity [11].
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For instance, Luo et al. [12] utilized a submerged circulation impinging stream reactor (SCISR) to
prepare a millimeter-sized cellulose bead adsorbent named MCB-AC, which was applied to wastewater
treatment. However, some nano-adsorbents were prone to agglomeration and were difficult to
regenerate, thus severely limiting their use in the field of adsorption [13]. Consequently, it is of
great significance to find organic dye adsorbents with high adsorption capacity and recyclability.

Electrospinning technology has become one of the most effective methods for preparing fibers due
to its obvious advantages of simple operation and easy regulation [14,15]. At present, the construction
of nanostructures of various materials such as polymers, inorganic substances, and multi-component
composites has been realized by electrospinning technology, which simultaneously regulates the
size and morphology of the nanostructures [16–18]. Electrospun fibers have the advantages of large
specific surface area, porosity, and excellent flexibility, showing great potential in the fields of catalysis,
drug carriers, and ultrafiltration [19,20]. In addition, the fiber material exhibited good adsorption
capacity due to its microporous structure. For example, Miao et al. [21] combined electrospinning
technology and a hydrothermal reaction to prepare SiO2@ALOOH core/shell fiber and applied it to
wastewater purification. Obviously, the electrospun fiber membrane met the stringent requirements
in the field of decontaminating wastewater. It should be noted that polydopamine (PDA) has been
reported as an effective adsorbent [22,23]. The polymer’s abundant reactive functional groups such
as amino, imino, and phenolic hydroxyl groups seemed beneficial for secondary reactions with other
ions. In addition, PDA-coated nanomaterials increased the numerous active sites and improved
the adsorption performance. Dong et al. [23] prepared a PDA-coated graphene oxide (GO/PDA)
composite adsorbent using the synergistic effect of PDA and graphene oxide that showed a higher
adsorption capacity than pure GO and PDA. Polycaprolactone (PCL), which has good biocompatibility
and degradability, could be used as an electrospinning material. Furthermore, the addition of
a polyethylene oxide (PEO) component with abundant oxygen-containing groups was proposed
to regulate the phase structures and interfacial active sites at suitable conditions. It has been reported
that the PCL/PEO fibers prepared by electrospinning carried considerable free amorphous PCL
chains [24–26]. During solvent vapor annealing (SVA) treatment, the free amorphous PCL chains
absorbed acetone vapor faster than the chains in the crystallization zone. However, PEO, playing the
role of mini dividers, limited the growth of semi-crystalline PCL. Thus, the swollen amorphous PCL
chains were deposited on the crystalline lamellae of preexisting PCL or PEO while the PEO phase
remained largely unchanged. Once the desiccator of the SVA treatment was turned on, the acetone
vapor quickly left the fiber system, creating an obvious morphological change due to the amorphous
chains that preferentially crystallized on the edge of the pre-existing crystallites [25].

In order to solve the abovementioned difficulties, we utilized the in-situ oxidation
self-polymerization of polydopamine by the good adsorption capacity of electrospun fibers and
polydopamine by using electrospun polycaprolactone (PCL)/polyethylene oxide (PEO) as the substrate.
This was combined with the SVA method to regulate the surface morphology of the substrate, and we
successfully designed and prepared a PCL/PEO@PDA composite adsorbent. The SVA treatment
controlled the layered structures, which increased the specific surface area to provide more active sites
for the PDA coating. It was found that the prepared PCL/PEO@PDA composite showed excellent dye
adsorption capacity due to its wrinkled morphology and improved hydrophilicity via the PDA layer.
In addition, the obtained composite adsorbents could be utilized several times with good stability and
recyclability, demonstrating wide applications in wastewater treatment and composite materials.

2. Experimental Method

2.1. Materials

Both polycaprolactone (PCL, Average Mn = 80,000) and polyethylene oxide (PEO, average
Mv = 600,000) were purchased from Sigma–Aldrich. Chloroform (analytical grade, 99.0%) and
acetone (analytical grade, 99.5%) were obtained from Tianzheng Chemical Reagent (Tianjin, China).
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Tris (hydroxymethyl) aminomethane hydrochloride (Tris HCL, super purity, 99%, Aladdin),
sodium hydroxide (NaOH, AR, Kermel Reagent, Tianjin, China), dopamine hydrochloride
(98%, Aladdin), methylene blue (MB), methyl orange (MO), Safranine T (ST), and Rhodamine B
(RhB) were from Aladdin without further purification. All aqueous solutions were prepared using
ultrapure water throughout the experiment. All chemicals were used as received.

2.2. Preparation of PCL/PEO@PDA Nanocomposites

In our previous work, PCL and PEO were simultaneously dissolved in chloroform,
and magnetically stirred overnight at room temperature to obtain a uniform electrospinning precursor
solution for the preparation of electrospun fibers [24]. The electrospinning parameters were 15 kV
voltage, 1 mL/h flow rate, and 25 cm between the needle and the receiving plate. The prepared
PCL/PEO composite fiber was directly separated from the receiving plate and placed in a hermetical
desiccator room containing 200 mL acetone at room temperature for five days to optimize the surface
morphology. Subsequently, polydopamine modification was performed. Specifically, a 10 mM Tris-HCl
buffer solution was prepared to which NaOH was added to adjust the pH to 8.5. Then, dopamine (DA)
was added to the above pH-adjusted buffer solution to obtain 2.0 mg/mL of dopamine aqueous
solution. Once DA was added, the color of the solution changed from colorless to dark brown in an
instant, which meant the formation of polydopamine (PDA) and was similar to previous reports [27,28].
The SVA-treated PCL/PEO was immersed into the aqueous dopamine solution and stirred for different
times (5 h, 30 h, and 45 h) to gain PCL/PEO@PDA composite films with different PDA modification
time intervals. The PCL/PEO@PDA composite membranes were removed from the aqueous dopamine
solution and washed several times with ultrapure water to remove free polydopamine molecules.
Finally, it was dried in a vacuum oven at room temperature for 24 h and stored for subsequent use.

2.3. Adsorption Capacity Test

The adsorption activity of PCL/PEO@PDA composite membranes to methylene blue (MB)
and methyl orange (MO) dyes was measured by a 721 visible spectrophotometer (Shanghai Yidian
Analytical Instrument Co. Ltd., Shanghai, China). The entire adsorption experiment was carried out by
magnetic stirring at room temperature (298 K). First, four concentration-absorbance calibration curves
were established by measuring the absorbance of MB (662 nm), MO (463 nm), RhB (554 nm), and ST
(518 nm) solutions at different concentrations according to previous reports [29]. Subsequently, 15 mg of
the prepared PCL/PEO@PDA composites as adsorbent materials were added to 50 mL of dye solutions
(MB, 10 mg/L; MO, 50 mg/L; RhB, 5 mg/L; and ST, 30 mg/L), respectively. The absorbance of the dye
solution was measured at different intervals until the absorbance stabilized. The concentration of the
dye solution was calculated from the calibration curve established above. The SVA-treated PCL/PEO
composite fiber was used as a reference for the adsorption experiments. Finally, the PCL/PEO@PDA
composite adsorbent under optimal PDA modification time was subjected to recycling experiments.
A total of 15 mg of the prepared PCL/PEO@PDA was added to a freshly prepared MO (100 mg/L)
solution for the adsorption experiments; after reaching adsorption saturation, the PCL/PEO@PDA
adsorbent was removed directly and washed several times with ultrapure water and ethanol to further
adsorb another fresh MO (50 mg/L) solution. The above experimental procedure was repeated eight
times to complete the cyclic adsorption test.

2.4. Characterization

The morphologies of the samples were examined via a scanning electron microscope
(SEM, FEI Corporate, Hillsboro, OR, USA) with gold plasma deposition. Fourier transform
infrared spectroscopy (Thermo Nicolet Corporation) was performed by the KBr pellet method.
The thermal stability of the as-prepared samples was investigated by thermogravimetry-differential
scanning calorimetry (TG-DSC) under an argon atmosphere using a 409 PC Luxxsi thermal analysis
instrument (Netzsch Instruments Manufacturing Co., Ltd., Seligenstadt, Germany). We obtained
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X-ray photoelectron spectroscopy (XPS) data by monitoring a Thermo Scientific ESCALab 250Xi
(Netzsch Instruments Manufacturing Co., Ltd., Seligenstadt, Germany) equipped with 200 W of
monochromatic AlKα radiation. The 500 μm X-ray spot was used for XPS analysis. The base
pressure in the analysis chamber was about 3 × 10−10 mbar. Typically, the hydrocarbon C1s line at
284.8 eV from adventitious carbon is used for energy referencing. Both the survey scan and individual
high-resolution scan were recorded. The N2 adsorption–desorption properties were measured at
77.3 K by a Quadrasorb analyzer (Quantachrome Instruments, Boynton Beach, FL, USA). Before the
measurement, the samples were outgassed at 40 ◦C under vacuum for 4 h. The surface areas were
calculated by the Brunauer–Emmett–Teller (BET) method.

3. Results and Discussion

3.1. Characterization of PCL/PEO@PDA Composite Adsorbents

Figure 1 illustrates the preparation and dye adsorption process of PCL/PEO@PDA as a dye
adsorbent. The experimental process was mainly divided into four parts: electrospinning,
SVA treatment, chemical modification, and dye adsorption. The electrospinning PCL/PEO fiber
membrane was prepared according to the previous work and subjected to subsequent SVA treatment.
The SVA-treated PCL/PEO fiber membrane was then chemically modified with polydopamine
to obtain the PCL/PEO@PDA dye adsorbent. Finally, the prepared PCL/PEO@PDA composite
materials were used as dye adsorbents to adsorb several dyes such as methylene blue and methyl
orange. The SEM images of the SVA-treated PCL/PEO and PCL/PEO@PDA with different chemical
modification times (5 h, 30 h, and 45 h) are shown in Figure 2. Our previous work reported
significant changes in the morphology of electrospun PCL/PEO fiber membranes before and after
SVA treatment [24]. The as-prepared electrospun PCL/PEO fiber demonstrated a straight and smooth
structure, as shown in our previous report [24]. It was interesting to note that the SVA-treated fiber
exhibited a curved and wrinkled structure, as shown in Figure 2a,a’. Figure 2b–d clearly illustrated the
differences in the surface morphologies of PCL/PEO@PDA for different PDA modification intervals.
For a modification time of 5 h, as shown in Figure 2b,b’, it was obvious that the surface of the
wrinkled structure was partially covered by a PDA layer. As the PDA modification time increased,
numerous PDA nanoparticles anchored and accumulated on the surface of the wrinkled PCL/PEO
composite fiber, which can be clearly seen in Figure 2d,d’. At the same time, as shown in Figure 2e,
the UV-vis spectra of the PDA solution and PCL/PEO@PDA-45 fiber composite showed the same
peaks at 218 and 280 nm, indicating the formation of PDA particles due to the DA oxidation and
the polymerization reaction process [30]. Previous studies have shown that the adhesion behavior of
PDA nanoparticles on the surface of solid membranes is mainly due to the noncovalent interactions
(such as hydrogen bonding and electrostatic forces) between the hydrophilic amino-groups of PDA
and the functional active groups on the surface of the composites [31–34]. The results of the above
SEM topography strongly demonstrate the successful preparation of PCL/PEO@PDA composites.
The modification of PDA could improve the hydrophilicity, stability, and adsorption capacity of the
prepared composite.

We surveyed the thermogravimetric (TG) curves of the initial samples and subsequent PDA
modified samples with different reaction time intervals to investigate the thermal stability of the
PCL/PEO@PDA composites. As shown in Figure 3, all samples exhibited a slow weight loss below
250 ◦C, which corresponded to the removal of the moisture remaining in the samples [35]. In addition,
the weight of all samples tended to be stable above 550 ◦C. The PCL/PEO composite fibers before
and after SVA treatment exhibited similar thermal stability, and the qualities’ retention ratios were
1.0% and 2.5%, respectively. The qualities’ retention ratios of the above two samples were close to
zero because the PCL and PEO polymers were thermally decomposed at high temperatures into
volatiles such as H2O, CO2, etc. [36]. A sharp weight loss between 380 ◦C and 440 ◦C originated from
the thermal decomposition of the alkyl chains and various functional groups in these samples [37].
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It was reported that pure PDA demonstrated an approximate 62% weight retention ratio at 550 ◦C [30].
For the present synthesized composite fiber materials, as the chemical modification time increased, the
weight retention ratios reached 22% for the PCL/PEO@PDA-45 composite. The decreased weight loss
of the PCL/PEO@PDA composites after SVA treatment indicated that substantial PDA nanoparticles
had successfully anchored on the surface of the SVA-treated PCL/PEO fibers and significantly
improved stability.

Figure 1. Schematic illustration of the preparation and adsorption dye process of the
polycaprolactone/polyethylene oxide@polydopamine (PCL/PEO@PDA) composites as dye absorbents.
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Figure 2. SEM images of the solvent vapor annealing (SVA)-treated PCL/PEO fibers (a,a’) and
PCL/PEO@PDA of different modification time intervals (b,b’), 5 h; (c), 30 h; (d,d’), 45 h; (e) UV-vis
spectra of the PDA solution and PCL/PEO@PDA-45 fiber composite.
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Figure 3. Thermogravimetry (TG) curves of the prepared PCL/PEO electrospun fibers before and after SVA
treatment and the PCL/PEO@PDA composites of different PDA modification intervals (5 h, 30 h, and 45 h).

