
Nanomaterials Synthesis, 
Applications, and 
Toxicity 2012

Journal of Nanotechnology

Guest Editors: Mallikarjuna Nadagouda, Dionysios (Dion) Demetriou Dionysiou, 
Darren A. Lytle, Thomas F. Speth, and Sharmila M. Mukhopadhyay



Nanomaterials Synthesis, Applications,
and Toxicity 2012



Journal of Nanotechnology

Nanomaterials Synthesis, Applications,
and Toxicity 2012

Guest Editors: Mallikarjuna N. Nadagouda,
Dionysios (Dion) Demetriou Dionysiou, Darren A. Lytle,
Thomas F. Speth, and Sharmila M. Mukhopadhyay



Copyright © 2013 Hindawi Publishing Corporation. All rights reserved.

This is a special issue published in “Journal of Nanotechnology.” All articles are open access articles distributed under the Creative Com-
mons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work
is properly cited.



Editorial Board

Simon Joseph Antony, UK
Y. Bando, Japan
B. Bhushan, USA
Felix A. Buot, USA
Carlos R. Cabrera, Puerto Rico
John A. Capobianco, Canada
Franco Cerrina, USA
Gan Moog Chow, Singapore
Jeffery L. Coffer, USA
Dmitriy A. Dikin, USA
Dimitris Drikakis, UK
H. D. Espinosa, USA
John S. Foord, UK
E. Goldys, Australia
Lambertus Hesselink, USA
Joseph Irudayaraj, USA
Niraj K. Jha, USA

Miguel Jose-Yacaman, USA
Valery Khabashesku, USA
Yoke Khin Yap, USA
Sakhrat Khizroev, USA
Andrei Kolmakov, USA
Charles M. Lieber, USA
Charles M. Lukehart, USA
A. H. Makhlouf, Germany
Constantinos Mavroidis, USA
Vincent Meunier, USA
Paolo Milani, Italy
Oded Millo, Israel
Oussama Moutanabbir, Canada
M. Grant Norton, USA
R. Lee Penn, USA
S. N. Piramanayagam, Singapore
A. M. Rao, USA

Paresh Chandra Ray, USA
Benjaram M. Reddy, India
Federico Rosei, Canada
Mehmet Sarikaya, USA
Jorge M. Seminario, USA
V. Shalaev, USA
Mahi R. Singh, Canada
Bobby G. Sumpter, USA
Xiao Wei Sun, Singapore
Weihong Tan, USA
O. K. Tan, Singapore
Thomas Thundat, USA
Boris I. Yakobson, USA
Nan Yao, USA
Chuan Jian Zhong, USA



Contents

Nanomaterials Synthesis, Applications, and Toxicity 2012, Mallikarjuna N. Nadagouda,
Dionysios (Dion) Demetriou Dionysiou, Darren A. Lytle, Thomas F. Speth,
and Sharmila M. Mukhopadhyay
Volume 2013, Article ID 978541, 2 pages

Polymeric and Ceramic Nanoparticles in Biomedical Applications, Aura-Ileana Moreno-Vega,
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Nanotechnology presents new opportunities to create better
materials and products. Nanomaterials findwide applications
in catalysis, energy production, medicine, environmental
remediation, automotive industry, and other sectors of our
society. Nanomaterial-containing products are already avail-
able globally and include automotive parts, defense appli-
cation, drug delivery devices, coatings, computers, clothing,
cosmetics, sports equipment, and medical devices. This spe-
cial issue includes emerging advances in the field, with a
special emphasis given to nanomaterial synthesis and appli-
cations.

There is an increasing interest in identifying magneti-
cally separable catalysts for the degradation of wastewater.
In this issue, A. Perumal et al. report an investigation of
temperature-dependent magnetic properties and photocat-
alytic activity of CoFe

2
O
4
–Fe
3
O
4
magnetic nanocompos-

ites (MNCs) synthesized by hydrothermal processes. These
MNCs have saturation magnetization of 90 emu/g and coer-
civity (HC) of 530Oe. The photocatalytic activity of the
MNCs has been examined on the reduction of methyl orange
(MO), a colored compound used in dyeing and printing
textiles. The MNCs act as an excellent photocatalyst on the
degradation of organic contaminants and degrade 93% of
MO in 5 hours of UV irradiation. The photocatalytic activity
of MNCs is attributed to remarkably high band gap energy
and small particle size. Also, the MNCs with reproducible
photocatalytic activity are easily separated from water media

by applying an external magnetic field and they act as a
promising catalyst for the remediation of textile wastewater.

Microwaves can play an important role in orchestrating
nanomaterials for a wide range of technological applications.
For example, J. W. P. Hsu et al. report on MoO

𝑥
nanoparticle

suspensions for a promising route toward low-cost, large-area
solution deposition of functional thin films for applications
in energy conversion, flexible electronics, and sensors. They
demonstrate that parameters such as size, stoichiometry, and
electronic properties must be controlled to achieve the best
results for the target application. Such control can be achieved
via in situ chemical oxidation of MoOx nanoparticles in
suspensions using H

2
O
2
as a mild oxidizing agent. The

process starts with a microwave-synthesized suspension of
ultrasmall (𝑑 ∼ 2 nm) MoOx nanoparticles in n-butanol,
followed by systematically varying H

2
O
2
concentration and

reaction time. Moreover, they found that oxidation state and
work function of MoOx nanoparticle films was significantly
affected. In particular, they achieved a continuous tuning of
MoOx work function from 4.4 to 5.0 eV, corresponding to
the oxidation of synthesized MoOx nanoparticle (20%Mo6+)
to essentially pure MoO

3
. The synthesized particles can be

applied in displays and optoelectronics.
In the last decade, carbon nanotubes played a significant

role for a whole range of applications, and various methods
were developed for their production of carbon nanotubes.
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However, producing pure carbon nanotubes without impu-
rities is still a challenge. In this issue, M. Rusop et al. report
on the synthesis of single-wall carbon nanotubes (SWCNTs)
and multiwall carbon nanotubes (MWCNTs) from palm oil
precursor and ferrocene as catalyst source by single zone ther-
mal CVD system at various depositions with the temperature
ranging from 600 to 1000∘C. Direct heat was used to vaporize
both the fixed parameter of the precursor and the catalyst
placed in the middle of quartz tube. They demonstrate how
temperature influences the formation of varying thicknesses
of carbon nanotubes.

Environmental applications of carbon nanotubes devel-
oped by S. M. Mukhopadhyay et al. open another window of
opportunity.They demonstrate the effectiveness of a new type
of hybrid nanocatalyst material that combines the high sur-
face area of nanoparticles and nanotubes with the structural
robustness and ease handling of larger supports. The hybrid
material is made by fabricating palladium nanoparticles on
two types of carbon supports: as received microcellular foam
(Foam) and foam with carbon nanotubes anchored on the
pore walls (CNT/Foam). Catalytic reductive dechlorination
of carbon tetrachloride with these materials has been investi-
gated, and they have shown that both palladium-functional-
ized carbon supports are highly effective in the degradation
of carbon tetrachloride. The degradation is significantly
increased with palladium on CNT/Foam.

Moreover, nanoparticles have been found to be used not
only as catalysts, but also as materials for medicinal applica-
tions. Polymeric nanoparticles especially play a vital role. In
this issue, V. Castaño et al. review a range of different applica-
tions of polymeric nanoparticles along with ceramic particles
for biomedical application.

There is a need to better understand and apply informa-
tion regarding nanomaterials in areas such as controlled syn-
thesis, sustainability and environmental friendliness, char-
acterization, and application. However, there are also unan-
swered questions about the impacts of nanomaterials and
nanoproducts on human health and environment.The article
by C. P. Huang et al. describes the toxicity of nanoparticles
to unicellular green algae, exemplified by Pseudokirchneriella
subcapitata. Three types of engineered nanoparticles (ENPs)
were studied: Al

2
O
3
, SiO
2
, and TiO

2
.The effect of TiO

2
, SiO
2
,

andAl
2
O
3
with particle size of 11, 4, and 3 nm, respectively, on

the responses of algal cells was examined. The change in pH,
cell counts, chlorophyll a, and lipid peroxidation was used to
measure the responses of the algal species to nanoparticles.
The most toxic particle size of TiO

2
was 42 nm with an EC20

of 5.2mg/L. On the contrary, the most critical size of Al
2
O
3

was 14–18 nm, with an EC20 of 5.1mg/L. SiO
2
was the least

toxic with an EC20 of 318mg/L compared to TiO
2
and Al

2
O
3
.

Mallikarjuna N. Nadagouda
Dionysios (Dion) Demetriou Dionysiou

Darren A. Lytle
Thomas F. Speth

Sharmila M. Mukhopadhyay
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Autónoma de México, Campus Juriquilla, Boulevard Juriquilla 3001, 76230 Juriquilla, QRO, Mexico

Correspondence should be addressed to Vı́ctor Castaño, meneses@unam.mx

Received 4 October 2012; Accepted 2 December 2012

Academic Editor: Mallikarjuna Nadagouda

Copyright © 2012 Aura-Ileana Moreno-Vega et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Materials in the nanometer size range may possess unique and beneficial properties, which are very useful for different medical
applications including stomatology, pharmacy, and implantology tissue engineering. The application of nanotechnology to
medicine, known as nanomedicine, concerns the use of precisely engineered materials at this length scale to develop novel
therapeutic and diagnostic modalities. Nanomaterials have unique physicochemical properties, such as small size, large surface
area to mass ratio, and high reactivity, which are different from bulk materials of the same composition. Polymeric and
ceramic nanoparticles have been extensively studied as particulate carriers in the pharmaceutical and medical fields, because
they show promise as drug delivery systems as a result of their controlled- and sustained-release properties, subcellular size, and
biocompatibility with tissue and cells. These properties can be used to overcome some of the limitations found in traditional
therapeutic and diagnostic agents. Nanotechnology is showing promising developments in many areas and may benefit our health
and welfare. However, a wide range of ethical issues has been raised by this innovative science. Many authorities believe that these
advancements could lead to irreversible disasters if not limited by ethical guidelines.

1. Introduction

Recently, nanoparticles have been widely used in biomedical
applications due to their specific physical and chemical prop-
erties which alter the normal biological activity, as compared
to bulk materials [1]. The rise in the use of nanoparticles
in this field therefore raises concern over the impact on
human health such particles may have. This then requires the
establishment of new regulations or adaptation of previous
ones, based on a new definition of what needs to be regulated
[2]. Such a science-based definition must be developed by
several national and international standardization bodies,
as well as organizations and authorities in order to have a
definition that is broadly applicable to regulatory legislations.

2. Nanoparticles Assessments

2.1. A Working Definition of Nanoparticles. Based on this,
European and other International Committees have defined
a nanoparticle as a discrete entity which has three dimensions
in the order of 100 nm or less. Nevertheless it is important to
remember that the nanoscale (1–100 nm) used to describe
nanoparticles should not be considered as strictly due to the
variations that may exist during the nanoparticle measure-
ment as well as the appearance of nanoscale properties in
particles slightly above or below the nanoscale limits. This
can include other important properties to take into account
such as shape, surface area to mass ratio, and composition
[2].
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2.2. Size and Morphology Implications. Like everything else,
the use of nanoparticles in biological systems has several
aspects, both positive and contradictory. Undoubtedly, the
size and how these nanoparticles are synthesized significantly
influences the ease with which they come into biological
systems and interact with tissues or cells. There are many
studies which show the close relationship between these
two variables, size and shape, and analyze the ease with
which such nanoparticles circulate or accumulate within a
living, special sites of sedimentation, and the time it takes
for nanoparticles to saturate the system and promote cell
functional failures. Nanoparticles move freely within a cell
and can therefore interact with proteins, lipids, and other
components [3].

For pharmaceutical purposes the nanoparticles should
have a size range between 2 nm to 1 µm, allowing them to
enter the body in a considerably fast manner. The most
common routes, oral and other mucous membranes, face
nanoparticles with the immune system, which triggers dif-
ferent reactions depending on the host organism. Although
these nanoparticles are ideal vehicles for drug delivery into
the body, they often accumulate in sites other than those
therapeutically intended. Studies show comparisons between
size, morphology, and surface of nanoparticles and the
interactions and host responses. Many times nanoparticles
are encapsulated to ensure a greater dose at the site of
release, but this does not tackle the fact that the nanoparticles
also disperse throughout the body and can cause various
functional damages. Designing a nanoparticle can therefore
be a challenge since the nanoparticle must be safe, easy to
administer, and yet, nontoxic. In addition, little is known
about the effects of size and shape of nanoparticles on
the immune system. In vitro experiments have shown that
nanoparticles of large sizes (200 nm) can easily penetrate
human mucus barriers, altering their structure. It is thus
important to study the complex effects of the different
physicochemical and biological properties of nanoparticles
on the modulation of the immune response [4].

The therapy efficiency of drug delivery via nanopar-
ticles is reduced by the fact that the administration of
medicine reaches the target site in a limited manner. For
example, polyethyleneimine nanoparticles were used in a
study to determine the destination and penetration of
such nanoparticles when transiting through the blood brain
barrier, and it was shown that a fixed size of nanoparticles
(50 nm) promoted penetration of brain endothelial cells.
Nanoparticles with different surface modifications interact
in different ways with the surface of the brain epithelial cells,
and many respond to metabolic inhibitors and endocytosis
pathways (different surfaces have different forms of internal-
ization). Consequently, many tests required size and surface
morphology for efficient transport of nanoparticles [5].

Generalizing, each group of nanoparticles with different
sizes, shapes, surfaces, chemical composition, and biop-
ersistence (time a nanoparticle remains within the body)
will have different effects on the health of the living.
Toxicological studies show that closely similar substances
induce substantially different responses. Some groups will be
safe, whilst a group with an apparent slight variation may

present significant toxic effects. Some ordinary raw materials
are poisonous or harmful. However, when these were used
to obtain nanoparticles, was the solutions to many medical
complications, with minimal adverse effects. In conclusion, it
is important to regulate manufacturing, consumption, routes
of administration, and so forth especially in light of new
developments and gained knowledge [6, 7].

3. Choice of Nanoparticles in Biomedicine

3.1. Polymeric Nanoparticles. Polymers are macromolecules
composed of a large number of repeating units organized in
a chain-like molecular architecture exhibiting a multiplicity
of compositions, structures, and properties. It is because of
this variety of compositions, structures, and properties that
polymers are being used in nanoparticle systems to generate
nanoparticles suited for each specific biomedical application.
The main use of polymeric nanoparticles is in drug delivery,
although they are also used in bioimaging and biosensing
assays [8].

The use of nanoparticles in drug delivery has received a
lot of attention due to the emerging importance of targeted
delivery in medicine, meaning that large amounts of research
studies focused on generating polymeric nanoparticles that
are efficient, tissue specific, and most importantly, nontoxic.
For the preparation of nanoparticles for drug delivery,
there are a variety of methods depending on how the
drug will be loaded onto the nanoparticle. The resulting
nanoparticle-drug compounds may have the structure of
capsules, (polymeric nanoparticles or polymeric nanocon-
jugates), amphiphilic core/shell (polymeric micelles), or
hyperbranched macromolecules of nanometer dimensions
(dendrimers) [9].

3.2. Natural and Synthetic Polymeric Nanoparticles. Natural
polymers such as chitosan, albumin, and heparin have been
used for the delivery of oligonucleotides, DNA, and protein,
as well as drugs. An albumin-paclitaxel nanoconjugate
has been studied in the treatment of metastatic breast
cancer during phase III clinical trials [10]. Furthermore,
natural polymers and synthetic polymers for nanoparticles
such as N-(2-hydroxypropyl)-methacrylamide, copolymer
(HPMA), poly(ethylene glycol) (PEG), poly(lactic acid-
glycolic acid) (PLGA), and poly(lactic acid) PLA are used.
Different in vitro and in vivo research studies have focused
on the use of conjugated polymeric nanoparticles with
chemotherapeutic drugs to reduce the damaging effects
of the free drug administration [9]. Figure 1 shows film
formation of PLGA.

For both natural and synthetic polymers, polymeric
nanoparticle drug delivery systems allow the particle to be
more target specific since the coating of the nanoparticles
with polymers increases the amount of drug-loaded as well
as tissue/cell-specific recognition proteins, which generates
a more targeted and efficient nanoparticle. Examples of
such nanoparticle systems in cancer treatment are ternary
structures composed of a ligand or an antibody (target-
ing moiety), a polymer which acts as the carrier, and
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Figure 1: Infrarred spectra of PLGA 50/50 and PLGA 75/25 crystals, when dissolved in chloroform.

an active chemotherapeutic drug [9]. Table 1 presents
different polymer nanoparticles acting as nanocarriers in
biomedical fields.

3.3. Polymeric Micelles. Micelles are biocompatible nanopar-
ticles varying in size from 50 to 200 nm in which poorly
soluble drugs can be encapsulated. Polymers are used in
core-shell nanoparticles because they offer a wide range of
applications from drug delivery to bioimaging. A polymeric
core-shell nanostructure comprises a polymeric core and/or
a polymeric shell and can be dispersed in a matrix of any
material class whose property is to be modified or enhanced.
In drug delivery, polymeric-based micellar systems which
contain a hydrophobic core surrounded by hydrophilic
polymers are used as carriers for hydrophobic drugs. These
systems offer various advantages including easy preparation,
efficient drug loading, and controlled release kinetics. Vari-
ous cancer-related drugs such as paclitaxel, doxorubicin, 5-
fluoracil, 9-nitrocamptothecin, cisplatin, triptorelin, dexam-
ethasone, and xanthone, have been successfully encapsulated
on PLGA, PLA and PCL nanoparticles [11]. Growing
evidence is taken in account for nano/microparticle-based
delivery system for macromolecular therapeutics. Biodegrad-
able nano/microparticles of poly(D,L-Lactate-co-glycolide)
(PGLA) and PLGA-based polymers are explorer as carriers
for controlled delivery macromolecules such as proteins,
peptides, vaccines, genes, antigens, and growth factors. A
major difficult to this technology is about drug encapsulation
[12]. More research is in progress to address such chal-
lenging problems. On the other hand, multifunctional core-
shell nanospheres made of amphiphilic co-polymer micelles
whith core bio-functionalized Au or CdSe nanoparticles
(hydrophobic block) are protected with a PEG coating
(hydrophilic block) which provides nanoscopic sensing and
slow-targeted drug release [13].

