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Water is one of the essential enablers of life on earth. Beginning with the origin of the earliest form of life in
seawater, it has been central to the evolution of human civilizations. Noblemetals have been similarly associated
with the prosperity of human civilizations through their prominent use in jewelleryandmedical applications. The
most important reason for the use of noble metals is the minimal reactivity at the bulk scale, which can be
explained by a number of concepts such as electrochemical potential, relativisitic contraction, molecular orbital
theory, etc. Recently, water quality has been associated with the development index of society. A number of
chemical and biological contaminants have endangered the quality of drinking water. An overview of important
events during last 200 years in the area of drinkingwater purification is presented. Realizing themolecular nature
of contamination in drinkingwater, significant progress has beenmade to utilize the chemistry of nanomaterials
forwater purification. This article summarizes recent efforts in the area of noblemetal nanoparticle synthesis and
the origin of their reactivity at the nanoscale. The application of noble metal nanoparticle based chemistry for
drinkingwater purification is summarized for threemajor types of contaminants: halogenated organics including
pesticides, heavy metals and microorganisms. Recent efforts for the removal, as well as ultralow concentration
detection of such species, using noble metal nanoparticles are summarized. Important challenges during the
commercialization of nano-based products are highlighted through a case study of pesticide removal using noble
metal nanoparticles. Recent efforts in drinking water purification using other forms of nanomaterials are also
summarized. The article concludes with recent investigations on the issue of nanotoxicity and its implications for
the future.
© 2009 Elsevier B.V. All rights reserved.
Take up one idea. Make that one idea your life— think of it, dream of
it, live on that idea. Let the brain, muscles, nerves, every part of your
body, be full of that idea, and just leave every other idea alone. This is
theway to success, that is thewaygreat spiritual giants are produced.

- Swami Vivekananda, World's most-respected Vedanta thinker,
1863–1902

Vedanta Philosophy: Lectures by Swami Vivekananda, Kessinger
Publishing, USA, 1996, Page 70.
1. Introduction

The theme of this review is water, one of the essential companions
of life on earth. During the phases of creation, evolution and continuity
of life on earth, water remained as its most vital component. The
molecular as well as macromolecular functions of making life possible
are carried out using water. The earliest form of life appeared in sea
ect) 2257 5938/5942 (lab and
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water about 3.5 billion years ago and was transferred to land only
380 million years ago. Despite this transfer to land, an ocean, in terms
offluidic composition, continues to existwithin us. Similarly, keeping a
very high proportion of living organisms' body weight as water
(∼70%), Nature has iterated the vitality of water for life. It is very
appropriate to say that existence of life on Earth is largely owed to the
presence of water. It is vital to us, both as a universal solvent as well as
being an important component of metabolic processes within the
body. Clean and fresh water is essential for the existence of life. The
evolution of civilization has always revolved around water. The Nile
was the lifeline of the Egyptian civilization. The Indus Valley
civilization flourished on the banks of the Indus river. There is no
aspect of our life that is not touched bywater. Water is one of the clear
signs of prosperity, health, serenity, beauty, artistry, purity and many
other attributes. Leonardo Da Vinci had described water as “the vehicle
of nature” (“vetturale di natura”).

For time immemorial, Nature hasmadenoblemetals part of ourdaily
life. In being a part of numerous applications such as jewellery,
currencies, photographic films and electrical conductors; noble metals
havemadeamark for themselves as beingourownhouseholdmaterials.
This is a very importantmilestone for our societal progress— the reason
beingwe spent sufficient time inmaking sure thatwhat is being used by
us, should be friendly to us. This has become a fundamental question
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whilewe are discovering newermaterials every day.With noblemetals,
perhaps we know the answer.

Gold and silver belong to the family of “metals of antiquity”, having
their history with mankind dating back to 6000 BC and 4000 BC,
respectively. Gold's brilliance, intrinsic beauty and ability to preserve
its shine for long periods made it the most documented metal in the
human history. While there are no clear-cut references for the
discovery of gold, it has always been associated with the gods, with
immortality, and with wealth across the human civilizations.

The earliest evidence for the use of gold in jewellery comes from
Sumer civilization (southern Iraq, 3000 BC). The use of gold as jewellery
continued through different civilizations thereafter (tomb of King
Tutankhaman [Egypt, 1300 BC], gold ornaments from Indus valley
[Mohenjadaro, 3000 BC] and royal crowns from the Tillia tepe treasure
[Scythian,100 BC]). Anothermilestone in thehistory of noblemetalswas
reached around 700 BCwhen Lydianmerchants produced the first coins
throughuseof gold–silveralloys called ‘electrum’. Theuseof noblemetals
for currency was further developed by the Roman Empire (100 AD) [1].

It was suggested that the use of gold, in the form of swarna bhasma
(meaning, gold ash), for medicinal purposes started during the Vedic
period (1000 BC-600 BC) in ancient India [2]. References also exist in the
Chinese literature about the medicinal properties of gold and it was
thought to act as the elixir of life [3]. The medicinal uses of gold were
promoted after thework of Paracelsus (15th century)whofirst prepared
gold colloid solution in modern times. The purple solution of gold was
calledAurumPotable and itwas strongly believed that thiswould impart
rejuvenation to the human body, as historically gold was equated with
the sun (“tears of the sun”). Antonii described the medical uses of
colloidal gold in 1618, in the reportedly first documented literature on
colloidal gold [4]. Thiswas followed by an effort from Johann Kunckels, a
German chemist, to explore the medicinal properties of the pink-
solution of gold (1676) [5]. A few other subsequent efforts followed,
highlighting the stable dispersion of gold [6–10]. The unusual color of
metallic gold caught the attention of many researchers. As a conse-
quence of the work accomplished so far on gold, Michael Faraday
attempted a novel synthetic route to prepare colloidal gold in 1857
(Fig. 1) [11]. He synthesized a dark red solution of colloidal gold by the
reductionof anaqueous solutionof chloroauric acidusingphosphorus in
CS2. He realized that stability of colloidal gold against aggregation can be
achieved using stabilizing agents. He also noticed the reversible color
changes driven by mechanical compression (blue–purple→green) of
thin films prepared with colloidal gold [12]. In 1890, the distinguished
German bacteriologist Robert Koch discovered the use of gold cyanide
for bacteriostatic action against tubercle bacillus, the causative agent for
tuberculosis. Later, it was found that tubercle bacillus is also responsible
for rheumatoid arthritis. This led to further investigations in modern
medicinal uses of gold [16–18].
Fig. 1. (a) Faraday's colloidal suspension of gold [14]. (b) High resolution transmission
electron microscopic image of individual colloidal gold particles (at a magnification of
107 ×), prepared according to Faraday's recipe [15].
Silver has been equally popular for domestic use since the ancient
times. As gold was associated with sun due to its color, the white
brightness of silver became associated with the moon. The distinct
optical properties of silver defined its name: the word silver is of
Gothic origin meaning shiny white and the Latin name argentum
originates from an Aryan root which means white and shining.

From the historical times, utensils were fabricated with silver lining.
Silver vessels were utilized for the preservation of perishable items as
well as for disinfection of water. The writings of Herodotus suggested
that Cyrus the Great (Persia, 550–529 BC) consumed water boiled in
silver vessels [19]. The account also mentions the use of silver as a
precious booty, during the time of Pausanias (Sparta, 5th century BC).
Silver was widely used as a disinfectant and anti-spoilage agent, across
many civilizations (Greece, Rome, Phoenicia, Macedonia) [20]. Hippo-
crates, the Father of medicine, promoted the use of silver for early
healing of wounds [20]. Alexander the Great (335 BC) was advised by
Aristotle to store water in silver vessels and boil prior to use [21].
Evidence exists for the use of silver nitrate as an anti-bacterial agent, in
the Roman pharmacopeias.

During the late 13th century, Lanfranc utilized silver tubes for
introduction of food beyond fistula [22]. Thereafter, Paracelsus (1493–
1541) pioneered the use of metals for medical applications. He linked
silver with the development of brain activities in his hermetic and
alchemical writings. During the mid-19th century, Joseph Lister and
Marion Sims promoted the use of silver wire sutures, in order to reduce
the incidences of septic complications [22]. During the late 18th century,
Crede, a German obstetrician, popularized the use of prophylactic l%
silver nitrate eye solution for the prevention of ophthalmia neonatorum
[23]. Pioneering work in the study of anti-bacterial properties was
carried out byRavelin (1869) andvonNageli (1893) [20]. Itwas reported
that even at low concentrations of 9.2×10−9 and 5.5×10−6 M, silver
salt was toxic to Spirogyra and Aspergillus niger spores, respectively [20].
The term “oligodynamic”was coined to represent the activityeven at low
concentrations. A landmark work in the chemistry of silver was
accomplished by Carey Lea in the late 19th century [24,25]. Silver
colloid was first prepared through the reduction of silver nitrate using
ferrous sulfate and consequent protection of colloidal particles with
citrate ions [24,25]. A number of researchers worked on the anti-
bacterial properties of silver salts: In the early 20th century, a porous
metallic mesh of silver was prepared (“Katadyn silver”) and was utilized
as an anti-bacterial water filter. The popularity of silver salts continued
to grow through the development of new silver salts; e.g., silver
sulfadiazine, silver citrate, silver lactate, etc. A number of products based
on silver were also commercialized throughout the 20th century
(Katadyn, Argyrol, Movidyn, Tetrasil, Alagon, etc.) [26]. Attempts were
also made to immobilize silver in zerovalent form on activated carbon
and subsequently use it for disinfection of water [27].

As illustrated from the historical perspective, the properties of gold
and silver have been used continuously for a number of applications. Till
a century ago, the applications were largely restricted to theirmedicinal
value. A few applications of noble metals based catalysis were also
studied in the last century such as silver based catalysis of methanol to
formaldehyde [28] and ethylene to ethylene oxide [29]. Till recently, all
of these applicationshave been based onproperties ofmacroscopic form
of the noble metals. Excellent review articles have beenwritten on each
subject area [16,30–36] and these are not part of the present review.

Theoriginof chemical reactivity formetals is related to their standard
reduction potentials. Metals are usually electropositive and have a
tendency to lose electrons depending on the corresponding ionization
energy. Reduction potential is thus correlated with the electropositive
nature of themetals i.e. ametal with high electropositive nature is likely
to exist as an ion in the solution phase and thus is a strong reducing
agent. Based on the reduction potential, metals usually belong to two
groups: d-blockmetals belong to themoderately reducing group (Cd2+|
Cd=−0.40 V, Fe2+|Fe=−0.44 V) whereas s-block metals belong to
the strongly reducing group (Li+|Li=−3.05 V, Na+|Na=−2.71 V).



Table 1
Overview of the basic properties of noble metals and a comparisonwith other transition
metals.

a b c d e f g h i j k l

Copper FCC 1090 887 2.2 78 947 114 1440 5727 596 50
Gold FCC 1337 3129 2.5 223 890 174 2450 19,300 446 320
Silver FCC 1235 2435 1.9 126 731 165 25 10,490 631 430
Platinum FCC 2041 4098 2.3 205 870 177 392 21,090 94 72
Palladium FCC 1828 3236 2.2 54 804 169 37 12,023 95 72
Mercury RH 234 630 2.0 0 1,007 171 – 13,534 10 8
Ruthenium FCC 2607 4423 2.2 101 710 178 2160 12,370 132 120
Rhodium FCC 2237 3968 2.3 110 720 173 1100 12,450 222 150
Rhenium FCC 3459 5869 1.9 15 760 188 1320 21,020 52 48
Osmium FCC 3306 5285 2.2 106 840 185 3920 22,610 105 88
Iridium FCC 2739 4701 2.2 151 880 180 1670 22,650 189 150
Avg (NM) – 2010 3515 2 106 833 170 1451 15,751 234 137
Avg (TM) – 2277 4021 1.7 45 690 182 865 9027 77 61

Column headers: (a) Noble metal, (b) Lattice structure, (c) Melting point in K,
(d) Boiling point in K, (e) Electronegativity, (f) Electron affinity in kJ/mol, (g) Ionization
energy in kJ/mol, (h) Radius in pm, (i) Hardness in MPa, (j) Density in kg/m3,
(k) Electrical conductivity in mho/cm, and (l) Thermal conductivity in W/mK.
(Abbreviations— FCC: Face-centered cubic, RH: Rhombohedral, NM: Noble metals, TM:
Transition metals).
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However, there are exceptions to this rule:Gold (Au3+|Au=1.5V), Silver
(Ag+|Ag=0.80 V), Mercury (Hg2+|Hg=0.87 V), Platinum (Pt2+|
Pt=1.2 V) and Palladium (Pd2+|Pd=0.83 V). The category of metals
exhibiting the exception, thus, can exist in themetallic state,without any
oxidative effects of oxygen orwater (O2|OH−=0.40 V). This property of
existing in themetallic state renders the noblemetals highly inactive for
any chemical reactions. The nobility of certain transition metals is
discussed in the next section.

2. Origin of nobility in certain transition metals

A summary of physical properties exhibited by noble metals is
presented in Table 1. Some of the surprises for noble metals are: high
conductivity, extreme hardness, large density and high electron affinity.

The factors affecting the standard oxidation potential of metals can
be understood by the Born-Haber cycle:

Eoxidation = ΔHs + ΔHh + IE

where,

- Sublimation of a solid metal (ΔHs)
- Hydration of a gaseous ion (ΔHh)
- Ionization of a gaseous metal atom (IE).
Fig. 2. (a) The relativistic contraction of the 6s shell in the elements Cs (Z=55) to Fm (Z=
chemisorbed on the (111) surface of Ni, Cu, Pt and Au [40]. The DOS is projected onto the atom
shown for comparison. The dominant features are the H 1s-metal d bonding resonances at e
DOS peaks (indicated by arrows) directly above the metal d bands. These anti-bonding state
only states below the Fermi energy (which is the energy zero in all cases) are filled.
Transition metals usually have high melting points leading to a
high energy of sublimation. Similarly, owing to filling of the d-band,
the transition metal atoms are usually smaller in size (Table 1) and
thus have higher ionization energies (Table 1). This explains the lower
oxidation potential of transition metals with respect to s-block.

The noble nature of certain transitionmetals is explained using the
relativistic contraction concept [37]. The Dirac-Fock equation [38] was
solved for all atoms with atomic number less than 120 [39]. The
explanation for relativistic contraction arises due to the special theory
of relativity which imposes a limit on themaximum speed of particles.
As the particle accelerates to a velocity nearer to the speed of light, a
correction in the mass is required and is calculated as follows:

m = m0 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − v=cð Þ2� �q

:

Here m is the corrected mass, m0 is the rest mass, v is the velocity
of the particle and c is the speed of light.

According to non-relativistic quantummechanics, the average radial
velocity of the electron in 1 s shell is bvrN/c=Zα, where Z is the atomic
number and α is the fine structure constant (α≈1/137). The effect of
the relativistic contraction is explained using the example of mercury.
The atomic number of mercury is 80, i.e. vr/c=80/137=0.58; thus the
radial velocity of 1 s electron is 58% of the velocity of light.

Based on the relativistic mass equation, the calculated electron
mass in the 1 s shell of a mercury atom is m=1.23 me, where me is the
rest mass of the electron. Thus, in the relativistic calculation, the mass
of the electron increases significantly. Assuming Bohr's model for
calculating the shell radius, the radius of the 1 s shell correspondingly
contracts significantly (a0=4πε0h2/me

2=5.1×10–11 m). In the case of
mercury, the relativistic radius is around 81% of the non-relativistic
radius. Similarly, the other s shells, up to the valence shell, undergo
relativistic contraction. A similar nature of contraction is experienced
by p-shells, but to a lesser degree. The contrary effect is felt by d and f-
shells. The relativistic contractions of s and p orbitals lead to more
effective nuclear screening. It leads to a reduction in the attraction
between the nucleus and the electrons in the d and f shells.

Based on the concepts of relativistic contraction/expansion, the
relativistic contraction of the 6 s shell in elementswas studied (Fig. 2(a)).
The first phase of continuous increase in contraction (decreasing curve
profile) is due to filling of 4f and 5d shells. An interesting feature appears
for gold ([Kr]5d106 s1): the pronounced local maximum, which is not
found until reaching fermium (Z=100). This pronounced contraction is
reflected in the noble characteristics exhibited by gold.

Recently, there have been further efforts to explain the origin of
nobility in certain transition metals by the molecular orbital (MO)
100) [37]. (b) The density of one-electron states (DOS) (solid lines) for H atomically
ic H 1s state. The surface d bands DOS (dashed lines) of the four cleanmetal surfaces are
nergies; between − 5 and − 10 eV. Also prominent are the H 1s-metal d anti-bonding
s cause repulsion in Cu and Au, where they are filled. As indicated by the grey-shading,
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theory, widely used to explain the concepts of bonding. The under-
lying principle in MO theory is that stability of a structure is reached
after attaining the noble gas configuration. This helps to explain the
formation of covalent bonds (and resultant sharing of p-shell
electrons) in p-block elements as a method of attaining stability.