Next, the X-ray photoelectron spectroscopy (XPS) was measured to investigate the interfacial
elemental compositions of the obtained composite fiber materials. First, the survey XPS spectra of
different fiber composites are shown in Figure 4a. Some characteristic peaks appeared such as general
C1s and O1s as well as additional N1s peaks in the PCL/PEO@PDA-45 composite. It should be noted
that the as-obtained PCL/PEO fiber showed the relative atomic ratios of C and O elements with
values of 72.6% and 26.5%, respectively. After SVA treatment, the relative atomic ratios of C and O
elements showed the values of 77.3% and 21.7%, respectively. In addition, the atomic ratios of C,
O, and N elements for the PCL/PEO@PDA-45 composite changed with values of 73.2%, 19.6%, and
4.9%, respectively. Due to the presence of the N element and decrement of the O element, it could be
reasonably speculated that the synthesized PDA particles were successfully anchored on the surface of
the composite fibers. Figure 4b shows that the C1s signals of the SVA-treated PCL/PEO fiber were
mainly located at 284.1, 284.8, 285.5, 286.5, and 288.7 eV, corresponding to the C–C & C=C & C–H,
C–OH, C–O, C=O, and O=C–O bonds, respectively [33,38,39]. The O1s deconvolution data are shown
in Figure 4c, which clarified three peaks at 531.7, 532.7, and 533.5 eV, representing the bonds of C=O,
C–O, and –O–H, respectively [33,40]. In addition, Figure 4d–f illustrate the deconvolutions of the C1s,
O1s, and N1s peaks in the PCL/PEO@PDA-45 composite. The C1s peak was deconvoluted to five peaks
at 283.0, 283.9, 284.9, 286.0, and 288.0 eV, corresponding to the C–Si, C–C & C=C & C–H, C–N & C–OH,
C=O, and O=C–O groups [26,33,38,39]. The presence of C–Si was due to the silicon plate during the
testing procedure. The O1s deconvolution exhibited peaks of C=O, C–O, H2O, and –O–H species at
positions of 530.0, 531.6, 532.6, and 533.6 eV, respectively [26,33,40]. The possible H2O at 532.6 eV
originated from the residual moisture in the sample. The N1s deconvolution showed amine and C–N
species at 398.6 eV and 400.4 eV, respectively, indicating that the PDA layer was apparently present
on the fiber surface [26,37,38,41,42]. In addition, the microstructures of the SVA-treated PCL/PEO
and PCL/PEO@PDA-45 samples were investigated using N2 adsorption–desorption isotherms.
The obtained properties of the samples are generalized in Table 1. As shown in Table 1, the as-obtained
PCL/PEO fiber showed the specific surface area of 8.5467 m2g−1. After SVA treatment for 45 h,
the value of the specific surface area increased obviously and reached 15.3133 m2g−1, demonstrating
the formation of more anchoring sites for the next modification of the PDA coating. In addition,
the obtained PCL/PEO@PDA-45 after chemical modification of PDA showed a decreased BET specific
surface area (9.0741 m2g−1) than the SVA-treated PCL/PEO fibers (15.3133 m2g−1), indicating that
the PCL/PEO@PDA-45 composite fiber anchored numerous PDA particles in interfacial adsorption
sites, facilitating the next adsorption of dye molecules. Meanwhile, the pore size and pore volume
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of the two samples were calculated via BJH methods. The obtained PCL/PEO@PDA-45 composite
also exhibited decreased pore size and pore volume, meaning that larger pore diameters and pore
volumes in the SVA-treated PCL/PEO fibers could demonstrate lots of micro/nanoscale channels for
PDA nanoparticles to transfer into the composites, thereby making it effective for the next adsorption
capacities experiment [43,44].

Figure 4. Survey XPS spectra of the fiber composites (a) and the peak deconvolutions: (b,c),
C1s and O1s in the PCL/PEO fiber after SVA treatment, respectively; (d–f), C1s, O1s, and N1s in
the PCL/PEO@PDA-45 composite, respectively.

Table 1. Physical data of as-prepared different fiber composites.

Samples
Specific Surface Area

(m2g−1)
Average Pore Diameter (nm) Pore Volume (cm3g−1)

As-obtained PCL/PEO fiber 8.5467 24.1263 0.008736

PCL/PEO fiber after SVA 15.3133 47.0420 0.012631
PCL/PEO@PDA-45 9.0741 27.1665 0.008920

In order to further investigate the obtained composite fiber, the infrared curves of the initial
materials and modified composites with different chemical modification time are shown in Figure 5.
The infrared spectrum of the initial PEO exhibited triplet peaks of C–O–C stretching vibration at 1149,
1101, and 1060 cm−1 with the maximum peak at 1101 cm−1 [45]. Meanwhile, the characteristic peaks at
964, 1470, 2884, and 3438 cm−1 were derived from the initial PEO, corresponding to the rock vibration
of CH2, the CH2 stretching vibration, and the terminal hydroxyl group, respectively [45–48]. As for
the PDA curve, the peak at 1610 cm−1 was attributed to the aromatic rings stretching vibrations and
the N–H bending vibrations, and the peak at 3400 cm−1 was attributed to the catechol –OH groups
and N–H groups [30]. As shown in the spectral curves of the electrospun PCL/PEO and SVA-treated
PCL/PEO, characteristic peaks at 2945, 2871 cm−1, and 1723 cm−1 were attributed to asymmetric
and symmetric CH2 stretching vibration and ester carbonyl stretching vibration, respectively [48].
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After the SVA-treated PCL/PEO was chemically modified by PDA, the obtained PCL/PEO@PDA
showed new characteristic peaks at 1558, 1550, 1500 cm−1, corresponding to the amide bands, amines,
and aromatic benzene rings in the PDA component, respectively, and accompanying the absorption
peak at 1723 cm−1, which slightly shifted to 1730 cm−1 [33,45,49]. All characteristic peaks were
correspondingly displayed in the infrared curve of the PCL/PEO@PDA composite. The above infrared
data further demonstrates that the PDA component was successfully anchored on the surface of the
substrate SVA treated PCL/PEO material.

Figure 5. FT-IR spectra of the initial materials and the obtained composite fibers.

3.2. Adsorption Dye Performance of PCL/PEO@PDA Composite

Adsorption kinetics is of great significance in the evaluation of adsorption efficiency. A variety
of adsorbents evaluated by pseudo-first-order and pseudo-second-order kinetic models have been
reported, as listed in Table 2 [12,13,22,23,33,50]. The adsorption behaviors of several adsorbents
towards methylene blue (MB) and methyl orange (MO) in Table 2 indicated that different adsorbents
show selective adsorption properties for different dyes. For examples, magnetic cellulose beads
(MCB-AC) synthesized by Luo et al. [12] showed certain adsorption capacity for MB and MO
(1.8 mg/g and 1.3 mg/g, respectively), which could be well regenerated and reused. Fu et al. [13]
reported the synthesis of independent PDA microspheres and the selective adsorption/separation
capacities of organic dyes, where the obtained PDA microsphere adsorbent showed a better selective
adsorption of MB (147.0 mg/g) than MO (almost zero). Zhou et al. [22] reported the magnetic core-shell
structure of Fe3O4@PDA nanoparticles which selectively adsorbed MB (10.0 mg/g) rather than MO
(2.1 mg/g) due to electrostatic attraction between dye molecules and adsorbents. Thus, both MB
and MO molecules were regarded as typical model dyes for the adsorption test in present study
system. The adsorption properties of our prepared PCL/PEO@PDA-45 composite and the SVA-treated
PCL/PEO fiber as adsorbents for MB and MO aqueous solutions were estimated by pseudo-first-order
and pseudo-second-order kinetic models. From the adsorption curves seen in Figure 6, it was found
that the composite films chemically modified by PDA exhibited improved adsorption capacities than
the substrate composite film. This result can be attributed to the affluent amino and hydroxyl groups
on the surface of the PDA to provide more adsorption activity points for the dye molecules [33].
The following classical kinetic model equations illustrate the above adsorption mechanism:

The pseudo-first-order kinetic model Equation (1) is expressed:

log
(
qe − qt

)
= log qe − k1

2.303 t (1)

The pseudo-second-order kinetic model Equation (2) is expressed as:

t
qt

=
1

k2q2
e
+

t
qe

(2)

118



Nanomaterials 2019, 9, 116

where qe (mg/g) is the adsorption amount when the adsorption process reaches equilibrium; qt (mg/g)
is the adsorption amount when the adsorption time t (min); k1 (min−1) is the pseudo-first-order
rate constants; and k2 (g/mg·min) is the pseudo-second-order rate constants. The obtained
adsorption kinetic related data (Figure 6) are shown in Table 3. The adsorption amount (qe) of
the dye at the equilibrium of adsorption indicated that a good fit of the adsorption experimental
curves had been obtained. It can be seen from Figure 6a and Table 3 that the adsorption
efficiency of the PCL/PEO@PDA adsorbent for the MB dye enhanced with the increment of
the chemical modification time of PDA. In addition, the correlation coefficient R2 corresponding
to the pseudo-first-order and pseudo-second-order kinetic model indicated that the adsorption
process of the PCL/PEO@PDA-45 composite adsorbent for MO dye was more consistent with
the pseudo-second-order kinetic model, while the adsorption kinetics of other adsorbents for the
MB, MO, and ST dyes were more consistent with the pseudo-first-order kinetic model. It is
worth mentioning that the obtained PCL/PEO@PDA-45 composite adsorbent exhibited better fitted
adsorption efficiency for MO (60.22 mg/g) than that of MB (14.85 mg/g). That is to say, the chemically
modified PCL/PEO@PDA-45 composite adsorbent exhibited excellent selective adsorption capacity
for the anionic dye (MO) versus the cationic dye (MB) [13]. As shown in Table 2, for examples,
Dong et al. [23] reported the adsorption performance of PDA/GO composite adsorbents toward
various organic dyes, such as MB (1800.0 mg/g), MO (30.0 mg/g), RhB (100.0 mg/g), and neutral
red (1400.0 mg/g), showing an extremely high adsorption capacity. Xing et al. [33] investigated
the self-assembly of hierarchical poly(vinyl alcohol)/poly(acrylic acid)/carboxylate graphene oxide
nanosheets@polydopamine (PVA/PAA/GO-COOH@PDA) composite and adsorption performances
for MB (34.1 mg/g), RhB (8.4 mg/g) and Congo red (12.9 mg/g), which showed selectively
MB-adsorbed process due to strong π-π stacking and electrostatic interaction. Liu et al. [50]
reported that poly(catechol-tetraethylenepentamine-cyanuric chloride)@hydrocellulose(PCEC-C)
composite absorbent effectively removed MO (37.2 mg/g) at 298 K due to electrostatic interaction,
hydrogen bonding, and π-π stacking interaction. In our present system, to further explore the
adsorption performance of the prepared composite fibers, we also studied the adsorption process of the
PCL/PEO@PDA-45 composite and SVA-treated PCL/PEO fiber on typical cationic dyes (RhB and ST).
The obtained results in Figure 6 and Table 3 showed that the PCL/PEO@PDA-45 composite adsorbent
exhibited common adsorption properties for RhB and ST (7.7316 and 9.6628 mg/g, respectively). It is
well known that most forces between adsorbents and dyes are ion interactions, electrostatic attraction,
π–π stacking interactions, and host–guest interactions [13,23]. However, space steric hindrance (such
as the aromatic ring of ST, and the long-chain alkyl chain of RhB) could offset the electrostatic attraction
and π–π stacking interactions, and so on [50]. In addition, the Eschenmoser salt between the ortho
position of the catechol phenolic hydroxyl group in PDA and the Eschenmoser structure of the
dye (such as MB) assisted the 1,4-Michael addition reaction, increasing the adsorption capacity
of the composite adsorbent containing a PDA component [23]. Thus, in combination with the
above several adsorption systems, the PCL/PEO@PDA-45 composite adsorbent prepared in this
study exhibited a selective adsorption performance on the used ion dyes. In all, the obtained
PCL/PEO@PDA composite adsorbent selectively and effectively removed MO due to stronger π-π
stacking and electrostatic interactions [13,23,33,50], friendly adsorbed MB because of the Eschenmoser
salt formed by the 1,4-Michael addition reaction. At the same time, the PCL/PEO@PDA composite
adsorbent exhibited a limited adsorption capacity on RhB and ST. The above obtained experimental
results showed that present composite adsorbents could potentially be used in the wide fields of
wastewater treatment.
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Table 2. Comparison of the adsorption capacity of other adsorbents in the previous studies at 298 K.

NO. Materials
qe (mg/g)

Characteristics Ref.
MB MO

1 Magnetic cellulose beads
(MCB-AC) 1.8 1.3

Selective magnetic response,
environmentally friendly process,

reusable spherical beads.
[12]

2 PDA microspheres 147.0 almost
zero

Selective adsorption of cationic
dyes, economical adsorption

and separation.
[13]

3 Fe3O4@PDA NPs 10.0 2.1

Selective adsorption capacity for
cationic dyes, magnetic core-shell

structure, easily
magnetic separation.

[22]

4 PDA/GO 1800.0 30.0
Controllable PDA layer thickness,

high surface area structure,
excellent adsorption performance.

[23]

5

poly(vinyl alcohol)/poly(acrylic
acid)/carboxylate graphene

oxide@polydopamine
(PVA/PAA/GO-COOH@PDA)

31.3 -

Environmentally friendly and
controllable preparation method,

larger specific surface area,
excellent reusability.

[33]

6

poly(catechol-tetraethylenep
entamine-cyanuric

chloride)@hydrocellulose
(PCEC-C)

- 37.2
Selective adsorption of anionic
dyes, simple method and better

adsorption stability.
[50]

7 PCL/PEO@PDA-45 14.8 60.2

Selective adsorption of MO,
convenient and controllable
method, excellent stability

and reuse.

Present
work

Table 3. Adsorption kinetic parameters of SVA treated PCL/PEO and PCL/PEO@PDA adsorbents
toward dyes at 298 K.