Another great advantage of polymeric micelles is the
synthesis of pH-sensitive drug delivery systems which can
be engineered to release their contents or change their

physicochemical properties in response to variations in
the acidity or surroundings. Other authors prepared and
characterized polymeric micelles composed of amphiphilic
pH-responsive poly(N-isopropylacrylamide) (PNIPAM) or
poly(alkyl(meth)acrylate) derivatives [14]. Acidification of
the PNIPAM copolymers induces a coil-to-globule transi-
tion that can be exploited to destabilize the intracellular
vesicle membranes. Furthermore, poly(alkyl(meth)acrylate)
copolymers can be designed to interact with either
hydrophobic drugs or polyions and release their cargo upon
an increase in pH. Recently, 20–45 nm polymeric-based
micelles has been investigated, which comprise a hydropho-
bic PLLA core and a hydrophilic PEG shell conjugated to
TAT, a highly pH-sensitive and cell penetrating polymer.
It has been shown that TAT micelles seem attractive for
targeting acidic solid tumours [15].

As drug carriers and releasers, polymeric micelles may
be used to deliver a drug passively or actively although it
may also be attached to a surface, to create a controlled,
drug releasing surface with various applications in tissue
engineering and body implants. Growth and differentia-
tion polypeptides such as epidermal growth factor, basic
fibroblast growth factor, and members of the transforming
growth factor beta family have been covalently immobilized
to surfaces of polymeric materials, particles and structures
for tissue engineering, and regenerative medicine applica-
tions. In a NZW rabbit model of long bone distraction
osteogenesis, it was shown that a single injection of rhBMP-
7-loaded polymeric core shell nanoparticles accelerated new
bone regeneration and consolidation [13].

Finally, polymeric micelles are also obtaining attention in
the field of biosensing, since enzymes may also be adsorbed
onto the surfaces of polymeric nanoparticles, generating
more precise biosensing systems. Moreover, functionalized
PEGylated gold nanoparticles have been developed that
can be reversibly associated through the addition of lectin,
producing an accompanying color change [16]. Due to
the high stability and nonfouling characteristics of these
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nanoparticles, they may be useful for diagnostics in blood-
serum-containing samples. Another interesting application
of polymeric nanoparticles for biosensing systems involves
immobilized enzymes on core-shell polymeric nanoparticles
or catalysts encapsulated suitably into nanoparticles, to
elevate their activity [17].

3.4. Biodegradable Polymers. Some other main group is
the biodegradable polymeric nanoparticles because of the
important contribution as drug delivery systems. Currently,
there are only a small number of commercially available
products that utilize this technology. Biodegradable NPs
have been used for the control release of several drugs like
vaccines, prepared by the spontaneous emulsification/solvent
human growth hormone, insulin, antitumor agents, and also
contraceptives. Long circulation of rate and the impact of
drug/polymer ratio on the size drugs in the body is the key in
the successful drug of NPs [18].

It has been discussed about biodegradable polymeric
NPs with appropriated surface modification that can deliver
drugs to diagnostic and therapeutic applications in neuro-
logical disorders such as Alzheimer’s disease (AD). Polymeric
NPs are the promising candidates to deliver drugs in central
nervous system. However, the challenges ahead to resolve the
question of binding of the drugs (loaded onto nanoparticles)
to amyloid plaques that are used as target for developing
the biological markers [19]. The therapeutics advancement
of neurodegenerative disorders such as AD is difficult due to
restrictive mechanism to cross the blood brain barrier (BBB).
Nowadays, NPs radiolabeled and tissue specific [(125 I-
Clioquinol) (CQ, 5-cloro-7-iodo-8-hydroxyquinoleine-NP)]
based on polymeric devices are developed to diagnosis of
AD as the promising delivery vehicle for in vivo detection
of amyloid plaques. In fact, it has been proposed that these
could cross the BBB [20].

3.5. Dendrimers. Dendrimers are synthetic polymeric
macromolecules of nanometer dimensions that composed
of multiple highly branched monomers that emerge
radially from the central core. Their structure offers various
advantages such as monodisperse and controllable size,
modifiable surface, functionality, multivalency, water
solubility, and an available internal cavity for drug delivery
[9]. The resultant spherical macromolecular structure has
a size similar to albumin and hemoglobin, although it is
smaller than multimers like the IgM antibody complex
[21]. The characteristic arquitecture of dendrimers and the
flexibility in the modification of their structure has allowed
a greater progress in the application of biocompatible
dendrimers for targeted drug delivery. Regarding this, there
are studies on the use of biocompatible dendrimers for
cancer treatment to deliver chemotherapeutic drugs such as
cisplatin and doxorubicin [22].

3.6. Nanoparticle-Cell Interaction. Polymeric nanocarriers
are easy to biofunctionalize with proteins, oligonucleotides,
polysaccharides, or even DNA, allowing the nanoparticles
to interact with the surrounding cells in the tissue they

are targeted towards. Polymer coating of nanoparticles not
only allows for biofunctionalization of the particles but
also diminishes the clearing rate of such particles. Many
nanoparticles have hydrophobic surfaces and are therefore
rapidly opsonized and cleared by the bodily reticuloendothe-
lial and mononuclear phagocytic systems becoming useless
for targeted therapeutics which requires the persistence of the
nanoparticulate systems throughout the systemic circulation.
The coating and modification of surfaces with hydrophilic
polymers therefore promote nanoparticle-cell interactions as
well as internalization. Furthermore, the polymeric coatings
(nanoshells) create a cloud of chains at the nanoparticle
surface which repels plasma proteins. Examples of polymeric
coatings include PEG (polyethylene glycol), PVO (poly-vinyl
octanal acetal), or chitosan derivatives [11].

Substantial studies have been directed towards devel-
oping safe and efficient chitosan-based particles for drugs
delivery systems. Chemically modified chitosan or its deriva-
tives have been analyzed since past decade to evaluate the
usefulness in delivering a variety of bioactive molecules [23].
The discovery of synthetic small interfering RNA (siRNA)
technology for gene therapy has led to a surge of interest for
developing siRNA-loaded nanocomplexes of chitosan and its
derivatives for silencing genes. Efficient intracellular uptake
requires suitable carriers due to that siRNA do not freely
cross the cell membrane. In this sense, nonviral vectors
such as chitosan or its derivatives are attractive, taking in
to account these polymers are biodegradable, biocompatible,
with low toxicity and high cationic potential [24]. It has been
accepted that siRNA can be a powerful therapeutic drug, but
its delivery remains a major challenge. Cyclodextrins (CDs),
which are natural cyclic oligosaccharides, have been applied
as delivery vehicles for siRNA, particularly, for the treatment
of solids tumors; recently it has been demonstrated as clinical
success [25]. Another example to useful polymeric devices
such as cyclodextrins is related to oral insulin delivery which
was developed to increase the residence time of insulin near
the intestinal absorptive cells [26].

The use of polymers in the fabrication of nanoparticles
has received a lot of attention due to the large variety of
structures that may be obtained from a combination of prop-
erties of individual materials. So far, the majority of com-
mercial polymeric-incorporated nanoparticle applications
in medicine are focused towards bioactive, cost-effective,
and controllable therapeutic agent delivery. However, as
mentioned on some examples before, there are still many
potential applications for polymeric nanoparticles such as
bioimaging, biosensing, and antitumor therapies.

As with all nanoparticles, cytotoxicity and degradation
by-products remain a major problem which needs to be
further investigated in order to improve the biocompatibility
of polymeric nanoparticles. Regarding this, many polymeric
core-shell nanoparticles are being explored in various clinical
phase trials, meaning that they have so far surpassed the
cellular and animal toxicity requirements.

3.7. Ceramic Nanoparticles. Currently, the development of
new ceramic materials for biomedical application grows
hastily. Nanoscale ceramics such as hydroxyapatite (HA),
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zirconia (ZrO2), silica (SiO2), titanium oxide (TiO2), and
alumina (Al2O3) were made from new synthetic methods
to improve their physical-chemical properties seeking to
reduce their cytotoxicity in biological systems. Nevertheless,
the use of new ceramic materials found adverse responses
by the host (in a variety of tissues, including immune
system). The controlled release of drugs is one of the most
exploited areas in terms of ceramic nanoparticle application
in biomedicine. In this field, the dose and size are important.
Also, some features that make nanoparticles a potential
tool in controling drug delivery are high stability, high
load capacity, easily incorporation into hydrophobic and
hydrophilic systems, and different routes of administration
(oral, inhalation, etc.). In addition, a variety of organic
groups which may be functionalized on its surfaces allow for
a directed effect [30].

3.8. Titanium Oxide Nanoparticles. The different crystalline
structures of titanium dioxide make it a photocatalytic
material, with broad dielectric and optical characteristics.
The titanium dioxide nanoparticles have a variety of uses
being the anatase stable at nanoscale, but also the most
cytotoxic in a range of 3–10 nm, which is more than
100 times in the same scale in a Rutile phase. These
nanoparticles are widely used in pharmacology as drug
eluting vehicles or excipient formulations. In fact, nowadays
they are used in photodynamic therapy, taking advantage of
their efficient photooxidation. In addition, cytotoxic aspects
of nanoparticles are reduced when they are associated with
other materials (e.g., hydroxyapatite) [30].

Current therapies for cancer include surgery, radio, and
chemotherapy which bring undesirable effects on the human
health due to unspecific target cell. Evidence indicates that
therapy based on nanoparticles has potential use. With
respect to this, TiO2 (titanium oxide) nanoparticles have
been used in in vitro studies successfully. In fact, the TiO2

powder has been proposed as a new therapeutic agent for
cancer, particularly colon cancer. Cells from human colon
carcinoma were destroyed when were exposed to photo-
excited nanoparticles of TiO2; also these nanoparticles have
been improved with gold and platinum, thus significantly
reducing the rate of survival of cancer cells. TiO2 nanoparti-
cles are one of many efforts to improve the treatment of this
disease, where the photocatalytic effect is essentially linked to
the concentration of these nanoparticles. The photocatalytic
activation is carried out by controlled light exposure at the
tumor sites that have been treated with TiO2. The studies
showed that exposure of cells from human colon carcinoma
has a significant reduction in survival rate when exposed with
Au-or-Pt doped TiO2 nanoparticles in comparison with the
simple exposure to TiO2. These data suggests that doping of
the TiO2 with Au and Pt essentially contributes to the killing
of the cancer cells as compared to undoped TiO2 [31].

Sonodynamic therapy is expected to be a novel therapeu-
tic strategy for malignant gliomas. The TiO2 nanoparticle,
a photosensitizer, can be activated by ultrasound. In fact,
a potential application of TiO2/PEG (polyethylene glycol)
to sonodynamic therapy has been shown as a new treat-
ment of malignant gliomas. The efficiency of sonodynamic

therapy was shown using water-dispersed TiO2 nanoparticles
constructed by the adsorption of chemically modified PEG
on the TiO2 surface TiO2/PEG. The results showed that
compounds of 50 nm of diameter do not cross the normal
blood-brain membrane, but they concentrated successfully
in malignant gliomas when ultrasound methods were used
[32].

On the other hand, there is clinical evidence that
the exposition to different concentrations of nanoparticles
including titanium oxide is phytotoxic for various animal
species. Referring to humans, the introduction of nanopar-
ticles in a wide range of industrial products promoted
pregnancy complications, including spontaneous abortions.
Only in the United States, it is estimated that between 1 and
3% of pregnant women had a spontaneous abortion due to
concentration and distribution of these nanoparticles, and
between 7 and 15% of pregnancies has been affected by a
poor fetal growth that predisposes children to cardiovascular
disorders and kidney failure throughout their lives. It has
been shown that exposure of rats to TiO2 nanodots produce
inflammatory lesions 24 hours after exposure, particularly
with nanoparticles oscillating in a size between 2 and 5 nm.
It has been found that the surface area is the most important
factor associated with toxicity. Also, recent studies indicate
that TiO2 nanoparticles with diameters of 35 nm affect the
pregnancy in mice, as well as, nanoparticles injected intra-
venously due to accumulation in both the liver and the fetal
brain. These studies were observed by bioimaging techniques
after intravenous injection of fluorescence nanoparticles;
images of TEM showed the presence of elements in placenta,
liver, and mouse brain [33].

3.9. Silica Nanoparticles. The automatic release of potential
drugs, their ease of dissolution, and ease of availability in
the organism are some of the most important characteristics
of the pharmaceutically active mesoporous silica molecules.
However, it is difficult to determine methods to combine
biocompatibility and reduce the adverse effects that these
nanoparticles might exhibit in living systems, due to any
slight variation in the synthesis conditions, which may result
in different shapes, sizes, and subsequent physicochemical
properties [30].

Moreover, there are multimodal silica nanoparticles,
which are effective as markers in cancer tests and have been
approved for human testing. Because of the poor selectivity
in tumor tissue by markers conventionally used and the
need for specificity in oncological diseases, multimodal
silica nanoparticles with a diameter of 7 nm have been
developed. Such nanoparticles are surface functionalized
with arginine-glycine-aspartic acid peptide ligands and
radioiodine, exhibiting a higher affinity and residence in
tumors and peripheral blood fluids. Studies have shown
and improved selectivity of such nanoparticles as seen by
an increase in their accumulation in mouse melanoma
xenografts. Such nanoparticles were approved for a first-in-
human clinical trial and were optimized for renal clearance,
still showing specific tumor targeting. The silica nanoparti-
cles were coated with a PEG layer and possess amino acid
and peptide radioactive labels. The studies were conducted
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on various models of nodal metastasis in various mouse
tissues and nanoparticle doses, with the results being as
efficient as to begin human testing models [34]. However,
these nanoparticles have shown adverse effects during the
fetal development of mice, as seen for nanoparticles 70 nm
in diameter that cross the placental membrane and cause
nerve damage in the offspring. In relation to this, studies
have shown embryos presenting high concentrations of silica
oxide nanoparticles (up to 0.8 mg per mouse) [33].

Recent studies in animal models have shown that
inhalation of silicon dioxide nanoparticles causes pulmonary
and cardiovascular disorders such as, lung inflammation,
myocardial ischemia, atrial-ventricular block, and increased
fibrinogen and blood viscosity. Also, DNA damage has been
observed depending on the size and composition of nanopar-
ticles which are involved on generation of free hydroxyl
radicals. Furthermore, it has been found that treatment with
nanoparticles of silicon dioxide, SiO2, significantly reduces
cell viability by induction of apoptosis in a cell line HaCaT
(human skin cells). The smaller size of these nanoparticles,
the greater the rate of apoptosis (for nanoparticles 15 and
30 nm, at a concentration of 10 µg/mL and 24 h exposure);
Figure 2 presents silica nanoparticles between 10–30 nm in
diameter. In addition, HaCaT cells provided a good model
to investigate the employment of nanomaterials in cosmetic
industry for skin [35].

3.10. Nanostructured Hydroxyapatite. Hydroxyapatite (HA),
Ca10(PO4)6(OH)2, is one of the most stable forms of the
calcium phosphates and the major inorganic component of
bone and teeth in mammals. HA is extensively investigated,
from a better understanding of the formation mechanisms
in natural mineralization processes to the applicability as
a biomedical or industrial material. The biocompatibility,
bioactivity, bioresorbability, osteoconductivity, size dimen-
sion, morphology, and surface functionalization represent
the physical and chemical properties which should be
adapted in synthetic HA crystals to optimize their specific
biomedical applications.

The design and synthesis of HA focus on improving its
interaction with tissues. The implementation in bones and
teeth is a popular choice due to mimetic bone properties.
HA nanoscale crystals have demonstrated a better contact
with the bone, extending the nanocrystal applications in
orthopedic therapy. The nano-HA is the chosen material for
surgical implantation in bone defect, and nowadays bone
cements are based on calcium phosphates to initiate bone
repair after surgery. The bone cement reduces metaphyseal
fractures, periprosthetic, and improves the healing process of
osteotomies. In addition, it can be used as a release agent for
antibiotics [36].

In the dental field, nano-HA has shown excellent results
in the remineralization of teeth [30]. Whereas calcium
phosphate nanoparticles have shown excellent results as
repair agents of dental enamel. Studies have shown that the
natural tooth enamel is composed of units of HA spherical
nanoparticles with diameters between 20 and 40 nm. Exper-
iments were carried out to determine the corrective effect

Figure 2: Transmission Electron Microscopy micrograph showing
irregular-shaped of SiO2 nanoparticles with article size between 10–
30 nm.

of this nanoscale hydroxyapatite in comparison with the
traditional HAP (crystals) and amorphous calcium phos-
phates. Samples with dental erosion of tooth enamel were
used (at the first phase of caries) and treated with nanoparti-
cles PAH. The results of scanning electron microscopy, con-
focal laser scanning microscopy, quantitative measurement
of the adsorption, dissolution kinetics, and nanoindenta-
tion showed the strong affinity, excellent biocompatibility,
mechanical improvement, and the enhancement of erosion-
free by using 20 nm particles as the repairing agent. However,
these excellent in vitro repair effects cannot be observed when
conventional HAP and ACP are applied. Clearly, nano-HAP
with a size of 20 nm shares similar characteristics to the
natural building blocks of enamel so that it may be used
as an effective repair material and anticaries agent. Such
range of nanoparticles has therefore been suggested as an
effective agent in prevention or reconstruction material in
dental lesions [37].