Applying a similar concept, ‘n’ metal atoms can be visualized to
share the valence shell electrons, leading to the formation of Mn

species. However, due to the electropositive nature of metals, the
valence electrons are delocalized in the metal lattice. Therefore, the
valence electrons are shared across all the metal atoms present. From
MO theory, we know that sharing of electrons between ‘n’ atoms lead
to the formation of ‘n’ bonding and ‘n’ anti-bonding orbitals. MO
theory states that overlapping of electronic states of two atoms leads
to orbital orthogonalization (Pauli's exclusion). From an energy
standpoint, formation of the bonding orbital is positively favored
(due to its symmetric nature) whereas the formation of anti-bonding
orbital is negatively favored (due to its anti-symmetric nature). In case
both bonding and anti-bonding orbitals are occupied, the energy
required for orthogonalization will render the bond formation
energetically hindered. In the case of metals, the highest occupied
molecular orbital (HOMO) is called the Fermi level at absolute zero
temperature. The spacing, δ, between the adjacent energy levels in a
band is given by the approximate relationship, δ≈EF/n, where EF is
the Fermi level energy and n is the number of atoms in the particle. It
is important to quickly point out that properties differ at the nano
scale vs. bulk scale: In case of bulk material as n→, δ becomes
negligible leading to the formation of conduction and valence bands in
metals whenever δ is smaller than the thermal energy. However, as
one restricts n, the discrete nature of energy levels starts to appear
leading to dramatic changes in the properties at smaller size.

With the above understanding, let us briefly look at the density of
one-electron states for different transition metals. The density of
states (DOS) of a quantum-mechanical system is defined as the
number of states at each energy level that are available to be occupied.
To illustrate it with an example: the density of states for energy levels
between the valence and conduction bands of an insulator is zero.

The nobility of certain transition metals is explained through the
dissociation of H2 on the surface of four transition metals (Fig. 2(b))
[40]. It has to be understood that amongst all the transition metals,
differences in properties arise largely due to the valence d-band
structure. Thus, the interaction between an adsorbate and a transition
metal surface can be described as a two-state problem (adsorbate
state and valence d-band) leading to the formation of bonding and
anti-bonding states. Thus, an upshift of d states should increase the
adsorbate-metal interaction, as it would lead to the formation of an
anti-bonding orbital closer to the Fermi level. The strong features
appearing between −5 and −10 eV represent the formation of a
bonding orbital through the interaction of hydrogen 1 s with themetal
d band, and this formation is shown by all the metals considered.
However, the difference arises in the anti-bonding DOS peak as
appearing for Au and Cu vs. other metals. In the case of Au and Cu, the
anti-bonding DOS peaks appear below the Fermi energy level, leading
to the formation of a H 1s-metal d anti-bonding orbital. The formation
of an anti-bonding orbital in turn leads to a drastic reduction in the
stability of metal-hydrogen compounds (hydrides). Therefore, the
metal-hydrogen bond is highly unstable in the case of Au. On the
contrary, for other metals, the anti-bonding DOS peak appears above
the Fermi energy level, leading to an empty anti-bonding orbital. From
the DOS peak intensity for anti-bonding orbitals and metal d band, it
can be interpreted that Au-H bond is highly unstable even vis-à-vis
Cu–H. This leads to nobility of certain transition metals.

While the first evidence of existence of non-macroscopic proper-
ties for gold appearedmany centuries ago (The Lycurgus Cup [41]), the
first explanation was offered by Faraday in 1857. Faraday attributed
the origin of the wine-red color of gold solutions to the colloidal
nature of gold particles, which interact differently with light vis-à-vis
metallic gold. Mie was the first to provide an explanation for the
dependence of color on the metal particle size [42]. This led to the
understanding of the phenomenon called surface plasmon resonance
(discussed elsewhere in the article). The next major thrust to explore
the properties of nanomaterials in general, came from Richard
Feynman's oft-repeated talk — There is plenty of room at the bottom
[43].

There are two more exciting discoveries that furthered the interest
in nanoscale properties: (a) the size dependence of the melting point
of gold discovered by Buffat and Borel [44] (melting point of 4 nm gold
crystals is 700 K while the bulk value is 1337 K) and (b) the variation
in the reduction potentials of metals with size (reduction potential for
Au3+|Au (atom)=−1.5 V, Ag+|Ag (atom)=−1.80 V [45,46]).

The objective of this review article is to provide a consolidated
view of the research efforts accomplished so far, in the area of noble
metal nanoparticles for drinking water purification. The article begins
with a review of challenges in drinking water purification. Thereafter,
noble metal nanoparticle based chemistry is discussed in detail:
various synthesis protocols, origin of reactivity, methods for nano-
particle deposition on supports and novel reactions feasible at the
nanoscale. Through a case study – nanoparticles based chemistry for
removal of pesticides from drinking water – some of the challenges
associated with the commercialization of novel technologies in the
market are highlighted. Thereafter, a few of the other nanomaterial-
based approaches for drinking water purification are summarized. A
brief overview of nanomaterial based commercialized technologies is
presented. The article is summarized with a review of the environ-
mental implications of use of noble metal nanoparticles at the
commercial scale.

3. Drinking water purification — challenges

With the evolution of human civilization, our understanding of
pure drinking water underwent dramatic changes. In early civiliza-
tions, the commonly practiced measure for purity was the taste of the
water. Water was recognized as a symbol for the origin of life and for
its medicinal value; it was not designated as a carrier of diseases. In
the 17th century, Anton van Leeuwenhoek's discovery of the
microscope started to change the perception of purity: We were
empowered to see beyond the suspended particles e.g., the tiny
material particles to themicro-organisms. Following the discoveries of
Louis Pasteur (study of micro-organism based diseases) and John
Snow (linking of cholera spread in London with the quality of water),
our understanding of pure drinking water was changed [47].
Interestingly, the first governmental act was passed in 1852 and was
titled, Metropolis Water Act of 1852. Access to pure water was being
recognized as a right to every human being.

The era of water purification had begun.
During the course of over 150 years, our understanding of water

quality, its effects on health and methods for water purification has
undergone a sea-change. A chronological view of some of the important
milestones in water purification is described in Table 2. A number of
important events had happened prior to this period which significantly
influenced the course of the last 150years. Thehistorical records suggest
that the importance of pure water was emphasized even during ancient
civilizations. Early Sanskrit writings outlined several methods for
purifying water such as crude sand and charcoal filters (Sushruta
Samhita). The first recorded use of ion-exchange appears in the Old
Testament of the Holy Bible [48]. Ancient civilizations started the use of
aqueducts for creating efficient water transport networks (Indus valley,
Greek, Roman and American civilizations). Hippocrates, the father of
medicine, linked the importance of water to overall well-being of the
human health. In early 1600s, Sir Francis Bacon scientifically tested the
idea of a sand filter for desalination in 1627.

The severity of pure drinking water scarcity has to be looked at
from two aspects: first, the quantity of available water and second, the



Fig. 3. Category-wise distribution of contaminants regulated by USEPA and future
contaminants (USEPA CCL 2005) [53].

Table 2
Important milestones in the history of water purification (1800–2007) from the
perspective of noble metal nanoparticles in water treatment (compiled from multiple
sources on the World Wide Web).

Year Milestone

1804 Setup of world's first city-wide municipal water treatment plant
(Scotland, sand-filter technology)

1810 Discovery of chlorine as a disinfectant (H. Davy)
1852 Formulation of Metropolis Water Act (England)
1879 Formulation of Germ Theory (L. Pasteur)
1902 Use of chlorine as a disinfectant in drinking water supply

(calcium hypochlorite, Belgium)
1906 Use of ozone as a disinfectant (France)
1908 Use of chlorine as a disinfectant in municipal supply, New Jersey
1914 Federal regulation of drinking water quality (USPHS)
1916 Use of UV treatment in municipal supplies
1935 Discovery of synthetic ion exchange resin (B. A. Adams, E. L. Holmes)
1948 Nobel Prize to Paul Hermann Muller (insecticidal properties of DDT)
1959 Discovery of synthetic reverse osmosis membrane

(S. Yuster, S. Loeb, S. Sourirajan)
1962 Silent Spring published, first report on harmful effects of DDT (R. Carson)
1965 World's first commercial RO plant launched
1974 Reports on carcinogenic by-products of disinfection with chlorine

Formulation of Safe Drinking Water Act (USEPA)
1975 Development of carbon block for drinking water purification
1994 Report on use of zerovalent iron for degradation of halogenated organics

(R. W. Gillham, S. F. O'Hannesin)
1997 Report on use of zerovalent iron nanoparticles for degradation of

halogenated organics (C-B. Wang, W.-X. Zhang)
1998 Drinking Water Directive applied in EU
2000 Adoption of Millennium Declaration during the UN Millennium Summit

(UN Millennium Development Goals)
2003 Report on use of noble metal nanoparticles for the degradation of pesticides

(A.S. Nair, R. T. Tom, T. Pradeep)
2004 Stockholm Convention, banning the use of persistent organic pollutants
2007 Launch of noble metal nanoparticle-based domestic water purifier

(T. Pradeep, A. S. Nair, Eureka Forbes Limited)
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quality of drinking water. As a part of “Millennium Development Goals
2015” adopted in 2000, the United Nations has set a goal of reducing
by half the number of people without sustainable access to safe
drinking water [49].

We need to clearly realize that due to climatic changes, the
perennial availability of water through surface and ground water
resources is becoming a big challenge [50]. Therefore, it becomes
natural that to have universal access to drinking water, we need to
economically extract water from the sea. Even though the cost of
reverse osmosis based seawater desalination has fallen by almost one-
third in the last 30 years [51], we are still far away from being
economical. In this context, the statement by John F. Kennedy (former
US president, 1961) is worth recalling: If we could ever competitively, at
a cheap rate, get fresh water from saltwater, this would be in the long-
range interests of humanity which could really dwarf any other scientific
accomplishments [52].

The second part of the problem arises as an effect of brisk
industrialization accomplished globally. Economic growth has led to
significant improvement in the economic status of human life;
however it has also been coupled with many environmental issues
which have largely been ignored, primarily due to unavailability of
economic solutions.

Many bodies such as USEPA, WHO, and EU (see list of acronyms
and their definitions at the end of the article) have played a key role in
developing regulations formany toxic species found in drinkingwater.
Looking at some of the information provided by such bodies (Fig. 3), a
few conclusions can be drawn.

- Most of the regulated chemicals fall in the organohalogen group
- Organochlorine pesticides and halogenated organics continue to
remain on the USEPA radar for future regulative activity

- The other major contributors to the list are metals, inorganic salts
and micro-organisms
- Regulatory coverage of the USEPA for safe drinking water has
increased over four times since its inception (in 1974), with
revisions in maximum limits for many contaminants

To provide a larger overview of the extent of the drinking water
contamination, a consolidated summary of major contaminants is
outlined in Table 3. It is quite clear that drinking water contamination
has reached global levels in terms of the size of the population
impacted. A number of contaminants such as lead and pesticides are
affecting water supplies globally due to their widespread use;
pollutants of geochemical origin such as arsenic and fluoride are
currently found in selected countries. In addition, the biggest class of
contaminants affecting drinking water is microorganisms. Every year,
1.8million people die from diarrheal diseases (including cholera); 90%
are children under five, mostly in developing countries. Worldwide,
1 billion people lack access to safe drinking water, 2.4 billion to
adequate sanitation. Improved water supply reduces diarrhea mor-
bidity by 6% to 25%; improved sanitation reduces it by 32%. However,
improving quality is a difficult task in areas where the risk of
contamination is high. For example, one drop of oil can render up to
25 l of water unfit for drinking.

To understand the application of noble metal nanoparticles for
drinking water purification, it is imperative to have a larger apprecia-
tion of the problem. A case study, about the origin of pesticide con-
tamination and its historical ramifications, is briefly described here.

A review of commonly used pesticides, their structures and health
effects is presented in Table 4. It is quite evident that many such
pesticides contain highly toxic recalcitrant groups and hence are
extremely difficult to break through normal synthetic routes of
degradation. In the early 1960s, society had just begun to see the
harmful effects of pesticides on human health and its long-term
impacts on the food cycle. There is no denial of the importance of the
fact that commercial use of pesticides created food-security across the
globe. Similarly, the use of dichlorodiphenyltrichloroethane (DDT) to
control malaria helped save a large number of lives. However, the
long-term impact of the incessant use slowly started to reveal the
scale of environmental contamination. In India, the first incidence of
such effects happened in one of its states, Kerala in 1958, where over
100 people died after consuming wheat flour contaminated with
parathion [59]. A few years ago, the US FDA had expressed interest to
review the fears expressed by the public about the increasing content



Table 3
Review of major drinking water contaminants, their health impacts and a few associated events (compiled from multiple sources on the World Wide Web).

Major
pollutant

Origin Permissible limits Affected countries Population at risk Health effects Specific incidents

Pesticides - Farming, effluents,
home use

DDT:
1 ppb; Carbofuran:
40 ppb; Simazine:
4 ppb

US, Kenya, Egypt, India,
European Union, Africa,
China, Australia

Poisoning: 28 million
agricultural workers in
the developing countries.
∼18,000 deaths

Cancer, cardiovascular/
reproductive/neurological
disorders, liver/kidney
problems

Pesticide contamination in soft
drinks, the Union Carbide
Bhopal tragedy (India)

Halogenated
organics

Chlorination,
effluents, home
insecticide

CCl4: 5 ppb; TCE:
5 ppb; TTHMs:
80 ppb

Japan, Central Asia,
Arabian Peninsula,
Sweden, Poland,
Germany, USA,
Egypt, China

~180 million people
in US consume
chloraminated water

CCl4: High toxicity to liver
and kidney, carcinogenic.
TCE: Lung/liver tumor

25 million pounds of TCE were
released into the U.S.
environment by manufacturing
plants in 1995

Fluoride - Geological
origin, mineral
weathering,
coal mining

- 2 ppm Asia, Mexico, Australia,
Argentina, Africa,
New Zealand

62 million (India) Dental and skeletal fluorosis,
Muscle fibre regeneration,
nervous system malfunction

In 1999, a union of 1200 scientists,
doctors and lawyers announced
their opposition to water
fluoridation (USA)

Arsenic - Geological
origin

10 ppb Bangladesh, India, China,
Pakistan, Nepal,
Myanmar, Vietnam

65 million (Asia) High blood pressure,
glucosuria,
hyperpigmentation,
keratoses, cancer

1 in 100 people (Conc: 0.05 mg/l)
and 10 in 100 people (Conc:
0.5 mg/l) die due to cancer in
long-term

Mercury - Industrial
pollution, dental
filling, Food (fish)

- 2 ppb Indonesia, China, Africa,
Philippines, Japan,
Kazakhstan, USA, Brazil,
Australia, Taiwan, EU

∼630,000 infants are
born with high Hg
content in the blood
every year (USEPA)

Neurotoxicant, tremors,
respiratory failure,
gastrointestinal failures,
and kidney damage

- ∼30% of the mercury in US
comes from abroad e.g., China
-Unilever plant, Kodaikanal (India).
Minamata, Niigata (Japan),
River Nura (Kazakhstan).

Lead - Old piping lines,
mineral
weathering, paint

15 ppb Egypt, EU, USA, Thailand,
China, Cambodia

N300,000 US children
and 65% of Shanghai
children have high
lead concentration

Delays in physical/mental
development, Kidney
problem, high blood
pressure

- Incidence of Gout due to leaded
wine and rum
- Use of lead in paints and
discharge in environment
- Use of lead in paints and
discharge in environment
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of pesticides in food. It is important to note that during this period
inorganic pesticides were dominant in use and the use of organic
pesticides had just begun [60].

It was one of the important decisions to list pesticides as a separate
chemical additive in the Federal Economic Poisons Act (USA). A similar
important decision was reached through the Miller Bill which
established the pesticide residue tolerances in food crops [61]. The
first study on large-scale environmental impact of pesticides published
in 1962 [62], brought significant change in the legislative views on the
use of pesticides and the subsequent harmful effects. A report published
by the US President's Science Advisory Committee Panel recognized the
trade-offs involved in the use of pesticides for agricultural activities.

The report clearly acknowledged two facts: pesticides have con-
tributed to increasing the agricultural output to a large scale; however,
their variety, toxicity and environmental persistence may significantly
affect human health and the effect need not be limited to only people
engaged in agriculture [63]. Over a period of time, it became clear that
due to the lack of proper training on the controlled use of pesticides,
their release in the environment was much larger in magnitude. From
the context of the developing world, this problem was even more
severe. Over a period of time, scientific investigations established how
such harmful chemicals are slowly entering in the natural food cycle. It
is important to highlight that over the same time period, the capability
to detect pesticides at ultra-low concentrations got greatly enhanced.
Thereafter, many lines of research investigations happened on the
degradation of pesticides using micro-organisms, photo-degradation
[64] and chemical adsorption [65]. The first scientific report on the
degradation of pesticides using micro-organisms appeared in 1985
[66].