MB

Pseudo-First-Order Model Pseudo-Second-Order Model

qe (mg/g) R2 K1 (min−1) qe (mg/g) R2 K2

(g/mg·min)

PCL/PEO after SVA 2.5533 0.9949 0.1270 2.6183 0.9987 0.3809
PCL/PEO@PDA-5 6.0916 0.8968 0.0459 6.7700 0.9931 0.1457

PCL/PEO@PDA-30 7.1766 0.9738 0.0184 7.5614 0.9904 0.1297
PCL/PEO@PDA-45 13.5342 0.9576 0.0335 14.8522 0.9966 0.0669

RhB
PCL/PEO after SVA 1.5026 0.9344 0.1217 1.5018 0.9923 1.1646
PCL/PEO@PDA-45 7.2790 0.9668 0.0878 7.7316 0.9997 0.0286

ST
PCL/PEO after SVA 2.1838 0.9566 0.0059 1.8543 0.9358 0.0115
PCL/PEO@PDA-45 8.9755 0.9788 0.0162 9.6628 0.9826 0.0041

MO
PCL/PEO after SVA 29.6755 0.9963 0.0432 30.8547 0.9980 0.0323
PCL/PEO@PDA-45 60.2260 0.9983 0.0046 59.2417 0.8960 0.0136
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Figure 6. Adsorption kinetics curves of the prepared composite fibers on methylene blue (MB)
(a,b), Rhodamine B (RhB) (c,d), Safranine T (ST) (e,f), and methyl orange (MO) (g,h) at 298 K.

Good stability and reusability of the adsorbent are important considerations for practical
production. Adsorbents with excellent reusability have been reported in previous studies [51–58].
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For example, Lu et al. [41] investigated the reuse efficiency of the PDA/PEI@PVA/PEI composite
adsorbent on Ponceau S (PS) of up to 91% after ten times cycling, suggesting excellent stability and
recycling ability. It should be noted that the reported PDA/PEI@PVA/PEI composite adsorbent showed
an inconspicuous loss of the soluble PEI component in the adsorbent material during the adsorption
measurements. Next, the adsorption stability and reusability of the PCL/PEO@PDA-45 composite was
investigated. The cyclic adsorption experiment was carried out eight times in succession, and each
adsorption time was the same as that in Figure 6c for four hours. The dye-adsorbed PCL/PEO@PDA
composite was thoroughly washed with ultrapure water and ethanol to remove the adsorbed dye
molecules and by-products generated during the adsorption process as much as possible, which was
utilized for further cyclic adsorption. The cyclic adsorption efficiency of the PCL/PEO@PDA composite
adsorbent towards MO dye is shown in Figure 7. The dye removal efficiency was calculated using the
following equation:

Removal% =
C0 − Ct

C0
×100 (3)

Figure 7. Regeneration studies of the PCL/PEO@PDA-45 composite toward MO for different
consecutive cycles at 298 K.

After eight adsorption-desorption cycles, the removal efficiency of the PCL/PEO@PDA composite
adsorbent on MO dye decreased from 99% to 93%, indicating excellent stability and recyclability of the
adsorbent. The slight decrease in the removal efficiency of the PCL/PEO@PDA composite adsorbent
was ascribed to the loss of trace amounts of PDA nanoparticles anchored on the adsorbent surface
during the washing process or fewer residual dye molecules on the adsorbent surface [33]. It could be
reasonably speculated that the possible loss of the soluble PEO component in our PCL/PEO@PDA-45
composite adsorbent showed an inconspicuous state during the adsorption measurements. The above
cyclic adsorption results indicated that the PCL/PEO@PDA composite showed significant adsorption
efficiency, stability, and recyclability [59–65].

4. Conclusions

In summary, we successfully designed and prepared PCL/PEO@PDA composites with
significantly excellent adsorption capacity and stability. The SVA-treated PCL/PEO fibers exhibited
a pleated microstructure, which increased the specific surface area of the smooth electrospun fibers
and provided more active attachment sites and spaces for the subsequent chemical modification of
polydopamine. The synthesized PCL/PEO@PDA composite after the chemical modification of PDA
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possessed numerous active sites to anchor the next dye molecules during the adsorption process.
Furthermore, the PCL/PEO@PDA composite adsorbent showed a better adsorption capacity than
the SVA-treated PCL/PEO composite. Simultaneously, the PCL/PEO@PDA composite adsorbent
selectively adsorbed the anionic dye MO, exhibiting better adsorption efficiency than the adsorption
toward the used cationic dyes (MB, RHB, and ST). In addition, the PCL/PEO@PDA composite could be
separated from the dye solutions to avoid possible agglomeration, exhibiting significant regenerative
and reproducible capability for dye removal. The current research work provided a new approach to
designing and preparing PDA-based composite adsorbents, showing potential practical applications
in the field of wastewater treatment.
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Abstract: Dy-doped BiOCl powder photocatalyst was synthesized A one–step coprecipitation method.
The incorporation of Dy3+ replaced partial Bi3+ in BiOCl crystal lattice system. For Rhodamine B
(RhB) under visible light irradiation, 2% Dy doped BiOCl possessed highly efficient photocatalytic
activity and photodegradation efficiency. The photodegradation ratio of RhB could reach 97.3% after
only 30 min of photocatalytic reaction; this was more than relative investigations have reported in the
last two years. The main reason was that the 4f electron shell of Dy in the BiOCl crystal lattice system
can generate a special electronic shell structure that facilitated the transfer of electron from valance
band to conduction band and separation of the photoinduced charge carrier. Apart from material
preparation, this research is expected to provide important references for RhB photodegradation in
practical applications.

Keywords: Dy3+; BiOCl; photocatalyst; RhB photodegradation; doping modification

1. Introduction

Photocatalytic technology using visible light irradiation is an environmentally-friendly approach
towards environmental pollutant treatment. It has attracted considerable attention due to inexhaustible
visible light from solar light energy. Over the past few decades, some visible-light-driven photocatalysts
were engineered and fabricated for the photodegradation of organic wastewater. For example, Fe(0) doped
g-C3N4/MoS2, fluorinated Bi2WO6, and TiO2 with interface defects [1–3] were synthesized, specifically
aiming at Rhodamine B (RhB) photodegradation. However, the corresponding photocatalytic reactions
were very slow and took several hours to degrade less than 98% RhB, thus impeding their practical
application due to the high time costs. If the used light source was simulated visible light, and not
solar light, the long times of the photocatalytic reaction would increase energy consumption and costs.
Therefore, the challenges we face are how to enhance photocatalytic reaction kinetics, to shorten reaction
time, and to boost photocatalytic efficiency under identical visible light irradiation.

Bi-based photocatalysts are important visible-light-responsive photocatalysts and have recently
attracted increasing attention. Considering the stability of Bi3+, Bi3+-containing compounds, such as
Bi2O3, BiVO4, Bi2WO6, BiPO4, BiFeO3, and BiOX (X = Cl, Br, I) [4], were synthesized for photocatalytic
reactions. Most of these compounds, especially BiOX (X = Cl, Br, I), possessed a layered structure and a
plate-like appearance that could produce an internal electric field [5,6], which facilitated the migration
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of photoinduced carriers to some extent. Among these Bi3+-based photocatalysts, studies regarding
the structure and properties of BiOCl were found. In fact, the photogenerated electrons and holes of
BiOCl have not been easily exploited and utilized under visible light irradiation [4,7].

Foreign ion doping has been widely adopted to increase the visible light absorption for single
phase photocatalysts, because this process can generate a doping level between the conduction band
(CB) and valence band (VB) [8]. Consequently, the energy required to excite electrons is decreased,
and the light response of semiconductors is enhanced. Doping modification also steered the charges
migrating in a special manner for semiconductors, thus leading to an augmented transfer efficiency of
carriers. Hence, doping modifications were commonly employed to boost the photocatalytic activity
of Bi-based semiconductors.

Dy-doped ZnO nanoparticles using a photocatalyst were also investigated [9–11]. This rare earth
metal (Dy) was used as an efficient dopant into the interstitial sites of the ZnO crystal structure. It has been
found that rare-earth-metal-doping modification could reduce the electron–hole pair recombination, which
is the precondition for efficient photocatalytic applications. Dy could also be incorporated in the crystal
lattice of ZnO and thus form ZnO nanoparticles, which could be tuned for optical, morphological and
photocatalytic properties. Dy3+ ions are well known as an activated dopant for different inorganic crystal
lattices, producing visible light by appropriately adjusting yellow and blue emissions.

To the best of our knowledge, no studies have investigated the application of in situ synthesized
Dy-doped BiOCl powder photocatalyst for RhB photodegradation in aqueous environments.
The as-synthesized Dy-doped BiOCl possessed good photocatalytic activity for the removal of RhB.
A total of 97.3% RhB could be degraded in only 30 min of photocatalytic reaction under visible
light irradiation.

2. Experimental Section

All reagents were of analytical grade purity and were used directly without further purification.
Deionized water was used in all experimental processes.

2.1. Materials Syntheses

One gram of polyvinylpyrrolidone K30 (PVP K30, Aladdin, Shanghai, China) was completely
dissolved in 100 mL distilled water via agitation to form a homogeneous solution that was divided
into two parts. A total of 5 mmol Bi (NO3)3·5H2O (Sigma-Aldrich, Hongkong, China) and a proper mol%
amount of Dy (NO3)3·6H2O (0.5%, 1%, 1.5%, 2%, 2.5%) (Sigma-Aldrich) were then completely dissolved in
the above homogeneous solution by stirring for 30 min. A total of 5 mmol KCl (JZ Chemical, Taoyuan,
Taiwan) was also dissolved in the above homogeneous solution by stirring. Then, KCl solution was slowly
added into Bi (NO3)3·5H2O and Dy (NO3)3·6H2O mixed suspension under magnetic stirring conditions,
and then continuously stirred for 4 h. The mixed solution was filtered. The obtained filter cake was washed
several times using 300 mL deionized water and 150 mL absolute ethyl alcohol. The washed filter cake
was dried at 80 ◦C for 10 h to obtain the resultant Dy-doped BiOCl. The pure BiOCl was synthesized using
the similar process without adding Dy (NO3)3·6H2O.

2.2. Materials Characterization

X-ray diffraction (XRD) measurements were conducted using standard powder diffraction
procedures. The samples were smear-mounted on a glass slide and analyzed at a scan rate of 4◦

(2θ) min−1 using monochromatic Cu Kα radiation (MAC Science, MXP18, Tokyo, Japan) at 30 kV and
20 mA. The recorded specific peak intensities and 2θ values were further identified by a computer
database system (JCPDS). The chemical compositions of the samples were determined with an
X-ray photoelectron spectra (XPS, Physical Electronic ESCA PHI 1600, Chanhassan, MN, USA) at an
excitation energy of 1486.6 eV of Al Kα. The C 1s (284.5 eV) signal served as a calibration standard
for the Bi and Dy species and their spectra over a wide region. XPS signals of the above species
were recorded with a cylindrical mirror analyzer (CMA). The Raman scattering measurements were
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performed on BiDyxOCl powder samples using an INVIA Raman microprobe (Renishaw Instruments,
Wotton-under-Edge, England). The microprobe had an excitation source (488 nm) that was well
equipped with a Peltier cooled charge coupled device detector. The morphology, microstructure,
and particle size of the as-prepared samples were characterized by field–emission scanning electron
microscopy (FE–SEM) (Hitachi, S–4700 Type II, Tokyo, Japan) with a resolution of 0.1 nm and using
a high-resolution transmission electron microscopy (HR–TEM) (Hitachi H–7500, Honshū, Japan) at
100 kV, after dispersing the samples on a carbon film supported on a copper grid. The pore volume
and surface area of samples were calculated from the nitrogen adsorption–desorption isotherms
measured at −196 ◦C using an ASAP 2010 instrument (micromeritics with surface area deviation
of 1%) (ASAP-2010, Micromeritics, Norcross, GA, USA). The optical properties of samples were
examined using an ultraviolet–visible diffuse reflectance spectrophotometer (UV-vis DRS, TU1901,
Beijing, China).

2.3. Photocatalytic Test

One hundred milligrams of powdered photocatalyst were added to 10.0 mg·L−1 RhB solution
(100.0 mL). The solution was placed in the dark for 1 h, while stirring (500 r·min−1) to reach to
adsorption–desorption equilibrium (See Figure S1). Single wavelength light-emitting diode (LED)
visible light (λ = 470 nm) was used as the visible light source (power = 140 W). At given irradiation time
intervals, a series of the reaction solution was sampled and the absorption spectrum was measured.

3. Results and Discussion

3.1. Phase Analyses

Figure 1 displays the XRD crystal diffraction patterns of pure BiOCl and Dy-doped BiOCl samples.
It can be seen that the diffraction peaks are obviously broadened, indicating that the grain size was
smaller, which was due to the size effect of PVP. The smaller grain size contributed to the growth of
the final products of smaller particles.

The diffraction peaks of all samples were fully indexed into BiOCl (JCPDS card number: PDF#06-0248)
for the tetragonal system [12]. After the introduction of Dy, the diffraction peak of BiOCl had no obvious
displacement, which was similar to the investigation of Eu-doped BiOCl. Similar phenomena were
observed through investigations of Cu-, Co-, and Fe-doped BiOCl [13–16]. The Dy2O3 phase or other
impurity peaks were not observed. This was indicated that Dy3+ substituted for Bi3+ in the BiOCl crystal
lattice. The grain sizes of pure BiOCl and (0.5%, 1%, 1.5%, 2% and 2.5%) Dy-doped BiOCl were 9.9, 8.5,
8.3, 7.8, 7.8, and 7.7 nm, determined via calculation using the Scherrer Equation. It can be seen that, with
an increase in the Dy doping amount, the grain size of BiOCl gradually decreased, which was due to the
distortion of the crystal cell structure caused by the larger ionic radius of the Bi3+ ion (rBi

3+ = 1.17 Å) in the
crystal lattice, substituted by Dy3+ with a smaller ion radius (rDy

3+ = 0.91 Å).
The Raman spectra of pure BiOCl and Dy doped BiOCl samples are depicted in Figure 2.