Other authors propose the use of HAP nanoparticles as
an inhibitor for human hepatoma. Hepatic carcinomas are
the number one cause of death related to liver; hydroxyap-
atite has been shown to inhibit the proliferation of tumors.
The effects of HAP nanoparticles at different doses were
evaluated on the cell line BEL-7402 in vitro. On one hand,
it was found that a dose of 29.30 mg/mL of nanoparticles
HAPs inhibited growth, and whilst on the other hand, the
cells treated with a dose between 30 and 200 mg/mL showed
antiproliferative and propoptotic effect using diverse tests
[38].

4. Bioethical Issues of
Nanoparticle Applications

Nanomedicine is a relatively new area of biotechnology,
where the possibilities for new therapies to treat illness and
disease seem endless. Nanoparticles are already appearing in
commerce as novel tools for molecular imaging, diagnosis,
and drug delivery formulations. Of note, some nanoparticles
have intrinsic therapeutic properties themselves. Due to such
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many existing applications, many nanotechnology products
are being introduced onto the market, and yet there is still
a considerable lack of knowledge of the biological effects
around human exposure to such nanomaterials. Actions have
already been taken to develop research strategies to evaluate
the specific risks associated with exposure to each particular
nanoparticle [39].

There is a significant current knowledge on the types
of nanoparticles, their synthesis, and applications, as well
as the associated health risks and the exposure assessment
challenges facing OHS specialists. The control and preven-
tion aspects of occupational health and safety associated with
nanoparticles were also discussed in the last years [40]. In
fact, knowledge in the area of hygiene pertaining to health
risks is focused on integration of nanoparticle toxicity data
from the literature. Nanoparticles are produced intentionally
with the aim of developing new materials that exhibit certain
specific properties. These properties are related to at least one
of their dimensions, which must be less than 100 nanometers
(nm). Recent studies of the biological effects of nanoparticles
show signs that some manufactured nanoparticles display
unexpected toxicity to living organisms. Some of these
particles can become potentially harmful and even cause
deleterious human health effects [41].

The toxicological evaluation of the new chemical com-
pounds is an area that in this century has been relevant.
There is almost no other scientific field in which the core
experimental protocols have remained nearly unchanged for
more than 40 years. Yet consumers continually increase their
expectations about the safety of products. One recent effect
of this was the instigation of the largest safety assessment of
chemicals that has ever been carried out: the European Union
introduced the regulation known as Registration, Evaluation,
Authorisation and Restriction of Chemicals (REACH) by
legislation in 2007. Whereas new chemicals have been
systematically evaluated in the European Union and the
United States for about a quarter of a century, the safety of
any chemicals produced before 1981 (which includes 97% of
the major chemicals in use and more than 99% of chemicals
produced by volume) has not necessarily been properly
addressed [42].

As chemical substances, nanoparticles may first come
under the regulations for chemical agents. Furthermore,
when the substances are integrated into a manufactured
product, they are likely to be subject to diverse regulations
concerning the marketing of products containing them.
They would then be covered, for example, by the various
directives on biocides, cosmetics products, dental materials,
and drugs for human and veterinary use. The manufactured
nanoparticle would then be assessed as part of the product
as used by a professional or consumer. Current law includes
no texts applicable to manufactured nanoparticles as such.
There have been three points proposed: (i) a complete series
of existing regulations certainly appear potentially applica-
ble, (ii) because none targets them specifically; however,
their implementation is very uncertain, and (iii) accordingly
existing laws must be clarified and new measures adopted
swiftly.

5. Concluding Remarks and
Future Considerations

The application of nanotechnology to drug delivery has
already had a significant impact on many areas of medicine.
Currently, more than 20 nanoparticle therapeutics are in
clinical use, validating the ability of nanoparticles to improve
the therapeutic index of drugs. In addition to the already
approved nanoparticles, numerous other nanoparticle plat-
forms are currently under various stages of preclinical and
clinical development, including various liposomes, poly-
meric micelles, dendrimers, quantum dots, gold nanopar-
ticles, and ceramic nanoparticles. More complex systems
such as multifunctional nanoparticles that are concurrently
capable of targeting, imaging, and therapy are subject of
future research.

However, we should be aware of possible unwanted side-
effects. Nanotechnology means new materials and compo-
nents, which can be included in many different existing
products, or enable new products. Despite potential benefits
of nanotechnology, there are potential ethical issues, which
need desirable solutions.

The currently approved nanoparticle systems have in
some cases improved the therapeutic index of drugs by
reducing drug toxicity or enhancing drug efficacy. Future
research efforts need to be directed towards finding new
methods for nanotoxicology, recognition of biological effects
of nanoparticles in the environment, and creation of the
bases of nanobiomonitoring.
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[2] G. Lövestam, H. Rauscher, G. Roebben, B.S. Klüttgen et al.,
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This paper demonstrates the effectiveness of a new type of hybrid nanocatalyst material that combines the high surface area of
nanoparticles and nanotubes with the structural robustness and ease of handling larger supports. The hybrid material is made
by fabricating palladium nanoparticles on two types of carbon supports: as-received microcellular foam (Foam) and foam with
carbon nanotubes anchored on the pore walls (CNT/Foam). Catalytic reductive dechlorination of carbon tetrachloride with these
materials has been investigated using gas chromatography. It is seen that while both palladium-functionalized carbon supports
are highly effective in the degradation of carbon tetrachloride, the rate of degradation is significantly increased with palladium
on CNT/Foam. However, there is scope to increase this rate further if the wettability of these structures can be enhanced in the
future. Microstructural and spectroscopic analyses of the fresh and used catalysts have been compared which indicates that there
is no change in density or surface chemical states of the catalyst after prolonged use in dechlorination test. This implies that these
materials can be used repeatedly and hence provide a simple, powerful, and cost-effective approach for dechlorination of water.

1. Introduction

Chlorinated hydrocarbons (CHCs) are common organic
contaminants in soil and groundwater across the globe that
includes chlorinated alkanes, alkenes, and aromatic hydro-
carbons. The presence of CHCs in drinking water sources is
of great concern worldwide, as they are highly toxic and have
adverse effects on human health and environment. Various
CHC compounds have been widely manufactured and used
in industrial applications, and they were intentionally or
accidentally released into the environment. Due to their
chronic toxicity, use of such chemicals was either banned or
regulated in United States by US Environmental Protection
Agency (US-EPA) and colloquially in most other developed
countries [1, 2]. Mandatory groundwater monitoring has
reported the presence of CHCs at a large number of sites.
In spite of stringent regulations they are present in soil
and groundwater even today due to their resistance to nat-
ural attenuation by microbiological degradation. Carbon

tetrachloride (CT), also known as tetrachloromethane, is
among the widespread CHCs reported in impacted soil and
ground water. CT was largely used in fire extinguishers, as
cleaning and metal degreasing agents (solvents) and also as a
chemical precursor compound for refrigerants like chloro-
fluoro carbons [3]. CT can have adverse effects on the
nervous system, liver, and kidneys. The US-EPA guidelines
recognized it as a potential carcinogenic agent and regulated
its maximum contaminant level (MCL) in drinking water
at 5 μg/L. However, levels of CT reported in groundwater at
many locations across the United States still exceed its MCL
(safe drinking water limit) [4–6].

In recent years, there has been a growing emphasis on
developing techniques for pollutant removal in groundwater
by converting the highly toxic CHCs to less toxic nonchlori-
nated product. Catalytic reductive dechlorination technique
employs transition metals as catalysts for treating CHCs
in contaminated groundwater. The dechlorination reaction
involves reduction/breaking of carbon-chlorine bonds by
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molecular H2 facilitated by a catalyst, where hydrogen
replaces the chlorine in the compound, leading to a reduced
chlorine compound. Common catalysts used for such appli-
cations include isolated or supported nanoparticles of metals
such as Pd, Ni, or bimetals such as Pd/Fe, Ni/Fe [7, 8]. In
this study, supported palladium nanoparticles (Pd-NPs) [9]
are investigated, as Pd is well known to catalyze reductive
dechlorination reactions.

Heterogeneous catalysis is a surface specific phenome-
non; therefore attributes of support materials that provide
attachment to catalyst particles may influence catalytic reac-
tions. Support materials with a high specific surface area such
as activated carbon, free-standing carbon nanotubes (CNTs),
and carbon nanofibers (CNF) have been extensively used for
anchoring metal nanocatalysts [10, 11]. In heterogeneous
catalysis, the reactants are in liquid phase and the catalyst
materials, although in solid phase, are mostly in suspended
form (isolated or supported on free-standing nanotubes)
[11]. However, for water treatment applications, supported
nanoparticles in suspended form can pose a significant
challenge, because successful recovery of nanoparticles from
the treated water can be tedious. Nanoparticles, especially of
precious metals, if not recovered completely from the treated
water and reused, can be uneconomical, and presence of
nanoparticles in drinking water may also pose safety hazards
[12, 13], requiring further purification of the treated water
thereby increasing the cost of treatment.

A new class of hybrid, microporous graphitic support
designed for anchoring metal nanoparticles [9] can address
the previous limitations and make it cost effective as they can
prevent the loss due to dispersal and inefficient recovery of
suspended nano catalysts. The microporous graphitic carbon
supports (called “graphite foam,” henceforth), investigated
in this study, exhibit a robust yet porous structure that
offers high surface area, while its surface area can be further
enhanced by grafting carbon nanotube (CNT) on the micro-
porous graphitic foam. Therefore, catalyst nanoparticles
supported on such hierarchical structures can be easily
loaded and unloaded into the liquid environment providing
simple economical catalysis on an as-needed basis. The
robustness, ease of handling, and structural integrity along
with the high surface area stipulated by carbon nanotubes
that are strongly attached to the microporous graphitic foam
supports surpass other types of porous catalysts currently
available.

The present study focuses on the bench-scale batch
investigation of reductive dechlorination of carbon tetra-
chloride (CT) in the aqueous phase using two kinds of hybrid
catalyst structures: Pd-NPs fabricated on graphitic foam
support (Pd/Foam) and Pd-NPs on CNT-attached graphitic
foam support (Pd/CNT/Foam). Batch experiments were
performed to characterize the catalytic transformation of CT
and formation of degradation products with Pd/Foam and
Pd/CNT/Foam. Durability of these structures for structural
integrity and chemical stability was also investigated by
monitoring the chemical and physical state of fresh and used
catalyst materials after repeated cycles of use. Reusability
of the Pd/Foam and Pd/CNT/Foam was also examined in
repeated batch experiments at similar conditions. Various

experimental parameters examined in the investigation
include (i) the effect of varying amount of supported
catalysts and (ii) the effect of varying H2 concentration, on
CT degradation kinetics and daughter product formation.

2. Materials and Methods

2.1. Chemicals. The reagents used in this study were of ana-
lytical grade and used without further purification including
carbon tetrachloride (CCl4, Fisher Scientific), chloroform
(CHCl3, Fisher Scientific), sodium hydroxide (solid, 97.0%
NaOH, EMD Chemicals Inc.), and TAPSO buffer (99%,
C7H17NO7S, Sigma-Aldrich Inc.). Other materials are MiliQ
DI water, high purity gases (zero grade) that include pure
nitrogen, and hydrogen-nitrogen gas mixes (5% H2 with
balance N2 and 50% H2 with balance N2). The CT stock
solution was prepared by adding 20 μL of the CT compound
to a 160 mL borosilicate glass serum bottle containing
organic-free Milli-Q water that was sealed with a Teflon-lined
rubber stopper and aluminum crimp without headspace.
The bottle was then placed on a rotary shaker for 72 hours
to allow the CT compound to dissolve completely.

2.2. Hybrid Catalysts Preparation. Two types of hybrid cat-
alyst structures are investigated: Pd nanoparticles supported
on graphitic foam (Pd/Foam) and palladium nanoparticles
supported on carbon nanotubes that are strongly attached
to graphitic foams (Pd/CNT/foam). The microcellular gra-
phitic foam used in this study was L1a grade foam provided
by Koppers Inc. The linear dimensions (lbh) of each hybrid
catalyst structure were 10 × 5 × 2 mm3, weighing 55 mg
approximately.

CNTs were grafted on the microcellular graphitic foam by
chemical vapor deposition technique using iron as floating
catalyst, details of which are published earlier [14–16]. Pd-
NPs on graphitic foam and CNT-attached graphitic foam
were synthesized by liquid-phase synthesis technique com-
bined with thermal reduction process in inert atmosphere
(Ar), using tetra-amine palladium nitrate as a precursor
solution and hydrogen gas as a reducing agent. The details
of one-coating cycle of supported Pd nanoparticle synthesis
procedure used in this study are described elsewhere [9].
Figure 1 shows the scanning electron microscopy (SEM)
images of supported Pd-NPs fabricated on foam (Pd/Foam)
and on CNT-grafted foam (Pd/CNT/Foam).

2.3. Batch Degradation Studies. The bench-scale investi-
gation of CT dechlorination was carried out in batch
reactors consisting of 160 mL glass serum bottles con-
taining supported catalyst. The supported catalysts having
10 × 5 × 2 mm3 size (Pd/Foam or Pd/CNT/Foam) were
attached to the inside wall of the serum bottle using a double-
sided carbon tape. TAPSO buffer (1 mM) adjusted to pH 7.5
was prepared in Milli-Q water, and 96 mL of this buffer was
added to the reactors, maintaining the solution to headspace
ratio of 60 : 40. The pH was monitored using a pH meter
AP10 (Denver Instruments). The reactors were sealed with
Teflon-lined butyl rubber stopper and sealed with aluminum
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Figure 1: SEM micrographs of Pd-NPs supported on (a) carbon foam support (Pd/Foam) and (b) CNT-grafted foam support (Pd/CNT/
Foam).

crimp. The reactors were then purged for 30 min with a high
purity H2-N2 gas mixture (generally with 5% H2 and balance
N2, [pH2] = 0.05 atm). An aqueous CT stock solution was
injected into each reactor (initial CT conc. = 200 μg L−1;
initial CT amount = 0.125 μmoles) using a gas-tight syringe
using established laboratory procedure [17]. The reactors
were then placed on an end-over-end rotary shaker at room
temperature (32 rpm, 45◦ inclination), so as to minimize the
liquid-gas mass transfer effects. The bottles were rotated at
an inclination for the solid samples to remain in contact
with the solution at all times so that the reactions take place
continuously.

2.4. Chemical Analysis. Carbon tetrachloride and its degra-
dation products such as chloroform, dichloromethane, and
methane were analyzed by gas chromatography (GC) and
quantified using established laboratory procedure [17].
Headspace samples from the reactors set were analyzed
to estimate their aqueous phase concentration and total
amount present at each sampling time. Headspace samples
were analyzed by an HP 7890 gas chromatographic system,
equipped with an electron capture detector (ECD) and a
flame ionization detector (FID). The peak area values of
analytes from gas chromatography were transformed into
their respective amount at equilibrium using laboratory
calibration curves, based on a published method [18], and
their dimensionless Henry’s constants: K ′H at 25◦C [19].
The pH measurements were made using a handheld meter
(model AP10 pH/mV/temp; Denver Instrument, Bohemia,
NY) by collecting small liquid samples from the reactors at
the beginning and end of each experiment.

2.5. Materials Characterization. Surface morphology of pal-
ladium nanoparticles fabricated on such hierarchical archi-
tectures (Pd/Foam and Pd/CNT/Foam) was characterized
by scanning electron microscopy technique using JEOL
7401F FE-SEM. The chemical characterization was accom-
plished by X-ray Photoelectron Spectroscopy (XPS) using
Kratos (Axis Ultra) XPS system. XPS was performed with
a monochromatized Al-Kα (1486.6 eV) source in ultrahigh

vacuum environment (UHV ∼10−9 Torr). The survey scans
(BE: 1000–0 eV) and high-resolution fine scans of respective
elements were collected. Any static charge in the samples was
corrected by assigning a value of 284.4 eV to C 1s spectrum, a
well-known binding energy value of carbon in graphite [20].

The chemical and physical state of fresh and used carbon
supported Pd-NPs samples was investigated by repeatedly
using the samples for up to three batch experiments. The
conditions of each batch test include vigorous rotation
of reactors at 32 rpm for 1-2 days. The samples were
analyzed before and after these tests for microstructural
and spectroscopic elemental data using SEM and XPS. The
reusability and efficiency of Pd catalyst were also tested for
its ability to degrade CT by repeatedly using the samples for
up to 6-7 times.

2.6. Data Treatment. For each experiment, CT degradation
rate constants were calculated based on an assumption of
pseudo-first-order kinetics. All degradation experiment data
were fit with a pseudo-first-order rate model, given by (1),

−dC

dt
= kobs[M], (1)

where kobs (hr−1) is the observed degradation rate constant
and M (μmoles) is the CT amount in the reactor at time, t
(hr). The CT degradation rate can also be expressed in terms
of half-life, t0.5 (hr), time required for CT amount in the
reactor to reach half of the initial CT amount (where M0 =
0.125μmoles), and obtained from the following equation:

t0.5 = (kobs)
−1 ln 2. (2)

3. Results and Discussions

3.1. Reductive Dechlorination of CT

3.1.1. Comparison of Catalytic Activities of Different Materials.
Batch experiments were performed using the following
materials: (A) control (blank, no material), (B) foam with-
out Pd, (C) CNT/Foam without Pd, (D) foam with Pd
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Table 1: Estimated surface area of Palladium nanoparticles on different supports and values of rate constants for reduction and half-life of
CT (kobs, t0.5) at [pH2] 0.05 atm.

S. No. Type of support
∗Estimated surface area Pd area per mL of water
(each support—100 mm3), 10−2 mm2/mL

CT transformation rates

kobs (Hr−1) t0.5 (Hr)

1 Pd/Foam 8.3 0.109 6.35

2 Pd/CNT/Foam 25 × 103 0.376 1.84

3 2x Pd/Foam 16.6 0.181 3.82

4 2x Pd/CNT/Foam 50 × 103 0.711 0.97
∗
Obtained from the data published earlier [9].
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Figure 2: Carbon tetrachloride (CT) transformation curves obtain-
ed with various types of catalyst supports.

nanoparticles (Pd/Foam), and (E) CNT/Foam with Pd
nanoparticles (Pd/CNT/Foam). Figure 2 shows the plot of
carbon tetrachloride concentration versus time for these
different materials (A–E). The control experiments as well
as the two carbon samples without Pd catalyst (set-up A–C)
showed very little or no reduction in CT amount (Figure 2).
However, the reactors containing supported Pd nanoparti-
cles (set-up D and E) showed complete degradation of CT.