The current situation is not comforting: the global utilization of
pesticides amounts to 5.05 billion metric tons (Year: 2001) valued at
$31.76 billion [67,68]. The per hectare consumption of agrochemicals
in India is 570 g compared to 2500 g in USA, 3000 g in Europe and
12,000 g in Japan. Though low consumption in India vis-à-vis other
developed economies point to low overall consumption, there are
many areas in India where the use of pesticides has been excessive-
ly high. Many of the organic pesticides are highly stable in the en-
vironment and highly insoluble in water (e.g., the solubility of
endosulfan is 2 ppm). However, the dispersions used are of much
higher in concentration leading to saturation solubility. The other most
commonpesticides such as chlorpyrifos, malathion andDDTare similar;
applied concentrations are very large and solubility fairly low.Asa result,
pesticide levels detected in the surface waters of India vary from ppt to
ppm levels. Similarly, an additional issue arises due to conformational
isomers and derivatives of pesticides, which in some cases are more
stable, toxic and highly soluble; e.g., Endosulfan is a mixture of stereo
isomers, designated as “α-endosulfan” and “β-endosulfan”. Amongst
the two, α-Endosulfan is the more thermodynamically stable, and β-
endosulfan slowly and irreversibly undergoes isomeric conversion.
While there are no nationwide details available on pesticide contam-
ination in drinking water, regional surveys conducted across India
definitely point towards high pesticide contamination in drinkingwater
[69–71]. In villages, where endosulfanwas aerially sprayed for 25 years,
it caused hitherto unknown effects, including genetic deformations [72].
It is also imperative to realize that with rising populations in many
developing countries, the use of pesticides and other agrochemicals is
projected to increase proportionately to ensure food security for the
people. The impact of the problem is also likely to be felt in the
developed countries due to the extreme persistence of certain organic
compounds and continued commercial use of large numbers of
chemicals. An excellent reviewarticle discusses the aspect of persistence
and scale of consumption of a number of organic compounds in the US
market [73]. The problem outlined above will intensify as water
resources are limited and available water becomes increasingly con-
taminated by anthropogenic reasons, other than those mentioned.
Without quality drinking water, all developmental programs become
only proposals and practical improvement in human development
becomes a distant dream. It is in this context that newer technologies for
cleaner and affordable water must be investigated.

4. Need for nanomaterials in water purification

In the course of our evolving understanding of the effect of water
qualityonhealth, standards for drinkingwaterhavebeen revised several



Table 4
Information about a representative group of organic pesticides (compiled from multiple sources on the World Wide Web).

Pesticide Type Toxicity Application Health effects Environmental half-life

OC MH Very effective against insects,
domestic insects and
mosquitoes

Chronic liver damage, endocrine and reproductive disorders,
immuno-suppression, cytogenic effects

28 days (river water) [55]
2–15 years (soil) [55,56]

OC MH Broad spectrum control
against insect pests

Affects kidney, fetus, reproductive system and liver.
Mutagenic

Unsterile seawater: α form:
4.9 days, β form: 2.2 days [57]
50 days (soil) [56]

OP SH Controls aphids thrips, red
spider mites and leafhoppers

Carcinogen. Mutagenic. Neurological disorders, allergy,
immuno-depressant

b1 week (water) [56]
1–25 days (soil) [56]

OP MH Controls domestic pests Neurobehavioral disorders e.g., persistent headaches,
blurred vision, memory, concentration

35–78 days (water) [57]
60–120 days (soil) [56]

C MH Controls pests of fruits,
vegetables and cotton

Mutagenic. Affects kidney, nervous system.
Produces N-nitrocarbaryl, a carcinogen

10 days (water) [57]
7–28 days (soil) [57]

C HH Broad spectrum control
against insects and mites

Cholinesterase inhibitor affecting nervous system function 8.2 weeks (water) [57]
30–120 days (soil) [57]

TD – Controls weeds in maize,
sugarcane, citrus, coffee, tea

Cancer of testes 30 days (water) [56]
28–149 days (soil) [58]

Acronyms: OC— Organochlorine, OP— Organophosphorus, C— Carbamate, TD— Triazine derivative; HH— Highly hazardous, MH—Moderately hazardous, SH— Slightly hazardous
(Definitions based on WHO classification [54]).
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times. For example, the allowed limits for well-known contaminants
were revised periodically (e.g., lead), the definition of contaminant is
becoming specific (e.g., maximum concentration of organic residues vs.
pesticides) andnewer contaminants (e.g., RDX)are beingbroughtunder
regulation [68,74]. In this course of evolution, it is likely that the
contaminant concentrations will reach molecular limits; i.e. the level at
which they pose risks could become a few molecules/ions/atoms per
glass of drinking water consumed. This can be understood from the
examples of arsenic and lead (Fig. 4). The recommended maximum
value for arsenic in drinking water, as per the WHO International
standards, has been reduced from 200 ppb to 10 ppb, through a number
of revisionsduring the last 50 years.During the sameperiod, theallowed
concentration for lead in drinking water was reduced from 100 ppb to
10 ppb. The same is reflected in the case of revisions in drinking water
norms by other agencies such as USEPA (1976–2001: reduction in
allowed lindane concentration from 4 ppb to 0.2 ppb, reduction in
allowed arsenic concentration from 50 ppb to 10 ppb, reduction in
allowed lead concentration from 50 ppb to 15 ppb).

As a result, the technology to remove these contaminants must also
reach molecular limits. There must be highly efficient molecular
capturing agents which would grab them during single encounter
events. The other equally important requirements of such a solution are:



Fig. 4. Changes in maximum allowable concentration for lead and arsenic in drinking
water, based on WHO advisory.

Table 5
Permeability coefficients of natural and synthetic membranes to D-Glucose and D-
Mannitol at 25 °C [81].

Membrane preparation Permeability coefficient (cm s−1)

D-Glucose D-Mannitol

Synthetic lipid bilayer 2.4×10−10 4.4×10−11

Calculated non-mediated diffusion 4×10−9 3×10−9

Intact human ervthrocyte 2×10−4 5×10−9
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minimum electricity, economical feasibility and environmental friendli-
ness. Importantly, the chemistry should be effective even at parts per
billion concentrations. Inmost chemical processeswe see aroundus, the
concentrations involved are sufficiently large such that the encounters
between the reacting partners are numerous. On the contrary, at a
dilution of 109, the encounters also get reduced proportionately. Tra-
ditional approaches for the removal of such trace contaminants lead to
further ecological damage in terms of waste generated; e.g., adsorption
capacity of fluoride with conventional sorbents such as activated
alumina is usually in the range of b10 mg/g [75]. Thus, a minimum of
6.5 kg of activated alumina is required for the design of a domestic
purifier unit (with a capacity to purify 6500 l of water) catering to
complete removal of 10 ppm fluoride. All of these pose numerous
requirements, difficult to meet entirely.

Nature has beautifully incorporated a number of molecular
technologies in different living bodies [68]. Think of watermelons,
storing high quality water in a highly efficient fashion. Considering
the feed water, the quality of water saved in tender coconuts is
phenomenal. This occurs after a series of filtration and transporta-
tion events, inwhich everything unwanted is rejected. An example of
the mediated-transport is exhibited through the flow of glucose
across the erythrocyte membrane (Table 5). A similar example of
such molecular transport is flow of water through widely-studied
aquaporins, the water channels responsible for extremely fast flow
through epithelial and renal cells. At least 10 human aquaporins have
been identified; more than 200 members of the aquaporin family
have been found in plants, microbials, invertebrates and vertebrates
[76]. The water transport rate through a single aquaporin-1 channel,
the first discovered member of aquaporin family, is of the order of
109 water molecules per second [77]. Surprisingly, the activation
energy for the channel transport is nearly as low as the one
associated with self-diffusion in bulk water. Even though the
transport is enabled through the porous cavity in the aquaporin,
which has size range similar to the water molecule, it is quite
surprising that flow is extremely selective towards water and even
ion flow is not enabled. This has been explained based on the passage
of water through several consecutive gateways involving hydro-
phobic-hydrophilic interactions and electrostatic repulsion. The first
main interaction site of water with aquaporin happens in the region
containing Asparagine–Proline–Alanine (NPA) motifs. The presence
of hydrophobic regions near the NPA motifs forces stronger
interactions of water molecules. The second interaction site is
formed due to aromatic side chains of phenylalanine and histidine
along with positively charged arginine, which restrict the flow of
positive ions. The hydrophobic phenylalanine side chain orients the
water molecules such as to enforce strong hydrogen bonds to
arginine and histidine. The knowledge of aquaporins has been
utilized for water purification [13] and in conjunction with the
diverse properties of nanoparticles, a multifunctional system for
drinking water purification may be developed [383].

It is also important to realize that due to the extraordinary di-
versity in the living system, Nature has developed a variety ofmethods
for water purification; e.g., (a) In humans, more than 10 different
aquaporins with specialized functionality are expressed in tissues as
diverse as kidney, red blood cells, and brain [77]. (b) A number of
flowering plants belonging to genus Alyssum exhibit extremely high
heavy metal tolerance (3% of leaf dry mass) due to metal-chelation by
free histidine [78]. (c) A number of bacteria and fungi are known to
degrade toxic pesticides through oxidation, hydrolysis, reduction and
immobilization [79,80].

A few of the examples available in Nature have been utilized for
drinking water purification, a classic example being reverse osmosis
membranes. Currently, reverse osmosis based desalination accounts for
over 50% of the installed capacity. Various methods developed to control
the pore dimensions have led to significant improvements in the cost of
desalination [82,83]. The specific energy of desalination has been reduced
from over 10 kWh/m3 in 1980s to below 4 kWh/m3. However, the
processes are still not the most energy efficient [84]; e.g., the theoretical
minimum energy required for desalination with 50% recovery is
0.97 kWh/m3. While the currently pursued approaches for decreasing
fouling [85] and improvement in pore size distribution [86] will improve
theefficiency, an implementationofmolecular transportmechanismswill
help us in filtering water in the most energy efficient fashion. In addition
to membrane research, a variety of approaches for drinking water
purification are being pursued. It is thus far understood that due to the
differences in thewater quality across the world, there is no possibility of
one solution catering to all situations. In the design of efficient molecular
mechanisms for water purification, nanotechnology will continue to play
a key role. A prominent amongst those approaches is the chemistry of
noble metal nanoparticles, which is discussed in detail here.

It is vital to summarize a few of the advantages of nanomaterial
chemistry with respect to conventional technologies (Table 6).
Usually in cases of adsorption, surface sites of the adsorbent particles
are more frequently utilized (as bulk diffusion is kinetically hindered
in the absence of porous structure). The surface-to-volume ratio
increases drastically with the reduction of the size of the adsorbent
particle from bulk to nano dimensions. It leads to the availability of
higher numbers of atoms/molecules on the surface for adsorption of
contaminants. Accordingly the surface energy available with each
adsorbent particle also increases significantly. This provides many
advantages to drinking water purification:

- Effective contaminant removal even at low concentrations
- Less waste generation post-treatment as less quantity of nanoma-
terial will be required vis-à-vis its bulk form. This happens since
more adsorbent atoms/molecules are present per unit mass of the
adsorbent and thus are actively utilized for adsorption.

- Novel reactions can be accomplished at the nanoscale due to an
increase in the number of surface atoms (i.e. surface energy),
which is not possible with the analogous bulk material. An exam-
ple of one such process is the use of noble metal nanoparticles for



Table 6
Review of conventional technologies utilized for drinking water purification.

Reverse osmosis Grannular activated carbon UV-based filtration Electro-dialysis Distillation

Technology
description

- Flow of water across
semi-permeable membrane
on application of pressure

- Adsorption of contaminants
on porous surface

- Works on the generation of
free radicals from UV lamp

-Charge separation on
application of electric field

- Reduced pressure evaporation
of water followed by condensation

Pros - Removes TDS, heavy metals,
fluoride, pesticides,
micro-organisms

- Removes VOCs, pesticides,
excess chlorine, color, odor

- Broad-range micro-organism
removal

- High TDS removal efficiency
(-90%)

- Removes a broad range
of contaminants

- High throughput - High filtration capacity - Reusable
- Cost not proportional to TDS

Cons - Low recovery - Doesn't remove: Microbial
contamination, TDS, nitrates,
fluorides, hardness

- Effectively degrades only
micro-organisms

- Proportional increase in
cost with TDS

- High initial investment

- Brine disposal - High costs - Doesn't remove: pesticides,
micro-organisms

- Regular maintenance
- High maintenance (membrane
change in 3 years)

- Volatile organics are not removed

- Pretreatment
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the degradation of pesticides which can't be done by noble metals
in their bulk form.

5. Noble metal nanoparticle based chemistry

The discovery of noble metal nanoparticle based chemistry has a
fair amount of scientific history. The chemical synthesis of noble metal
nanoparticles started with the pioneering work of Faraday [10].
Subsequent work by Turkevich [87] to develop a simple protocol,
based on work by Hauser and Lynn [88], to synthesize colloidal gold,
initiated the research on methods for nanoparticle synthesis. In
addition to exploring the effect of temperature, reagent concentration
and dilution, Turkevich also conducted detailed studies on the mech-
anism behind the nucleation and growth of gold colloid. Owing to the
understanding developed by this work, it became the most-utilized
method for noble metal nanoparticle synthesis. Recent efforts by
different research groups to synthesize noble metal nanocrystals of
different shapes and studies of their shape-dependent chemical prop-
erties have furthered the development of novel properties of noble
metal nanomaterials [89].

The discovery of the novel chemistry of gold nanoparticles began
with the work of Bond, Ozin and Haruta on nanoparticle assisted low-
temperature oxidation of CO [90–92]. It was established that gold
supported on various metal oxides is a useful candidate for alkene
hydrogenation. A few interesting revelations arose from this research:

- Crystallite size plays a pivotal role in determining the extent of the
reaction. The catalyst as prepared by co-precipitation resulted in
much higher efficiency for CO oxidation vs. that achieved by the
use of impregnation and reduction methods (the former method
leads to the formation of 4 nm gold nanoparticle whereas the latter
lead to formation of particles with size N10 nm).

- The choice of metal oxide is equally important for high catalytic
activity; e.g., oxidation efficiency was much higher in the case of
Al2O3 as a support vs. other supports such as Fe2O3, Co3O4 and
NiO. Metal oxide helps in dispersing gold nanoparticles in small
sizes by promoting stronger interaction between gold precursor
and support.

An important contribution to explaining the reactivity of nanopar-
ticles came fromthepioneeringworkofHenglein [93]. The change in the
reactivity at the nanoscalewas explained by the size-quantization effect.
It was realized that the band structure in metals and semiconductors is
not anatomic ormolecular property but is attributed to thearrangement
of atoms in a specific order in the crystal lattice. The traditional concept
of valence and conduction band holds true only when there are
sufficient number of atoms present, so as to organize themselves in a
specific lattice arrangement. This can be understood from the fact that
while the bulk form of gold organizes itself in a face-centered cubic
arrangement, theAu32 cluster is an empty icosahedron [94]. The effect of
the number of atoms in a lattice on chemical properties can be
understood by changes in electrochemical properties. In the case of
silver, when the number of atoms in the lattice is sufficiently large, the
“bulk” potential of 0.799 V is reached. As the number of atoms is
reduced, there is a dramatic reduction in the potential. The electro-
chemical potential for a free silver atom ismeasured to be− 1.8 V. In the
intermittent size regime, the potential is between the two values, “bulk
potential and “atom” potential.

Another important contribution towards the theoretical under-
standing of metallic nanoparticles was provided by Gustav Mie [42,95].
He studied the interaction of metal nanoparticles with electromagnetic
radiation and explained the resultant scattering with the collective
resonance of the conduction electrons of the metal nanoparticles. The
relationship of Surface Plasmon Resonance (SPR), as it is famously
referred to, with the nature of the metal and its environment was
established using Maxwell's classical electromagnetic theory. The
subsequent research to investigate the dependence of SPR on non-
spherical metal nanostructures along with the variation of a variety of
factors – the dielectric constant of the surrounding medium, the
interaction between the surface stabilizer and the nanoparticle,
adsorption of molecules on nanoparticle surface – was studied using
the discrete dipole approximation [96]. It was also established that near
the sharp tips of anisotropic structures, the electromagnetic field was
enhanced by several orders of magnitude due to SPR and this
contributed to the development of new protocols for the detection of
species at ultra-low concentrations [97]. Theoretical studies conducted
on noble metal clusters further investigated the structure and effect of
various factors on the optical properties of clusters.

Several articles have been authored on the phenomenon of
absorption and scattering of electromagnetic radiation [98–104]. The
origin of brilliant color of noble metal nanoparticle solutions is
attributed to SPR, and it has a correlation with the origin of reactivity
at the nanoscale. A quick overview is highlighted here:

- The interaction of electron clouds in metal nanoparticles with
electromagnetic light comprises two processes: absorption and
scattering. The former dominates when the particle size is small,
whereas the later becomes predominant in case of larger particles.

- In the case of interaction of small particles with electromagnetic
radiation, the electron clouds displace to form a dipole charge
distribution. An increase in the size of the particle leads to non-
homogeneity and thus high-multipolar charge distribution.

- There are two forms of electronic transitions due to the interaction
with electromagnetic light. Interband transitions occur from the
occupied to the empty bulk bands. The energy required for this
transition usually falls in the UV region of the electromagnetic
spectrum. Intraband transitions occur due to an electronic tran-
sition at the Fermi level in incompletely filled bands, or when a
filled band overlaps in energy with an empty band. The energy
required for this transition usually falls in the visible-NIR region of
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the electromagnetic spectrum i.e. intraband transitions lead to the
formation of free electrons.

- At room temperature, the mean free path of the electron is usually
of the order of a few nanometers. Thus, for small particles, a free
electron can easily traverse from the bulk of the particle to the
surface. This leads to effective dispersion of the electron across the
surface of a nanoparticle.

With the above understanding, the chemical aspects of noble
metal nanoparticles will be reviewed in detail.