The intensity of the symmetric vibration peaks in the Raman spectrum was stronger than that of
the asymmetric vibration peaks. The peak at 143.3 cm−1 in the spectrum was assignable to symmetrical
stretching vibration of the Bi-Cl bond. The peak at 199.6 cm−1 was ascribable to the symmetric
expansion vibration of the Bi-Cl bond [17]. In addition, the weak and wide peak at 398.0 cm−1 was
attributable to the oxygen atom vibration peak in the BiOCl system. The asymmetric stretching
vibration peak of the Bi-Cl bond should appear at 60.0 cm−1, which was not detected here, because
the peak intensity of the asymmetric vibration was too weak. Meanwhile, the Raman peaks of BiOCl
at 84.0 cm−1 and the peaks of BiDy2.0OCl at 88.3 cm−1 were observed, which was due to the crystal
lattice distortion caused by Dy doping into the BiOCl crystal lattice. With the increase in Dy doping
amount, the Raman peak at 199.6 cm−1 gradually moved to a low wave number, which resulted from
grain size reduction with the increase in the Dy doping amount.
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Figure 1. XRD patterns of pure BiOCl and Dy-doped BiOCl.

Figure 2. The Raman spectra of (a) BiClO; (b) BiDy0.5ClO; (c) Bi0Dy1.0ClO; (d) BiDy1.5ClO; (e) BiDy2.0ClO;
and (f) BiDy2.5ClO.
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The surface composition and chemical state of a 2% Dy-doped BiOCl sample was analyzed by
X-ray photoelectron spectroscopy (XPS), as shown in Figure 3. The Dy element was not detected via
common or etch methods, which was attributed to the incorporation of Dy entering into the crystal
lattice of BiOCl. Figure 3a shows the XPS full spectra of the original sample and the sample with 30 s of
denudation. Only Bi, O, Cl and C were found in the full XPS spectrum of the original sample. The Dy
element still could not be detected after etching sample for 30 s. It can be further confirmed that the
introduction of Dy3+ replaced Bi3+ in the BiOCl crystal lattice system.

Figure 3b–d shows the high-resolution spectra of the etching sample. The peaks at 159.09 eV and
164.35 eV could be ascribable to Bi 4f7/2 and Bi 4f5/2 spin-orbital Bi3+ in BiOCl [18]. The O1s peak
at 532.9 eV was from the oxygen atom of the Bi-O bond. The peak of the Cl 2p photoelectron peak
appeared at 198.95 eV, corresponding to Cl− in BiOCl.

Figure 3. XPS spectra of 2% Dy doped BiOCl (a) and the corresponding high-resolution XPS spectra of
Bi (b); O (c); Cl (d).

The adsorption–desorption isotherms and the pore size distribution curves (See inset) for pure
BiOCl and BiDy2.0OCl are shown in Figure 4. The most probable pore-size distributions were 2.76 nm
and 2.30 nm for pure BiOCl and BiDy2.0OCl, respectively. The introduction of Dy increased the number
of micropore and mesopores, which can be confirmed via the adsorption–desorption isotherms.
The BET surface areas for BiOCl and BiDy2.0OCl were 4.15 m2·g−1 and 9.45 m2·g−1, respectively.
Incorporation of Dy could increase the surface area. The smaller ionic radii Dy substituted for Bi could
reduce the grain size of BiOCl and further increase its special surface area. The larger the surface area,
the more surface-active sites for a catalyst.
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Figure 4. The adsorption–desorption isotherms and the pore size distribution curves (inset). (a) BiOCl
and (b) BiDy2.0OCl.

3.2. Micromorphology Analyses

An SEM image of pure BiOCl is shown in Figure 5a. The image presents a spherical-flower structure
with a size of 1–2 μm. With the increase in Dy doping amount from 0.5 to 2.5%, the surface structure
remained similar, which revealed that the incorporation of Dy did not change the surface morphology
and crystal structure of BiOCl. This further confirmed that Dy3+ entered into the crystal lattice structure
of BiOCl.

Figure 6 shows pure BiOCl and 2% Dy-doped BiOCl transmission electron microscope (TEM)
diagrams and the corresponding high transmission electron microscope (HR-TEM, Hitachi H–7500,
Honshū, Japan) diagrams, which are illustrations of the selected area electron diffraction (SAED).
From Figure 5a,c, it can be seen that the morphologies of pure BiOCl and 2% Dy-doped BiOCl are
spherical in structure, which was consistent with the results of the scanning electron microscope test.
The results of HRTEM revealed that the crystal lattice stripe was clearly visible and highly consistent,
indicating that the crystal structure of the sample was complete and that the crystallinity was good.
Further tests indicated that the spacing of the crystal lattice stripe was 0.275 nm [19] (Figure 6b,d),
which corresponded to the space between the (110) surface of the BiOCl of the tetragonal system,
which was also in accordance with the XRD results. Meanwhile, selective electron diffraction of BiOCl
and 2% Dy-doped BiOCl was carried out. As shown in Figure 6b,d, clear diffraction points could be
observed. The sample belonged to single crystal, corresponding to BiOCl and Dy-doped BiOCl (110)
and (200) surfaces, respectively, thus indicating that the samples had good crystallinity.
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Figure 5. SEM images of BiOCl (a) and (0.5%, 1%, 1.5%, 2% and 2.5%) Dy-doped BiOCl (b–f).

3.3. Optical Properties

Figure 7 displays UV–vis diffuse reflectance spectroscopy results and the corresponding band
gap energy diagrams of pure BiOCl and Dy-doped BiOCl.

As can be seen from Figure 7a, with the increase in Dy doping amount, the absorption band of the
samples presented a red shift, and the absorption capacity of light increased gradually. Through calculation
of the band gap width (Figure 7b), it was found that, when the doping amount was 2.5%, the band gap
energy decreased to 3.31 eV from 3.42 eV for pure BiOCl. There was no change in the color of the sample
with the introduction of Dy, which implied that Dy showed a change in the electronic structure of the
BiOCl, was altered when Dy3+ entered the BiOCl crystal lattice and replaced Bi3+.

Figure 6. TEM images of BiOCl (a), 2% Dy doped BiOCl (c) and corresponding HRTEM (b,d); Inset:
SAED pattern of the BiOCl and 2% Dy-doped BiOCl.
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Figure 7. UV–vis diffuses reflectance spectra BiOCl with different Dy contents (a) and the corresponding
band gap energy (b).

The effect of Mn doping on the electronic structure of BiOCl was thoroughly studied using the
first principle [20]. It was found that Mn doping could make the whole energy level of BiOCl move
to a low energy level. The incorporation of Mn was in the middle of the band gap and the bottom of
conduction band of the BiOCl system, which produced a new impurity level, further reducing the
width of the band gap.

Rare earth metal elements possess unique optical properties because of their unique electronic
structures. The main reason for this is the existence of the 4f electron shell [21].

The electronic shell structure of rare earth metal elements could be expressed as: 4fN5s25p6.
The electron at 4f shell was not the outermost electron, but indeed the photoactive electrons were at
the 4f layer [21]. Therefore, the doping of rare earth metal ions would affect their electronic structure and
change their optical properties. Here, the reduction in band gap energy was attributed to the introduction
of Dy3+ ions which could generate a new electron energy level in the middle of the band gap of BiOCl.

The conduction band of BiOCl was mainly composed of Bi 6p, and the valence band was mainly
composed of O 2p, Cl 3p and a small amount of Bi 6s [22]. Electrons were passed from O 2p and Cl
3p to the 4f electronic shell of Dy instead of being directly transmitted to Bi 6p, which can be seen
in Figure 8. This was a “springboard” between the valence band and the conduction band, which
facilitated the easy jump to the conduction band for photoexcited electrons.

Figure 8. The schematic of reduction in the band gap of BiOCl.

3.4. Photocatalytic Activity and Corresponding Mechanism

In order to find the optimal Dy doping amount, the photocatalytic performances of pure BiOCl and
Dy-doped BiOCl (0.5%, 1%, 1.5%, 2% and 2.5%) samples were investigated via RhB photodegradation
under visible light irradiation. This was also the original intention of this modification study for BiOCl.
Here, a single wavelength LED light source was used as simulation visible light due to its low light
intensity and securing wavelength. The experimental results are shown in Figure 9.
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Figure 9. Time-dependent UV-vis absorption spectra of the RhB in the presence of various Dy-doped
BiOCl photocatalysts (a–f) and the corresponding degradation ratio of RhB (g). The color change of
RhB using 2% Dy doped BiOCl in photodegradation process (h).
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Figure 9a–f shows the time-dependent UV-vis absorption spectra of RhB in the presence of the
as-prepared samples. Figure 9g,h shows the photocatalytic degradation ratio of RhB versus visible
light irradiation time and the color change of RhB using 2% Dy-doped BiOCl as a photocatalyst. It was
seen that the 2% Dy-doped BiOCl possessed the best photocatalytic activity under identical visible light
irradiation. Using 2% Dy-doped BiOCl, the RhB photodegradation ratio reached 97.3%, which was
1.3 times more than pure BiOCl under identical light irradiation (see Table 1). With the increase in the
Dy doping amount from 0.5 to 1.5%, photocatalytic efficiency increased tremendously. However, when
the Dy doping amount was 2.5%, the RhB photodegradation ratio decreased, which indicated that
excessive Dy doping was detrimental to the enhancement of the photocatalytic activity of BiOCl.
In addition, the reaction rate constants were determined from the RhB degradation kinetic curves
(Figure 10). The reaction rate constant for RhB degradation using 2% Dy-doped BiOCl as photocatalyst
was greatest, ca. 0.084 min−1, which was more than 1.3 times that of pure BiOCl.

Table 1. The photodegradation ratio for RhB using BiOCl and Dy doped BiOCl samples. A total of
100.0 mg of powder photocatalyst was put into 10.0 mg·L−1 of RhB solution (100.0 mL).

Time (min) BiOCl BiDy0.05OCl BiDy0.1OCl BiDy0.15OCl BiDy0.2OCl BiDy0.25OCl

10 49.0% 51.0% 59.0% 60.3% 67.0% 62.0%
20 64.0% 74.5% 83.8% 84.7% 85.7% 78.1%
30 74.8% 88.6% 88.5% 90.9% 97.3% 87.7%

Figure 10. Kinetic linear fitting curve for RhB degradation using different photocatalyst samples.

It is worth mentioning that the photocatalytic activity of 2% Dy-doped BiOCl for RhB
photodegradation was outstanding. To the best of our knowledge, the photocatalytic ratio reached
97.3% after only 30 min of photocatalytic reaction, and the efficiency was superior to that of existing
literature reports (see Table S1).

Overall the incorporation of Dy can significantly enhance the photocatalytic activity of BiOCl.
First, the band gap energy of BiOCl decreased with Dy doping. In addition, the introduction of

the 4f electron shell of Dy was equivalent to adding a “springboard” between the valance band and
the covalent band of BiOCl, so that the valence band electrons could be more easily transferred to the
conduction band through the 4f electric sublayer of Dy under visible light irradiation.

Secondly, the electron shell was relatively stable in the semi-full state, and when the Dy3+ trapped
an electron, the 4f electron shell in the half-full electron state was destroyed, and the stability was
reduced, and the electrons were released to the stable state. The released electrons reacted with the
oxygen adsorbed on the surface of the sample to produce a photocatalytic active substance. In fact,
a dye sensitized electron was possibly captured by Dy3+, so the 4f electron shell could be used either as
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an electronic conductor or as a collection of electrons. The two processes could facilitate the separation
of photoinduced electron–hole pairs and further improve photocatalytic activity.

Finally, when the Dy doping amount was 2.5%, the photocatalytic activity decreased.
The incorporation of Dy provided a “springboard” for the low energy light activation electron
transition, but excessive doping amounts would give rise to scattered distributions for the produced
impurity energy, which would generate a recombination center for the electrons and holes.

In fact, environmental pollution resulting from dye wastewater is becoming more and more serious,
which prompted humanity to realize the importance of green chemistry (environmentally-friendly
chemistry) [23] that advocates for existing chemistry technologies and methods to be used to reduced
or stop hazards to human health, community safety and the ecological environment. At present, some
reports [24–26] have opened new frontiers in the field of catalysis. A super membrane technology
(membrane-grafted catalyst) could reduce the emissions of reaction by-products and the recovery of
residual solvents, which would be a good research direction.

4. Conclusions

Dy-doped BiOCl powder photocatalyst was synthesized using a one-step coprecipitation method.
The incorporation of Dy3+ was successfully substituted for a part of Bi3+ in the BiOCl crystal lattice
system. Two-percent Dy-doped BiOCl possessed the best photocatalytic activity and photodegradation
efficiency for RhB under visible light irradiation. The photodegradation ratio of RhB reached 97.3%
within 30 min of photocatalytic reaction under visible light irradiation. The main reason for this is
that the 4f electron shell of Dy in the BiOCl crystal lattice system could generate a special electronic
shell structure that facilitated the transfer of electrons from the valance band to the conduction band
and also the separation of the photoinduced charge carrier. This work hopes to provide an important
reference for RhB photodegradation in practical applications using this photocatalyst.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/9/697/s1,
Figure S1: The degradation rate of RhB with BiDy2.0OCl in dark, Table S1: Comparison of photodegradation
ratios using different photocatalysts under visible light irradiation (reported in the last two years).
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Abstract: Metal-organic frameworks (MOFs) are considered as good materials for the adsorption
of many environmental pollutants. In this study, magnetic Fe3O4/MIL-88A composite was
prepared by modification of MIL-88A with magnetic nanoparticles using the coprecipitation method.
The structures and magnetic property of magnetic Fe3O4/MIL-88A composite were characterized
and the adsorption behavior and mechanism for Bromophenol Blue (BPB) were evaluated. The results
showed that magnetic Fe3O4/MIL-88A composite maintained a hexagonal rod-like structure and
has good magnetic responsibility for magnetic separation (the maximum saturation magnetization
was 49.8 emu/g). Moreover, the maximum adsorption amount of Fe3O4/MIL-88A composite for
BPB was 167.2 mg/g and could maintain 94% of the initial adsorption amount after five cycles.
The pseudo-second order kinetics and Langmuir isotherm models mostly fitted to the adsorption for
BPB suggesting that chemisorption is the rate-limiting step for this monomolecular-layer adsorption.
The adsorption capacity for another eight dyes (Bromocresol Green, Brilliant Green, Brilliant Crocein,
Amaranth, Fuchsin Basic, Safranine T, Malachite Green and Methyl Red) were also conducted and
the magnetic Fe3O4/MIL-88A composite showed good adsorption for dyes with sulfonyl groups.
In conclusion, magnetic Fe3O4/MIL-88A composite could be a promising adsorbent and shows great
potential for the removal of anionic dyes containing sulfonyl groups.