Figure 3 shows the pseudo-first-order rate constant, kobs

of CT degradation obtained using Pd catalysts. It is obvious
that the rate of CT dechlorination with Pd/CNT/Foam
catalyst is significantly greater than that with Pd/Foam. This
was expected since the CNT grafted on the microporous
graphitic foam with hierarchical structure provides greater
surface area for metal nanoparticles attachment per unit
volume of the support and hence a greater catalytic response
(Table 1). In fact, this has scope for much higher increase of
CT degradation rate (kobs) in future as discussed in the next
section.

3.1.2. Influence of Catalyst/Support Size. These experiments
were repeated using twice the amount of Pd nanoparticle
catalysts (two pieces of Pd/Foam and Pd/CNT/Foam, each
10 × 5 × 2 mm3 in size) for the same volume of liquid in
each reactor. In other words, the catalyst to liquid volume
was doubled. The transformation kinetics of CT with twice
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Figure 3: Carbon tetrachloride (CT) degradation curves with expo-
nential curve fitting obtained for Pd/Foam and Pd/CNT/Foam
samples.

the amount of Pd nanoparticle catalysts showed a twofold
increase in its degradation rate constant, kobs for both types
of supports (Figure 4). These results indicate that increase
in the number/size of the supports (which would increase
the available area of catalyst) is expected to systematically
increase the catalytic activity. The rate constants and half-life
of all these catalysts are tabulated in Table 1 and discussed
more in the next sections.

3.1.3. Role of Hydrogen Gas Concentration. Batch experi-
ments were performed with variations in partial pressures
of H2 gas at 0, 0.05 and 0.5 atm (0%, 5%, and 50% H2

balance N2, resp.) in the reactors with Pd/Foam and Pd/
CNT/Foam. Figure 5 shows significant degradation of CT
in the presence of H2. While the reactor with no added
H2 showed very little or no degradation of CT, the reactors
with gaseous H2 present at 0.05 and 0.5 atm showed rapid
and near complete CT degradation, suggesting that CT
degradation was dependent on the availability of gaseous H2

as a reductant. However, the CT degradation rate constants
(Table 2) were quite similar at 0.05 and 0.5 atm [pH2] and
did not show significant increase at higher [pH2] both
with Pd/Foam and Pd/CNT/Foam. Similar catalytic activity
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Table 2: Values of rate constants for reduction and half-life of CT (kobs, t0.5) with Pd hybrid catalyst and varying hydrogen gas concentrations,
[pH2].

S. no. Type of support H2 gas [pH2] atm
CT transformation rates

kobs (Hr−1) t0.5 (Hr)

1 Pd/Foam

0.5 0.101 6.86

0.05 0.109 6.35

0 0.003 231.0

2 Pd/CNT/Foam

0.5 0.404 1.71

0.05 0.376 1.84

0 0.015 46.2
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Figure 4: Carbon tetrachloride (CT) degradation curves with
exponential curve fitting obtained for twice the amount of Pd
nanoparticle catalysts (two pieces of Pd/Foam and Pd/CNT/Foam),
2x Pd/Foam and 2x Pd/CNT/Foam samples.

(Table 2) at 0.05 and 0.5 atm [pH2] may imply other factors
affecting degradation, such as rate-limited mass transfer of
aqueous intermediate species to/from Pd catalyst surface.
The study implies that whereas the presence of H2 is required
for sustained and complete degradation of CT and other
similar CHCs by catalytic reductive dechlorination, excessive
hydrogen enrichment may not have any additional effect. In-
depth study on influence of H2 concentration is beyond the
scope of this paper.

3.1.4. Formation of Daughter Products. The dechlorination
of CT with supported Pd nanoparticle catalysts yielded
chloroform (CF) as the major product of the reaction in all
cases as shown in Figure 6. Decrease in CT concentration
correlates well with increase in CF concentration until all CT
is reduced. Trace amounts of formation of dichloromethane
(DCM) were also produced, which may be attributed to the
further reduction of CF, as after 100% reduction of CT, the
CF level begins to drop indicating degradation of CF to DCM
(Figures 6(b) and 6(d)).

The mechanism of catalytic reductive dechlorination
of CT to CF in the presence of Pd and H2 has been
discussed previously [21–23], which may proceed through
numerous intermediate steps. The overall reaction may
include adsorption of reactant species (H2 and CCl4) on the
active sites of Pd metal, their dissociation into intermediate
species followed by reaction between intermediate species to
form reduced products (CHCl3 and HCl), and desorption of
final products from Pd surface. Further sequential reduction
of the adsorbed intermediate species to daughter products
may also similarly happen before desorption from Pd
surface, such as chloroform (CHCl3) transformation to
dichloromethane (CH2Cl2). However, it is distinct that in
the presence of these hybrid Pd structures and H2, the
concentration of CT decreases with time, and CF is formed
as the first by-product.

3.2. Influence of Catalyst Surface Area and Geometry. A cor-
relation between reaction kinetics and the available surface
area of the Pd component will be important for extending the
application of this concept to other geometries. Table 1 plots
the measured rate kinetic parameters along with palladium
surface area available to unit volume of liquid. While the
detailed surface morphologies of the carbon foam, as well as
CNT-attached foam used in this study, have been obtained
using geometrical model, the particle size distribution and
surface area of Pd-NPs on these materials have also been
investigated using microstructural data which is published
elsewhere [9, 14]. Based on the structural data, the estimated
surface area of Pd per unit volume of the hybrid catalyst
structure has been obtained and is included in Table 1.

From Table 1, it is clear that for a given catalyst geometry,
CT degradation results show clear scaling effect; that is,
doubling the catalyst units will double the transformation
rate (kobs). However, when the simpler Pd/Foam structure is
replaced with a hierarchical Pd/CNT/Foam architecture, the
reaction rate increase of three to four times (300%–400%)
is not to the same extent as the increase in available Pd
surface of about 3,000% times or 300,000%. This strongly
suggests incomplete percolation of water through the CNT
forest, which may be attributed to the hydrophobic nature
of carbon nanotubes in general. If in the future, the CNT-
grafted support can be functionalized to make it hydrophilic
in nature, deeper infiltration of water can be achieved.
This study indicates that improved wettability may have



6 Journal of Nanotechnology

0

0.02

0.04

0.06

0.08

0.1

0.12

0 5 10 15 20 25 30

Time elapsed (Hrs) 

5% 
0% 

C
T

 a
m

ou
n

t 
(µ

m
ol

es
)

50% H2 balance N2

H2 balance N2

H2 balance N2

(a)

0

0.02

0.04

0.06

0.08

0.1

0.12

0 5 10 15 20 25 30
Time elapsed (Hrs)

C
T

 a
m

ou
n

t 
(µ

m
ol

es
)

5% 
0% 

50% H2 balance N2

H2 balance N2

H2 balance N2

(b)

Figure 5: Carbon tetrachloride (CT) transformation curves obtained with (a) Pd/Foam and (b) Pd/CNT/Foam catalyst and varying hydro-
gen concentration.
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Figure 6: Carbon tetrachloride (CT) degradation and chloroform (CF) formation curves with (a) Pd/Foam, (b) Pd/CNT/Foam, (c) 2x
Pd/Foam, and (d) 2x Pd/CNT/Foam.
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Figure 7: SEM micrographs of Pd/CNT/Foam (a, c) before and (b, d) after the carbon tetrachloride (CT) dechlorination test.

the potential to cause an additional 1000 times increase in
dechlorination rate in the water-based environments.

3.3. Chemical and Physical Durability Test. The chemical
and physical durability of carbon supported Pd-NPs sam-
ples was analyzed by characterizing the Pd-NPs of fresh
and used samples, that is, before and after dechlorination
tests. Figure 7 shows the SEM micrographs of Pd-NPs on
CNT/Foam supports before and after three dechlorination
cycles, which is a total of approximately 90 hours in the
reactor at 32 rpm. It can be seen that Pd-NPs stay intact with
the CNT. The physical durability of CNT-foam structures has
been tested previously in various loading conditions [9, 14].
This study indicates that not only is the CNT/Foam durable,
but also the Pd-NPs on these hybrid foam samples survive
the prolonged movement in the rotating reactor.

The chemical state of Pd was studied on the Pd/CNT/
Foam catalyst before and after CT dechlorination using XPS.
The fine scans of Pd 3d, C 1s, and Cl 2p are shown in
Figure 8. Pd 3d5/2 peaks for both fresh and used catalyst
were observed at 335.18 eV which indicates that the Pd-
NPs did not undergo any chemical change (Figure 8(a)). The
energy values of Pd 3d peaks correspond to the metallic
state of Pd (Pd0) [9]. The fine scan of C 1s (Figure 8(b))
shows a prominent peak at 284.4 eV that corresponds to
C–C bonding for graphitic form of carbon. The C 1s

peak after CT batch test shows a satellite peak at 286.1 eV,
which can be attributed to the contamination on CNT. No
detectable chlorine peak (Cl 2p) was observed from the used
catalysts (Figure 8(c)). This implies that the contaminations
on CNT are chlorine-free carbonaceous impurities that
could plausibly be from the hydrocarbons of organic TAPSO
buffer.

The batch studies were also performed in duplicate
and/or triplicate for each type of sample and reproducible
results were observed. The CT dechlorination rate of the
catalysts was monitored by reusing the samples in the batch
tests. It was observed that the rate constant (kobs) values
of CT degradation with these samples were consistent and
remained within the error bar for six consecutive tests and
total usage time of 200 hours, indicating that these hybrid
catalysts are expected to be robust and reusable, at least
within the ∼200 hours usage time tested. Long-term tests
ranging from a period of months to years may be needed in
the future for deployment in real purification systems.

4. Concluding Remarks and Future Work

Two types of hybrid catalysts comprising of palladium
nanoparticles supported on porous carbon have been
successfully tested for reductive dechlorination of carbon
tetrachloride. In this study, aqueous phase dechlorination
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Figure 8: X-Ray photoelectron spectrometry (XPS) fine scans of (a) Pd 3d spectra, (b) C 1s spectra, and (c) Cl 2p spectra, obtained from
Pd/CNT/Foam sample, before (green line) and after (blue line) the carbon tetrachloride (CT) dechlorination test.

of CT at ambient temperatures was accomplished using
a bench-scale batch reactor. In the presence of hydrogen,
complete degradation was observed, where CT was initially
transformed to less-toxic chloroform. Pd/CNT/Foam cata-
lyst shows 3-4 times higher activity compared to Pd/Foam
catalyst. It is expected that the degradation rate can be
further increased by orders of magnitude if the wettability
of nanotube forests can be improved. XPS analysis of
samples after a total of ∼96 hours of catalytic degradation
shows unchanged surface chemical states of the Pd-NPs.
This architecture of Pd-NPs attached to larger hierarchical
carbon supports can be recovered easily and reused multiple
times. Such structures may therefore provide a nonpolluting,
reusable, and cost-effective solution for the removal of
organic pollutants such as CT from contaminated water.
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This paper investigated toxicity of three engineered nanoparticles (ENP), namely, Al2O3, SiO2, and TiO2 to the unicellular green
algae, exemplified by Pseudokirchneriella subcapitata with an emphasis on particle size. The changes in pH, cell counts, chlorophyll
a, and lipid peroxidation were used to measure the responses of the algal species to ENP. The most toxic particle size was TiO2

at 42 nm with an EC20 of 5.2 mg/L and Al2O3 at 14–18 nm with an EC20 of 5.1 mg/L. SiO2 was the least toxic with an EC20 of
318 mg/L. Toxicity was positively related to the surface charge of both ENP and algae. The chlorophyll content of the algal cells
was influenced by the presence of ENP, which resulted in limited light and availability of nutrients due to increase in turbidity
and nutrient adsorption onto the ENP surface, separately. Lipid peroxidation was attributed to reactive oxygen species (ROS). Fast
reaction between algal cells and ROS due to direct contact between TiO2 and algal cells is an important factor for lipid peroxidation.

1. Introduction

Nanomaterials have been used in industrial applications and
commercial products at a rapid pace. New types of NM are
being developed every day. These new materials can be more
hazardous than their bulk states due to not only small size but
also numeral novel properties. Among these particles, TiO2,
SiO2, and Al2O3 have been shown to have adverse effects on
the pulmonary systems [1–3]. There have been a few studies
on the effect of these particles on algae. Van Hoecke et al.
[4] observed changes in the growth rate of P. subcapitata
when exposed to SiO2. Warheit et al. [5] reported growth
inhibition of P. subcapitata with a 72-hour EC50 of 87 and
61 mg/L for TiO2 at size of 38.5 and 100 nm, respectively.
Ji et al. [6] reported a 6-day survival EC50 of 120 mg/L for
anatase with a size of 20–50 nm. Literature results so far
have indicated a clear dose-response relationship between
microbial survival and ENP concentration. However, more
studies are needed to illustrate the mechanisms of microbial
responses to ENP.

Reactive oxygen species (ROS) are generated in the thyl-
akoid membrane during photosynthesis [7]. Hydrogen per-
oxide has been suggested to be the dominant species of ROS
in algae. This is due to relatively long reaction time involving
hydrogen peroxides, approximately 1 millisecond compared
to nanoseconds of other ROS species. The ROS-protective
mechanisms of algae include superoxide dismutase, ascor-
bate peroxidase, catalase, and glutathione peroxidase [7]. The
photoactivity of TiO2 also generates ROS. The generation of
ROS has also been linked to particle size, crystalline struc-
ture, and surface defects [8]. The particle size is an important
variable in that as the specific surface area increases reversely
proportionally to particle diameter. The increase in specific
surface area will result in the increase in specific quantum
yield of photocatalytic particles thus increasing the ROS
generation [9–11]. Bakardjieva et al. [10] demonstrated that
as the specific surface area of TiO2 increased, 4-chlorophenol
degradation increased. Tesng et al. [9] indicated that 2-chlo-
rophenol degradation decreased with increased primary par-
ticle size. The size effect on photoctalytic capacity has been
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seen in other particles including CdS [12], HgSe and PbSe
[13], ZnO [14], and SnO2 [15]. It was concluded that
particle size of quantum dots is one major factor affecting
cytotoxicity [16]. Kashiwada [17] demonstrated that latex
nanoparticle was adsorbed to spawned ST II eggs at an
optimum particle size of 474 nm. Adams et al. [18] examined
the effect of particle size of TiO2, SnO2, and ZnO on B.
subtilis and E. coli and observed some degree of toxicity
whether the particles were under light or not. However, they
were unable to draw conclusion about the particle size effect
due to the change of particle size once in suspension.

The objective of this study was to determine the tox-
icity of photocatalytic (e.g., TiO2) and non-photocatalytic
nanoparticles (e.g., Al2O3 and SiO2) over a wide range of
particle size by evaluating the effects on cell population,
chlorophyll, and lipid peroxidation on P. subcapitata. The
mode of toxicity was also examined.

2. Methods and Materials

2.1. Nanoparticles. Stock suspensions of 2 g/L were made
with aluminum oxide, silica dioxide, or titanium dioxide in
150–500 mL of Erlenmeyer flask with algal growth medium
[19]. Table 1 gives the information about the physical and
chemical properties of ENP materials studied. The stock
suspensions were autoclaved for 20 minutes at 120◦C at least
one day prior to experiment and stored at room temperature
until use.

2.2. Algal Culture. Algal culture, P. subcapitata, was pur-
chased from Aquatic Biosystems (Fort Collins, CO). The
algal inoculums were stored at 4◦C in the dark for no longer
than 6 months. Culturing of the algae in 3 L continually
stirred tank reactor (CSTR) followed that of Metzler [20].
Hydraulic residence time (HRT) of the CSTR was 3 days,
with a flow rate of 50 mL/h.

2.3. Growth Chambers. Growth chambers were approxi-
mately 80 cm × 62 cm × 68 cm, wood or metal frame that
was covered in black cloth. A bank of 6 fluorescent lights
was suspended overhead on the frame. Lights used included
model GE PL/AQ F12T20 (General Electric, Fairfield, CT),
Gro-lux F12T20/Gro/AQ, and 2 Sylvania Gro-lux wide spec-
trum F12T20/Gro/AQ/WS (Rutherford, NJ, USA). These
light fixtures supplied an average lux of 1632±157, measured
from the top of the test beakers. A muffin fan or centrifugal
miniblower removed excess heat generated by the lights.
Each fan or blower used was suspended on the outside of
the chamber approximately 1 inch below the lights, with an
access port cut into the cloth. An orbital platform shaker held
the beakers and was set to oscillate at 150 rpm.

2.4. Exposure Experiments. Aliquots of stock NP were added
to a series of 1 L beakers. Stock suspensions were continu-
ously stirred with a magnetic stirring bar during this time.
Algal growth medium was then added to the beakers to bring
the volume to 100 mL. The suspensions were sonicated for 2
minutes at a power level of 48 W using a Cole-Palmer 4710
series ultrasonic homogenizer. The suspensions were then

allowed to equilibrate for one hour. After one hour, 100 mL
of the CSTR algal culture was added to the NP suspension to
achieve an algal cell density of 1.4 ± 0.9 × 106 cell/mL. The
samples were then placed in one of three growth chambers.
The duration of the exposure test was 4 days.