5.1. Synthesis protocols

The seminal work of Faraday and Turkevich on metal nanoparticle
synthesis and the mechanism behind the growth kinetics of
nanoparticles, stimulated research on various synthetic protocols. It
is appropriate to say that ongoing nano-research has largely been
enabled due to the large number of synthetic protocols. As a result of
this, many interesting size and shape dependent properties of nano-
materials have been discovered.

Excellent review articles and books are available describing a
multitude of synthetic protocols [89,105–122]. However, novel as well
as improved methods are continuously being developed and it would
be difficult to cover the entire spectrum of valuable activity in metal
nanoparticle synthesis. Thus, here only selected contributions in the
area of chemical synthesis of noble metal nanoparticles are discussed.

The usual method followed for metal nanoparticle synthesis is
reduction of metal salts (precursors). During the reduction process,
the growth kinetic parameters are controlled by a combination of low
precursor concentration (increasing the diffusion distance), nature of
solvent (higher solvent viscosity), slow acting reducing agent
(reduced electrochemical gradient) and appropriate protection of
the growth surface with a stabilizing agent (controlling surface
reactivity). This enables the hindered diffusion of growth species from
the solution to the nuclei and consequent formation of monodisperse
nanoparticles.

As stated earlier, when the size of the particle is reduced to the
nano level, the ratio of surface to bulk atoms increases thereby
increasing the energy of the system as a whole, leading to a decrease
in the system stability. Therefore, two nanoparticles have a natural
tendency to be attracted to each other through van der Waals forces,
Fig. 5. (a) Electrostatic stabilization and (b) s
leading to agglomeration and corresponding reduction in the surface
energy. The strength of the van der Waals forces for noble metals can
be judged from the fact that the Hamaker constants [123] of gold and
silver in water are 4.5×10–19 and 4×10– l9 J, respectively, an order of
magnitude higher than the values for polymeric lattices [124]. In this
respect, it is important to understand the theoretical aspects behind
the nanoparticle stability [112].

In addition to imparting stability to the nanoparticle system, the
species present on the surface also play a role in surface functionaliza-
tion. For example, in the case of dodecanethiol protected gold nano-
particle [125], the inherent nature of the stabilizing agent renders the
nanoparticle system soluble in an organic solvent. Similar approaches
for functionalization of noble metal nanoparticles have been devel-
oped using various other organic molecules (aliphatic and aromatic)
containing a wide variety of functional groups; e.g., cyano (–CN),
mercapto (–SH), carboxylic acid (–COOH) and amino (–NH2) are
known to have a high affinity for gold and thus are useful as surface
protective functional groups [126–132]. Excellent review articles
have appeared on the subject of surface functionalization of noble
metal nanoparticles and the corresponding use in a wide variety of
applications [133,134].

To enable the stabilization of a nanoparticle in a dispersantmedium,
sufficient repulsive forces have to be developed so as to counteract
the van der Waals interaction. Two methods are usually followed:
(i) develop surface charge on the nanoparticle surface (electrostatic
stabilization, Fig. 5(a)) and (ii) anchor long-chain hydrocarbons on the
nanoparticle surface (steric stabilization, Fig. 5(b)) [135]. The two
methods are discussed herewith.

The stability of a nanoparticle system due to electrostatic
stabilization can be evaluated by zeta potential measurements. Fig. 6
summarizes the relationship of the zeta potential with pH and its
influence on surface plasmons in silver and gold nanoparticles [136].
The relatively unstable nature of borohydride reduced silver nano-
particles vis-à-vis citrate reduced silver nanoparticles (measured
through shift in absorption maximum) can be explained by the high-
er value of zeta potential (Fig. 6(a,b)). Citrate-reduced silver nano-
particles are stable in a wider range of pH values, extending from 2 to
12 whereas borohydride reduced silver nanoparticles dissolve in
acidic pH and precipitate in alkaline pH. Citrate-reduced gold nano-
particles (Fig. 6c) have strongly negative zeta potential values and
thus they are highly stable under a wide pH range.
teric stabilization of metal nanoparticles.



Fig. 6. Variation of ζ potential (left) and surface plasmon (right) of (a) silver
borohydride, (b) silver citrate, and (c) gold citrate colloids, as a function of the pH of the
medium. Insets in the surface plasmon spectra present the behavior of the absorption
maximum as a function of pH [136].
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Electrostatic stabilization: The concept can be understood through
the example of citrate reduced gold nanoparticles. The adsorption of
citrate and chloride ions leads to the formation of a double layer
around gold nanoparticles with a coulombic interaction between
oppositely charged ions. Thus, the local concentration of cations
increases near anions resulting in the formation of a charge bearing
spherical environment around the nanoparticle. The interaction
between oppositely charged ions decreases the Gibbs free energy of
the nanoparticle. The corresponding change in the energy diagram of
the system is illustrated below (Fig. 5(a)). There are a multitude of
factors affecting the system stability: ambient temperature, dielectric
constant of the surrounding medium, ionic strength of the medium
and the nature of other ligands. The weak potential energy minimum
that exists at amoderate interparticle distances leads to stability of the
nanoparticle solution. An example of how an ionic cloud around the
Fig. 7. (a) UV–vis absorption spectra of the silver sol containing different concentrations of Cd
[140]. (b) Raman spectra of SCN− in the presence and absence of silver sol. [SCN−]=0.05 m
nanoparticle can be interrupted causing aggregation of nanoparticles,
is shown by the addition of uncharged species (e.g., pyridine) which
bind to the gold surface [112,137,138].

Addition of charged species to the nanoparticle system: The
adsorption of a multitude of anions and cations on the surface of
silver nanoparticles and the accompanying effects on optical proper-
ties have been investigated [137,139–141].

A number of nucleophiles have been investigated for their inter-
action with silver nanoparticles. The nature of interaction has been
studied using absorption spectroscopy, Surface-Enhanced Raman
Spectroscopy (SERS), and transmission electron microscopy. In the
case of UV–visible spectroscopy, it has been found that the shape of
the absorption band, position of the absorption maximum as well as
the absorption intensity are affected by the addition of the ionic
species to the silver particles (Fig. 7). SERS investigation has con-
firmed the presence of such species on the silver surface. Microscopic
images revealed the aggregation of silver nanoparticles upon the
addition of different ionic species. It is to be noted that only the ions
which complex directly with the silver particle can produce optical
effects in the silver sol, such as SERS and the red shift of the absorp-
tion band.

The strong adsorption of nucleophiles on silver surface is attri-
buted to the large surface area and the availability of a large number of
coordinatively unsaturated adatoms which can be saturated by ad-
sorbates. The halides show an adsorbability sequence of I−NBr−NCl−,
which is the same as their nucleophilicity sequence. It has been found
that adsorption process is spontaneous indicating the favorable nature
of the reaction. The adsorbed ion can saturate the residual valence
force of the silver adatom on the particle surface by coordinating with
the unoccupied orbitals. As a result, the surface energy of the silver
particle is decreased.

The explanation for the changes in the absorption behavior arises
from the fact that only the electrons in the surface layer of the particle
are sensitive to light excitation [141]. It is known that surface plasmon
resonance is determined by the density of the free electrons. The
frequency of the plasmon oscillation (ωp) is proportional to the square
root of the free electron density in the silver particle. The penetration
depth of light into metal is given by δ=√ε0c2/2σ0ω where ε0 is the
permittivity in vacuum, c is the speed of light, σ0 is the direct current
conductivity and ω is the frequency of light. Using a frequency
between UV and visible light of 1015 s−1 gives a penetration depth
of around 1 nm, i.e. a few atomic monolayers. This means that the
adsorption of nucleophiles on the silver surface will reduce the elec-
tron density due to electrostatic repulsion.

Steric stabilization: An important method for stabilizing a nano-
particle surface is the use of organic ligands to form a protective layer.
This is primarily accomplished by the use of polymers (e.g., vinyl
2+: (1) 0, (2) 1.5×10−6, (3) 3×10−6, (4) 5×10−6, and (5) 2×10−5 mol/l, respectively
ol l−1; [Ag]=1.0×10−4 mol/l [141].
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polymers like polyvinyl alcohol), surfactants (e.g., ionic surfactants
like cetyl trimethylammonium bromide) or ligands (e.g., mercapto-
succinic acid). Use of polymers as stabilizers began quite early – the
work published by Hans Helcher in 1718 described the use of boiled
starch for imparting stability to gold solution [6]. Other polymers used
as stabilizing agent are cellulose acetate, cellulose nitrate, and
cyclodextrin [142,143]. Owing to the explosion of research in synthetic
organic chemistry, a variety of synthetic polymers have been
prepared. Synthetic polymers stabilize nanoparticle surfaces against
aggregation through the presence of long-chain hydrocarbons in their
structure. Polymer molecules also bind weakly to the nanoparticle
surface through the heteroatom [144]. It is important to highlight that
the polymer should also get solvated by the dispersing fluid (i.e.
amphiphilic). Historically, the effectiveness of a polymer as a stabilizer
was measured through the gold number and protective value. Gold
number is defined as the mass of the stabilizing agent which is just
insufficient to prevent 10ml of a gold sol from changing to violet upon
the addition of 1 ml of a 10% aqueous NaCl solution [145]. Similarly,
the protective value is defined as the mass of the red sol that is
just protected against (visual) flocculation by 1% NaCl by 1 g of the
protective agent for 3 min [146]. The protective values of poly(N-
vinyl-2-pyrrolidone) (PVP), poly(vinyl alcohol), poly(acrylamide),
poly(acrylic acid) and poly(ethyleneimine) are 50.0, 5.0, 1.3, 0.07
and 0.04, respectively [147]. However, the difficulty in the use of these
parameters to classify the polymer's capability to act as a stabilizing
agent arises due to the inherent qualitative nature of the measure-
ment; it applies only to gold colloids and doesn't account for the effect
of other species in the solution. Recently efforts have been devoted
to understand the stabilizing effect of polymers from the kinetic
standpoint [144,148–154]. Briefly, the evaluation criteria for compar-
ing the stabilizing effect of polymers, as developed for the formation
and stabilization of iridium nanoclusters, are as follows: (i) the ratio
of autocatalytic surface growth to nucleation, (ii) the degree to which
near monodisperse nanoclusters are formed as verified by TEM,
(iii) the degree to which the nanoclusters can be isolated from
solution, bottled for future use, and fully re-dissolved on demand for
subsequent use, (iv) the relative catalytic hydrogenation activity of
the isolated nanoclusters once redissolved in solution with fresh
cyclohexene substrate, and (v) the total catalytic lifetime of the nano-
clusters generated in-situ for cyclohexene hydrogenation.

Recently, copolymers have received some attention [155–157] (a
copolymer is a polymer derived from two or more monomeric species
i.e., having two or more constitutional units). The self-assembly
behavior of amphiphilic block copolymer/nanoparticle mixture has
been studied. It is found that block copolymers self-assemble into
micelles with controllable sizes and morphologies. The hydrophilic
headgroup forms the corona, which provides the stabilization, while
the hydrophobic blocks produce the core which isolates the nano-
particles from the solvent. The properties of copolymer/nanoparticle
system can be varied by varying the co-monomer ratio. For example,
the use of vinylpyrrolidone-vinyl alcohol copolymers is reported for
the preparation of platinum and silver hydrosols [158].

One of the popular anionic surfactants used for nanoparticle
stabilization is sodium bis(2-ethylhexyl) sulfosuccinate (commonly
known as AOT). The organization of AOT is such that it consists of a
hydrophilic core, compartmentalized by the hydrophilic headgroup,
and a hydrophobic alkyl tail in contact with the non-polar solvent.
The size of the micelle core formed is described by the molar ratio of
water to surfactant molecules in solution (R=[H2O]/[AOT]). For AOT
reverse micelles, the size of the core in nanometers is approximately
1.8R [159].

5.1.1. Turkevich's method for citrate-reduced gold nanoparticles
Monodisperse gold nanoparticles are prepared by the addition of

tri-sodium citrate to a boiling solution of HAuCl4 [87]. On addition of
citrate ions, the color of the solution gradually changes to grayish-blue
and finally the color turns to wine-red. The effect of temperature,
precursor concentration and reducing agent concentration is varied to
investigate their effect on the shape and size of the nanoparticles.

While the precise role of the citrate ion as a reducing agent is not
fully elucidated, it is reported that oxidation of citric acid leads to the
formation of acetone dicarboxylic acid in the first step. The
independent action of separately prepared sodium acetone dicarbox-
ylate on boiling HAuCl4 solution is very similar to that obtained with
the addition of tri-sodium citrate. It has been reported that oxidation
products of acetone dicarboxylic acid are formic acid, formaldehyde
and CO2 [160].

Taking inputs from Turkevich's work, efforts have been devoted
to utilize the recipe for the synthesis of differently sized gold
nanoparticles. This was attempted by varying the tri-sodium citrate
to gold ratio [161]. Similarly, Turkevich's recipe for the synthesis of
gold nanoparticles has been utilized for the preparation of silver
nanoparticles. [162,163] It is found that it leads to the formation of
large size particles (60-200 nm) with high polydispersity. The
surface plasmon resonance band for citrate reduced silver nanopar-
ticles appears at 420 nm with broad features pointing to high
polydispersity. This being in contrast with the citrate reduced gold
nanoparticles and other methods used for the synthesis of silver
nanoparticles [164], suggests the difference in the mechanism of
formation of silver nanoparticles through the citrate reduction route
[165,166]. Experimental evidence suggests an additional role of
citrate ion in the synthesis of silver nanoparticles (complexation
agent), in addition to a reducing agent and stabilizing agent. In the
beginning of the reaction, citrate reduces a few silver ions to form
seeds of silver particles (Note: citrate ion is a mild reducing agent for
silver). During this process, one of the intermediates formed in the
reaction (Ag2+) strongly complexes with citrate [165]. This com-
plexation leads to decrease in the extent of reduction of silver ion to
the zerovalent state. Therefore, due to the presence of residual charge
on the seed, the growth of the seed is inhibited after an optimal size,
thus preventing further aggregation. This point onwards, growth
happens due to Ostwald ripening [166]. The Ag+ ions, released in the
solution, get reduced on larger crystallites and facilitate the further
increase in the size of silver nanoparticles. This leads to greater
reaction time as well as the large polydispersity observed in the
synthesis of citrate reduced silver nanoparticles.

This generalistic approach of aqueous phase reduction of metal
ion salts has been adapted for the synthesis of other noble metal
nanoparticles [167]. Other reducing agents can be used in place of
sodium citrate: ascorbic acid [168–170], sodium borohydride [171],
sodium formate [172,173], hydrogen [174], EDTA [175], hydrazine
hydrate [176], hydrazine dihydrochloride [177], poly(N-vinyl-2-
pyrrolidone) [178,119], methanol [119,179], ethanol [180], polyethy-
lene glycol [181], etc.

The corresponding electrochemical reactions for different reducing
agents are tabulated here:

Reduction reaction for a few noble metal ions:

Au
3þ þ 3e

−→Au E˚reduction ¼ 1:5V

Ag
þ þ e

−→Ag E˚reduction ¼ 0:8V

Pd
2þ þ 2e

−→Pd E˚reduction ¼ 0:83V

Pt
2þ þ 2e

−→Pt E˚reduction ¼ 1:2V:

Sodium borohydride as a reducing agent:

BH4
− þ 3H2O→BðOHÞ3 þ 7H

þ þ 8e
−

E˚oxidation ¼ −0:481V

BH4
− þ 8OH

−→BO2
− þ 6H2O þ 8e

−
E˚oxidation ¼ −1:24V:
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Hydrazine hydrate and hydrazinium ion as reducing agent:

N2H4 þ 4OH
−→N2ðgÞ þ 4H2O þ 4e

−
E˚oxidation ¼ −1:16V

N2H
þ
5 →N2 þ 5H

þ þ 4e
−

E˚oxidation ¼ −0:23V

Ascorbic acid as a reducing agent [182]:

Based on the above information, it may be interpreted that the
reduction of any noble metal with an E° more positive than − 0.481 V
should be possible at room temperature, given a sufficient excess of
reducing agent and proper control of pH. However, there are other
challenges, these include the formation of metal borides with boro-
hydride [183] and complexation of metal cations with hydrazine [184].
Similarly, formation of thiol protected gold clusters begins with the
polymerizationofAu(I)-SR complex (discussed in thenext section) [185].

5.1.2. Brust-Schiffrin method for organic soluble gold nanoparticles
The method developed by Brust et al. is usually followed for the

preparation of thiol protected gold nanoparticles which can easily be
re-dispersed in many organic solvents [125]. This method was de-
veloped based on two earlier works: (a) Faraday's approach of two-
phase synthesis of gold nanoparticles using an aqueous solution of
chloroauric acid and phosphorus dispersed in carbon disulfide [10],
and (b) the role of alkanethiol in protecting the gold surface through
monolayer coverage [186].