Keywords: adsorption; bromophenol blue; magnetic nanoparticles; metal-organic
frameworks; wastewater

1. Introduction

The textile industry is one of the most chemically intensive industries on Earth and the major
polluter of potable water. During various stages of textile processing, huge quantities of dyes are
generated in the form of wastewater [1]. Dyes usually have complex aromatic molecular structures
which make them more stable and more difficult to biodegrade. As the diversity of textile products
increases, different dyestuffs with highly varying chemical characteristics are used in industry,
complicating further treatments of textile wastewater [2]. The direct discharge of colored and toxic
wastewater into the environment affects its ecological status by causing various undesirable changes [3].
Sulfonated azo dyes, one of the aromatic sulfonates, can be easily found in the textile industry. Due to
a high mobility within the aquatic system, they can easily pass through the water treatment process
and cause pollution of surface water [4]. There is an urgent need for the development of effective
processes to remove the dyes from wastewater.

Various physicochemical and biological methods for treating dye effluents have been reported,
such as adsorption, precipitation, chemical degradation, advanced oxidation processes, biodegradation
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and chemical coagulation [5]. Although these methods have been widely applied, they have some
disadvantages. Owing to the undesired reactions in treated water, chemical coagulation causes large
amounts of sludge and extra pollution [6]. As for biological methods, it is inadequate for most textile
wastewaters because of highly structured polymers with low biodegradability [7]. In the past decade,
the removal of dye from aqueous solutions via adsorption has attracted much attention because of
economic feasibility, simplicity, and high efficiency [8]. Traditional absorbents have some limitations
such as low adsorption capacity and difficulty in separation of absorbents after reaction. Hence, it is
necessary to design low cost and high-efficiency absorbents that can also be easily separated from the
contaminated media [9,10]. Graphene oxide [11], metal oxides nanoparticles [12], agricultural waste
peels [13], bionanomaterials [11], metal-organic frameworks (MOFs) and many kinds of materials with
various modifications constantly attract researchers’ attention [14].

MOFs are a class of crystalline materials made by linking metal clusters or ions and organic
linkers through covalent bonds. Owing to their highly ordered structures, high porosity and large
surface areas, MOFs have attracted intensive attention in gas storage [15], molecular sensing [16],
catalysis [17], energy [18], and water remediation [14]. Recently, many kinds of MOF-based materials
such as rod-like metal-organic framework nanomaterial and MOF composites have been successfully
synthesized and are widely used to remove dyes from wastewater [19–22]. Magnetic materials gained
immense attention as adsorbents as well due to their strong magnetic response, low cost and good
biocompatibility represented by ferroferric oxide (Fe3O4) nanoparticles. Fe3O4 nanoparticles could be
easily separated from reaction liquids by the use of an external magnetic field. Consequently, they
were widely applied in separation, catalysis and environmental remediation. The combination of
Fe3O4 nanoparticles and other nanomaterials could apparently simplify procedures, save time, and
improve efficiency in adsorption and separation fields [23].

Bromophenol blue (BPB) and its structurally related derivatives have been extensively applied in
many industries like food, cosmetic, textile, printing inks and laboratory indicators [24]. The present
study reports the successful synthesis of magnetic composite Fe3O4/MIL-88A and its use for the
adsorption of BPB in order to evaluate its feasibility as a novel adsorbent in environmental remediation.
MIL-88A was a 3D structured framework built up from trimers of Fe3+ octahedra linked to fumarate
dianions. This structure exhibited a pore-channel system along the c axis and cages (5–7 Å) [25].
In addition, MIL-88A exhibited a flexible framework and possessed active iron metal sites, which
were applied as a photocatalyst [26]. The synthesized Fe3O4/MIL-88A composite was characterized
with transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray powder
diffraction (XRD), thermogravimetric analysis (TGA) and vibration sample magnetometer (VSM).
The adsorption properties for BPB were investigated in terms of the effects of contact time, adsorbent
dosage and initial dye concentration on removal efficiency of BPB and the kinetic and isotherm of
adsorption process. As a superior adsorbent material, Fe3O4/MIL-88A showed proper magnetic
response for shortening reaction time and excellent adsorption ability for the removal of dyes.

2. Materials and Methods

2.1. Materials

The chemicals, sodium acetate, fumaric acid, ethylene glycol, ferric chloride, ethanol, ferrous
sulfate and ammonium hydroxide were of analytical grade and obtained from Sigma-Aldrich
Chemicals (St. Louis, MO, USA). The dyes, Bromophenol Blue (BPB), Bromocresol Green, Brilliant
Green, Brilliant Crocein, Amaranth, Fuchsin Basic, Safranine T, Malachite Green and Methyl Red were
obtained commercially from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Ultrapure
water (18.2 MΩ cm resistivity) was obtained from an ELGA water purification system (ELGA Berkefeld,
Veolia, Germany). All other chemicals were also analytical grade and purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China).
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2.2. Synthesis of Magnetic Fe3O4/MIL-88A Composite

The MIL-88A was prepared according to the previous synthesis customs with some modifications
in the solution concentration and reaction time [26]. Typically, 10 mmol of FeCl3·6H2O and 10 mmol
of fumaric acid were first dissolved in 25 mL of water, and then the homogeneous solution was
transferred into a 120 mL Teflon-lined stainless steel autoclave and heated to 65 ◦C for 12 h. After
cooling to room temperature, the product was dispersed in water under ultrasonic waves for several
minutes and centrifuged. The liquid supernatant was decanted and the precipitate (the weight was
0.89 g after drying) was re-dispersed in 100 mL of water for further use.

The magnetic Fe3O4/MIL-88A composite was prepared by coprecipitation method [27]. 3 mmoL
of FeCl3·6H2O and 1.5 mmoL of FeSO4·7H2O were mixed in 200 mL of water to form an aqueous
solution. The solution was transferred into a round bottom flask containing 100 mL of MIL-88A
aqueous solution under mechanical stirring in water bath at 75 ◦C. While mechanical stirring, 3 mL
of ammonium hydroxide was added dropwise into the flask and the color of the solution became
black indicating precipitate formation. The mixture was vigorously stirred for 30 min at 75 ◦C and
this continued for 90 min at room temperature. After the reaction, the Fe3O4/MIL-88A composite was
magnetically separated using a magnet and washed with water and ethanol three times. Finally, it was
dried in a vacuum oven at 45 ◦C for 12 h (1.20 g after drying).

2.3. Characterizations

In order to confirm the morphology and structure of the final products, the synthesized magnetic
Fe3O4/MIL-88A composites were characterized by means of TEM, field emission scanning electron
microscopy (FESEM), and XRD. Specifically, TEM images of magnetic Fe3O4/MIL-88A composites
were recorded on a Tecnai-G20 transmission electron microscope (FEI, Hillsboro, OR, USA). FESEM
images were recorded on a JSM-7500F Field Emission Scanning Electron Microscope (JEOL, Tokyo,
Japan). The XRD spectra were recorded using a powder X-ray Diffractometer (Rigaku RINT 2500,
Rigaku Corporation, Tokyo, Japan) with Cu/Kα radiation at 30 mA and 40 kV. TGA was performed
in nitrogen atmosphere from 40 to 800 ◦C with a heating rate of 10 ◦C/min with a simultaneous
thermal analyzer (Netzsch STA 449F3, Ahlden, Germany). Moreover, the magnetic properties of
Fe3O4/MIL-88A composites were measured at room temperature on a vibration sample magnetometer
VSM7407 (Lake Shore, Westerville, OH, USA).

2.4. Adsorption Experiments

The adsorption rate experiments were performed by immersing 0.2 g of Fe3O4/MIL-88A powder
into 50 mL of 1.2 mg/mL of dye aqueous solutions in a 100 mL conical flask with cover. The flask was
shaken using a mechanical shaker (SHA-CA, Changzhou, China) at 27 ◦C and 200 rpm for 135 min.
At each period of time, about 2.0 mL of the solution was picked up and filtrated through a syringe
filter to measure the concentration of BPB using an ultraviolet-visible (UV-Vis) spectrophotometer
(UV-2700, Shimadzu, Kyoto, Japan) at a wavelength of 590 nm. Different process variables such
as initial concentration (0.3–1.5 mg/mL) and doses (0.05–0.4 g) were also investigated. Percentage
removal of dyes was determined using the following equation [28]:

Removal efficiency (%) =
(C0 − Ct)

C0
× 100% (1)

where C0 represents the initial concentration of dye and Ct represents the concentration of dye after t
minutes. The equilibrium amount of adsorption (qe) and the amount of adsorption (qt) at given time
were calculated according to the following equation [29]:

qe =
(C0 − Ce)× V

W
(2)
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qt =
(C0 − Ct)× V

W
(3)

where Ce is the equilibrium concentration of dye (mg/mL), V is the solution volume (mL), and W is
the adsorbent mass (g).

3. Results and Discussion

3.1. Characterization of Magnetic Fe3O4/MIL-88A Composite

3.1.1. Transmission Electron Microscopy (TEM) and Field Emission Scanning Electron
Microscopy (FESEM)

The MIL-88A and magnetic Fe3O4/MIL-88A composite were characterized by TEM and FESEM
to visually observe the morphologies changes during synthesis processes. TEM image (Figure 1a)
showed the prepared MIL-88A were crystallized hexagonal microrods of over 5 μm in length and
about 500 nm in diameter. FESEM observation (Figure 1b) confirmed the microrod shape and revealed
that the size distribution of these MIL-88A was relatively uniform with some exceptions. After the
combination of Fe3O4 nanoparticles, the TEM image (Figure 1c) showed many Fe3O4 nanoparticles
were grown on the surface of MIL-88A and the structure of MIL-88A was retained. The diameter
of Fe3O4 nanoparticles were about 5 to 10 nm. It could be seen that the magnetic Fe3O4/MIL-88A
composite was successfully prepared and showed characteristics of both Fe3O4 nanoparticles and
MIL-88A in nanostructure.

 
Figure 1. The transmission electron microscopy (TEM) (a) and field emission scanning
electron microscopy (FESEM) (b) images of MIL-88A and the TEM (c) image of magnetic
Fe3O4/MIL-88A composite.

3.1.2. X-Ray Powder Diffraction (XRD)

The structures of MIL-88A and Fe3O4/MIL-88A composite were analyzed by XRD and the spectra
were compared with that of Fe3O4 nanoparticles. As shown in Figure 2a, the spectrum of MIL-88A
showed peaks at 8.14◦, 10.42◦ and 12.98◦, which was accordance with the reported information [30].
Meanwhile, the spectrum of Fe3O4 nanoparticles also showed characteristic peaks at 30.48◦, 35.72◦,
43.32◦, 57.56◦ and 62.86◦ corresponding the indices (220), (311), (400), (511) and (440). This pattern
was in agreement with previously reported Fe3O4 crystal XRD data [31]. Finally, the spectrum of
magnetic Fe3O4/MIL-88A composite exhibited some characteristic peaks of Fe3O4 nanoparticles at
35.72◦ and 62.86◦. However, the peaks of MIL-88A were almost missed. As shown by TEM, the
MIL-88A was coated with Fe3O4 nanoparticles, which might interfere the diffraction peak of MIL-88A
crystals. Moreover, the quantity of Fe3O4 nanoparticles were much more than MIL-88A, therefore the
diffraction signals of Fe3O4 nanoparticles were much higher than those of MIL-88A and masked the
signals of MIL-88A.
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Figure 2. (a) The X-ray powder diffraction (XRD) patterns of MIL-88A (black), Fe3O4 nanoparticles
(red) and magnetic Fe3O4/MIL-88A composite (blue); (b) thermogravimetric analysis (TGA) curves of
MIL-88A (black), Fe3O4 nanoparticles (blue) and magnetic Fe3O4/MIL-88A composite (red); (c) The
magnetization curve of magnetic Fe3O4/MIL-88A composite.

3.1.3. Thermogravimetric Analysis (TGA)

Figure 2b shows the weight losses of MIL-88A, Fe3O4 nanoparticles and magnetic Fe3O4/MIL-88A
composite. In nitrogen below 350 ◦C, the weight loss of MIL-88A was attributed to the collapse
of organic skeleton [32]. The weight loss of Fe3O4 nanoparticles below 100 ◦C was related to the
evaporation of absorbed water, while the weight loss above 100 ◦C was relatively flat without obvious
change. Finally, magnetic Fe3O4/MIL-88A composite showed the same tendency in weight loss as that
of MIL-88A and the final weight loss was in between the former two materials. It illustrated that the
combination of MIL-88A and Fe3O4 nanoparticles was effective.