Each day during the course of exposure experiment the
sample pH was measured with a Corning pH/ion analyzer
350 equipped with a Corning semimicro combo pH probe.
Additionally, the minimum and the maximum temperatures
of the growth chambers were recorded for each 24-hour time
period. At the end of the 4-day exposure, the sample volume
remaining was determined by measuring the difference in
volume before and after exposure runs. Forty milliliters of
sample were collected in 50 mL Fisherbrand centrifuge tubes
which were analyzed for chlorophyll a. Additionally, 12 mL
were collected in 15 mL Fisherbrand centrifuge tubes and
analyzed for cell density and lipid peroxidation. The samples
were stored at 4◦C in the dark (a maximum of 7 days)
until analyzed. According to Weber et al. [21], no changes
in chlorophyll content should occur of this time period.

Cell densities were measured by direct cell counts. One
milliliter of sample was diluted in 1 mL of 0.5 M lauryl
sulfate. This was then mixed on a Dade vortex shaker model
S8223-1 for 2 minutes. An aliquot of sample was then
added to a hemocytometer for counting on an Olympus
AX70 microscope; samples were counted a minimum of 4
times. Cell densities were converted into total cell population
by multiplying the cell counts by the volume of sample
remaining in the 1 L test beakers at the end of the test
duration. The total cell populations were then corrected for
the initial population and normalized based on the control,
using the following equation:

Rs =
(
ρ× v

)
t(

ρ × v
)
c

, (1)

where Rs is the normalized growth, ρ is the cell density
(cell/mL), v is the volume of sample at the end of the 4-
day exposure period (mL), t is the duration a sample was
exposed to a specific ENP, and c is the control sample with
no treatment.

For the determination of chlorophyll a, the samples
were concentrated to between 0.5–3 mL, and then analyzed
according to Standard Methods for the Examination of water
and Wastewater [22]. In brief, the concentrated samples were
added to glass homogenization tubes. The 50 mL sample
tubes were rinsed with a few milliliters of Mg acetone (2.0 g
of (MgCO3)4 and Mg(OH)2·5H2O diluted to 200 mL in dis-
tilled deionized water then diluted 1 : 10 in acetone). The vol-
ume in the homogenization tube was brought to 3 mL with
Mg-acetone solution. The samples were then homogenized
for 1 minute at 2000 rpm with a Glas-Col variable speed-
reversible homogenizer. The samples were then steeped at
4◦C in the dark for 2 hours in 15 mL plastic centrifuge tubes.
After the steep time, the samples were centrifuged for 30
minutes at 664×g . The optical density of the supernatant
was measured at 750 and 664 nm, respectively, on a Hewlett-
Packard UV-Vis model 8525A. HCl (0.1 mL of 0.1 N) were
added to the samples and the optical density was measured
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again at 750 and 665 nm after 90 seconds of equilibration.
The concentration of chlorophyll a ([Chla] in mg-Chla/m3)
was calculated by the following equation:

[Chla] = 26.7(A664 − A665)×V1 × (V2 × l)−1, (2)

where A665 is the absorbance at 664 nm before adding acid,
A665 is the absorbance at 665 nm after adding acid, V1 is the
volume of extract (L), V2 is the sample volume (m3), and l
optical path (cm). The specific chlorophyll a was calculated
by the following expression:

y = [Chla]× ρ−1 × 10−6 , (3)

where y is the specific chlorophyll a (mg Chla/cell), [Chla]
is the concentration of chlorophyll a (mg Chla/m3), and ρ is
the cell density (no. cell/mL). The specific chlorophyll a, y,
was then normalized with respect to the control according to
the following equation:

Y = y × yc
−1, (4)

where Y is the normalized specific chlorophyll a (dimension-
less), y is the specific chlorophyll a (mg Chla/cell), and yc is
the specific chlorophyll a of the control (mg Chla/cell).

Finally, analysis of sample for lipid peroxidation followed
the method in Maness et al. [23]. In brief, 1 mL of sample
was added to 2 mL of 10% trichloroacetic acid. The samples
were then centrifuged for 45 minutes at 11000×g. The super-
natant was then added to 3 mL of 6.7 g/L 2-thiobarbituric
acid, which was previously heated to 60◦C in order to dissolve
the solid. The samples were then heated in boiling water
for 10 minutes. After cooling, the absorbance of samples
was measured on a Hewlett-Packard UV-Vis model 8525A
at 532 and 600 nm wavelengths, respectively. The absorbance
at 532 nm was corrected for the background at 600 nm.
Calibration standards were made from 1,1,3,3-tetramethoxy-
propane. The specific lipid peroxidation (z) was calculated by
the following equation:

z = [MDA]× ν× (ρ × ν
)−1 × 10−3, (5)

where z has the unit of pmol MDA/cell, [MDA] is the
concentration of malondialdehyde-thiobarbituric acid com-
plex measured (μM), ν is the volume of sample at the
end of the 4 day exposure (mL), and ρ is the cell density
(no. cell/mL). The z value was then normalized against the
control according to the following equation:

Z = z × zc
−1, (6)

where Z is relative lipid peroxidation (dimensionless), z is the
specific lipid peroxidation of the sample (pmol MDA/cell),
and zc is the specific lipid peroxidation of the control (pmol
MDA/cell).

Dose-response curves were used to calculate the effective
concentration (EC). The USEPA [19] uses daily cell density
to calculate the growth inhibition concentration (IC). The
number of samples to be processed per day made this
impractical. Lethal concentration (LC) values, defined as the
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Figure 1: Normalized specific four-day growth (Rs) dose-response
curve. Solid circles are Al2O3 (17.6 nm). Open squares are SiO2

(14.3 nm). Solid triangles are TiO2 (18.7 nm). Error bars are ±1
standard deviation (n ≥ 3). Lines represent four-parameter logistic
curves fitted to the data in SigmaPlot ver. 9.01. Experimental
conditions: initial algae concentration = 1.4±0.9×106 cell/mL, test
duration = 4 days, and initial test volume = 200 mL.

total number of organisms that died during exposure, were
not used to determine the toxicity of NP to algae. Therefore,
EC was chosen. EC value is defined as the difference in total
growth between control and test sample. EC20 and EC50
are concentrations that limit growth to 20 and 50% of the
control samples.

3. Results

The size and type are important attributes of ENP. The
major objective of the present research was to determine
how particle size and type will affect the physiology and
biochemical behavior of algae exemplified by P. subcapitata.
The algal cells were exposed to TiO2, Al2O3, and SiO2 for 96 h
at various size classes and concentrations. During the time of
exposure, the average temperature was 23.0 ± 1.2◦C and the
average pH was 7.6± 0.4.

3.1. Effect of Particle Concentration. In order to determine
the effect of NP concentration on P. subcapitata, Al2O3

(17.6 nm), SiO2 (14.3 nm), and TiO2 (18.7 nm) were selected
due to their similarity in size. Figure 1 shows the dose-
response curves of Al2O3, SiO2, and TiO2 in terms of
normalized specific growth (Rs). In all cases, as concentration
increased from 0 to 1000 mg/L, the Rs decreased. EC20 values
were calculated using SigmaPlot version 9.01 as follows:
Al2O3 (17.6 nm) = 5.14 mg/L, TiO2 (18.7 nm) = 129 mg/L,
and SiO2 (14.3 nm) = 318 mg/L.

Chlorophyll content of algae can be used as a measure-
ment of physiological health [22]. In order to determine if
NP was stressing the algae, chlorophyll a measurements were
conducted. Figure 2 shows chlorophyll a content plotted
against the concentrations of the respective NP. It can be seen
that there was a slight increase in the chlorophyll content
as the Al2O3 concentration was increased to about 10 mg/L.
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Figure 2: Normalized specific chlorophyll a (Y) as a function of the
concentration of the NP. Solid circles are Al2O3 (17.6 nm). Open
squares are SiO2 (14.3 nm). Solid triangles are TiO2 (18.7 nm).
Error bars are ±1 standard deviation (n ≥ 3). Lines are 2nd-order
polynomial fits to the data. The data was fitted with an empirical
2nd-order polynomial from SigmaPlot ver. 9.01. Experimental
conditions: initial algae concentration = 1.4±0.9×106 cell/mL, test
duration = 4 days, and initial test volume = 200 mL.

As the Al2O3 (solid circles) concentration was increased
above 10 mg/L, the chlorophyll content decreased to approx-
imately 50% of the control at 1000 mg/L of Al2O3. As
SiO2 (open squares) concentration was increased from 0 to
30 mg/L, the Chla increased from 1 to 2.2. The Chla then
decreased to 1 at 1000 mg/L of SiO2. The NP of TiO2 (solid
triangles) had the inverse effect of Al2O3 and SiO2. The
Chla decreased from 1 to 0.63 when TiO2 concentration was
increased from 0 to 30 mg/L. At TiO2 concentration greater
than 30 mg/L the Chla increased to 0.83 at 1000 mg/L.

Figure 3 shows the normalized specific MDA, Z, as a
function of ENP concentration for SiO2 (open squares),
Al2O3 (solid circles), and TiO2 (solid triangles). The nor-
malized specific MDA increased with the log concentration
of SiO2. The maximum normalized specific MDA, 3.1± 1.3,
occurred at 500 mg/L of SiO2. However, the SiO2 results are
not significantly different (α = 0.05) from those of TiO2

and Al2O3 due to large standard deviations in the data.
Error bars were not shown in Figure 3 for SiO2 due to large
values. Al2O3 caused an increased normalized specific MDA
only at concentration >100 mg/L. The maximum normalized
specific MDA was 2.8 ± 2.7 at 1000 mg/L of Al2O3. For
TiO2 (Figure 3) normalized specific MDA decreased from
1 to 0.61 when the TiO2 concentration was increased from
0 to 30 mg/L, respectively. At concentrations greater than
30 mg/L, the normalized specific lipid peroxidation increased
until a maximum of 1.8 ± 1.4 at 600 mg/L was reached for
TiO2. The increase in normalized specific MDA was most
likely due to photocatalytic properties of the TiO2.

3.2. Particle Size Effect. In order to determine how particle
size affects the toxicity of titanium dioxide, algae was exposed
to TiO2 at particle size in the range between 5.3 and 204 nm.
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Figure 3: Normalized specific lipid oxidation (Z) as a function
of the concentration NP. Solid circles are Al2O3 (17.6 nm). Open
squares are SiO2 (14.3 nm). Solid triangles are TiO2 (18.7 nm).
Error bars are ±1 standard deviation. Error bars were omitted
from SiO2 plot. Lines are 2nd-order polynomial fits to the data.
Experimental conditions: initial algae concentration = 1.4 ± 0.9 ×
106 cell/mL, test duration = 4 days, and initial test volume = 200 mL.
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Figure 4: Critical specific growth (α) as a function of primary
particle size of TiO2 in terms of EC20 and EC50. Lines are a
five-parameter modified log normal empirical fitting (7) from
SigmaPlot ver. 9.01 for EC20 (dotted) and EC50 (solid). Error bars
are ±1 standard deviation. Experimental conditions: initial algae
concentration = 1.4± 0.9× 106 cell/mL, test duration = 4 days, and
initial test volume = 200 mL.

EC20 and EC50 were calculated with Toxicity Relationship
Analysis Program ver. 1 (TRAP) [24] using the logistic
equation. Figure 4 gives the EC20 and EC50 values as a
function of the primary NP size (d1) exemplified by TiO2.
As the ENP size increased from 5.3 to 41 nm both, EC20
and EC50 decreased. A minimum EC20 of 5.2 mg/L and
a minimum EC50 of 25.5 mg/L were observed at 42 nm
primary particle size. The EC50 and EC20 then increased
at d1 > 42 nm. Warheit et al. reported 72-h growth EC50



6 Journal of Nanotechnology

−1

0

1

2

3

4

5

6

7

0 50 100 150 200 250

EC50 
EC20 

d1 (nm)

β
, (

g/
L)
−1

T
iO

2

Figure 5: Critical specific chlorophyll a content (β) as a function of
primary particle size of TiO2 in terms of EC20 and EC50. Lines are
fitted 3-parameter Gaussian equation (7) in SigmaPlot ver. 9.01 for
EC20 (dotted) and EC50 (solid). Experimental conditions: initial
algae concentration = 1.4±0.9×106 cell/mL, test duration = 4 days,
and initial test volume = 200 mL.

of 87 and 61 mg/L for d1 of 38.5 and 100 nm, respectively
[5]. Gonclaves et al. reported EC50 values varied between
241 mg/L and 71.1 mg/L for TiO2 sized between 10 and
300 nm [25]. As the primary particle size increased to 204 nm
the EC50 and EC20 increased to 9761.3 and 103.7 mg/L,
respectively. The results were fitted with an empirical four-
parameter log-normal equation:

α = d1
1 + a′ exp

⎧
⎨

⎩−0.5

[
ln(d1/d

2
1)

b′

]2
⎫
⎬

⎭, (7)

where α is the effect concentration at either 20 or 50%, a′

is a fitted constant, b is the concentration of the most toxic
ENP size, d1 (nm) is the initial diameter of the NP, d1

1 is the
smallest d1 (nm), and d2

1 is the d1 in which the minimum
EC50 or EC20 occurs. The r2 values of these regressions
were 0.80 and 0.90 for EC50 and EC20, respectively. Within
the range of 30 to 60 nm, EC values decreased. The average
minimum EC value occurred at 39.3± 0.2 nm for TiO2. The
calculated minimum EC values were 1.5 mg/L for EC20 and
21 mg/L for EC50.

Figure 5 shows the effect of d1 of nano-TiO2 on the
chlorophyll a content of the algal cells. The ordinate (β) is
the slope of the Chla at the EC20 and EC50 for TiO2 or
the critical specific chlorophyll (CSC) at EC20 or EC50, that
is, β20 and β50, respectively. A positive β20 indicates increase
in chla production per mass of TiO2 at EC20 compared to
the control sample; a negative value implies the opposite. As
the particle size increased from 4.8 to 30.3 nm, the β20 and
β50 increased from about 0 to 5.5 L/g TiO2. The βx reached
a maximum value at 30.3 nm, then abruptly decreased as
the primary particle size increased. At NP size between 4.8
and 18.7 nm, there was little difference between the control
and exposure. Results clearly showed that over the primary
particle size range studied, for example, 19 ∼ 50 nm, the Chla
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Figure 6: Critical specific lipid peroxidation (ε) as a function of
primary particle size in terms of EC20 and EC50. Line is fitted 3-
parameter Gaussian equation (8) in SigmaPlot ver. 9.01 for EC20
(dotted) and EC50 (solid). Experimental conditions: initial algae
concentration = 1.4± 0.9× 106 cell/mL, test duration = 4 days, and
initial test volume = 200 mL.

production increased at EC20 and EC50. When the primary
particle size was greater than ca. 150 nm, the β20 and β50

became negative, indicating a decrease in Chla. The data was
empirically fitted to a three-parameter Gaussian equation (8)
using SigmaPlot version 9.01, that is,

β = a′′ exp

⎧
⎪⎨

⎪⎩
−0.5

⎡

⎣

(
d1 − d3

1

)

b′′

⎤

⎦

2⎫⎪⎬

⎪⎭
. (8)

The variables in (8) are as follows: a and b are fitting
parameters, d1 is the ENP size (nm), and d3

1 is the NP size
(nm) with the largest β. Fitting the data to (8) resulted in
a chlorophyll production maximum at 33 nm of TiO2. The
maximum β values were 5.4 and 5.9 times the control for β20

and β50, respectively. The model fitted the data well with an r2

value of 0.69 and 0.73 for EC20 and EC50 data, respectively.
Figure 6 shows the effect of d1 on the lipid peroxidation.

The slope of the Z plotted against TiO2 concentration at
the EC20 and EC50 of TiO2 was obtained. This value is the
critical specific lipid peroxidation (εx) where x is the EC20
or EC50. Here ε20 and ε50 were plotted as a function of d1.
As he ENP size increased from 4.8 to 30 nm, there was little
change in the ε20 with values between 0.54 ± 0.14 L/g TiO2.
The ε20 then increased to 1.78 L/g TiO2 at d1 of 45.8 nm.
The ε20 then decreased to 0.22 L/g TiO2 at d1 of 204.1 nm.
The ε50 data showed a significant increase in the primary
particle size range between 30 and 50 nm. The maximum
ε50, 15.8, occurred at 42 nm. At primary particle size <30
and >50 nm, the average ε50 value was 0.70± 0.23. Both data
sets in Figure 6 were fitted to (8). The fitted equation had r2

value of 0.48 and 0.99, for ε20 and ε50, respectively. Results
showed that regardless of particle size, lipid peroxidation was
increased approximately by 70% at EC50. However, there was



Journal of Nanotechnology 7

0 10 20 30 40 50 60 70 80
0

0.2

0.4

0.6

0.8

1

1.2

1.4

d1 (nm)

R
s

Figure 7: Normalized specific growth (Rs) for three particle-
types. Circles are SiO2, triangles are Al2O3, and squares are TiO2.
Open symbols are 100 mg/L of exposure dosage. Solid symbols
are 1000 mg/L of exposure dosage. Experimental conditions: initial
algae concentration = 1.4±0.9×106 cell/mL, test duration = 4 days,
and initial test volume = 200 mL.

an increase in ε50 between 30 and 50 nm, with a maximum of
16.6 L/g TiO2 at 40.8 nm.