The important steps in the reaction are as follows:

- Transfer of AuC14−, present in the aqueous medium, to the organic
medium (e.g. toluene) using a phase-transfer reagent (e.g., tetrao-
ctylammonium bromide)

- Reduction of metal cations to zerovalent form through a reducing
agent in aqueous phase (e.g., sodium borohydride)

AuC1
−
4 ðaqÞ þ BrNðC8H17Þ4 þ C6H5Me→BrNðC8H17Þ4

þmAuC1
−
4 ðC6H5MeÞ

mAuC1
−
4 ðC6H5MeÞ þ nC12H25SHðC6H5MeÞ þ 3me

−→4mC1
−ðaqÞ

þðAumÞðC12H25SHÞnðC6H5MeÞ:

- Stabilization of growing metal nuclei by the use of a long-chain
thiol (e.g., dodecanethiol)

The characterization of gold nanoparticles prepared by Brust-
Schiffrin method leads to a few interesting revelations:

- The size of the particle is in the range of 1–3 nm.
- Gold is present in the zerovalent state and thus the gold–thiol bond
doesn't have the characteristics of gold sulfide.

- Elemental analysis along with IR confirms the presence of thiol on
the surface.

One of the difficulties faced with the synthesis of noble metal
nanoparticles by Turkevich's method, is the difficulty to recover
nanoparticles in the solid phase. The removal of the aqueous phase
usually leads to the agglomeration of the particles. However, in the
case of the Brust-Schiffrin method, the thiol-protected gold nanopar-
ticles can easily be precipitated by concentrating the organic solution
and adding ethanol to precipitate the gold nanoparticles. The
availability of the gold nanoparticles in the solid phase has helped
in the thorough characterization of the material. It has been studied
with techniques such as IR spectroscopy, TEM, XPS and elemental
analysis.

A number of advantages from this method has led to many studies
being conducted on thiol-protected gold nanoparticles. The particle
size has been controlled by varying the thiol to gold ratio, interruption
of the reaction at different steps and by the use of bulky ligands
[185,187–192]. Many different varieties of thiol ligands were
attempted for stabilizing the gold surface [187,188,193]. An important
development in the monolayer protected clusters (MPC), as thiol-
protected gold nanoparticles are called, was the functionalization of
the cluster surface with multiple ligands, offering newer possibilities
in the chemistry of MPCs [185,191,192]. The synthesis of organic
soluble silver nanoparticles was similarly based on detailed studies
of silver thiolates [194,195]. In a manner similar to that of gold
nanoparticles, thiol-protected silver nanoparticles have been synthe-
sized [196–198].

A few reactions have been attempted using monolayer-protected
clusters: oxidation in air in presence of halide ions and TOAB [199],
reactivity with amines [191], ozone [200], UV-irradiation in presence
of CCl4 [201]. An important area of research opened by the discovery of
MPCs was the formation of 2D and 3D superlattices [202–210]. It was
enabled by the research on control of particle size by a method called
digestive ripening (heating a colloidal suspension near the boiling
point in the presence of alkanethiols) [211,212]. Similar studies were
also conducted for silver superlattices [213–216].

The approach of organic phase synthesis of ligand-protected gold
nanoparticles led to the development of many approaches for the
preparation of monodisperse gold nanoparticles [217]. A few of these
approaches also helped in the synthesis of other noble metal nano-
particles [218]. One of these approaches is the preparation of noble
metal nanoparticle in aqueous phase and their consequent transfer to
an organic phase for thiol stabilization [197]. The transfer of gold
clusters from aqueous phase to organic phase was facilitated by the
addition of HCl, which helps in the cleaning of the surface of Au
particles and facilitates their transfer to the organic layer. This method
has also been adapted for the preparation of other transition metal
nanoparticles.

5.1.3. Dendrimer-assisted nanoparticle synthesis
Dendrimers represent a novel category of uniformly sized poly-

meric molecules, with a regular and highly branched three-dimen-
sional architecture. Dendrimers have been interesting substrates for
metal nanoparticle synthesis, primarily due to their uniform structure
and their ability to protect the nanoparticle surface from agglomera-
tion through the steric effect of the dendritic chain.

The synthesis, interesting properties and applications of dendri-
mers have been discussed in many review articles and books [219–
221] and are not discussed here.

The two most commonly used dendrimers are polyamidoamine
(PAMAM) dendrimers and poly(propylene imine) (PPI) dendrimers.
Typical chemical structures are represented in Fig. 8 and physical
characteristics are given in Table 7. PAMAM dendrimers consist of a
core, branch cells and a terminal group. The synthesis usually initiates
with ethylenediamine which undergoes Michael addition of methyl
acrylate to the amine group. This step is followed by amidation
reaction with excess ethylenediamine. The synthesis of PPI den-
drimers initiates with 1,4-diaminobutane which undergoes Michael
addition of acrylonitrile to the primary amino groups followed by
hydrogenation reaction. The diameter of PAMAM dendrimers in-
creases by roughly 1 nm per generationwhereas themolecular weight
and number of functional groups increase exponentially. PPI den-
drimers are considerably smaller than the equivalent PAMAM den-
drimers (e.g., G4 PPI: 2.8 nm, G4 PAMAM: 4.5 nmwhere Gn represents
the generation, refer to Table 7). Some of the interesting properties of
dendrimers reveal themselves through their structure. High



Fig. 8. (a) Cartoon representation of a three-dimensional dendrimer. A dendrimer and dendron are represented with solid lines. The colored, broken lines identify the various key
regions of the dendrimer. (b) G-2 PAMAM dendrimer (c) G-3 PPI dendrimer [222].

Table 7
Physical characteristics of PAMAM and PPI dendrimers [224].

Generation Surface
groups

Tertiary
amines

Molecular weight
(amu)a

Diameter
(nm)b

PAMAM PPIc PAMAM PPIc

1 4 2 517 317 1.5 0.9
2 8 6 1430 773 22 1.4
3 16 14 3256 1687 2.9 1.9
4 32 30 6909 3514 3.6 2.4
5 64 62 14,215 7168 4.5 2.8
6 128 126 28,826 14,476 54 –

7 256 254 58,048 29,093 6.7 –

8 512 510 116,493 58,326 8.1 –

9 1024 1022 233,383 116,792 9.7 –

10 2048 2046 467,162 235,494 114 –

4096 4094 934,720 469,359 13.5 –

aMolecular weight is based on defect-free, ideal structure of dendrimers. bFor PAMAM
dendrimers, the molecular dimensions were determined by size-exclusion
chromatography and the dimensions of PPI dendrimers were determined by Small
Angle Neutron Scattering (SANS); data for the high-generation PPI dendrimers are not
available. cWe have used the generation nomenclature typical for PAMAM dendrimers
throughout this chapter. In the scientific literature, the PPI family of dendrimers is
incremented by one.
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generation PAMAM dendrimers have a three-dimensional structure
with more closely spaced terminal groups (which accommodate
metal ions) and interior void spaces (which accommodate nanosized
matter). The PPI dendrimers similarly interact with incoming guest
molecules, with an exception of the absence of amide groups. PPI
dendrimers are stable at very high temperatures and thus can be
utilized for high-temperature catalysis (the onset of weight loss for
G4 PPI is 470 °C) [222]. The terminal functional group of dendrimers
can easily be used to engineer the interaction with molecules of
interest. That is, long aliphatic chains can be activated on dendrimer
surfaces so as to render the dendrimers lipophilic, without affecting
the binding properties of organic species with dendritic macromole-
cules. Similarly, the dielectric gradient between the core and the
surface (owing to the presence of different reacting species) can be
tuned for the encapsulation of the incoming guest molecule. In
addition, the target molecules can be engulfed in the cavity of the
dendrimer by providing appropriate molecular functionality within
the cavity [222,223].

Overview of dendrimer-cation chemistry:
The presence of multiple functional groups and the large 3-D

shapes make them useful for attracting ions and molecules. The
chemistry and the nature of the interactions are largely dependent on
the porosity of the dendrite, presence of functional groups and the
nature of incoming species. An example is widely studied Cu2+-
PAMAM system [222].

To increase the metal adsorption capacity and form metal
nanoparticles, it is imperative that metal ions be trapped in the
interior structure of the dendrimer (protection against agglomera-
tion). This is usually attempted by selective protonation or hydro-
xylation of surface amines (surface amine is more basic as it is primary
in nature) [225,226]. The Cu2+-PAMAM composite is formed by ho-
mogenizing the aqueous solution of Cu2+ salt andmethanolic solution
of hydroxyl-terminated PAMAM (G4–OH). In aqueous phase, Cu2+

exists primarily as a hydrated ion, [Cu(H2O)6]2+, which has a broad,
weak absorption band centered at 810 nm (d–d transition, Fig. 9(a)).
The interaction of Cu2+ with PAMAM leads to two changes in the
absorption spectrum: a band due to d-d transition gains more pro-
minence and shifts to 605 nm, a new band due to strong ligand-to-
metal interaction appears at 300 nm [227]. Further investigations of
the Cu2+–(G4–OH) composite revealed interesting information:

- The interaction between Cu2+ and G4–OH is quite strong (no
absorbance intensity change after dialysis with pure water)
- With increasing [Cu2+]/[G4–OH] ratio, the absorbance intensity
increases and then saturates. This indicates the saturation ad-
sorption of Cu2+. Titration results indicated that each G4–OH
dendrimer sorbs up to 16 Cu2+ ions at pHN7.5.

- There exists a linear relationship between the number of
complexed Cu2+ ions and generation of the dendrimer (Gn–OH)
since the number of tertiary amine group varies linearly with the
generation of the dendrimer.

- Innermost amine groups are likely to be utilized for binding of
amide groups or water molecules. Each metal ion coordinates with
two amine groups and the outermost 16 pairs of tertiary amine
groups are utilized in the case of G4–OH (Fig. 9(b)).

- The nature of the interaction between themetal ion and dendrimer
varies with the form in which the metal ion exists in the aqueous
phase. Cu2+ interacts with tertiary amine groups by complexation;
PtCl42− undergoes a slow ligand-exchange reaction involving
substitution of one chloride ion for one interior tertiary amine.

Overview of dendrimer-metal nanoparticle chemistry:
Dendrimer-metal nanoparticle composites can easily be prepared

by the reduction of Cu2+–(G4–OH) with excess sodium borohydride.



Fig. 9. (a) Absorption spectra of 0.6 mM CuSO4 in the presence (spectrum 3) and absence (spectrum 2) of 0.05 mM G4–OH. The absorption spectrum of 0.05 mM G4–OH vs. water is
also shown (spectrum 1) [224]. (b) Spectrophotometric titration plot: absorbance at the peak maximum of 605 nm as a function of the number of Cu2+ ions per G4–OH. The inset
shows the relationship between the number of Cu2+ ions complexed within Gn–OH and the number of tertiary amine groups within Gn–OH [224].
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The reduction leads to changes in the spectroscopic signatures, i.e., the
disappearance of the d–d transition band and the band due to ligand-
to-metal interaction together with the appearance of a monotonically
increasing intensity around 570 nm. The exponential shape in the
UV region of the absorption spectrum is characteristic of a band-
like electronic structure, suggesting the presence of zerovalent Cu
as clusters. This is confirmed by TEM images revealing the particle
size to be less than 1.8 nm. The intra-dendrimer Cu clusters (prepared
with G4–OH) are extremely stable despite their small size. Curve 3 in
Fig. 10(a) shows the appearance of a plasmon peak when Cu2+–(G4–
NH2) was reduced with NaBH4. This indicated the formation of larger
size Cu nanoparticles, which is likely to be on the exterior of the
dendrimer.

The syntheses of dendrimer protected nanoparticles of other no-
ble metals such as gold [228–230], palladium [226] and platinum
[226,231] have been reported. Effort has been made to synthesize
dendrimer protected silver nanodots exhibiting fluorescence [232]. It
is quite clear that dendrimer plays a critical role in stabilizing the
cluster/nanoparticle surface and thereby dramatically increasing the
stability of such species.

5.1.4. Biological synthesis of metal nanoparticles
The interaction of biological systems with metal ions is an old

subject. Detailed studies have been conducted on the interaction of
micro-organisms with toxic metal ions. The key interest is to ex-
plore the long-term toxicity effects of metal accumulation in micro-
organisms, bioleaching processes of ores, biological metal recovery
systems and bioremediation of metal contamination. During this
process, it was understood that there are multiple mechanisms by
which micro-organisms tackle metal ions: modification of the re-
Fig. 10. (a) Absorption spectra of a solution containing 0.6 mM CuSO4 and 0.05 mM G4–OH b
excess of NaBH4. Curve 3 was obtained under the same conditions as those for curve 2 exce
solutions of Au-colloids prepared using G4 and G2 dendrimers. The peaks arise from the surfa
(not shown) to facilitate comparison [224].
dox state of metal ions, extra-cellular complexation or precipitation,
outward flux of metal ions and the lack of specific metal transport
systems [233].

The evolution of the understanding on how living systems can be a
factory for nanomaterials production presents a compelling story.
Research beganwith the discovery of magnetic materials inside living
systems. This led many researchers to study the interaction of living
system with external magnetic fields, which was thus utilized to
effect an externally controlled alignment of the cellular system. This
interaction was attributed to the presence of magnetite (iron as Fe(II)
and Fe(III)) in intra-cellular spaces [234–236]. The presence of Fe(II)
was quite surprising. The subsequent research to understand the
presence of Fe(II) led to an important revelation: living systems are
capable of reducing ferric oxide through a metabolic cycle [237]. This
was indeed the first evidence of the living systems' capability to
reduce metal to the zerovalent form. It also gave the first indication
towards the presence of nano-sized magnetite in the cell structure.
This led to a sudden spurt in interest to explore the bio-reduction
capabilities of micro-organisms [238,239]. Studies were also con-
ducted on the formation of gold colloid by a soil bacterium, Bacillus
subtifis [239,240].

Interesting possibilities were opened by the study of a bacterial
strain, Pseudomonas stutzeri, with silver ions [241]. It was found that
bacterial cells synthesize silver nanoparticles with well-defined
compositions and shapes (Fig. 11). A new line of research based on
bio-synthesis of noble metal nanoparticles was established. This led to
a rapid increase in scientific interest to explore micro-organisms as a
bio-factory. Many microorganisms including living plants [242], plant
extracts [243], bacteria [241,244], fungi [245–247] and human cells
[248] have been studied for bio-synthesis of noble metal
efore (dashed line, curve 1) and after (solid line, curve 2) reductionwith a 5-fold molar
pt 0.05 mM G4–NH2 was used in place of G4–OH [224]. (b) UV–vis spectra of ethanolic
ce-plasmon absorption for Au. Spectra are normalized to an absorbance of ∼1 at 250 nm



Fig. 11. (a) Unstained thin-section electron micrograph of part of a Bacillus subtilis cell
(arrowhead) with intracellular gold colloids [239]. (b) Triangular, hexagonal, and
spheroidal Ag-containing nanoparticles accumulated at different cellular binding sites
(produced by P. stutzeri AG259) [241].
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nanoparticles. A few review articles have been written on the subject
[249–252] and readers are advised to refer to them for details.

A number of observations on the study of metal ions with different
micro-organisms throw light on the synthesis mechanism. Extra-
cellular as well as intracellular synthesis of metal nanoparticles has
been reported for different living systems. While the fungus Fusarium
oxysporum synthesize noble metal nanoparticles extracellularly [253],
the fungus Verticillium sp. does it intracellularly [245]. During the
process of bio-synthesis of nanoparticles, cells continued to remain
viable even in the absence of any growth medium, indicating the
involvement of metal ions in the cellular metabolic process [248]. The
presence of periplasmic silver binding protein has been studied. It is
suggested that the action of this protein protects the cytoplasm from
silver toxicity. The initially formed clusters aggregate to a larger size,
so as to reduce their effective surface energy. The larger aggregates are
neutralized by the silver binding proteins, inactivating the silver
particles for any participation in cellular toxicity [244]. It is also likely
that the aggregation may be induced by the presence of various salts
in the cellular system. The reduction of metals in anerobic environ-
ment is a result of direct enzymatic action by bacteria, for example, Fe
(III) reducing microorganism, strain GS15, grows under the anaerobic
conditions by enzymatically coupling the oxidation of acetate to
carbon dioxide with the reduction of Fe(III) to Fe(II) as per the
following reaction [238]:

CH3COO
− þ 8FeðIIIÞ þ 4H2O→8FeðIIÞ þ 2HCO3

− þ 9H
þ
:

The detailed understanding of the mechanism began with the
isolation of various proteins involved in the transport and reduction of
metal ions and their subsequent stabilization. It was found that a
number of peptides specifically bind to inorganic surfaces [254,255]. A
multiple repeat 14-amino acid sequence, [MHGKTQATSGTIQS]n, ex-
pressed on the outer surface of Escherichia coli, was found to interact
with gold substrates. In a separate study, a variety of repeating poly-
Fig.12. (a) TEM image of citrate-capped gold nanoparticles, (b) contact mode AFM image (2 μ
absorption spectra. Data from the author's laboratory.
peptides encoded in genes containing a specific amino acid sequence
were found to influence the crystal growthof goldnanoparticles [256]. A
subsequent study suggested that the 14-amino acid sequence, expressed
on the outer surface of E. coliwithin the phage λ-receptor protein lamB,
binds Au(III) ions in the form of a 1:1 complex [257]. The polypeptide
maintains its unfolded confirmation upon addition of Au (III).