3.1.4. Vibration Sample Magnetometer (VSM)

As a kind of magnetic nanomaterials, the magnetic property of magnetic Fe3O4/MIL-88A
composite was evaluated by VSM as well. The magnetization curves of magnetic Fe3O4/MIL-88A
composite was shown in Figure 2c. It could be found that the maximum saturation magnetization
reached 49.8 emu/g. This value was less than that of bare Fe3O4 (about 65.0 emu/g) due to the
existence of MOF without magnetic response. However, the prepared Fe3O4/MIL-88A composite
was sufficient for magnetic separation in experiments and could be separated from solution within
two minutes.

3.1.5. Adsorption Ability

The adsorption ability of magnetic Fe3O4/MIL-88A composite was verified and compared with
that of MIL-88A and Fe3O4 nanoparticles. Under the same adsorption conditions, the adsorption
amount of magnetic Fe3O4/MIL-88A composite was 141.5 mg/g with removal efficiency of 26.5%.
While, the adsorption amounts of MIL-88A and Fe3O4 nanoparticles were 140.6 mg/g and 13.6 mg/g,
respectively. It could be seen that MIL-88A and magnetic Fe3O4/MIL-88A composite had considerable
adsorption abilities for BPB. However, the adsorption ability of Fe3O4 nanoparticles rather poor.
The combination of two kinds of materials gave the magnetic responsibility to MIL-88A and maintained
the adsorption ability. Based on these, the prepare of magnetic Fe3O4/MIL-88A composite could be
considered successful.

3.2. Effects of Parameters on Dye Adsorption

3.2.1. Effect of Contact Time

The effect of contact time (15–135 min) on the removal efficiency of BPB was shown in Figure 3a.
At the initial stage of adsorption, an increasing adsorption could be observed. However, the increase of
adsorption slowed down as the adsorption proceeded, and finally the adsorption reached saturation.
The maximum adsorption amount (141.2 mg/g) was achieved at 60 min with removal efficiency
of 26.2%. After 135 min of adsorption, no significant increase in adsorption amount was observed
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(141.2 mg/g to 147.9 mg/g). Similar patterns could be obtained in many adsorption experiments of
dyes [33].

Figure 3. Effects of contact time (a), adsorbent dosage (b) and initial concentration (c) on the adsorption
amount of Fe3O4/MIL-88A composite (black) and removal efficiency (blue).

3.2.2. Effect of Adsorbent Dosage

The effect of adsorbent dosage was investigated by addition of various amounts of magnetic
Fe3O4/MIL-88A composite in 50 mL of dyes solution (1.2 mg/L) at room temperature for 60 min. As
shown in Figure 3b, the adsorption amount of Fe3O4/MIL-88A composite decreased and removal
efficiency increased with increasing dosage. The removal efficiency of BPB increased from 11.6% to
76.7%, which might due to the increase of adsorption sites on Fe3O4/MIL-88A surface were available
for adsorption to dyes [34]. However, the adsorption capacity of Fe3O4/MIL-88A composite of
decreased from 140.2 mg/g to 115.6 mg/g and showed maximum of 141.7 mg/g at 0.1 g. This kind of
trend was commonly shown in many adsorption researches, which was caused by the agglomeration
of adsorbent at high dosage, resulting in the reduction of effective sites on the adsorbent surface [35].

3.2.3. Effects of Initial Dye Concentration

The initial concentrations have great influences in this system, because it provides driving force
to overcome mass transfer resistance between dye ion and solid phase [36]. The effect of initial dye
concentrations (0.3–1.5 mg/mL) on the adsorption on magnetic Fe3O4/MIL-88A composite was shown
in Figure 3c. It could be found that the removal efficiency of BPB decreased from 75.6% to 21.2%
accompanied by the increase of adsorption capacity of Fe3O4/MIL-88A composite (101.2 mg/g to
141.7 mg/g) with initial dye concentration increased. The increase of adsorption capacity of absorbent
could also be observed in the adsorption of R-250 dye on starch/poly(alginic acid-cl-acrylamide),
direct orange 34 on natural clay and crystal violet on polyaniline nanoparticles [36–38]. However,
the reduction of removal efficiency with increasing initial dye concentration might be attributed to
relatively limited number of active sites for dyes compared with the increasing dye molecules.

3.3. Adsorption Kinetics

In order to study the mechanism of adsorption kinetics, two kinds of commonly used kinetic
models, pseudo-first-order and pseudo-second-order, were applied in this research to study the
adsorption behavior of BPB on magnetic Fe3O4/MIL-88A composite. Especially, the pseudo-first-order
model was the simplest model and widely exploited for investigating the adsorption behavior.
The pseudo-first-order model was expressed as follows [39]:

ln (qe − qt) = ln qe − k1t (4)

where qt (mg/g) and qe (mg/g) are the amounts of adsorbed dyes at a certain time and at equilibrium
status respectively, t is contact time (min) and k1 (min−1) is the pseudo-first order rate constant.
The pseudo-second-order model could be represented as:

t
qt

=
1

kadq2
e
+

1
qe

t (5)
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where kad (g/mg/min) is the pseudo-second-order rate constant.
Figure 4 and Table 1 illustrated the linear plots of first and second order models for the adsorption

of BPB on magnetic Fe3O4/MIL-88A composite. To estimate the suitability of two models, the
corresponding correlation coefficients (R2) were obtained by linear regression methods and higher
R2 value indicated more applicable model for describing the kinetics of BPB adsorption. As a
result, the higher R2 value for pseudo-second-order model (0.999) indicated this model was in good
agreement with the experimental values and was more suitable for this adsorption. However, the
R2 for pseudo-first-order (0.902) is much lower than that offered by the pseudo-second-order model,
which indicated the pseudo-first-order model was not suitable for the adsorption of BPB. This result
reflected the rate limiting step for this adsorption might be chemisorption, involving valence force via
sharing or exchanging electron between adsorbent and adsorbate [40].

Figure 4. Adsorption kinetics plots (black dot) and the fitting curve (line) for the adsorption of
Bromophenol Blue (BPB) on magnetic Fe3O4/MIL-88A composite at 27 ◦C: pseudo-first-order kinetic
models (a) and pseudo-second-order kinetic models (b) and intraparticle diffusion model (c).

Table 1. Adsorption kinetic parameters for BPB on magnetic Fe3O4/MIL-88A composite.

Exp Pseudo-First-Order Model Pseudo-Second-Order Model Intraparticle Diffusion

qexp qe k1 R2 qe kad R2 k1 k2 k3

148.0 119.56 0.0497 0.902 153.85 0.00125 0.999 9.82 2.68 0.44

In order to determine the adsorption process mechanism, an intraparticle diffusion model was
also used to determine the rate-limiting step during the adsorption process [41]. The expression of this
model is shown as the following equation:

qt = kit0.5 + C (6)

where C (mg/g) is the intercept in intraparticle diffusion plot, and ki (mg/g/min) is the intraparticle
diffusion rate constant. Figure 4c showed linear plots in three sections, implying that three steps were
involved in the adsorption with decreasing rates: (a) surface adsorption; (b) intraparticle diffusion;
(c) adsorption close to equilibrium [42]. The rate constants ki decreased and C values increased from
step (a) to step (c) showed the increased contribution of the boundary layer to the adsorption rate.
This kind of evolution was reported in other dye/adsorbent systems [43].

3.4. Adsorption Isotherms

The analysis on adsorption equilibrium could reveal types of adsorbate layers formed on the
adsorbent surface. Three isotherm models were used in this study including the Langmuir model,
Freundlich model and Temkin model. The Langmuir model assumed that uptake occurs on a
homogeneous surface by monolayer adsorption without interaction between the absorbed materials,
which could be expressed as following [44]:

Ce

qe
=

1
bqm

+
Ce

qm
(7)
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where Ce (mg/mL) and qe (mg/g) represent the equilibrium concentration of dye and adsorption
capacity at equilibrium, qm (mg/g) represents the maximum adsorption capacity and b represents the
equilibrium adsorption constant (mL/mg).

The Freundlich model described the formation of multilayers by adsorbate molecules on the
adsorbent surface because of different affinities for various active sites on adsorbent surface [45].
The equation was expressed as following:

log qe = log k +
1
n

log Ce (8)

where k (mL/mg) and n are the Freundlich constants.
The Temkin model assumed that adsorbent-adsorbate interactions could not be neglected during

the adsorption mechanism, and the heat of adsorption decreases linearly with the adsorbate coverage
due to the interaction [46]. This model could be represented by the following equation:

qe = Blog AT + Blog Ce (9)

where B (mg/g) and AT (mL/mg) are the Temkin isotherm equilibrium binding constant.
The experimental data were fitted to the Langmuir, Freundlich and Temkin models as described

in Figure 5 and the detail parameters were shown in Table 2. Through the comparison on the R2 values
(0.984 for Langmuir, 0.954 for Freundlich and 0.975 for Temkin, respectively), the Langmuir model
appeared to be the most suitable model in describing adsorption of BPB on magnetic Fe3O4/MIL-88A
composite. Thus, the adsorption of BPB was typical monomolecular-layer adsorption.

Figure 5. Adsorption isotherms plots (Black dot) and the fitting curve (Red line) for the adsorption of
BPB dye on magnetic Fe3O4/MIL-88A composite at 27 ◦C: Langmuir model (a), Freundlich model (b)
and Temkin model (c).

Table 2. The adsorption isotherm parameters for BPB on magnetic Fe3O4/MIL-88A composite.

Langmuir Freundlich Temkin

qm b R2 1/n k R2 B AT R2

204.50 2.445 0.984 0.497 149.62 0.954 112.1 19.98 0.975

3.5. Comparison Study

Eight dyes, Bromocresol Green, Brilliant Green, Brilliant Crocein, Amaranth, Fuchsin Basic,
Safranine T, Malachite Green and Methyl Red, were investigated and compared at the same adsorption
conditions (Figure 6). 0.1 g of Fe3O4/MIL-88A powders were transferred into 50 mL of 1.0 mg/mL of
dye solutions, the mixture was shaken at 27 ◦C for 60 min. The adsorption amount was calculated
through monitoring the change of absorbance for each dye solution. Among these dyes, Bromocresol
Green, Brilliant Green, Brilliant Crocein, Amaranth, and BPB all contain sulfonyl groups. However,
there is no sulfonyl group in the structure of the other four dyes, Fuchsin Basic, Safranine T, Malachite
Green and Methyl Red. As a result, five dyes containing sulfonyl groups showed much better
adsorption amounts than that of dyes without sulfonyl group. In particular, there was nearly no
adsorption for Fuchsin Basic and Methyl Red. Some computed and experimental properties were
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listed in Table 3. Topological polar surface area (TPSA) values were obtained on the Pubchem website
(https://pubchem.ncbi.nlm.nih.gov/compound/) and pKa values were obtained on the Chemicalbook
website (https://www.chemicalbook.com/). The TPSA was defined as the sum of surfaces of polar
atoms in a molecule. This property has been shown to correlate with the human intestinal absorption
and blood–brain barrier penetration. Herein, BPB, Bromocresol Green, Brilliant Green, Brilliant Crocein
and Amaranth with higher adsorption amounts showed relative higher TPSA values and lower pKa
values. Based on these results, it might be assumed that magnetic Fe3O4/MIL-88A composite could
effectively adsorbed dyes with sulfonyl groups, and the polar surface and pKa values of molecules
might affect the adsorption. However, the detailed mechanism, especially in the surface charge of
absorbent and dyes, still needs more in-depth and systematic studies in future [47].

Figure 6. Comparison of the adsorption amount among various dyes on magnetic Fe3O4/MIL-88A composite.

Table 3. The chemical properties of investigated dyes.

Dyes TPSA/A2 pKa

BPB 92.2 3.85
Bromocresol Green 92.2 4.7

Brilliant Green 92.1 2.5
Brilliant Crocein 197 - a

Amaranth 238 -
Fuchsin Basic 75.9 -
Safranine T 68.8 6.4

Malachite Green 6.2 6.9
Methyl Red 65.3 4.95

a means the value could not be found in the website.

Adsorption capacities of various adsorbents for BPB as reported in literature were presented
in Table 4. The comparison between this work and other reported data showed that magnetic
Fe3O4/MIL-88A composite was a satisfied adsorbent for BPB compared to other adsorbents, as
the adsorption capacity of magnetic Fe3O4/MIL-88A composite was higher than that of most reported
materials. Therefore, it could be safely concluded that the materials prepared in this work exhibited
considerable ability for adsorbing BPB from aqueous solutions.
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Table 4. A comparison of adsorption of BPB by various reported adsorbents.

Adsorbent Adsorbate Adsorption Capacity (mg/g) Reference

α-Chitin nanoparticles BPB 22.72 [48]
Activated charcoal BPB About 9.0 × 10−3 [49]

SiO2·Bth+·PF6
− ionic liquids BPB 238.10 [24]

Modified layered silicate BPB 184.5 [50]
Sorel’s cement nanoparticles BPB 4.88 [51]

Polymer-clay composite BPB About 7.5 [52]
Mesoporous MgO nanoparticles BPB 40 [53]

Mesoporous hybrid gel BPB 18.43 [54]
CoFe2O4 nano-hollow spheres BPB 29.3 [55]

Graphene oxide functionalized magnetic
chitosan composite BPB 9.5 [56]

CuS-NP-AC BPB 106.4 [57]
Fe2O3-ZnO-ZnFe2O4/carbon nanocomposite BPB 90.91 [58]

Iron oxide nanoparticles BPB About 110 [59]
Fe3O4/MIL-88A BPB 141.9–167.2 This study

3.6. Recycling of Fe3O4/MIL-88A Composite

The reuse of adsorbent is an important aspect for practical application in economic aspect.
To evaluate the reusability of magnetic Fe3O4/MIL-88A composite, the adsorbed composite was
desorbed with ethanol solution and used for next adsorption cycles. The adsorption capacity of each
cycle was monitored and the relative adsorption capacity was calculated by comparing with the
first run in percentage form (adsorption capacity defined as 100%). Five cycles’ reuse of magnetic
Fe3O4/MIL-88A composite was shown in Figure 7. It could be seen that Fe3O4/MIL-88A maintained
high adsorption capacity (94%) without significant loss after five cycles. The result demonstrated that
Fe3O4/MIL-88A composite could be applied in practical application owing to their high adsorption
capacity and good reusability.