Figure 7 shows the normalized specific cell growth (Rs)
in the presence of nanosized Al2O3, SiO2, and TiO2 at
various d1 values and two particle concentrations of 100 and
1000 mg/L. As the primary particle size increased from 15.8
to 67.5 nm for 100 mg/L of Al2O3, the NSG increased from
0.57±0.13 to 1.20±0.09, respectively. As SiO2 size increased
from 9.6 to 35.6 nm at 100 mg/L, the Rs increased from
0.78±0.23 to 0.95±0.05, respectively. Rs reached a maximum
of 0.84 ± 0.18 at 30.3 nm when TiO2 concentration was
100 mg/L. The Rs then decreased from 0.84±0.18 to 0.44±1.2
as particle size increased from 30.3 to 45.8 nm. For both type
and size, TiO2 at concentration of 1000 mg/L had a greater
effect on the Rs than at 100 mg/L, except for SiO2 26 nm.
The Al2O3 was at 1000 mg/L and the Rs was reduced from
0.44± 1.2 to 0.36± 0.05 as Al2O3 particle size was increased
from 45.8 to 67.5 nm. The greatest impact on Rs by TiO2

at 1000 mg/L was at d1 of 46 nm with an Rs of 0.14 ± 0.09.
Treatment with SiO2 at 1000 mg/L concentration caused Rs

to increase from 0.27 ± 0.01 to 1.1 ± 1.2 as particle size
increased from 9.6 to 26 nm, respectively. The Rs decreased
from 1.1 ± 0.12 at 26 nm to 0.64 ± 0.24 at 35.6 nm, in the
presence of 1000 mg/L of SiO2. The Rs responded similarly
to 100 mg/L of Al2O3 and SiO2. As both particles increased
in d1, the Rs increased. Figure 7 shows no apparent difference
in the response between the two types of NP.

Figure 8 gives plots of the normalized specific chloro-
phyll a (Y) for Al2O3, SiO2, and TiO2 at several primary
particle sizes and two particle concentrations (e.g., 100 and
1000 mg/L). Al2O3 at concentration of 100 mg/L increased
the Y by an average of 71% between 15.8 and 17.6 nm.
The largest Al2O3 at 100 mg/L increased the Y to 3.25 ±
2.16. Al2O3 at 15.8 nm and 1000 mg/L decreased the Y to
0.78± 0.70; however, this was not statistically different from
the control. There was no difference between Al2O3 and
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Figure 8: Normalized specific chlorophyll (Y) for three-NP
samples. Circles are SiO2, triangles are Al2O3, and squares are TiO2.
Solid symbols are 100 mg/L of exposure dosage. Closed symbols
are 1000 mg/L of exposure dosage. Experimental conditions: initial
algae concentration = 1.4±0.9×106 cell/mL, test duration = 4 days,
and initial test volume = 200 mL.
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Figure 9: Normalized specific lipid oxidation (Z) for three types
of NP. Circles are SiO2, triangles are Al2O3, and squares are TiO2.
Open symbols are 100 mg/L. Solid symbols are 1000 mg/L. Line is
fitted 4-parameter Gaussian equation (9) in SigmaPlot ver. 9.01.
Experimental conditions: initial algae concentration = 1.4 ± 0.9 ×
106 cell/mL, test duration = 4 days, and initial test volume = 200 mL.

the control with respect to concentration or size. SiO2 at a
concentration of 100 mg/L significantly increased the Y at
all d1 values compared to the control, except at 26 nm. SiO2

at concentration of 1000 mg/L significantly decreased the Y
by 84 ± 4% the control at all d1 values. As d1 value of TiO2

at a concentration of 100 mg/L increased, the Y increased;
however, the average Y at this treatment was not different
from the control. The TiO2 at 1000 mg/L increased the Y by a
factor of 10 over the control level as the particle size increased
from 4.8 to 30.3 nm.

Figure 9 is a plot of normalized specific MDA (Z) at
various d1 values for Al2O3, SiO2, and TiO2 at two particle
concentrations (e.g., 100 and 1000 mg/L). The Al2O3 at
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a concentration of 100 mg/L resulted in an average Z of
1.39 ± 0.14. The maximum of 2.7 occurred for the TiO2

concentration of 100 mg/L at 46 nm. The minimum of
0.29 occurred for the Al2O3 concentration of 1000 mg/L at
67.5 nm. The 1000 mg/L treatments significantly (α = 0.05)
increased normalized specific MDA for all samples, but SiO2

at 26 nm. SiO2 at 26 nm decreased the normalized specific
MDA to 0.86 from control levels. Al2O3 at a concentration of
100 mg/L significantly (α = 0.05) decreased the normalized
specific MDA compared to the control. SiO2 and TiO2

at a concentration of 100 mg/L significantly (α = 0.001)
increased the normalized specific MDA compared to the
control. The average normalized specific MDA for the
1000 mg/L of Al2O3 was 1.14 ± 0.13. This was significantly
higher than the control (α = 0.05). The SiO2 and TiO2 were
fitted with (9), represented as lines in Figure 9:

Z = d1
1 + a′′′ exp

⎡

⎢
⎣−0.5

⎧
⎨

⎩

(
d1 − d1

2
)

b′′

⎫
⎬

⎭

2⎤

⎥
⎦, (9)

where Z is the normalized specific lipid peroxidation, d1

is the ENP size (nm), d1
2 is the ENP size (nm) which

the minimum value of Z occurs, a′′′ and b′′ are fitting
parameters, and y0

′ is value at which the equation crosses
the y intercept. Al2O3 was not included in model fitting
because there were not differences in Z across the ENP size
profile. This was as expected as Al2O3 is non-photocatalytic.
The correlation coefficient (r2) was 0.67 and 0.68 for 100
and 1000 mg/L, respectively. The average minimum value for
the fitted equation occurs at 22.1 ± 0.3 nm for both 100 and
1000 mg/L treatments.

4. Discussion

The discussion will be divided into sections of different
ENP materials. The sequence of the section will be from
NP with the least number of influential factors (e.g., Al2O3)
to that of the most number of influential factors (e.g.,
TiO2). Factors such as water solubility, light availability,
flocculation, photocatalytic properties, and ENP size that
may impact the algae.

4.1. Aluminum Oxide. Aluminum oxide is the ENP with
least number of influential factors in terms of the response
by the algae and NP properties. The solubility of Al2O3

was not considered a factor in the toxicity seen in Figure 1.
Unlike other NM such as CdSe that may bring about toxic
metals such as Cd2+ [26, 27], Al2O3 would not generate
enough Al3+ to cause the decreased growth. Gensemer and
Playle [28] reported aluminum toxicity to P. subcapitata
(formally known as S. capricornutum), with an EC value
of 460 μg/L based on the biomass and 1,320 μg/L based on
reduction of cell counts, respectively. The pH range of the
above study was 7 to 8.2, which was similar to this study.
Metal ions are considered the most bioavailable/toxic species
[29]. Using equilibrium constant reported by Sparks [30], the
concentration of (Al3+) from solubility of γ–Al2O3(c) was
calculated to be in the range between 10−12.5 mol/L at pH

8 and 10−9.5 mol/L at pH 7. The concentration was several
orders of magnitude smaller than what caused significant
responses in other algal studies and were not considered
the cause of the adverse effects observed. Additionally,
Al2O3 is not a photocatalyst. In Figures 3 and 9, the
degree of lipid peroxidation was reduced compared to SiO2

and TiO2. The increase in Z (normalized specific MDA)
for Al2O3 (Figure 3) is most likely due to measurements
approaching the detection limits of the method (≈0.2 μM
as malondialdehyde-thiobarbituric acid complex (MDA-
TBA)). In combination with low cell counts at high NP
concentration, low MDA-TBA will give large variation in
normalized specific lipd peroxidation, Z. This indicates that
Al2O3 did not increase the ROS in the system. Therefore,
ROS was also not considered a factor in Al2O3 toxicity.

Al2O3 NP did not affect the normalized specific lipid
peroxidation, Z, or the chlorophyll a content of the P.
subcapitata cells. However, Al2O3 NP did affect the growth
of the algal cells. This disagreed with Ji et al. [6] who
reported that nano-Al2O3 did not have a significant effect on
Chlorella sp. Several factors that govern the effect of Al2O3 on
algal growth included flocculation, light availability, nutrient
availability, and primary particle size, d1. First, flocculation
was affected by the surface charge (i.e., pHpzc) of both the
algal cells and Al2O3 [31, 32]. Al2O3 has a pHpzc of 8.2–
9.1 [30] and P. subcapitata has a pHpzc of about 2 [31].
The difference in pHpzc between Al2O3 and algal cells will
induce flocculation and increase the apparent density of the
algae [31]. In turn, the ability of the algal cells to remain
buoyant will decrease as seen with Microcystis spp. and clay
aggregation [32]. In the absence of ENP, as algae cells settle in
a pond or river, the light and nutrient availability will change
[33]. In most cases, these changes do not favor algal growth
[33]. Second, Al2O3 can influence the nutrient availability.
Al2O3 can affect the nutrient availability due to adsorption
[34]. Speohr and Milner [35] related the availability of
nutrients to the chlorophyll content in algal cells (Figures 2
and 8). In this study the possible nutrient adsorption was
most prevalent when Al2O3 concentration was greater than
100 mg/L (Figure 2). Finally, NP which has limited solubility
under the experimental conditions will increase the turbidity
of the test sample. This turbidity will cause a shading
effect which will decrease the available light to the algae
in photosynthesis [36]. Decreased available light has been
shown to decrease chlorophyll content of algae in sponges
and decrease growth rate of D. tertiolecta. The shading effect
would be from the Al2O3 flocculated with the algae and those
NP particles which remain unattached [31]. The flocculation
between NP and the algae cells resulted in incomplete,
multilayered surface coverage [31].

The effect of NP size on growth is seen in Figure 7.
Increased growth occurred with increasing the primary
particle size of Al2O3, d1. Smaller particles will increase the
turbidity of the suspension more than larger particles on the
same mass basis, which will increase the effect of shading
on the algal cells. The adsorption capacity of nutrients will
be greater at smaller d1 than larger d1. With more nutrients
being removed from the suspension, the algae will have
reduced growth.
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4.2. Silicon Dioxide. SiO2 NM has the same influential
factors (nutrient limiting, light limiting) as Al2O3 but has the
additional effect on increasing the lipid peroxidation. Like
Al2O3, the solubility of SiO2 NP was not considered a factor
affecting the EC value. Van Hoecke et al. [4] found that SiO2

at particle size of 12.5 and 27.0 nm had a 72 h specific growth
rate EC20 of 20.0 ± 5.0 and 28.8 ± 3.2 mg/L, respectively.
Of the NP concentrations used in the Van Hoecke et al. [4]
study, the highest concentration of dissolved Si was 4.1 mg/L
at pH 7.5. The measured dissolved Si at EC20 in the present
study was 234 mg/L, which was adequate to affect the growth
of algae. Therefore, dissolved Si was not considered a major
factor in SiO2 toxicity. The difference in EC values between
this work and that of Van Hoecke et al. [4] could be due to
different initial algal densities. We used an initial cell density
of 106 and Van Hoecke et al. [4] used 105 cell/mL. SiO2 did
not play a major role in the growth of P. subcapitata over the
concentration range tested in ourwork, which agreed with Ji
et al. [6] who reported little effect on Chlorella sp. Growth
at SiO2 concentration of 1000 mg/L in the size range of 20–
50 nm.

SiO2 caused an increase in lipid peroxidation (Figures 3
and 9). An increase in SiO2 caused an increased average nor-
malized specific lipid peroxidation, Z, (Figure 3). Although
not considered a photocatalyst, SiO2 has been observed to
produce similar photosensitive effects, including increased
ROS levels and reduced glutathione levels, as a photocatalyst
[1]. In this study, the effect of SiO2 NP on normalized specific
MDA, Z, could be due more to limit light availability than
the production of ROS directly. Limited light availability
has been shown to produce 1O2 under aerobic conditions
through back flow of electrons to excite P680 to 3P680 [37,
38]. Here P680 is the reaction center containing chlorophyll
within the thylakoid membrane. The ROS generated in this
reaction is responsible for increasing normalized specific
lipid peroxidation, Z. The decrease in normalized specific
MDA as the concentration of SiO2 ENP increase was due to
turbidity increase and light availability decrease as affected by
the particle size. Rayleigh theory of light scattering predicts
that light scattering is proportional to the ratio between the
radius of a particle and a given wavelength of light with light
scattering efficiency being proportional to the fourth power
of particle radius [36]. This would reduce the back flow of
electrons. The growth of cells at 1000 mg/L (Figure 7) was
inversely proportional to the lipid peroxidation at 1000 mg/L
(Figure 9). This was also affected by the lack of flocculation
between the algae and the SiO2 which resulted in evenly
distributed shading effect throughout the algal cells.

SiO2 affected the chlorophyll content of the algal cells
(Figures 2 and 8). Low NP concentration increased Chla,
whereas high NP concentration decreased it. Results showed
that limited light availability can affect the chlorophyll
content in algae [39, 40]. The reduction in light availability
would encourage the algae to produce more chlorophyll
per cell [41]. At low concentrations the algae will attempt
to overcome the decreased light availability. Following the
Rayleigh theory of light scattering, the turbidity of the
solutions increased with decreased NP size on the same mass
basis (Figure 8 open circles). With increased NP size the light

availability to the algae increased; the less chlorophyll a the
algae need to produce. The Chla was reduced significantly
at 1000 mg/L SiO2 (Figure 8). Manganese deficiency has
been the cause of decreased chlorophyll content in Chlorella
fusca and Chlorella vulgaris [42]. Nutrient limitation due to
the adsorption of nutrients on SiO2 may have caused the
decreased Chla. The SiO2 has a pHpzc about 2, similar to that
of algae. There have been many studies that show adsorption
of cations to NM [43–45]. In particular, SiO2 has shown to
adsorb Mg(II), Mn(II), Na(I), K(I), Cu(II), and Zn(II) [30]
which are all required nutrients from algal cell health.

4.3. Titanium Dioxide. TiO2 is the NP with the most number
of influential factors that affect the responses of P. subcap-
itata. TiO2 with pHpzc of 6.5 acted similarly to Al2O3 by
flocculating with algae, adsorbing nutrients, and limiting
light availability. TiO2 also acted similarly to SiO2 by having
a portion of the NP remain free in suspension, limiting light
availability and affecting lipid peroxidation. However, unlike
SiO2, TiO2 is a known photocatalyst that generates ROS.

NP is soluble in water leading to release of metal ions
(Mn+) ions, which are toxic to organisms [28, 29]. This could
not be a key factor in the case of TiO2. There is little infor-
mation regarding the toxicity of Ti4+. Thermodynamically,
the formation of Ti4+ in aqueous solution will be limited
due to the formation of dissolved TiO2 [46]. This will have
minimal effect on organisms because of the small percent
of total metal that is present as free metal ion. Therefore,
the solubility of TiO2 was not a major factor controlling the
responses of algae to this NP.

Major factors affecting the algal responses include light
availability, flocculation, particle size, and photoactivity.
These factors are interrelated. When TiO2 and algal cells are
introduced into the suspension, flocculation takes place right
away [31]. Like Al2O3, TiO2 will affect the apparent density of
the algal cells. Flocculation between algal cells and TiO2 was
observed and was consistent with Lin [31] which reported
absorption of TiO2 to P. subcapitata. The flocculation with
TiO2 has the effect of bringing the algae in direct contact with
the ROS-generating TiO2 (Figure 3). The lipid peroxidation
may have been affected by the adsorption of NP to the surface
of the algal cells. The direct transfer of ROS from the point
of generation to the surface of algal cells is important. This
can be exemplified by calculating the distance highly reactive
hydroxyl radical (OH•) will travel before it reaches the end
of the first half-life. The half-life of ROS is on the order
of milliseconds [47, 48]. Lee et al. [49] used the diffusion
layer thickness of 800 nm to calculate Ag+ diffusion to P.
subcapitata. The hydroxyl radical (OH•) diffusion coefficient
is 2.3 × 10−9 m2/s [50]. From Fick’s second law of diffusion
and assuming the reaction rate of OH• is on the order
of milliseconds, then the OH• would travel approximately
18 nm before one half of the OH• would react with other
oxygen species in the water. The concentration of OH• would
be reduced by >99% by the time and would diffuse to the
surface of the algal cell. It is feasible that if the NP and
algae are not in contact, the ROS will not bring about lipid
peroxidation. The lipid peroxidation was maximized at d1 of
42 nm (Figure 6) which correlates with the maximum size
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effect on growth (Figure 4). The number of particles that
flocculate with an algal cell might be correlated to d1. Larger
d1 might decrease the number of NP that will flocculate with
algae. This will also affect available light. The incomplete,
multilayered coverage of the algal cells, like Al2O3, may
decrease light availability to the algal cells. As discussed with
Al2O3 and SiO2, the decrease in light will affect the growth
and chlorophyll content.

The primary particle size of TiO2, d1, played a role
in algal growth, chlorophyll content of algal cells, and
lipid peroxidation of algal cells (Figures 4–6). All of these
endpoints have maximum effect values at the same particle
size of 42 nm. Like Al2O3 and SiO2, nutrients such as Cu, Fe,
or N would be imitated due to the scavenged by NP, which
in turn could affect the chlorophyll content. It has been
suggested that NP can decrease bioavailability of nutrients,
which would contribute to toxicity [6]. The smaller the
d1, the greater the specific surface area and the more
nutrients would be adsorbed. Gao et al. [51] observed that
maximum adsorption density of Cd2+ (Γmax) varied inversely
proportional to the NP size. That relationship would be true
for nutrients such as Cu, Fe, or N, which in turn would affect
the chlorophyll a production and algal growth [35]. The d1

primarily affect the critical specific chlorophyl (Figure 5). Lin
[31] studied the adsorption of TiO2 onto P. subcapitata and
reported that at pH 7.3 and initial TiO2 of 150 mg/L, the TiO2

uptake (no. TiO2 per algal cell) was constant at 3× 105 TiO2

particles per algal cell. At higher concentration of TiO2, there
will be no additional uptake.

The extent of lipid peroxidation has been related to the
amount of reactive oxygen species in many different systems
including humans to fish to bacteria [43–55]. Generation of
ROS by NP photocatalysts is related to the size and the type
of NP [10, 56]. Size of the particles controls the band gap
and surface area [8, 11]. The band gap determines the level of
light energy that is converted to protons and the surface area
affects the recombination of election-hole pairs. Many stud-
ies have shown that optimum degradation of organic com-
pounds occurs of TiO2 between 3.8 and 40 nm [36, 57–61].
These values are smaller than what is observed in Figure 6.
The lipid peroxidation in this study may be influenced by
adsorption of NP to the surface of the algae. The half-life
of ROS is on the order of microseconds, for example, the
superoxide anion (•O2

−) has a half-life of 1 μs and hydrogen
peroxide (H2O2) has a half-life of 1 ms [48, 49]. Due to
this time scale, it is feasible that if the NP and algae are
not in contact, the ROS will not prompt lipid peroxidation.
However, no literature was available regarding how d1 affects
the aggregation between algae and NP. Additionally, light
availability is being optimized for ROS generation at d1 of
ca. 42 nm. At d1 smaller than 42 nm, the surface density of
particles increases, which decreases the light availability to
the NP in direct contact with the surface of the cells.