Similar studies were conducted with other noble metals to explain
their uptake and reduction. It was reiterated that the overall charge of
the peptide plays a key role in the nanoparticle synthesis [258]:
peptides with isoelectric pH in acidic region are suited for nanopar-
ticle synthesis. Pure amino acids such as proline, lysine, arginine or
serine are incapable of forming silver nanoparticles. Enrichment of
proline residue and conservation of polar, hydrophobic, and hydroxyl-
containing small amino acids leads to increased formation of silver
crystals. The second aspect is highlighted in the gold-binding [259]
and platinum-binding polypeptide sequences [251]. The formation of
flat-plate like morphology was explained by peptide-induced crystal
growth on low-energy [111] surfaces.

5.1.5. Brief glimpse into the synthesis protocols for anisotropic structures
of metal nanoparticles

Two cornerstones of nanomaterials research have been the size and
shape dependence of chemical properties. As mentioned earlier, the
origin of novel properties inmetal nanoparticleswith variation in size of
the particle is attributed to an increase in surface to bulk atoms and
appearanceof surfaceplasmon resonance. Thedependence of properties
on the shape of the particles originates due to different reasons: The
surface energy, electronic structure and the stability of different facets
vary to a large extent. This is illustrated by optical properties of gold
nanostructures, as observed for a variety of anisotropic structures
(Fig. 12), for example, spherical particles absorb electromagnetic
spectrum in the visible region whereas nanotriangles also absorb in
thenear-infra red region [260]. On thecontrary, goldnanorods showtwo
plasmonic structures: longitudinal plasmon (owing to electronic
oscillations parallel to the longitudinal axis) and transverse plasmon
(owing to electronic oscillations parallel to the transverse axis). There
are changes in the SERS activity with shape, which is reviewed
elsewhere (Section 5.4.4). Shape-dependent variation in the catalytic
properties of noblemetal nanoparticles has been observed (Section 5.2).

It is important to know that many of the noble metals crystallize in
the face-centered-cubic structure when present in the bulk form.
Therefore, the process of anisotropic structure formation is ther-
modynamically hindered [261]. In this section, we highlight a few
important aspects of shape-specific synthesis of noble metal nanoma-
terials, using specific examples. Detailed review articles are available on
the subject of synthesis of anisotropic nanostructures [89,262–266].

Metal nanorods
Gold nanorods have gained immense scientific popularity, owing

to their multiple plasmon bands with synthesis-driven tenability
[267], an absorption feature in the NIR region [268,269], a dramatic
mX2 μm) of gold nanotriangles, (c) TEM image of gold nanorods and (d) corresponding
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increase in fluorescence quantum yield [270], large SERS activity and
self-assembly in the presence of externally added reagents [271,272].

In a typical process based on seed-mediated chemical synthesis,
4 nm spherical gold particles (“seed”) are obtained by the reduction of
HAuCl4 with NaBH4 in the presence of CTAB. Subsequently, CTAB,
HAuCl4 and AgNO3 solutions were added in that order, followed by
gentle mixing (color: bright brown-yellow). Thereafter, the addition
of ascorbic acid leads to a colorless solution. A seed solution is added
and the mixture is left undisturbed for 2 h. A weak reducing agent
such as ascorbic acid, by itself, can't reduce metal salt completely at
room temperature. However, the presence of seed particles helps in
initiating nucleation process on their surface to yield gold nanorods.

Role of seed particles: Seeds invariably play a critical role in the
synthesis of anisotropic structures. Due to the inherent instability of
small metal nanoparticles, structural changes are natural even at room
temperature. It is known that the surface potential energy goes
through various minima with each minima corresponding to a stable
configuration at those conditions. As the particles go to small sizes, the
energy gap between minima reduces drastically, and a transition can
even be induced at room temperature.

Role of surfactant: The role of surfactant in the nanorod synthesis is
based on two aspects: nature of surface charge of the seed particles
and nature of synthesized nanorod [262]. Negatively charged seeds
(e.g., citrate) produced nanorods with a wider range of aspect ratios
whereas positively charged seeds (e.g., CTAB) produced nanorods
with relatively high monodispersity. Surfactant also plays a key role in
determining the size of the seed particle which in turn affects the
aspect ratio of the nanorod.

Role of co-metal ion: Formation of nanorods relies on the coor-
dination chemistry between the surface of the seed particle and
additives such as surfactants, passivants, chelating agents, or polymers
which hinder the growth of certain crystal faces, promoting an overall
lengthening of the seed particle as the metal ions of a growth solution
are reduced at the exposed faces [273].

5.2. Origin of reactivity

In Section 1, we briefly touched upon the properties of noble
metals in the bulk state. Primarily the nobility of noble metals in bulk
Fig.13. (a) Schematic representation of band transitions and corresponding UV–visible-NIR s
an ideal electron gas in three, two and one dimensions (represented as D0d(E), D1d(E) and D
solid line – quantum well. (c) Quantum well: Electrons can occupy quasi-continuous energ
corresponds to discrete energy state of two dimensions. (d) Quantum plane: Electrons can oc
The density of states for a given discrete energy state (nz=1,2,3,4,…) does not depend on the
is explained using standard reduction potentials, molecular orbital
theory, density of states and relativistic contraction.

To understand the origin of reactivity at the nanoscale, it is
imperative to understand the following two aspects: (i) electronic
states and (ii) shape and size dependence of chemical properties.
Review articles have covered these aspects in greater detail [112,274].

Electronic states: The underlying building blocks of any material, be
it nanoparticle or bulk material, are atoms and molecules, each of
which have discrete energy levels or orbitals. The concept of atomic
orbitals has been used to present a simplified view of energy states in
an atom. Similarly, molecular orbital theory has been developed to
explain the molecular energy states. As the number of atoms keeps
increasing, the complex nature of interactions between multiple
atoms leads to the formation of a variety of energy bands (Fig. 13(a)).
Challenges in theoretical modeling due to the complex interactions in
multi-atom systems have been addressed by certain assumptions:
perfect translational symmetry of the crystal structure and neglect of
contributions from the crystal surface due to the assumption of
treating multi-atom system as an infinite solid [112]. The discrete
energy levels as observed in the atom pave way for the formation of
broad energy bands in the bulk material. Many of the properties at the
bulk scale arise owing to movement of electrons in such broad energy
bands; e.g., the electrons in metals are highly delocalized and thus the
energy gap between valence and conduction bands disappears which
leads to electrical conduction. Similarly, the electronic excitation from
valence band to conduction band, induced by electromagnetic ra-
diation, leads to the formation of electrons and holes which are
utilized for photo-catalytic applications.

Some of the assumptions mentioned above to explain the
organization of bulk material, point towards interesting possibilities:
what if perfect translational symmetry doesn't hold true (variation of
properties with asymmetrical organization i.e., shape-dependent
properties) and what if the assumption of an infinite solid doesn't
hold true (variation of properties with extent of lattice organization
i.e., size-dependent properties).

The nanodimension can be thought of as a transition point from
atomic scale properties to bulk properties. This is usually explained by
quantum-size effects, as the free-electron gas is confined in a sphere
[275–278]. The electron energy spectrum of small metal particles
pectra for (i) atoms, (ii) metals and (ii) clusters. (b) Schematic plot of density of states of
2d(E) respectively): light solid line – quantum dot, dashed line – quantum plane, dark
y states in one dimension and discrete states in the other two. Each of the hyperbolas
cupy quasi-continuous energy states in two dimensions and a discrete state in the third.
energy. (e) Quantum dot: Electrons can occupy only states with these discrete energies.
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exhibits discrete behavior (in contrast to a continuum energy spec-
trum at the bulk scale) owing to the presence of a limited number of
conduction electrons. This manifests itself in the form of property
changes at the nanoscale. Explanations based on Fermi energy de-
veloped in the free-electron gas model, offer a better understanding
[276]:

For electrons in a sphere, the Fermi energy is calculated as EF=(h/
2π)2(3π2n/2 m)2/3 where n represent the density of electrons.
Now, as one keeps reducing the size of the particle, the number of
conduction electrons continuously shrinks. By definition, EF is the
energy of the highest occupied quantum state at absolute zero and
is thus fixed. Since all the energy states up to EF are occupied, at
smaller particle size, the spacing between the degenerate energy level
increases.

The energy spacing δ is calculated as δ≈EF/N where N is the
number of conduction electrons. Here N is inversely proportional to
the particle size, V.

The effect of particle size on the energy spacing becomes
pronounced below a critical size when the energy band spacing
becomes greater than the thermal energy, kBT, and thus below the
temperature T, metals start exhibiting non-metallic properties. This
can be calculated for silver (n=6×1022 cm−3) as follows:

δ = h2
= 2Vm

� �
3π2n

� �−1=3

i:e: δ=kB=1:45 × 10−18
= V Note : δ= kB is a dimensionless quantityð Þ:

At T=1 K, for the energy band spacing to be greater than the
thermal energy, δ N=kBT, the particle diameter d b=14 nm. This
means that small metal particles will remain electrically neutral and
exhibit an energy gap, lacking sufficient energy to enable delocaliza-
tion of electrons (“non-metallic state”) [276]. This justifies the
presence of size-dependent transitions from metallic properties (i.e.
metal like behavior) to non-metallic properties (i.e. atom-like
behavior).

The concept of quantum confinement of electrons in a solid has
been studied in detail [279,280], resulting in explanations for
electronic structure in the case of confinement shrinking to nanoscale
[64]. To understand quantum confinement, it is important to note that
for metals, the wavelength of the Fermi electron is typically around
10 nm. Calculations based on quantum confinement revealed in-
teresting predictions [112]:

- Confinement in all three directions (Zero-dimensional electron gas):
All the dimensions of the particle are comparable to an electron
wavelength i.e. the delocalization of free electron in the particle is
confined. In a solid, the allowed wavenumbers for a wave pro-
pagation are separated by Δk=2π/dx,y,z where dx,y,z is the
Fig. 14. (a) Graphical representation of percentage of atoms found on various facets of a nan
(shown in the inset) [292]. (b) TEM image of gold nanoparticles deposited on silica using an
an amine-functionalized zeolite particle [299].
thickness of the solid. In case of small particles, energy levels
become discrete as Δk becomes finite. Thus, for the confined
electron gas, electrons can occupy only states with discrete ener-
gies (Fig. 13).

- Confinement in two directions (One-dimensional electron gas): The
delocalization of a free electron in the particle is restricted in two
dimensions due to the solid boundary. Electrons occupy quantized
states in two dimensions; whereas, there is a quasi-continuous
energy state in the other dimension. The density of states (number
of states per unit interval of wavevector k) is calculated as D1d(k)
=dN(E)/dE=[dN(k)/dk]dk/dE ∝ 1/√E.

- Confinement in one direction (Two-dimensional electron gas): The
delocalization of free electrons in the particle is infinitely extended
in two dimensions and is restricted along the third dimension. The
quasi-continuous energy state in two directions is calculated based
on periodic boundary conditions whereas movement in third
direction is quantized.

The density of states is D2d(k)=dN(E)/dE=[dN(k)/dk]dk/dE ∝
√ E[1/√E] ∝ 1.

Thus, for a quantum plane, while the energy spectra in two di-
mensions are quasi-continuous, the density of states is a step function.
The two-dimensional conductivity property of a quantum-plane
has significant technological impact in, for example, the electrical
conductivity of grapheme [281,282].

Shape and size dependence of chemical properties: While significant
changes at the scale of clusters are defined through the origin of
molecular behavior, considerable changes in chemical properties are
observed even due to size and shape variations at the nanoscale.

(a) Shape dependence: The unusual enhancement in chemical
reactivity due to the presence of high-energy index planes have been
extensively studied with bulk scale materials; examples include cata-
lytic decomposition of NO with Pt[4 1 0] [283], electro-reduction
of CO2 with Pt[2 1 0] [284] and hydrogenolysis of isobutene with Pt[10
8 7] [285]. Similar results have been obtained with platinum nano-
crystals containing high-energy facets [286].

Nanoparticles of different shapes have differences in the exposed
surfaces. This leads to differences in atomic distribution across the
nanoparticle surface, which in turn affects the electron transfer rate
kinetics between metal nanoparticles and corresponding adsorbed
species. Accordingly, nanoparticles have been reported to have higher
catalytic activity when they are present in the tetrahedral structure vs.
cubic vs. spherical structure [287]. This is attributed to enhancement
in chemical reactivity at the sharp edges and corners and can easily be
correlated with the number of atoms found at the respective places
(Fig. 14a). A 4.5 nm sized tetrahedral nanoparticle is composed
entirely of [1 1 1] facets, with sharp edges and corners, which contain
∼28% of the total atoms and ∼35% of the surface atoms in the
nanoparticle. A 7.1 nm sized cubic nanoparticle is composed entirely
oparticle, calculated using a theoretical modeling scheme for a cubo-octahedron model
incipient wet impregnation method [298]. (c) Direct assembly of gold nanoparticles on
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of [1 0 0] facets, with a smaller fraction of atoms on their edges and
corners, which contain ∼0.5% of total atoms and ∼4% of surface
atoms in the nanoparticle. A recent study demonstrated the varia-
tions in the reaction selectivity of different platinum surfaces on the
hydrogenation reaction of benzene [288]. Cubo-octahedrons bound by
both [1 1 1] and [1 0 0] facets, produces both cyclohexane and
cyclohexene, whereas cubic nanocrystals, bound by only [1 0 0] facets,
produces cyclohexane only. Recently, it has been suggested that
introduction of a second metal to an existing metal nanoparticle
creates surface defects. This may help in introducing a new dimension
to catalytic activity of bimetallic nanoparticles [289].

It is also to be understood that due to high surface energies of most
high-index planes, crystals usually grow perpendicular to such planes.
Novel nanoparticle synthesis mechanisms have however, solved this
problem. This has contributed significantly to the improvement in
high efficiency catalysis [286]. However, high-index planes may get
destroyed during the course of catalysis reaction, affecting the catalyst
performance and reusability [290]. This issue can be addressed by the
use of an appropriate capping agent for surface protection, in which
the capping agent leads to minimal loss in catalytic activity [291].

(b) Size dependence: Size dependence of chemical reactivity arises
due to the presence of a large number of atoms at the surface of
smaller particles. Surface atoms differ from atoms in the bulk of the
crystal in that they have an incomplete set of nearest neighbors. The
dominant effect of size variation is seen at the lower size domains
where variations in the exposed facets composition of a nanoparticle
are manifested up to a size range of 10 nm (Fig. 14a). This is clearly
evident through changes in the physical properties of the material
(2 nm gold particles melt at about 300 K whereas the bulk melting
point is 1337 K [44]) as well as in its chemical reactivity (e.g., oxi-
dation of CO on gold nanoparticle surface happens only for nano-
particle size below 4 nm) [90–92]. Thus, a small metal nanocrystal
of 1 nm diameter will have ∼100% of its atoms on the surface. A
nanocrystal of 10 nm diameter on the other hand, would have only
15% of its atoms on the surface.

A useful example of size-dependent catalysis has been demon-
strated through gold nanoparticle-catalyzed reduction of nitrophenol
to aminophenol [293]. It has been found that the reduction reaction
proceeds faster with smaller sized gold nanoparticles. This has been
explained through a decrease in the activation energy of the reaction
with the particle size, attributed to higher reactivity of the
coordinatively unsaturated surface atoms in small particles compared
to low-index surface atoms prevalent in larger particles. It has also
been found that the catalytic activity of growing nanoparticles is
larger than for fully-grown nanoparticle [294].

5.3. Heterogeneous catalysis — methods for nanoparticle deposition on
supports

Contaminants such aspesticides are removed throughhomogeneous
or heterogeneous chemistry. In the homogeneous process, the mole-
cules of relevance are degraded by the nanoparticles dispersed in the
solution phase. This methodology is attractive because it utilizes all the
available surface areaofferedbynanoparticles. However, amajor issueof
concern is the possible presence of nanoparticles contaminating the
purified water. This is important as the dispersed nanoparticles cannot
be easily separated. Heterogeneous chemistry utilizes supported
nanoparticles. Here, highly dispersed nanoparticles on supports such
as oxides, polymers, fibers, etc. are used and water is passed through
such media. The binding between the particle and the support must be
strong enough to avoid leaching of the particles intowater. Additionally,
with decrease in size, metal particles gradually become unstable
without protecting agents, due to increasing surface energy [68]. Conse-
quently, immobilization of metal nanoparticles on a suitable high-
surface-area solid helps in avoiding agglomeration, even though it leads
to changes in the properties and behavior of the isolated particles [295].
It is also important to highlight that chemical reactivity of nano-
particles (especially in the lower size regime) can be significantly
altered by the nature of the support. A remarkable example is the
catalytic oxidation of CO with supported gold nanoparticles [296]. It
has been shown that gold nanoparticles around 3 nm in diameter on
supports such as TiO2, Fe2O3 and Co2O3 are very active for CO oxi-
dation, while particles on more conventional supports like SiO2 and
Al2O3 are practically inactive.

As mentioned, there are numerous methods to attach nanoparti-
cles on supports. Some of these strategies are discussed below.