Figure 7. Reusability of magnetic Fe3O4/MIL-88A composite.

4. Conclusions

The magnetic Fe3O4/MIL-88A composite was prepared and characterized by TEM, FESEM,
XRD, TGA and VSM. The characterizations showed the preparation was successful and sufficient for
magnetic separation. The magnetic Fe3O4/MIL-88A composite showed good adsorption ability for
BPB and other dyes containing sulfonyl groups. The adsorption amount of magnetic Fe3O4/MIL-88A
composite was higher than many reported materials for BPB and could be maintained during five
cycles. The results illustrated that the magnetic Fe3O4/MIL-88A composite has promising application
in dye-contaminated wastewater treatment, especially for anionic dyes containing sulfonyl groups.
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Abstract: Magnetic photocatalyst BiVO4/Mn-Zn ferrite (Mn1−xZnxFe2O4)/reduced graphene oxide
(RGO) was synthesized by a simple calcination and reduction method. The magnetic photocatalyst
held high visible light-absorption ability with low band gap energy and wide absorption wavelength
range. Electrochemical impedance spectroscopies illustrated good electrical conductivity which
indicated low charge-transfer resistance due to incorporation of Mn1−xZnxFe2O4 and RGO. The test
of photocatalytic activity showed that the degradation ratio of rhodamine B (RhB) reached 96.0%
under visible light irradiation after only 1.5 h reaction. The photocatalytic mechanism for the
prepared photocatalyst was explained in detail. Here, the incorporation of RGO enhanced the specific
surface area compared with BiVO4/Mn1−xZnxFe2O4.The larger specific surface area provided more
active surface sites, more free space to improve the mobility of photo-induced electrons, and further
facilitated the effective migration of charge carriers, leading to the remarkable improvement of
photocatalytic performance. Meanwhile, RGO was the effective acceptor as well as transporter of
photo-generated electron hole pairs. •O2

− was the most active species in the photocatalytic reaction.
BiVO4/Mn1−xZnxFe2O4/RGO had quite a wide application in organic contaminants removal or
environmental pollution control.

Keywords: BiVO4; RGO; Mn–Zn ferrite; magnetic photocatalyst; magnetic performance;
photocatalytic mechanism

1. Introduction

In the recent decade, composite semiconductor materials are considered extraordinarily attractive
in the field of solar energy and pollution control engineering. Many kinds of photocatalytic composite
materials with superior optical properties and high photo-induced activity have been synthesized and
studied [1,2]. However, the utilization efficiency of visible light for some photocatalysts is very low,
owing to their large intrinsic band gap energy, which impels scientists to explore new photocatalytic
compounds with high visible light-driven photocatalytic activity. Bismuth-based composites with
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n-type junctions exhibited excellent photocatalytic activity and high stability [3]. Among them,
monoclinic crystal BiVO4, due to its relatively lower band gap energy has been of much interest in
the photocatalysis field. Nevertheless, single component BiVO4 has poor absorption ability for visible
light, leading to low quantum efficiency.

Meanwhile, the difficulty in separation and recovery for bismuth-contained photocatalysts
greatly restricts their industrial application. Therefore, magnetic composite photocatalysts are vitally
important in photocatalysis materials science, due to their simple recovery via an external magnet
after reaction. Magnetic compounds, such as Fe3O4 and ZnFe2O4, have been extensively studied,
due to their interesting properties, including photoactivity and stability. There are synthesis strategies
and property studies for magnetic composite catalysts [4–8]. However, the recovery rate and the
photocatalytic activity of these composites do not meet the need of industrial applications yet.
Comparing magnetization and stability, Mn1−xZnxFe2O4 is superior to Fe3O4 and ZnFe2O4.

Reduced graphene oxide (RGO) possessing several good properties (e.g., electrical conductivity,
optical transparency and carrier mobility) has been paid considerable attention [9–11]. Single layer
graphene sheet is composed of sp2-hybridized carbon atoms in the two-dimension honeycomb lattice,
which donates high mobility for electron carriers. The distinctive structure of RGO determines that
its band gap energy is zero [12,13]. There are reports on the preparation method for RGO-composed
catalysts and their activity [14–16]. It is reasonable to mingle RGO with BiVO4, which is aimed
at enhancement of the migration rate of photo-produced electrons and holes of BiVO4. Previous
investigation showed that BiVO4–RGO composite possessed photocatalytic performance and redox
ability [17]. Unexpectedly, a larger visible light photocatalytic activity could not be observed in
BiVO4–RGO system under visible light irradiation [18,19].

Here, fabrication of BiVO4/Mn1−xZnxFe2O4/RGO was a continuation of our research about
the syntheses and application of BiVO4/Mn1−xZnxFe2O4 [20]. The RhB degradation reaction
using BiVO4/Mn1−xZnxFe2O4 as photocatalyst was slow (take 3 h). The incorporation of RGO
could boost the photocatalytic reaction kinetics. Here, the photocatalytic activity and mechanism
are deeply investigated with RhB degradation and the radical capturing experiments using
BiVO4/Mn1−xZnxFe2O4/RGO as photocatalyst.

2. Experimental Procedures

2.1. Preparation of BiVO4/Mn1−xZnxFe2O4/RGO

BiVO4/Mn1−xZnxFe2O4 was prepared according to our previous report [20]. Graphene oxide
(GO) was fabricated with improving Hummars method [21].

GO (36.0 mg) and 1.2 g BiVO4/Mn1−xZnxFe2O4 were dispersed in deionized water with
ultrasonication and stirring for 2 h. GO was reduced into RGO with NH3 H2O–N2H4 H2O solution
(1.0 mL–3.0 mL), then filtered and washed four times with deionized water and ethanol before placing
at 80 ◦C for 2 h. BiVO4/Mn1−xZnxFe2O4/RGO was obtained after drying at 60 ◦C for 24 h.

2.2. Materials Characterization

The phase and structure of samples were determined by X-ray Diffractometer (Shimadzu,
XRD-6000, Kyoto, Japan), Fourier transform infrared spectroscopy (FTIR, Perkin-Elmersystem 2000,
Akron, OH, USA), and INVIA Raman microprobe (Renishaw Instruments, Wotton-under-Edge,
UK). The light absorption, magnetization, and surface performances of samples were examined
by ultraviolet–visible diffuse reflectance spectrophotometer (UV–vis DRS, TU1901, Beijing, China),
vibrating sample magnetometer (VSM 7410, LakeShore, Carson, CA, USA), Brunauer–Emmett–Teller
(BET, ASAP-2020, Micromeritics, Norcross, GA, USA). The electrochemical workstation (PGSTAT30)
was employed to measure electrochemical impedance spectroscopy (EIS) of the as-prepared samples.
The test parameters of EIS were the following, K3[Fe(CN)6]/K4[Fe(CN)6] (1:1)—KCl electrolyte solution
was employed. The work electrode content contained the as-produced catalyst, acetylene black, and
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polytetrafluoroethylene (mass ratio, 85.0:10:5), the counter electrode was platinum foils, and the
reference electrode was the saturated calomel electrode (SCE), setting AC voltage amplitude of 5 mV
and a frequency range of 1 × 105–1 × 10−2 Hz.

2.3. Photocatalytic Activity, Stability, and Corresponding Mechanism

The photocatalytic activity of BiVO4/Mn1−xZnxFe2O4/RGO was investigated by the rhodamine
B (RhB) degradation under visible light irradiation [22]. Ninety milligrams of composite photocatalyst
(named fresh photocatalyst) was put into 5.0 mg/L RhB solution (100.0 mL). The solution was placed
for 0.5 h with stirring in the dark to reach the adsorption–desorption equilibrium. A 500 W Xe lamp
was used as the visible light source, equipped with ultraviolet (UV) light cut-off filter (λ ≥ 400 nm).
At given irradiation time intervals, a series of the reaction solution was sampled and the absorption
spectrum was measured.

The stability for the photocatalyst were assessed by cycling tests. After each cycle, the
photocatalyst was separated and recovered by means of an external magnet. The recovered catalyst
was respectively washed with ethanol and deionized water, then dried at the end of each cycle.

The photocatalytic mechanism of BiVO4/Mn1−xZnxFe2O4/RGO was explored by holes-radical
trapping experiments with p-benzoquinone (BZQ,) (•O2

− radical scavenger), Na2-EDTA (hole
scavenger), and tert-butanol (t-BuOH) (•OH radical scavenger) in photocatalytic reaction.

3. Results and Discussion

3.1. Optimal Synthesis Condition

The Mn1−xZnxFe2O4, prepared in advance, had a strong magnetization. In order to completely
form BiVO4 precursor and reduce the impurity, Mn1−xZnxFe2O4 was put into the precursor instead of
Bi(NO3)3 solution, in other words, BiVO4 precursor was already formed before magnetic substance
was added. Mn1−xZnxFe2O4/BiVO4 was assembled via calcination at only 450 ◦C. This temperature
was lower than that of Mn1−xZnxFe2O4 formation (1200 ◦C), as well as BiVO4 formation (500 ◦C).
Therefore, the calcination approach was indeed low-cost and economical.

GO was dispersed in BiVO4/Mn1−xZnxFe2O4 with deionized water under room temperature,
RGO was produced by NH3 H2O + N2H4 H2O reduction of GO without heating. This in situ synthesis
method was simple and with low-energy consumption.

3.2. Structure and Phase Identification

The XRD spectra of the obtained samples were shown in Figure 1. The characteristic spectra
(Figure 1b–d) of monoclinic crystal BiVO4 was well indexed with the standard card (JCPDS card
No: 14-0688) [17], corresponding to the diffraction phases of (110), (011), (121), (040), (200), (002), (211),
(150), (132), and (042). The diffraction pattern in Figure 1a of Mn1−xZnxFe2O4 was fully matched
with the standard card (JCPDS card No: 74-2400), agreeing with the result of the literature report [20].
The diffraction peaks of Mn1−xZnxFe2O4 patterns were hardly observed in Figure 1c,d. Not only
was the amount (15.0%) of the magnetic matrix low, but also, the diffraction patterns location of
Mn1−xZnxFe2O4 overlapped with the domain diffraction patterns of BiVO4. The diffraction peak
of GO (Figure 1e) was observed at 10.8◦ (crystal plane (001)) [23]. However, the peak (Figure 1d)
disappeared after GO was mostly reduced to RGO under the reduction of NH3 H2O and N2H4

H2O [24]. Moreover, the amount (3%, w/w) of RGO was not enough to be detected in X-ray diffraction.
In short, it was deduced that the prepared samples totally exhibited good crystallinity.

The peak–intensity ratio (ID/IG) of D band (~1364.0 cm−1, originating from disorder-activated
Raman mode) and G band (~1598.0 cm−1, corresponding to sp2 hybridized carbon) in RGO was
usually used to assess the reduction extent. Figure 2 showed the Raman spectra of the above-obtained
samples. It was seen that G-band of RGO was shifted from 1598.0 cm−1 to 1589.0 cm−1, while the
D-band shorted from 1364.0 cm−1 to 1352 cm−1 after the thermal reduction finished. The ID/IG ratio
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of GO was 1.10, and that of BiVO4/Mn1−xZnxFe2O4/RGO decreased to 0.84. The relative low ID/IG

ratio of RGO implied high reduction efficiency in BiVO4/Mn1−xZnxFe2O4/RGO [17]. Typical Raman
bands of BiVO4 were located at 120.0, 210.0, 324.0, 366.0, and 826.0 cm–1 in Figure 2. The two bands
at 324.0 cm−1 and 366.0 cm−1 changed into one wide band in BiVO4/Mn1−xZnxFe2O4, as well as
in BiVO4/Mn1−xZnxFe2O4/RGO. The result was also consistent with the results of the previous
report [25].

Figure 1. XRD patterns of (a) Mn1−xZnxFe2O4; (b) BiVO4; (c) BiVO4/Mn1−xZnxFe2O4;
(d) BiVO4/Mn1−xZnxFe2O4/RGO (reduced graphene oxide); (e) GO (graphene oxide).

Figure 2. Raman spectra of RGO, BiVO4, Mn1−xZnxFe2O4/BiVO4, and Mn1−xZnxFe2O4/BiVO4/RGO.

To investigate the valence state and the surface property of BiVO4/Mn1−xZnxFe2O4/RGO, XPS
spectrum characterization was employed. As displayed in Figure 3a, the spectrum intensity of
C 1s in BiVO4/Mn1−xZnxFe2O4/RGO was larger than that in BiVO4/Mn1−xZnxFe2O4, namely,
the introduction of RGO brought the intensity increase of C 1s. The spectrum intensity of
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oxygen-containing functional groups in Figure 3b was larger than that in Figure 3c, meaning
the decrease of GO and the increase of RGO in BiVO4/Mn1−xZnxFe2O4/RGO sample. This
feature confirmed the efficient reduction of GO and the valence states for various elements in
BiVO4/Mn1−xZnxFe2O4/RGO.