5. Conclusions

This research was undertaken to answer the following
questions. How toxic is the TiO2 to algae? What does NP size

play in toxicity? Does the type of NP play a role in toxicity,
chlorophyll content, and lipid peroxidation?

The effects of photocatalytic TiO2 on algae was compared
to that of non-photocatalytic nanoparticles (e.g., Al2O3 and
SiO2). Based on results, it can be concluded that TiO2 is
“harmful-toxic” between a d1 of 30 to 60 nm and nontoxic at
d1 < 30 nm and d1 > 60 nm. The term harmful is defined as
measurement endpoints from 10–100 mg/L [62]. The term
non-toxic is defined as measurement endpoints >100 mg/L
[62]. The most important factor was the surface charge of
the material as it affected the aggregation between algae and
NP, which in turn affected lipid peroxidation, chlorophyll a
content, and growth.

If nanoparticles were released into the environment,
algae would be flocculated dependent on the extent of surface
charge of the nanoparticles and the algal cells. The algae
will attempt to overcome the shading effect by increasing the
chlorophyll content in order to optimize the light availability.
With a high degree of light scattering, that is, limited
light availability, lipid peroxidation may be generated by
“back flow of electrons in the PSII from the semiquinone
acceptor to the S2,3 oxidation states of the donor side” [37].
Additionally, as the algae are removed from the water column
by an increased rate of settling, the light availability will
continue to decrease. Exposure time in the water column will
be limited, in most cases, due to flocculation and subsequent
settling out of nanoparticles in the water column.

Lipid peroxidation was the only measurement used to
determine reactive oxygen species activity. However, it is
suggested that several additional biochemical markers be
measured in order to observe how the defensive mechanism
response of algae in response to nanoparticles. It is therefore
suggested that subchronic endpoints be a measurement for
future work, including, but not limited to, glutathione,
superoxide dismutase, and various direct ROS assays. Addi-
tionally, the response of several additional species of algae is
recommended for the purpose of comparison. This will add
in verifying the results of this study.
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Nanoparticle suspensions represent a promising route toward low cost, large area solution deposition of functional thin films for
applications in energy conversion, flexible electronics, and sensors. However, parameters such size, stoichiometry, and electronic
properties must be controlled to achieve best results for the target application. In this report, we demonstrate that such control
can be achieved via in situ chemical oxidation of MoOx nanoparticles in suspensions. Starting from a microwave-synthesized
suspension of ultrasmall (d ∼ 2 nm) MoOx nanoparticles in n-butanol, we added H2O2 at room temperature to chemically
oxidize the nanoparticles. We systematically varied H2O2 concentration and reaction time and found that they significantly
affected oxidation state and work function of MoOx nanoparticle films. In particular, we achieved a continuous tuning of MoOx

work function from 4.4 to 5.0 eV, corresponding to oxidation of as-synthesized MoOx nanoparticle (20% Mo6+) to essentially
pure MoO3. This was achieved without significantly modifying nanoparticle size or stability. Such precise control of MoOx

stoichiometry and work function is critical for the optimization of MoOx nanoparticles for applications in organic optoelectronics.
Moreover, the simplicity of the chemical oxidation procedure should be applicable for the development of other transition oxide
nanomaterials with tunable composition and properties.

1. Introduction

Metal oxide nanoparticles represent a large class of materials
with applications in areas such as energy conversion and
storage, [1, 2] catalysis, [3, 4] sensing, [5] and biomedicine
[6]. Major advantages of metal oxide nanoparticle suspen-
sions include compatibility with low-temperature, large-
area solution processing, versatile surface functionalization,
and formation of complex architectures via self-assembly.
Molybdenum oxide (MoOx) has attracted much interest as a
hole transport layer (HTL) material in organic light-emitting
diodes and solar cells because of its high work function
(Φ). By matching Φ of the HTL to the highest occupied
molecular orbital (HOMO) of the organic electron donor
material, [7] MoOx films inserted between the active layer
and the anode have been shown to improve performance of
organic photovoltaic (OPV) devices [8–15]. Most work in
this area use thermally evaporated MoOx films [8–11]. While
solution deposition of MoOx HTL films has been reported,

all approaches thus far have required a postdeposition
processing step that must be performed either at high
temperature (≥160◦C) [12–14] and/or in an O2-containing
ambient [15] to obtain MoOx films with high Φ. In addition,
the solvents currently used for the solution deposition of
MoOx do not wet the organic layer to form a uniform thin
film as required in an inverted OPV architecture, which
shows superior stability in air compared to conventional
devices [16, 17]. Recently, our group developed a microwave-
assisted synthesis of MoOx nanoparticles (npMoOx) in n-
butanol suspension, demonstrated formation of uniform
thin films on poly(3-hexylthiophene): [6, 6]-phenyl-C61-
butyric acid methyl ester (P3HT : PCBM) blends using room
temperature solution processing and examined performance
of inverted OPV devices using npMoOx films as HTLs [18].
Here we focus on in situ chemical oxidation to optimize
the npMoOx properties for HTL application. Specifically,
we examined the effect of chemical oxidation conditions on
the size and stability of the npMoOx suspension to evaluate
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its suitability for the formation of uniform and pinhole-
free thin films. We also quantified the impact of chemical
oxidation on Φ and stoichiometry MoOx thin film and
demonstrated continuous tuning of Φ from 4.4 eV to 5.0 eV
through precise control of the chemical oxidation conditions
and Mo oxidation state. We show that in situ chemical
oxidation of MoOx nanoparticle is a versatile technique
to synthesize stable suspensions of ultrasmall nanoparticles
with desired stoichiometry and Φ for the formation of thin
HTL on top of organic active layer without postprocessing.

2. Experiments

MoOx nanoparticle (npMoOx) suspensions were synthesized
using nonhydrolytic sol-gel conversion of molybdenum
dioxide bis(acetylacetonate) (MoAcAc) in anhydrous n-
butanol as shown schematically in Figure 1, following
a microwave-assisted synthesis procedure modified from
Bilecka and colleagues [19]. We selected this approach
because it has been shown to yield various metal oxide
nanoparticles with low size polydispersity, good stability,
and short reaction times down to 3 min. Furthermore, the
procedure does not require additional ligands for nanopar-
ticle stabilization, and thus should allow the deposition of
nanoparticle films with good carrier transport properties
without the need to remove electrically insulating ligands
through a postsynthesis step. We used n-butanol as the sol-
vent because of the good solubility for MoAcAc, and because
it wets, but does not dissolve or swell hydrophobic organic
films such as P3HT : PCBM. For the microwave synthesis,
a test tube of MoAcAc solution in n-butanol was mixed in
N2 and placed in a microwave reactor (CEM Discovery)
containing a single-mode 2.54 GHz microwave cavity. A
MoAcAc concentration of 0.1 M was selected to balance
complete dissolution and strong absorption microwave to
enable rapid heating to 200◦C within three minutes. The
MoAcAc solution was maintained at 200◦C for 15 min to
synthesize the brown npMoOx suspension (Figure 1). We
chose to chemically oxidize npMoOx in suspension using
H2O2 for three reasons: H2O2 is a strong oxidizing agent,
H2O2 is miscible with n-butanol, and byproducts of the
reaction, for example, H2O and O2, can be easily removed
during subsequent processing. For chemical oxidation, a
small amount of 30 wt% H2O2 in H2O (Fisher) was added to
the npMoOx suspension to achieve the desired concentration
(e.g., 10.2 µL of 30 wt% H2O2 in H2O per mL of suspension
for 0.1 M H2O2). The mixture was then stirred at room
temperature for times ranging from 20 min to 24 hr for
oxidation to occur.

To determine the nanoparticle size and distribution, an
aliquot of each npMoOx suspension was diluted by a factor of
10 with n-butanol, agitated in an ultrasonic bath (Branson)
for 5 min and passed through a 0.2 µm PTFE syringe
filter. The diluted suspension was analyzed by dynamic
light scattering (DLS) under backscattering conditions using
a Malvern Zetasizer. Φ was measured using the Kelvin
probe technique, and oxidation state of the Mo cation was
determined using X-ray photoelectron spectroscopy (XPS).

To form thin films for these measurements, the npMoOx

suspension without dilution was passed through a 0.2 µm
PTFE syringe filter and spin coated at 1000 rpm on a
cleaned ITO coated glass (20Ω/sq, thin film devices). Φ of
the npMoOx film was measured in air using an isoprobe
electrostatic voltmeter (model 244, Monroe Electronics),
with Au as the reference material (Φ = 5.1 eV). XPS of
the npMoOx film was carried out using a Perkin-Elmer
5600 ESCA system with monochromated Al KR source
(1486.7 eV). All spectra were collected at an angle of 45◦

to the sample normal, with a pass energy of 58.7 eV and
energy step of 0.125 eV. All XPS spectra were fitted using
commercial software (MultiPak, PHI) and aligned to the C
1s reference at 284.8 eV. A reference sample of 20 nm MoO3

on ITO was made by thermal evaporation at a rate of 0.1
A/s. A FWHM of 1.2 eV for each peak was used for peak
fitting.

3. Results and Discussions

We found that microwave heating of MoAcAc resulted in
a brown suspension of npMoOx (Figure 1). Even without
added ligands, the suspension showed excellent stability and
remained dispersed for more than 90 days. DLS of the as-
synthesized npMoOx suspension found a volume weighted
mean diameter of 2.1± 0.9 nm (Figure 2(a), dashed line), in
good agreement with the size determined using small-angle
X-ray scattering (SAXS) [18]. Storage of the as-synthesized
npMoOx in air for up to 120 hrs led to no change in
size, as confirmed by DLS (data not shown). In contrast,
we found that chemical oxidation with H2O2 modified
the size of the resulting nanoparticles in a complex way
(Figure 2(a)). For example, 0.1 M (Figure 2(a), blue) and
0.3 M (Figure 2(a), red) H2O2 at short reaction times ranging
from 20 min to 3 hr decreased the npMoOx diameter to
∼1 nm. In comparison, a further increase in reaction time to
24 hr caused the nanoparticle size to increase back to 2 nm.
The increase in size with longer reaction time is consistent
with our previous observation that the average diameter of
chemically oxidized npMoOx from SAXS had increased to
4 nm after∼15 days of chemical oxidation [18] and indicates
that Ostwald ripening for these nanoparticles only occurs
with the addition of H2O2. Nevertheless, the nanoparticles
are still small enough to form multilayer films with thickness
of∼10 nm. Indeed, we previously showed using atomic force
microscopy that a chemically oxidized MoOx suspension
spin coated on top of P3HT:PCBM formed a pinhole-
free film that planarized the roughness of the underlying
P3HT:PCBM layer [18]. Thus, while npMoOx size increases
after chemical oxidation with H2O2, it remains sufficiently
small to form uniform films on top of organic layers at
thickness values that are relevant for HTL in OPV devices.

Chemical oxidation of the MoOx nanoparticles signif-
icantly altered the electronic properties of npMoOx films,
as measured by their Φ values in air. The as-synthesized
npMoOx exhibited a low Φ of 4.48 ± 0.02 eV. Addition of
0.05 M H2O2 for 20 min caused Φ to increase to 4.82 ±
0.04 eV, and longer reaction times did not significantly
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200◦C
15 min

100x
diluted

100x
diluted

0.1 M
H2O2

24 hrs

Figure 1: Schematic of microwave synthesis and chemical oxidation of MoOx nanoparticles. A mixture of molybdenum oxide
bis(acetylacetonate) in n-butanol was placed in a microwave reactor (CEM Discover) and heated using 2.45 GHz radiation. When heated at
200◦C for 15 minutes, MoAcAc reacted, forming a brown suspension of nanoparticles. Chemical oxidation of the nanoparticle suspension
with 0.1 M H2O2 for 24 hours yielded a blue suspension of nanoparticles.
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Figure 2: Effect of chemical oxidation with H2O2 on MoOx nanoparticle properties. (a) Dependence of nanoparticle size on chemical
oxidation time (up to 24 hrs), showing that compared to as-synthesized nanoparticles (dashed line), both 0.1 M H2O2 (blue) and 0.3 M
caused npMoOx size to decrease to 1 nm (up to 3 hrs) and then increase back to 2 nm (24 hr). (b) Dependence of nanoparticle film Φ versus
chemical oxidation conditions, showing Φ of as-synthesized npMoOx (black) was increased from 4.48 eV to 4.85 eV with 0.05 M H2O2

(purple) and that the increase was independent of the reaction time between 20 min and 24 hr. In contrast, 0.1 M (blue), 0.2 M (green), and
0.3 M (red) H2O2, all caused work function to increase to 5.0 eV with a reaction time of up to 3 hr. However, a further increase in reaction
time to 24 hrs decreased Φ to 4.9 eV.

increase Φ (Figure 2(b), purple). Increasing H2O2 concen-
tration to 0.1 M and above caused Φ to increase to 4.94 ±
0.01 eV after 1 hr, and the value remained unchanged when
increasing the reaction time to 3 hr (Figure 2(b)). However,
a further increase in reaction time to 24 hr caused Φ to
decrease to 4.90 ± 0.01 eV. We note that the decrease in Φ
corresponded to the change of the nanoparticle suspension
color from brown to blue (Figure 1).

To quantitatively understand the origin of the change in
Φ with chemical oxidation, we examined the stoichiometry
of npMoOx films with different H2O2 reaction conditions
using XPS. As a reference, we measured evaporated MoO3

and found that the Mo 3d XPS spectra can be fitted to
doublet peaks at 232.3 eV and 235.4 eV, corresponding to Mo
3d5/2 and Mo 3d3/2 peaks for Mo6+, plus very weak doublet
peaks at 231.0 eV and 233.8 eV corresponding to Mo 3d5/2

and Mo 3d3/2 peaks for Mo5+ [18, 20]. The Mo6+ fraction,
defined as the area under the Mo6+ peaks divided by the
total peak area, was 0.95, indicating that the reference sample
was almost pure MoO3. The FWHM of the fitted peaks was
1.2 eV, and this value was used for all peaks when fitting
XPS spectra of npMoOx films where there are significant
contributions to the overall signal from multiple oxidation
states, in order to quantify the atomic fraction from each
oxidation state. For example, the Mo 3d XPS spectra of as-
synthesized npMoOx contain peaks at 232.4 eV and 235.5 eV
from Mo6+, 231.4 eV and 234.5 eV from Mo5+, and 229.8 eV
and 232.9 eV from Mo4+ (Figure 3(a)). The Mo6+ fraction
was 0.21, showing that as-synthesized npMoOx is mostly
reduced. Reaction with 0.05 M H2O2 for 1 hr caused the
Mo6+ peaks to increase in intensity at the expense of the
Mo5+ and Mo4+ peaks, (Figure 3(b)), so that the Mo6+
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Figure 3: Effect of chemical oxidation conditions on MoOx nanoparticle stoichiometry. (a) Mo 3d XPS spectra of as-synthesized npMoOx

on ITO (crosses) and curve fit (solid), showing mixed oxidation states with contributions from Mo5+, Mo4+, and a small amount of Mo6+.
(b) Mo 3d XPS spectra of npMoOx after chemical oxidation with 0.05 M H2O2 for 1 hr, showing mixed oxidation states with a majority
of Mo6+ oxidation state. (c) Mo 3d XPS spectra of npMoOx after chemical oxidation with 0.1 M H2O2 for 1 hr, showing almost complete
oxidation to Mo6+ oxidation state. (d) Mo 3d XPS spectra of npMoOx after chemical oxidation with 0.1 M H2O2 for 24 hr, showing mixed
oxidation states with a majority of Mo6+ oxidation state.

fraction increased to 0.60. Nevertheless, the XPS spectra
clearly show that 0.05 M H2O2 only partially oxidized the
as-synthesized MoOx nanoparticles to MoO3. Increasing the
H2O2 concentration to 0.1 M resulted in Mo 3d XPS spectra
consisting almost entirely of peaks at 232.6 eV and 235.7 eV
from Mo6+, with a miniscule contribution from Mo5+peaks
at 230.9 eV and 234.1 eV (Figure 3(c)). The corresponding
Mo6+ fraction of 0.97 indicates that 0.1 M H2O2 for 1 hr
oxidized npMoOx to the extent similar to the evaporated
MoO3 film. Increasing the reaction time to 24 hr at 0.1 M
H2O2 caused the Mo5+ and Mo4+ peaks to reappear in
the Mo 3d XPS spectra (Figure 3(d)), decreasing the Mo6+

fraction to 0.55. We believe the partial reduction of npMoOx

with increased H2O2 reaction time can be explained by the
electrochromism of MoO3. MoO3 is known to change to a
blue coloration upon the insertion of small cations such as
H+, following the reaction [21]

MoO3 + xH+ + xe− −→ MoO3−x(OH)x (1)

In our case, H+ is supplied by the H2O in the 30 wt%
H2O2 solution, and e− may be supplied by oxidation of
neighboring Mo4+ and Mo5+ atoms. This reaction scheme is
consistent with the observation that the change in npMoOx

coloration from brown to blue was only observed after 24 hr
reaction with 0.1 M and 0.3 M H2O2. The onset of color
change, and by reference the proton insertion, also coincides
with the increase in nanoparticle size and reduction in
Φ. Thus, analysis of XPS spectra reveals that chemical
oxidation with H2O2 consists of two concurrent processes,
a fast oxidation that is complete at 0.1 M and higher H2O2

concentrations within ∼1 hr, and a slow reduction caused

by H+ insertion that occurs after ∼24 hr, highlighting the
importance of the chemical oxidation conditions on the
stoichiometry of the resulting npMoOx.