Impregnation: This is one of the earliest methods used for particle
immobilization on supports. In a generalist representation of the
method, an aqueous solution of the metal precursors (e.g., HAuCl4,
AgNO3, H2PtCl4, etc.) is added to the cleaned supports (porous ma-
terials— (a)metal oxides such as Al2O3, SiO2, MgO, TiO2, MnO2, binary,
ternary and quarternary oxides, etc. (b) organic supports: activated
carbon [297], dendrimers, etc.). The choice of metal oxides is quite
important because they also play a critical role in water purification
e.g. ternary and quarternary metal oxides containing manganese act
as a good choice for heavy metal removal. Therefore, synergistic
effects could be driven by the use of noble metal nanoparticles loaded
on suitable substrates. The choice of activated carbon as a support is
quite important because it has large surface area on which nano-
particles can be loaded efficiently and it also plays important role in
water purification. An example is the loading of silver nanoparticles
on activated carbon, where both components work synergistically to
remove a variety of pesticides from drinking water [297]. Surface
cleaning helps in the removal of trapped air and surface impurities.
Subsequently, the solution is subjected to a reducing medium (such as
NaBH4, H2, sodium citrate or thermal decomposition). Later, the sol-
ution is subjected to high temperature heating for surface activation.
This method suffers from an inherent disadvantage as it results in the
formation of large, and thus catalytically inactive, particles. This is
attributed to the presence of inorganic anions in the solid leading to
sintering during thermal activation [298]. One of the major advan-
tages of this method is that it leads to high surface loading of na-
noparticles (Fig. 14(b) illustrates the high loading density of gold
nanoparticles on silica surface).

In another procedure, nanoparticles can be supported on the
support through direct impregnation. In a generalist representation of
the method, noble metal nanoparticles prepared separately can be
impregnated with metal oxide supports such as Al2O3 or organic
supports such as activated carbon [324–326,297].

Ion-exchange: In this method, the cations present on the surface
orporous structure of the support are replacedbymetal cations followed
by calcination at high temperature and reduction. This procedure leads
to the formation of extremely small metal particles. However, it suffers
from the disadvantage of low cation exchange efficiency leading to a
limited number of cationic sites for nanoparticle formation.

The method is illustrated through a representative example. In a
typical procedure to synthesize Na–Y zeolite, aluminum powder and
sodium chloride were dissolved in an appropriate amount of tetra-
methyl ammonium hydroxide (TMAOH) solution, followed by the
addition of tetraethyl orthosilicate. The resulting solution was left for
ageing which results in a gel that was heated at 100 °C for a few days.
The solid obtained after heating is centrifuged and washed with
distilled water (composition: SiO2–Al2O3–(TMA)2O–Na2O–H2O). To
load themetal nanoparticles on the zeolite support, the functionalized
zeolite was dispersed in the metal nanoparticle solution and it was
centrifuged and washed (Fig. 14c) [299].

Co-precipitation: The salts of first-row metals of the transition
series in Groups 4–12, and a few other metals such as aluminum
and magnesium, form hydroxides or hydrated oxides in basic
medium. Co-precipitation of two hydroxides has often been used to
prepare supported base metal catalysts, usually with alumina acting
as the support.
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The method is illustrated through a representative example: An
aqueous solution of metal salt is mixed with the nitrate form of the
support and a mild basic solution of ammonium carbonate is added
for pH control. The resultant co-precipitate is dried under vacuum,
followed by calcination at high temperature.

Deposition–Precipitation: In this method, the precursor for the
active species is brought out of solution in the presence of a sus-
pension of the support (e.g., by raising the pH in order to precipitate
the salt as a hydroxide). The surface of the support acts as a nucleating
agent, and the method, if properly performed, leads to the greater part
of the active precursor being attached to the support. The secret lies
in preventing the precipitation away from the support surface by
avoiding local high concentrations of hydroxide. The chemistry as it
applies to the active component therefore closely resembles the one
followed in co-precipitation. Deposition–precipitation has the advan-
tage over co-precipitation in that the entire active component remains
on the surface of the support and none is buried within it. In addition,
a narrower particle size distribution is achieved.

The method is illustrated through a representative example. The
nitrate salt of the metal concerned is mixed with oxide based
supports. The pH of the solution is adjusted using mild basic reagents.
The resulting product is centrifuged and washed to remove excess
anions present in the solution, followed by calcination at high tem-
perature. A mixture of metal precursor salts may be used for the
preparation of multi-metallic nanoparticles.

Vapor-Phase Deposition and Grafting: In this method, a gaseous
stream of volatile metal compound is flowed through a porous
support, assisted by an inert gas. The chemical interaction between
metal salt with the porous support leads to the formation of a
precursor. The method is illustrated through a representative example
[300]. Carbon spheres, which are used for deposition of metal nano-
particles, are produced through an iron salt catalyzed high tempera-
ture reaction between methane and hydrogen gas. The as-produced
material waswashedwith acetone so as to remove heavy hydrocarbon
contamination. The nitric acid based oxidative treatment is used for
increasing the concentration of grafting sites on the surface, decreas-
ing the surface area and increasing the micro-porous volume without
affecting the structure. The resulting carbon support is then mixed
with organometallic compounds of desired metal nanoparticle and
passed through a fluidized bed CVD reactor using an inert carrier gas.

5.4. Drinking water purification: novel reactions at the nanoscale

The major focus of this section is to review the use of noble metal
nanoparticles for the removal and detection of severely toxic con-
taminants such as pesticides, halogenated organics, heavy metals, and
micro-organisms, found in drinking water.

5.4.1. Chemistry of organic compounds with noble metal nanoparticles
The chemistry of noble metals in the bulk form for catalytic

synthesis of organic compounds was explored during the early 20th
century. While in many cases, salts of noble metals were used as
catalysts, the most promising highlight of the research from that
period was that finely divided noble metals including gold and silver
have the capacity to absorb reasonable quantities of hydrogen and
oxygen on the surface [301]. This was reportedly playing a critical role
in the hydrogenation or oxidation reactions of organic compounds
[301]. Thereafter, noble metals have played a critical role in com-
mercial scale organic compound synthesis [302–304]. Recently, the
chemistry of noble metal nanoparticles has been utilized to effect
several organic reactions. Several review articles are available on the
subject [133,264,305–308].

Here, we discuss noble metal nanoparticle-based chemistry for the
detection and removal of two sets of organic compounds – pesticides
and halogenated organics – from drinking water.

Removal of pesticides with noble metal nanoparticles
The earliest study of interaction between halogenated organics
and transition metals began with the discovery of zero-valent iron
catalyzed degradation of halogenated aliphatics [309–311]. It was
reported that carbon tetrachloride induces corrosion in the metals, in
a way similar to air and water [309–311]. The concepts of corrosion
held true: metal surface is oxidized to metal chloride, the degree of
corrosion differs with metals as protective layers are formed on some
metal surfaces and reactivity is dependent on the reduction potential
[309–311]. The reaction product was found to be metal chloride and
partially dehalogenated organic compound. This was subsequently
followed by the study of other organics with ironmetal [113] and then
iron nanoparticles for enhanced degradation of pesticides became
popular. Several review articles are available on the subject [312–316].
From the elucidation of the reaction mechanism, it became increas-
ingly clear that zerovalent iron (ZVI) acts as a good reducing agent.

The use of ZVI for commercial scale pesticide removal is detri-
mentally impacted by the following challenges: Reaction by-products
and corrosion of catalyst.

In a similar approach, the use of other reactive metals such as
magnesium, tin and zinc was attempted to study the degradation of
halocarbons [317]. It is to be remembered that in the case of extremely
reactive metals, two competing processes happen: metals will cata-
lyze the dehalogenation of organic compounds and metal being ther-
modynamically unstable inwater, will react to form the corresponding
metal hydroxide. It was found that in case of magnesium — second
process dominates; in case of tin, CO2 is the dominant product; in case
of zinc, CH4 is the dominant product. Additionally in all the cases, the
mineralization of CCl4 was not complete.

Interestingly, in all the previously studied metal-halocarbon sys-
tems over the past 20 years and in early 20th century, noble metals
were never thought to be attacked by halocarbons. One of the prime
reasons was the extremely low reactivity of noble metals. In early
1998, based on the absorption studies of silver colloid with oxygen
and carbon tetrachloride, it was postulated that carbon tetrachloride
induces oxidation of silver colloid in a manner similar to oxygen [318].
Another study pointed towards degradation of noble metal clusters
through chlorine radicals, produced by UV-irradiation of halogenated
organics [200]. It was also suggested that many of the organosulfur
compounds adsorb on noble metal nanoparticle surfaces [319]. An
interesting result from the latter study is the irreversible adsorption of
carbon disulfide. It was suggested that carbon disulfide undergoes
dissociation on the silver surface.

In early 2003, the first detailed report appeared on the interaction
of noblemetal nanoparticles with halocarbons [320]. It was found that
noble metals at nanodimensions, react with halocarbons in a manner
similar to other metals (i.e. reductive dehalogenation) leading to the
formation of metal halide. However, an interesting result was the
formation of amorphous carbon in this process [320], i.e. no reaction
by-products are formed post-reaction. The reaction was later ex-
tended to several halocarbons and was found to be completely ef-
ficient at room temperature [320]. As the noble metals in bulk form
are not attacked by halocarbons, the reaction of noble metal nano-
particles with halocarbons became a classic example of particle size-
based reactivity of metals [320].

The reaction was studied with a number of spectroscopic tech-
niques to understand the reaction mechanism [320]. A gradual
decrease in the plasmon intensity of the absorption spectrum was
observed, without any shift in the plasmon peak (Fig. 15a). The XRD
features of the precipitate obtained after the end of the reaction
matched exactly with AgCl confirming the oxidation of metal to metal
halide. There were no features for carbon in XRD, indicating that it is
amorphous in nature (Fig. 15b). Broad G and D-band signatures of the
amorphous carbon centered at 1550 and 1288 cm−1 appeared in the
Raman spectra which confirmed the presence of amorphous carbon
(Fig. 15c). Gas chromatography and IR spectroscopy measurements
also confirmed the complete mineralization of halocarbon, as no



Fig. 15. (a) Variation of the UV–visible absorption spectrum of silver nanoparticles upon the addition of CCl4: the feature labeled a represents the plasmonic feature of pure silver
nanoparticle whereas b-p are at collected at various time intervals after the addition of CCl4. The inset shows the nanoparticle solution and the reaction product 12 h after adding CCl4
[320]. (b) A comparison of the powder diffractograms of a: reaction product of silver nanoparticles with CCl4 and b: AgCl prepared by adding Ag+ to a dilute solution of Cl– [320].
(c) Raman spectrum of amorphous carbon obtained in the reaction between Ag clusters and CCl4 (G band: 1550 cm–1, D band: 1288 cm–1) [320].
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reaction products were detected. The mineralization is also suggested
by the increase in the solution conductivity (before reaction: 3.3×
103 μS/cm, after reaction: 3.5×104 μS/cm) and decrease in pH of the
solution (before reaction: 9.7, after reaction: 1.2) [321]. The change in
conductivity is due to release of Cl− ions from halogenated organics,
while the change in pH is due to release of H+ during the conversion
of 2-propanol, used in the medium, to acetone.

Based on the spectroscopic observations, a reaction mechanism
was suggested [320]. The reductive dehalogenation of carbon tetra-
chloride can be represented as:

Ag þ CCl4→AgClþ C ΔH ¼ 1:2kJmol
−1

The reaction is nearly thermoneutral with bulk noble metal at
room temperature. The reaction can also be considered from an
electrochemical standpoint:

Ag→Ag
þ þ e

− ΔEoxidation ¼ −0:80V

CCl4 þ H
þ þ 2e

−→CHCl3 þ Cl
− ΔEreduction ¼ þ0:67V

CHCl3 þ H
þ þ 2e

−→CH2Cl2 þ Cl
− ΔEreduction ¼ þ0:56V:

The reason the reaction proceeds at nanodimensions, can be attri-
buted to the excess surface energy as reviewed in an earlier section.
This helps in overcoming the thermochemical barrier and makes the
reductive dehalogenation reaction exothermic [320].
Fig. 16. (a) UV–visible absorption spectrum of: a- citrate stabilized gold nanoparticles and b-
shown in the inset [322]. (b) Absorption spectra showing the complete removal of chlo
nanomaterial. Trace a is the spectrum of the parent pesticide solution, b–e after passing thro
the infrared spectra of (a) pure endosulfan, residue after reaction with (b) gold and (c) silv
The research was extended to another important family of halo-
genated organics. The reaction of noble metal nanoparticles was
studied with widely used pesticides such as endosulfan [322],
malathion [323–325] and chlorpyrifos [323–325]. The interaction of
pesticides with gold and silver nanoparticles showed different spec-
troscopic behavior [322]. With endosulfan on gold, a decrease in
plasmonic absorption intensity was observed with the emergence of
an additional peak at higher wavelength (Fig. 16a) [322]. This is
attributed to adsorbate binding on the nanoparticle surface which
leads to particle aggregation. This was also observed in the IR sig-
nature of the residue obtained after the reaction, where all the fea-
tures had broadened substantially (Fig. 16C(a,b)). Significant changes
in the feature at 1192 cm−1 (SjO bond) and negligible changes in the
feature at 750 cm−1 indicate that the interaction largely occurs
through the sulfur. In contrast, the plasmon absorption didn't change
significantly in the case of endosulfan on silver surfaces. The
adsorption of endosulfan on silver surface was confirmed by the IR
spectrum of the residue obtained after the reaction (Fig. 16c(a,c)).

An important aspect of the reaction chemistry was highlighted by
heterogeneous adsorption of pesticides on nanoparticle surfaces
[323,325,326]. The noble metal nanoparticles supported on alumina
were very effective for the removal of pesticides from solution (Figs. 16b,
17(a,b)). The gas chromatographic signature confirmed the complete
removal of pesticide in the aqueous phase, using alumina supported
noblemetal nanoparticles, when the input concentration is 50 ppb [323].

Realizing the fact that a number of pesticides found in drinking
water are organochlorine (e.g. simazine, lindane, atrazine, etc.) or
the effect of exposure of endosulfan at 2 ppm. Corresponding image of the solution are
rpyrifos when contaminated water was passed through a column of the supported
ugh the nanoparticle-loaded column, in repeated experiments [323]. (c) Comparison of
er [322].



Fig. 17. (a) (Left) Gas chromatogram of 1 l of a 50 ppb chlorpyrifos solution extracted with 150 ml of hexane thrice, evaporated to nearly 2 ml in a rotavapor and made up to 10 ml
using hexane. The peak at 2.933 is that of chlorpyrifos (labeled CP) and at 2.14 is that of the solvent. (Right) Chromatogram of the chlorpyrifos solution (same concentration as above)
after passing through the activated alumina column loaded with silver nanoparticles, extracted with hexane and made up to 10 ml as above, showing the complete disappearance of
chlorpyrifos[323]. (b) Silver nanoparticles coated on activated alumina and (c) photograph of a pesticide filter device using supported nanoparticles [321].
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organosulfur pesticides (e.g., triazophos, quinalphos, etc.) or contain
nitrogen based functional groups (e.g. carbaryl, carbofuran, mono-
chrotofos, etc.), the chemistry of supported noble metal nanoparticles
can comfortably be utilized for the complete removal of such
pesticides from drinking water. This aspect of complete removal of a
wide-variety of pesticides makes the chemistry of supported noble
metal nanoparticles unique for drinking water purification.

A separate off-shoot of this work resulted in the formation of a
novel class of nanomaterials: halocarbon-induced corrosion of metal
cores in core–shell nanoparticles (oxide shell of ZrO2 and SiO2) which
led to the formation of nanobubbles and nanoshells [327,328], having
implications in the development of methods for probing the porosity
of nanoshells and for studying drug-delivery mechanisms [329–331].

5.4.2. Detection of pesticides in drinking water with noble metal
nanoparticles

As important as it is to develop novel materials for removal of toxic
pesticides from drinking water, it is also imperative to realize that
such compounds have become extremely important analytes for ul-
tralow concentration sensing. The large-scale use of different
pesticides across the world has contaminated a number of water
sources, and thus it is a necessity that rapid, sensitive and selective
detection protocols be developed for such molecules [332,333]. Over
the past 25 years, many methods have been developed for ultra-low
concentration detection of pesticides [334,335]. A number of widely-
practiced methods such as chromatography, mass spectromety, and
biosensors, offer high sensitivity and selectivity. However, the aspect
of rapid measurement is now being improved by use of nanomaterial
chemistry [336]. An important work on the utilization of nanomater-
ials for biomolecular detection was the use of oligonucleotide-
modified gold nanoparticles for colorimetric low-concentration de-
tection of polynucleotide [337]. It is important to realize that while
in the case of contaminant removal, a higher surface area of the
adsorbent is a pre-requisite whereas in the case of contaminant
detection, change in the surface with adsorbate interaction and a
consequent manifestation in reliable spectroscopic signatures is a
necessity. The selectivity of molecular detection is an important
dimension to contaminant detection which can be ensured through
the use of appropriate nanomaterials and the choice of an appropriate
ligand immobilization on the surface of nanoparticles; e.g., selective
detection of cysteine and glutathione at micromolar concentrations
using gold nanorods [337].

Overall, there are two approaches followed for ultralow concen-
tration detection of pesticides using gold nanoparticles.