Figure 4 was the transmission electron microscopy (TEM) images of the as-synthesized
BiVO4/Mn1−xZnxFe2O4/RGO. In detail, there were the black core of Mn1−xZnxFe2O4 and the gray
shell of BiVO4, and RGO sheets had good interfacial contact with BiVO4/Mn1−xZnxFe2O4 spherical
particle. In other words, there was an overlap between BiVO4/Mn1−xZnxFe2O4 and RGO. At the same
time, energy dispersive spectroscopy (EDS) of the composite revealed the presence of Fe, Bi, V, O, and C
elements in Mn1−xZnxFe2O4, BiVO4, and RGO, which was in good agreement with XPS investigation.
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Figure 3. XPS survey spectra of (a) full range scan of BiVO4/Mn1−xZnxFe2O4 and
BiVO4/Mn1−xZnxFe2O4/RGO; (b) C1s peaks in BiVO4/Mn1−xZnxFe2O4 (c) C1s peaks in
BiVO4/Mn1−xZnxFe2O4/RGO.

Figure 4. TEM images of Mn1−xZnxFe2O4/BiVO4/RGO with different resolution (a–c) and (d) EDS of
Mn1−xZnxFe2O4/BiVO4/RGO.
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Specific surface area of the as-obtained compounds was determined with the adsorption
instrument, and the result was shown in Figure 5. The adsorption–desorption isotherms in
Figure 5 were the typical isotherm III, agreeing with the reference report [26]. The discrete curve of
BiVO4/Mn1−xZnxFe2O4/RGO was in p/p0 range of 0.45–0.55, and the pore diameter distribution was
mainly 2–10 nm, and the most probable distribution was located in 4 nm. It was deduced that the
introduction of RGO caused the mesopore increase and the macropore decrease. Thus, there was the
uniform surface structure in the ternary composite. Calculating with the data in Figure 6, the specific
surface area of BiVO4/Mn1−xZnxFe2O4/RGO was 8.84 m2/g, and that of BiVO4/Mn1−xZnxFe2O4

was only 2.22 m2/g. The incorporation of RGO enhanced the specific surface area compared
with BiVO4/Mn1−xZnxFe2O4. The larger specific surface area provided more active surface sites,
more free space to improve the mobility of photo-induced electrons, and further facilitated the effective
migration of charge carriers, leading to the remarkable improvement of photocatalytic performance [27].
The surface structure characterization could demonstrate, in advance, the photocatalytic activity of
BiVO4/Mn1−xZnxFe2O4/RGO to some extent.

Figure 5. The adsorption–desorption isotherms of compounds (a), and the pore size distribution curves
of compounds (b).

Figure 6. Hysteresis loops of products (a) Mn1−xZnxFe2O4; (b) BiVO4/Mn1−xZnxFe2O4/RGO.

3.3. Magnetic Performance and Optical Properties

The magnetic hysteresis loops of the samples were displayed in Figure 6. The saturation
magnetization (Ms) of Mn1−xZnxFe2O4 and BiVO4/Mn1−xZnxFe2O4/RGO were 84.03 and 8.21 emu
g−1, respectively. Ms of the compounds was lower than that of the pure Mn1−xZnxFe2O4, owing to
the amount decrease of the magnetic substance quantity in per unit composite. It was obvious
that the prepared composite BiVO4/Mn1−xZnxFe2O4/RGO had a soft-magnetic feature like pure
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Mn1−xZnxFe2O4, which further confirmed than the synthesized composite must be comprised of
Mn1−xZnxFe2O4 component [20,26].

It was worth noting that Ms was no attenuation after BiVO4/Mn1−xZnxFe2O4/RGO was
employed after five rounds of recycling, indicating the stable magnetism of the as-prepared composite
photocatalyst. More importantly, the compound exhibited outstanding paramagnetism because both
coercivity (Hc) and remnant magnetization (Mr) were near to zero. Obviously, the excellent magnetic
property ensured the high recovery ratio of BiVO4/Mn1−xZnxFe2O4/RGO using an external magnet
after reaction.

The light absorption ability of the as-prepared samples was investigated with UV–vis DRS, and
the diffuse reflectance spectra were recorded in Figure 7. It was seen from Figure 8a that the maximum
absorption wavelength (λmax) of pure BiVO4 was about 500 nm. The further insights revealed the
absorbance (at λmax = 500 nm) of the compounds was higher than that of BiVO4. The band gap energy
(Eg) was estimated from (Ahv)1/2 ~hv plots [5] (Figure 7b). Eg of BiVO4, BiVO4/Mn1−xZnxFe2O4, and
BiVO4/Mn1−xZnxFe2O4/RGO were approximately 2.36 eV, 2.36 eV, and 2.27 eV, respectively. The
introduction of Mn1−xZnxFe2O4 did not extend the absorbance light range of BiVO4 [20]. However,
the introduction of RGO could be conducive to lessen Eg, leading to the enhancement of visible light
absorbance for BiVO4/Mn1−xZnxFe2O4. It is true that the great light absorption was closely related to
good photocatalytic activity of catalysts [26].

Figure 7. UV–vis diffuse reflectance spectra of the as-prepared products (a) and corresponding the plot
of (Ahυ)1/2 versus hυ (b).

Figure 8. EIS of the work electrode containing BiVO4 (a); BiVO4/Mn1−xZnxFe2O4 (b) and
BiVO4/Mn1−xZnxFe2O4/RGO (c).
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3.4. Electrochemical Performance

Electrochemical impedance spectroscopy (EIS) was an effective approach to evaluate electron
transfer ability in the interface between solid phase electrodes and electrolyte solution [28]. The typical
impedance spectra of the samples were displayed with Nyquist plots. The semicircle diameter
in Figure 8 became small when RGO inserted in the work electrode contained the compound.
This change implied the resistance decrease and the conductivity increase in the test interface.
The charge-transfer resistance (Rct) of the samples was gained by fitting the data from Figure 8. Rct of
BiVO4, BiVO4/Mn1−xZnxFe2O4, and BiVO4/Mn1−xZnxFe2O4/RGO were 351.0 Ω cm2, 206.0 Ω cm2,
and 103.0 Ω cm2, respectively. It was clear that Rct of the ternary composite was the lowest.

The good electron accepting and transporting properties of RGO could contribute to the
prevention of charge recombination. It was reasonable that the introduction of RGO was beneficial
to the efficient charge separation and transportation in the compound interface. The electrochemical
behavior brought high conductivity of the comprising electrode. As a result, the enhancement of
conductivity promoted the improvement of photocatalytic activity for BiVO4/Mn1−xZnxFe2O4/RGO.

3.5. Photocatalytic Activity, Stability, and Corresponding Mechanism

The photocatalytic activity was probed with photodegradation of RhB dye, and the result
was shown in Figure 9. It was found from Figure 9 that the degradation ratio of RhB with
BiVO4/Mn1−xZnxFe2O4/RGO under visible light irradiation reached to 96.0% after only 1.5 h
reaction. It is worth noting that the self-degradation of RhB was very weak in the comparative test. It took
about 3 h to get the same degradation ratio (96.0%) with pure BiVO4 as well as BiVO4/Mn1−xZnxFe2O4

under identical conditions. Significantly, BiVO4/Mn1−xZnxFe2O4/RGO exhibited more excellent
photocatalytic activity than that of BiVO4/Mn1−xZnxFe2O4. Moreover, the activity of
BiVO4/Mn1−xZnxFe2O4/RGO was greatly superior to that of SrFe12O19/BiVO4, as well as
BiVO4/RGO, in the literature [19,22]. The high photocatalytic property of the as-produced compound
BiVO4/Mn1−xZnxFe2O4/RGO was explained as follows: the graphene owned two-dimensional π–π
conjugate structure was not only a good electron acceptor, but also a good electronic vector. RGO excited
electrons in BiVO4/Mn1−xZnxFe2O4 and prompted the transferring of the conduction band in
itself [29]. It was more interesting that the photocatalytic activity of BiVO4/Mn1−xZnxFe2O4/RGO
was obviously better than that of Mn1−xZnxFe2O4/β-Bi2O3 in previous our group’s report [20].

Figure 9. Degradation ratios of rhodamine B (RhB) with photocatalysts.

The stability was a key property in the industrial application of catalytic materials. Each recycling
experiment was operated in triplicate, and average values and standard deviations were also shown
in Figure 10. The degradation ratio of RhB in the fifth recycling was still 85.0% after 1.5 h of reaction
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under the same test parameters. The photocatalytic activity was only reduced a little within five
recycles. The result revealed good stability of BiVO4/Mn1−xZnxFe2O4/RGO.

Figure 10. Cycling test of BiVO4/Mn1−xZnxFe2O4/RGO in RhB photodegradation (five recycles).

Figure 11 was FTIR spectra of the compounds. The peaks at 473.7 cm−1 and 412.4 cm−1 in
Figure 11a,b were assigned to Zn–O and Fe–O vibrations in Mn1−xZnxFe2O4. Characteristic patterns
of V–O symmetric and asymmetric stretching vibrations spectra in BiVO4 were present at 734.3 cm−1

and 823.4 cm−1. The abovementioned peak location and intensity of Mn1−xZnxFe2O4 and BiVO4

were not varied, demonstrating a high stability of BiVO4/Mn1−xZnxFe2O4 during the photocatalytic
reaction. The peak at 1625.9 cm−1 in Figure 11 belonged to C=C stretch of aromatic group in RGO.
The peak at 1629.5 cm−1 in Figure 11b was weaker than that in Figure 11a, due to a little loss of RGO
quantity after the fifth cycle. The absorption peaks located at around 1400.0 cm−1 and 1065.0 cm−1

illustrated the functional group of RGO [30]. By comparing pattern (a) and (b) in Figure 11, the typical
peaks were detected in the spectra of the fresh, as well as the recovered compound. Thereby, it was
concluded that the structure of BiVO4/Mn1−xZnxFe2O4/RGO was stable in the process of RhB
photocatalytic degradation.

Figure 11. FTIR spectra of Mn1−xZnxFe2O4/BiVO4/RGO (a) the fresh sample; (b) the
recovered sample.

The photocatalytic mechanism of BiVO4/Mn1−xZnxFe2O4/RGO was probed with radical
scavengers [31]. t-BuOH (•OH scavenger), EDTA-Na2 (h+ scavenger), and BZQ (•O2

− scavenger)
were employed to ascertain the dominant radical species in the photocatalytic degradation of RhB
with the as-synthesized compound. Degradation ratios of RhB under these scavengers were given in
Figure 12. The photodegradation ratio of RhB was 72.0% and 65.0% only when 5.0 mM t-BuOH and
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1.0 mM EDTA-Na2 were added into the reaction system. Namely, h+ or •OH scavenger brought about
the decrease of degradation ratios. Thus, the photocatalytic activity of the compound greatly decreased.
The inactivation of the photocatalytic test was evidently proven when 1 mM BZQ was added in
the same reaction system. The above results demonstrated that the most active species was •O2

−,
though •OH and h+ also contributed to the photocatalytic activity of BiVO4/Mn1−xZnxFe2O4/RGO.

Figure 13 described the electron–hole pairs forming process under the light irradiation.
The potentials of conduction band (CB) and valence band (VB) of BiVO4 were 0.46 eV and 2.86 eV,
respectively (referring to hydrogen electrode, NHE). The electrons in VB were excited to CB under
visible light irradiation, forming driven-electrons (e−) and holes (h+). The VB potential of BiVO4

was close to Eθ of •OH/H2O, and the CB potential was larger than Eθ of O2/•O2
−. This meant that

electrons were able to directly reduce O2 molecules into superoxide O2
−. Besides, RhB molecules were

directly oxidized by the holes on VB of BiVO4. In addition, there were much more active adsorption
centers and photocatalytic reaction sites in RGO with a large surface area. These active centers and
sites were beneficial to the improvement of the photocatalytic activity. As a good electron accepter and
electronic vector, RGO facilitates the transmission of photo-produced electrons, which was conducive
to the separation of photo-produced electrons and holes, and further promoted the formation of •O2

−.
It was ensured that •O2

− played the main role for the RhB photodegradation, though •OH and h+

had a collaborative oxidation role in the photocatalytic reaction of BiVO4/Mn1−xZnxFe2O4/RGO.

Figure 12. Photodegradation ratios of RhB with BiVO4/Mn1−xZnxFe2O4/RGO under scavengers.

Figure 13. Photocatalytic scheme of BiVO4/Mn1−xZnxFe2O4/RGO under visible light irradiation.
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In fact, since our group found that the magnetic composite ZnFe2O4/SrFe12O19 had a highly
photocatalytic activity in 2013 [27], we firmly thought that the stable magnetic field from SrFe12O19

itself could promote the separation of photo-generated electrons and holes, and furthermore,
that the photocatalyst could produce more photo-generated electrons and holes under identical
light irradiation. Thus, the photoelectric transformation efficiency would be boosted. Our group the
studied BiVO4/SrFe12O19, Bi2O3/SrFe12O19, and BiOCl/SrFe12O19 [22,32,33] magnetic heterojunction
to confirm previous speculation. However, these studies about its photoelectron transfer mechanism
were not enough. In future work, our group will continue to attempt to confirm our speculation via
experimental and theoretical calculations. Of course, this work was carried out in order to compare
with SrFe12O19 functions.

4. Conclusions

Magnetic photocatalyst BiVO4/Mn1−xZnxFe2O4/RGO was synthesized with the simple and
economical roasting-reduction approach. The photocatalyst exhibited excellent photocatalytic activity
and stability. The degradation ratio of RhB reached 96.0% under visible light irradiation after only 1.5 h
reaction with the photocatalyst. The degradation ratio of RhB was still maintained at 85.0% after five
cycles of photocatalytic reaction. Here, the incorporation of RGO enhanced the specific surface area
compared with BiVO4/Mn1−xZnxFe2O4.The larger specific surface area provided more active surface
sites, more free space to improve the mobility of photo-induced electrons, and further facilitated
the effective migration of charge carriers, leading to the remarkable improvement of photocatalytic
performance. RGO was the effective acceptor as well as transporter of photo-generated electron–hole
pairs. •O2

− was the most active species in this photocatalytic reaction. We hope this photocatalyst has
a wide application in organic contaminants removal or environmental pollution control in practical.
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