Figure 4 depicts Φ and Mo6+ fraction that can be
achieved using the in situ H2O2 chemical oxidation
approach. For npMoOx films that were chemically oxidized
at different H2O2 concentrations for 1 hr (Figure 4, circles)
and at 0.1 M H2O2 for 24 hr (Figure 4, triangle), the data
show a strong correlation between the two parameters,
suggesting that a clear relationship exists between MoOx

nanoparticle stoichiometry and electronic properties. A
continuous tuning of the Mo6+ fraction between 0.2 and
1.0, and Φ from 4.4 eV to 5.0 eV was achieved. Such control
should allow us to systematically study the effect of MoOx

composition on device performance in various applications.

4. Conclusions

In conclusion, through a systematic study of the effect of
H2O2 concentration and reaction time on nanoparticle size,
work function, and stoichiometry, we demonstrate that in
situ chemical oxidation of MoOx nanoparticle suspensions
with H2O2 is a simple but versatile method to control
their stoichiometry and electronic properties. Starting from
suspensions of ultrasmall (d ∼ 2 nm) MoOx nanoparticles
in n-butanol synthesized by a one-step microwave heating
procedure, we found that short time (≤3 hr) reactions at
room temperature with sufficiently high (≥0.1 M) concen-
tration of H2O2 result in ≤1 nm MoOx nanoparticles with
high work function and almost entirely MoO3 properties
which are desirable for HTL material in OPV devices.
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However, long chemical oxidation times (≥24 hr) increase
nanoparticle size and reduce Mo oxidation state and film’s
work function. By comparing Kelvin probe results and XPS
spectra of npMoOx films that have been chemically oxidized
under various conditions, we established a clear correlation
between the work function and the Mo6+ fraction of the
npMoOx and achieved a continuous tuning of work function
values from 4.4 to 5.0 eV and Mo6+ fraction from 0.2 to 1.0.
Such precise control of MoOx stoichiometry and properties
is crucial for the optimization of npMoOx as a solution
processible material for various applications. Moreover, the
simplicity of the chemical oxidation procedure should be
generally applicable in synthesizing other transition oxide
nanomaterials with tunable stoichiometry and properties.
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We report the investigation of temperature-dependent magnetic properties and photocatalytic activity of CoFe2O4–Fe3O4

magnetic nanocomposites (MNCs) synthesized by hydrothermal process. Room-temperature magnetic hysteresis (M-H) loops
result enhanced saturation magnetization of 90 emu/g and coercivity (HC) of 530 Oe for CoFe2O4–Fe3O4 MNCs. With decreasing
temperature to 20 K, HC increases from 500 Oe to 6800 Oe, and the M-H loops exhibit exchange coupling feature between CoFe2O4

and Fe3O4. Low- and high-temperature-dependent magnetization measurements confirm that the blocking temperature lies above
300 K and the presence of two magnetic phase transitions corresponding to CoFe2O4 and Fe3O4, respectively. The photocatalytic
activity of the MNCs has been examined on the reduction of methyl orange (MO), a colored compound used in dyeing and printing
textiles. The observed results suggest that the CoFe2O4–Fe3O4 MNCs act as an excellent photocatalyst on the degradation of organic
contaminants and degrade 93% of MO in 5 hours of UV irradiation. The photocatalytic activity of MNCs is attributed to remark-
ably high band gap energy and small particle size. Also, the MNCs with a reproducible photocatalytic activity are well separable
from water media by applying external magnetic field and acts as a promising catalyst for the remediation of textile wastewater.

1. Introduction

The interest in magnetic nanoparticles (MNPs) and nano-
composites (MNCs) has greatly increased in recent years not
only because of their broad applications in several techno-
logical fields including ferrofluids, magnetic data storage,
magnetooptical, magnetic resonance imaging, medicine, and
drug delivery systems, but also due to their relevance from
the point of fundamental physics [1–5]. MNPs are also
used extensively for catalytic purposes [6]. Photocatalysts
utilize photon energy to carry out oxidation and reduction
reactions. When irradiated with light energy, an electron (e−)
is excited from the valence band (VB) to the conduction
band (CB) of the photocatalyst, leaving a photogenerated
hole (h+). This creates hydroxyl ions in aqueous solution
thus facilitating catalytic activities [6, 7]. For a material to
qualify as a good photocatalyst needs a relatively large band
gap, larger surface area, and nonagglomeration of particles.
Agglomeration of particles can be avoided by coating the

surface with a surfactant. However, it considerably reduces
the magnetic moment of the materials and cannot be reused
due to low value of magnetization. That is why development
of MNP-based catalyst without surfactant requires greater
attention. In particular, tremendous progress has been
made in the preparation and processing of MNP-supported
catalysts, in view of their high surface area resulting in high
catalyst loading capacity [8], high dispersion [9], excellent
stability [10], and controllable catalyst recycling without loss
in their properties. Magnetic separation renders the recovery
of catalyst from liquid-phase reactions much easier and thus
dramatically reduces the cost. To fulfill the requirements
for various applications, these particles must have suitable
magnetic properties (large saturation magnetization (MS),
moderate coercivity (HC), and high blocking temperature)
and also controllable size and shape [11].

Dyes are one of the most notorious contaminants
in aquatic environments because of their huge volume
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of production from industries, slow biodegradation and
decoloration, and toxicity [6]. Methyl orange (MO) is a
colored compound used in dyeing and printing textiles, and
the release of those colored waste waters in the ecosystem is
a source of esthetic pollution in the aquatic life. Therefore,
the degradation of MO in cost effective ways without any
secondary pollution is very much important for the safety
environment [12, 13]. There are several traditional physical
techniques such as adsorption, ultrafiltration, reverse osmo-
sis, coagulation, chlorination, ozonation, and biodegrada-
tion for the removal of dye pollutants [14, 15]. Nevertheless,
most of the above techniques transfer organic compound
from water to another phase, thus causing secondary
pollution. On the other hand, photocatalytic processes
are environmentally friendly methods that utilize radiation
energy to perform catalysis under ambient conditions and
thus appear as the most emerging technology [16, 17].
However, the application of photocatalytic procedures using
MNPs/MNCs for remediation of textile waste water is rather
limited to only a few investigations.

Among other MNP materials, fine Cobalt ferrite particles
have been used as MNP-based catalysts due to their strong
interparticle interactions and nonagglomeration behaviors
[19]. Also, it has strong anisotropy, high HC , and moderate
MS along with the good mechanical hardness and chemical
stability. The catalytic activities of MNPs can further be
enhanced by preparing a suitable hybrid nanocomposite
with other MNPs. This facilitates a new composite material
with novel magnetic, electrical, and optical properties. Var-
ious preparation methods such as sonochemical reactions,
mechanochemical synthesis, hydrolysis, hydrothermal, and
aqueous coprecipitation have generally been used to make
nanocomposites with desired properties [18, 20, 21]. In
this study, we have employed hydrothermal process to pre-
pare CoFe2O4–Fe3O4 nanocomposites and investigated their
temperature-dependent magnetic properties. Also, the pho-
tocatalytic activity of the MNC on the degradation of envi-
ronmental pollutants (MO) was explored for the first time.

2. Experimental Details

Magnetic nanocomposites of CoFe2O4–Fe3O4 were pre-
pared by hydrothermal method. All the reactants and the
reagents used for the preparation of MNCs were high-purity
commercially available CoCl2·6H2O (99%), FeCl3·6H2O
(99%), NaOH (96%), and PEG-400 (99%) and used as
received. In a typical procedure, CoCl2·6H2O (1 g in 50 mL
PEG-400, 4.2 mmol) and FeCl3 (1.6 g in 50 mL PEG-400,
10.3 mmol) solutions were mixed and stirred in a magnetic
stirrer. Subsequently, NaOH (3 M, 25 mL distilled deionized
water) solution was added dropwise and stirred for half
an hour at 80◦C. Then, the solution (dark brown) was
transferred into an autoclave and heated at 200◦C for 12
hours. After this, the resulting black precipitate was first
washed with alcohols to remove the PEG and with water
for the complete removal of NaOH content. Eventually,
the product was washed with dried ethanol and dried at
200◦C under vacuum. Crystal structure of the as-prepared

400 222 220 111 331

Figure 1: BF TEM micrographs and SAED patterns of as-prepared
CoFe2O4–Fe3O4 magnetic nanocomposites.

and annealed samples were examined by X-ray diffraction
(XRD) using a Rigaku TTRAX diffractometer with Cu-Kα

radiation and transmission electron microscopy (TEM)
using a JEOL 2100 microscopy. Room temperature and
temperature-dependent magnetic properties were measured
by vibrating sample magnetometer (VSM, Lake Shore Model
7410). Optical properties were measured by PerkinElmer RXI
FT-IR spectrometer in KBr pellet and Varian Cary 50 UV
spectrophotometer. The BET surface area of the MNCs was
analyzed by the Chemisorb surface area analyzer (Make:
Micromeritics, Model: Chemisorb 2720) with pretreatment
of 0.03 g of the sample by degassing at 200◦C for 3 minutes
under helium gas.

3. Results and Discussion

Figure 1 shows bright-field (BF) TEM micrographs and
selected area electron diffraction (SAED) pattern of as-
prepared CoFe2O4–Fe3O4 MNC. The micrographs show the
fine nonagglomerated particles with the average particle
size of about 20 nm, which are highly desirable for the
catalytic activity. SAED pattern shows that MNCs are
crystalline in nature, and the peak profile represents the
cubic spinel structure of CoFe2O4 and Fe3O4, which is
consistent with the XRD analysis (not shown here). To
confirm the spinel structure of the MNCs, infrared (IR)
absorption spectra were obtained in the range between
350 cm−1 are 1000 cm−1, and the same are depicted in
Figure 2(a). It is found that the spectra consist of two
significant absorption bands, first at about 590 cm−1 (ν1) and
second at about 410 cm−1 (ν2). Absorption bands observed
in this range reveal the formation of single phase spinel
structure having two sublattices, which are assigned to
tetrahedral site (ν1) and octahedral site (ν2) [22]. In addition,
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Figure 2: (a) IR and (b) UV-vis spectra of as-prepared CoFe2O4–
Fe3O4 magnetic nanocomposites. Inset: Plot of (αhυ)2 versus hυ to
determine the band gap energy using Tauc relation [18].

the formation of soft Fe3O4 phase in the nanocomposite has
been confirmed by the UV analysis as shown in Figure 2(b).
In case of magnetic nanoparticles, the UV absorption band
is observed in the region 330–500 nm, which originates
primarily from the absorption and scattering of light by
the magnetic nanoparticles. The band gap energy was
determined from the absorption spectra using Tauc relation
[23], as shown in the inset of Figure 2(b), and found to be
around 2.8 eV. It should be mentioned here that with higher
band gap energy, the recombination rate of electrons and
hole pairs are retarded, and photocatalytic properties are
enhanced.

To understand the magnetic properties of CoFe2O4–
Fe3O4 MNCs, temperature, dependent magnetic hysteresis
(M-H) loops were measured in the temperature range from
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Figure 3: Magnetic hysteresis of as-prepared CoFe2O4–Fe2O3 mag-
netic nanocomposites obtained at different temperature between
20 K and 300 K. Inset: Variation of coercivity with temperature.

20 K to 300 K, and the same are displayed in Figure 3.
It can be seen that the MNCs exhibit a clear hysteresis
at 300 K but do not saturate at 15 kOe applied field due
to the strong anisotropy. HC is about 500 Oe at 300 K.
This suggests that the MNCs are not in superparamag-
netic state in room temperature, in contrast to the earlier
observation in CoFe2O4 nanoparticles [20, 24]. Also, the
magnetization value obtained at 15 kOe-applied field (MS) is
about 90 emu/g, which is higher than the value (∼65 emu/g)
reported for CoFe2O4 particles with the similar particle
size [25]. This confirms that the intrinsic properties of
MNPs can be modified (enhanced) by making MNCs with
the properly chosen materials. In the present investigation,
the nanocomposite of CoFe2O4 with Fe3O4 was prepared,
and the enhancement in MS can be attributed to large
magnetocrystalline anisotropy and higher interparticle inter-
actions in CoFe2O4–Fe3O4 MNCs [19]. It is to be noted
that for catalytic applications MNPs should have better
magnetic properties for convenient catalyst recycling. On
the other hand, with decreasing temperature up to 200 K,
the MNCs exhibit almost similar loops, but HC increases
from 500 Oe at 300 K to 2650 Oe at 200 K. On further
lowering the temperature, not only the HC increases to
6600 at 20 K, but also the loops exhibit a kink around
the remanence during the magnetization reversal process.
This suggests the presence of magnetic exchange coupling
between the hard magnetic CoFe2O4 and soft magnetic
Fe3O4 MNPs and interparticle interactions in the presently
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Figure 4: Temperature dependent magnetization curves measured
at an applied field of 200 Oe (a) at low temperatures between 20 and
300 K under ZFC and FC conditions and (b) at high temperatures
for as-prepared CoFe2O4–Fe2O3 magnetic nanoparticles. Inset: Plot
of thermal derivative of magnetization with temperature.

investigated samples [24]. Such a ferromagnetic exchange
coupling is desirable for higher magnetization value of
composites. Temperature-dependent magnetization mea-
surement measured at a magnetic field of 100 Oe under
zero-field-cooled (ZFC) and field-cooled (FC) conditions as
shown in Figure 4(a) confirms that the blocking temperature
lies about room temperature. On the other hand, high-
temperature magnetization data (Figure 4(b)) depicts the
presence of two clear phase transitions corresponding to
CoFe2O4 and Fe3O4 at 790 K [26] and 840 K [27], respec-
tively.

Photocatalytic activity of prepared MNCs was evaluated
by photocatalytic decomposition of MO in aqueous solution
at ambient temperature. CoFe2O4–Fe3O4 MNC (0.02 g) was
placed into the tubular quartz vessel containing 100 mL of
1 × 10−5 M MO aqueous solutions and mixed by ultrason-
ication for 10 min. Subsequently, the mixture was stirred
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Figure 5: Absorbance spectra of methyl orange loaded with
and without MNCs/water and UV irradiation for 5 hours. The
irradiation was carried out with a 12 mW Xenon lamp with a main
wavelength of 400 nm.

in dark to obtain adsorption/desorption equilibrium until
the concentration of MO was constant and then illuminated
with a UV lamp. The absorption spectra, obtained using
UV-vis spectrophotometer, are illustrated in Figure 5. It
can be seen that a maximum absorbance was observed
around 465 nm for two cases: (i) for the mixture of MO
and water in as-mixed state and (ii) for the mixture of
MO and water exposed to UV light for five hours. Also,
the as-mixed mixture of MO, water, and MNCs without
irradiation showed a maximum absorbance around 465 nm.
These results suggest that no MO degradation occurs in
these mixtures. However, a typical run performed for the
mixture containing MO, water, and the MNCs without UV
radiation in dark for 5 hours has revealed a minor change in
the maximum absorption around 465 nm (less than 5%), as
compared to the initial absorbance of the as-mixed mixture
of MO, water, and the MNCs. This is mainly due to the
sorption of dye molecules by the MNCs. On the other
hand, the maximum absorbance almost disappears for the
mixture containing MO, water, and MNCs subjected to
UV irradiation for 5 hours. These results confirm that the
effective degradation of the dye occurs only in the presence
of UV irradiation, and this is the first time we are reporting
CoFe2O4–Fe3O4 MNC as a new photocatalyst to degrade
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MO organic contaminant. The photocatalytic degradation
percentage of MO was calculated using

Degradation (%) =
(
A0 − A

A0

)
× 100, (1)

where A0 is the initial absorbance of MO before degradation,
and A is the absorbance after time t. The degradation
percentage of MO by MNC is 93% in 5 h of UV irradiation
at a pH range of 5 to 6. This can be attributed to (a)
high band gap energy (2.8 eV) for the MNCs as the pho-
tocatalytic effect depends on the enhancement in electron-
hole separation [28], and (b) small particle size which is
associated with high surface area. The BET surface area
of the CoFe2O4–Fe3O4 MNCs analyzed using chemisorb
surface area analyzer was found to be 112 m2/g with a
total pore volume of 0.0565 m2/g. This is significantly
larger for this type of magnetic materials, and hence it
accounts for one of the reasons for the presently observed
high photocatalytic activities. Also, the pH value of the
dye solution plays a major role in the photodegradation
of the dye, as the adsorption of the dye molecules on
the catalyst surface is pH dependent [29, 30]. For the
presently studied system, we have obtained the optimum
degradation of the dye in the low acidic pH (pH ∼5-
6).The degradation of MO using TiO2-, and ZnS-based
semiconductors has also been reported [31, 32]. How-
ever, the shape of the nanoparticles poses a limit in
the photocatalytic activity, and an efficient technique is
needed for the facile separation of the catalyst. On the
other hand, the MNCs can be synthesized easily with
the better control of size and shape, and well sepa-
rated from the media by applying the external magnetic
field.

4. Conclusion

CoFe2O4–Fe3O4 magnetic nanocomposites with the average
particle size of 20 nm were synthesized by hydrothermal pro-
cess, and the formation of nanocomposites was confirmed
through TEM, XRD, IR, and UV-vis spectroscopy studies.
Enhanced magnetization of 90 emu/g and a coercivity of
500 Oe were obtained at room temperature. The blocking
temperature of the nanocomposites was found to be above
room temperature. Low- and high-temperature magneti-
zation measurements confirmed the existence of magnetic
exchange coupling between CoFe2O4 and Fe3O4 and their
phase transitions, respectively. Photocatalytic activity of
the MNCs was confirmed on methyl orange under UV
irradiation and found to be effective on degrading the
methyl orange at ambient temperature. MNCs could also be
well separated magnetically without losing its photocatalytic
activity.
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