(a) Changes in the signature properties of a functional group attached
to noble metal nanoparticle surface in the presence of organic molecules:
Mostly this approach has not so far been utilized for the detection of
pesticides in drinking water. However, the nature of molecules
detected by this technique is similar and thus it can be developed
for the detection of pesticides as well. The fluorescence intensity of
Eu3+ ions is significantly enhanced when bound to gold nanoparticles
[338,339]. The fluorescence can be quenched by the addition of
organophosphorus molecules which bind to the gold nanoparticles
and consequently lead to the release of Eu3+ ions. In another study,
gold nanoparticles supported on silica gel are modified with zirco-
nium (Zr4+) and POCl3 so as to have a zirconium-phosphate ter-
minated surface [340,341]. This surface exhibits strong interaction
with organophosphorus compounds and the interaction is manifested
through changes in the optical properties of gold nanoparticles. In
another approach, gold nanoparticle surfaces have been modified
with antibody specific to paraoxon [342] and subsequent exposure to
paraoxon is reflected through changes in electrochemical properties.
The method has been found to be sensitive at low ppb level. In yet
another approach, the ability of a metalloenzyme, organophosphorus
hydrolase (OPH), to hydrolyze a large variety of organophosphate
pesticides and neurotoxins can be utilized for ultralow concentration
detection [343]. Gold nanoparticle surfaces can be modified with the
OPH enzyme and fluorophore molecules are positioned at the OPH
active sites. The addition of organophosphorus compounds, leading to
the release of fluorophore molecule, is measured through the changes
in the fluorescence intensity.

Gold nanoparticles are grown through the reducing properties of
the product obtained by enzyme-mediated hydrolysis of acetylthio-
choline [344]. The enzyme, acetylcholine esterase (AChE), is extre-
mely sensitive to the presence of toxic organic molecules and its
catalytic activity gets strongly inhibited. The inhibition of enzyme
leads to the blocking of growth of gold nanoparticles as the production
of reducing agent is inhibited. The loss of growth is manifested even
with nanomolar concentration of toxic organic molecules and is re-
flected in the optical properties of gold nanoparticles. The AChE
(bound on gold nanoparticle surfaces)mediated hydrolysis reaction of
acetylthiocholine has also been utilized as pesticide sensor through
measurement of electrochemical current, which depends on the
extent of formation of thiocholine in the presence of pesticides [345].
A recent review article summarizes the role of gold nanoparticles in
immobilization of biomolecules and its use in electrochemical sensing
of biomolecules [346]. Thus, it can possibly be utilized for pesticide
detection. The enzyme is also known to catalyze the conversion of
acetylcholine chloride in the following way [347]:

Acetylcholine + H2O→
AChE Acetic Acid + Chloine:

In presence of organophosphorus pesticide molecule, the activity
of AChE to hydrolyze ACh is inhibited. This inhibition is manifested in
the form of the attenuation of light when AChE is covalently bound on



Fig. 18. (a) Colorimetric detection of chlorpyrifos using the gold nanoparticle-Na2SO4 system. a: as-prepared gold nanoparticles, b: gold nanoparticles-Na2SO4 mixture and c to f: are
50 ppb, 100 ppb, 500 ppb and 1 ppm chlorpyrifos in gold nanoparticle-Na2SO4 mixture, respectively [351]. (b) TEM images of a: as prepared gold nanoparticles, b: gold nanoparticles
after the addition of Na2SO4 and c: gold nanoparticles after the addition of Na2SO4 and chlorpyrifos [351]. (c) UV–vis spectra of gold nanoparticles before and after the addition of
Na2SO4 and chlorpyrifos. Trace ‘a’ is the UV–vis spectrum of as-prepared gold nanoparticles. Trace ‘b’ is the UV–vis spectrum of a gold nanoparticle-Na2SO4 mixture. Traces ‘c–f’ are
UV–vis spectra of 50 ppb, 100 ppb, 500 ppb and 1000 ppb chlorpyrifos in gold nanoparticles-Na2SO4 mixture, respectively [351].
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gold nanoparticle surfaces, and can be correlated with the pesticide
concentration [348]. The deactivated AChE can be reactivated with
dephosphorylation by 2-pyridine-aldoxime methoiodide (2-PAM),
and thus the sensor can be reutilized. This method has shown the
capability to detect pesticides at low ppb concentrations. A similar
method has also been reported with silver nanoparticles where a
correlation exists between the shift in plasmon wavelength and
pesticide concentration [349]. In another approach, the fluorescence
properties of indoxyl, the product of reaction between certain organo-
phosphorus compounds and indole attached to gold nanoparticle
surfaces, is utilized for the detection of pesticides [350]. This method
is reported to reach a detection limit in ppt level.

(b) Changes in the optical properties of noble metal nanoparticles
upon interaction with pesticides: From the interaction studies of
pesticides with nanoparticles, it is well-understood that chemistry
at the nano regime is extremely sensitive even at ultra-low con-
centrations of the adsorbate. While spectroscopic studies of endo-
sulfan-noble metal nanoparticle system offer many methods to detect
the changes in signatures of nanoparticles as an indicator to the
presence of pesticide on nanoparticle surfaces (e.g., absorption spec-
trum, FTIR spectrum, etc.), a more defining change was in the color
of the solution [322]. Intensity of color change is nearly quantitative
and therefore offers a colorimetric method for detection (inset of
Fig. 16(a)). It was reported that pesticides can be detected through the
colorimetric method, at a concentration level of 1 ppm.

To extend the nanoparticle chemistry at concentrations of
relevance in drinking water, salt-induced aggregation of noble metal
nanoparticles in the presence of pesticide was studied [351]. The salt-
induced aggregation of noble metal nanoparticles is well-studied
[352], however, the colorimetric changes due to the presence of
pesticides at low concentrations is indeed surprising. The changes in
the optical properties are also reflected in absorption measurements.
It is suggested that the addition of chlorpyrifos to gold nanoparticle-
Na2SO4 solution induces severe aggregation, which is manifested in
the form of change in solution color and thus absorption character-
istics (Fig. 18) [351]. The simplicity and the quick response time of
the measurement offers possibilities for on-field detection [351].
Humic acid protected silver nanoparticles have also been utilized for
detection of herbicides through changes in the surface plasmon
(position and intensity). Themethod is reported to showchanges only
at high concentrations of herbicides [353].

In addition to the two general approaches reviewed earlier, the
enhancement of Raman signals in the presence of noble metal nano-
particles has been extensively utilized for the detection of organic
molecules. The most highlighting example of SERS-based detection is
the detection of a single Rhodamine 6G molecule [354–357]. With the
recent investigations revealing significant Raman signal enhancements
in the presence of anisotropic silver nanostructures, the detection of
ultra low concentrations of organic molecules is indeed feasible
[260,358]. The detection limit can be further improved by the use of
Langmuir-Blodgett assembly of anisotropic nanostructures [359]. This
approach has recently been utilized for studying themolecular details of
protein-DNA interactions [360]. A recent study suggested the use of
humic acid protected gold nanoparticles for the detection of organic
contaminants [361]. Thismethod is basedon the fact thathumic acid has
highaffinity towardsanumberof organicmolecules and thebackground
SERS spectrum of HA is relatively weak in absolute intensity; thus SERS-
based detection of organic molecules can be attempted.

5.4.3. Chemistry of heavy metal ions with noble metal nanoparticles
One of the interesting application areas of noble metal nanopar-

ticles in drinking water purification is the sequestration of heavy
metals. The first studies of the interaction of metal ions with noble
metal nanoparticles were in the early 1990s [318]. It became clear that
many of the previously known properties of metals do not hold true
as the size of the crystal reaches the nanometer regime. The redox
potential of themicroelectrode becomesmore positive as the particles
grow.

Agn↔Ag
þ
n þ e

−
:

For n=1 (free silver atom), the potential is −1.8 V and, finally, for
n→∞ a potential of 0.799 V of the conventional silver electrode is
reached [45]. The impact of such size-dependent changes in the
electrochemical properties was visible in the interaction studies with
pesticides, which has relevance in the sequestration of heavy metals
from drinking water.

The reaction of stabilized silver clusters with Cu2+ was suggested
to catalyze the transformation of the clusters into colloidal metal
particles, by the following scheme [164]:

Agn þ Cu
2þ→Agn−1 þ Ag

þ þ Cu
þ

followed by similar reaction of Agn−1,

Cu
þ þ Agnþm→Cu

2þ þ Ag
−
nþmAg

þ þ Ag
−
nþm→Agnþmþ1:

(Here, Agn represents cluster composed of n atoms and Agn+m

represents colloidal particle composed of n+m atoms. The unstable
clusters undergo agglomeration to form colloidal particles).



Fig. 19. (a) Absorption spectra of a silver salt solution containing polyphosphate during
radiolytic reduction after various times of γ-irradiation (time, in minutes, is indicated
next to spectrum) [164].(b) Absorption spectrum of the 0.1 mM silver sol before and
after the addition of 0.19 mM Cd2+, and after various times of γ-irradiation [362].
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The electrochemical feasibility for the first reaction was explained
by the rather negative potential of silver clusters. The mechanismwas
based on the disappearance of the absorption feature of clusters and
an increase in the intensity of the 380-nm band of metallic silver,
indicating the strong reactivity of clusters with Cu2+ (Fig. 19a).

The studies were extended to the interaction of Cd2+ with 4 nm
colloidal silver particles [362]. It was suggested that radiolytically
generated 1-hydroxyethylmethyl radicals (solvent: acetone+2-pro-
panol) causes electron transfer leading to the formation of colloidal
cadmium. The appearance of an absorption band for colloidal cad-
mium (λ=250–280 nm) confirms the reduction. One of the inter-
esting results was the red shift experienced by the silver plasmon
band (375 nm→383 nm). A separate study reported the appearance
of a separate absorption feature in the 550−600 nm region, during the
interaction of 0.25 mM aqueous solution of silver nanoparticles with
0.02 mM Cd2+ solution (Fig. 7a) [140]. It is important to mention that
the size of the silver nanoparticles was essentially the same in the two
experiments. However, while one system shows no change after the
addition of metal ions, the other shows an instantaneous appearance
of a new feature. This difference in the observation seems to hold true
for other metal ions as well.

Many adsorbents have been developed for the removal of mercury
from drinking water such as activated carbon [363], polyethylenei-
mine modified cellulose [364], functionalized membranes [365],
functionalized clay [366] and silica [367]. Similarly there have been
Fig. 20. (a) Large area TEM image of gold nanoparticles before Hg(0) treatment, (b) Large are
spectra of gold nanoparticles before and after mercury treatment. Inset of (c): photographs
nanoparticles before and after mercury treatment. (a) XRD pattern of gold nanoparticles befo
⁎ Au) [368].
research reports on nanomaterial-based removal of mercury from
drinking water (Section 7). The pre-requisites of an ideal adsorbent
are: extremely high metal adsorption capacity, minimum contamina-
tion of the water (e.g., minimum ion-exchange), zero desorption
under environmental conditions and economics of operation.

Metal chemistry (as an adsorbent) plays a critical role in the
sequestration of heavy metals from drinking water. A number of
metal-metal systems exist in the form of alloys, with varying com-
position depending on phase stability. Gold and mercury exist in
several phases such as Au3Hg, AuHg, AuHg3. That is, 3.05 g of mercury
can be removed using 1 g gold. Thus, a dramatic improvement in the
adsorbent capacity can be reached through the use of metal-alloying.

The first sign of metal alloying for sequestration of heavy metals
was seen from the data of zerovalent iron (Section 7) [369]. The
surface corrosion reduces the capacity of iron to alloy with heavy
metals. The importance of the concept for drinking water was first
elaborated through the use of noble metal nanoparticles [368]. It was
found that reduction of mercury to the zerovalent state followed by
alloying with gold nanoparticles translates to an adsorption capacity
of 4.065 g/g of gold. The mechanism of the reaction was studied
using a number of techniques; e.g., microscopic images revealed a
significant growth of the parent gold nanoparticles after addition of
mercury (Fig. 20a). An amorphous layer of mercury was also observed
around the nanoparticles. A shift in the plasmon position was also
observed along with a significant modification in the peak shape
(Fig. 20b). The formation of an alloy was confirmed by the existence of
the Au3Hg phase in the X-ray diffractogram (Fig. 20c). It means that
only 738 mg of gold is required to treat 3500 l of 1 ppm mercury, a
concentration which is 100 times the detected level in many places of
India [368].

To explore further, we recently studied the interaction of silver
nanoparticles with Hg(II) ions [370]. As mentioned earlier, the ze-
rovalent form of heavy metals can be adsorbed by noble metal
nanoparticles, with high adsorption capacity. The interest in silver
nanoparticles is driven by two aspects: the enhanced ability of silver
to participate in a reaction as a reducing agent for mercury and its
ability to exist with mercury in different phases.

It was found that the surface plasmon of silver nanoparticles
experience a blue shift along with a decrease in the intensity,
immediately after the addition of Hg2+ ions (Fig. 21(a)). The decrease
in intensity is attributed to partial oxidation of silver nanoparticles to
silver ions. The shift is attributed to the incorporation of mercury into
the silver nanoparticles. A separate study of mercury metal with silver
a TEM image of gold nanoparticles after the Hg(0) treatment and (c) UV–vis absorption
of gold nanoparticles and mercury treated gold nanoparticles (d) XRD patterns of gold
re reaction. (b) XRD pattern of mercury-treated gold nanoparticles (symbols: +Au3Hg,



Fig. 21. (a) UV–vis absorption spectra of silver nanoparticles (prepared by the Turkevich method, 1 mM, 5 ml) with 50 ppm Hg2+ solution (0.25 mM, 50 ml). (i) represents the
spectrum for silver nanoparticles. (ii–viii) represent the spectra after addition of Hg2+ solution at intervals of 5 min and (ix) is the spectrum after 6 h. (b) Large area SEM image of the
Ag–Hg bimetallic nanoparticles [370].
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nanoparticles also exhibited a blue shift, albeit to a much smaller degree
[371,372]. It was earlier reported that aqueous mercury nanoparticle
solutions exhibit plasmon absorption band below300 nm [373]. The Hg–
Ag alloy nanoparticles, prepared by simultaneous reductionwith sodium
borohydride, exhibits aplasmon in theregionof 300–400nm(theprecise
location is controlled by the molar ratio) [374].

Fig. 21(b) reveals the microscopic changes in the silver nanopar-
ticle. Silver nanoparticles are prepared by the Turkevich method,
yielding a size range of 60–80 nm. The size of the particles has grown
to over 600 nm upon mercury incorporation. This indicates the
nucleation of reduced mercury on the silver surface.

The homogeneous distribution of mercury in silver nanoparticles is
confirmed by EDAX imaging (Fig. 22). It was found that the concen-
tration of mercury at the edges of the particle is slightly higher than at
the center. It is likely that mercury atoms adsorbed on the silver
surface rapidly diffuse into the silver core. An important point to note
here is the pace at which the plasmon band of silver nanoparticles
starts to disappear (Fig. 21a). This has to be understood from a
thermodynamic standpoint.

Reduction reaction:

Ag→Ag þ e
−

E˚oxidation ¼ −0:8V

Hg
2þ þ 2e

−→Hg E˚reduction ¼ 0:85V

2Agþ Hg
2þ→Hg þ 2Ag

þ
E˚ ¼ 0:05V:

At the bulk scale, the reaction is thermodynamically favorable.
However, an interesting property of nanochemistry plays a role here.
As highlighted earlier, the reduction potential for Ag+|Ag (atom) is
− 1.80 V. Thus, the reduction potential of the silver nanoparticle is
likely to be much less than 0.8 V, which creates a strong driving force
for the galvanic reaction to happen.
Fig. 22. (a) SEM image of an Ag–Hg alloy nanoparticle, (b) elemental image of Ag
The change in the reduction potential of silver nanoparticles can
also be understood from the Ag–HCl system [375]. In bulk form, silver
is not attacked by HCl. However, silver nanoparticles prepared by
reduction of silver ionswith sodium borohydride, exhibit an unusually
high reactivity with HCl. The disappearance of the plasmon band of
silver nanoparticles, after the addition of HCl, confirms the dissolution
(Fig. 23a). This is further confirmed by the analysis of the white
residue obtained after the reaction of silver nanoparticles with HCl. It
shows the characteristic diffraction pattern of AgCl (Fig. 23b).

This result can also be understood from the reaction:

AgðsÞ þ H
þ þ Cl

−→AgClðsÞ þ H2 E˚ ¼ −0:22V

Thus, there is no driving force for the reaction with bulk silver,
however, at the nanoscale, the feasibility of the reaction (i.e. EN0)
confirms the increasing reducing nature of the silver nanoparticle
surface.

The potential of silver nanoparticles to reduce a number of heavy
metals can also be looked at as amethod to prepare alloy nanoparticles;
e.g., Ag–Hg bimetallic nanoparticles. A demonstration of the galvanic
etching for the preparation of alloy nanoparticles is illustrated through
the preparation of Pd–Ag and Pt–Ag nanoparticles [376].

5.4.4. Detection of heavy metals in drinking water with noble metal
nanoparticles

Recently, there has been an in-depth review of the maximum
contamination limit (MCL) for various contaminants in drinking
water, for example, MCL for lead has been changed from 15 ppb to
10 ppb and MCL for arsenic has been revised from 50 ppb to 10 ppb.
Multiple protocols have been developed for the detection at ultralow
concentrations of, for example, mercury [377], arsenic [378], lead
[379] and anions [380].
and (c) elemental image of Hg overlaid on Si (Si is from ITO substrate) [370].



Fig. 23. (a) UV–vis absorption spectra. Dotted curve: the as-prepared Ag colloidal solution. Dashed curve: AgNO3 aqueous solution. Solid curve: the upper transparent solution after
the reaction of the Ag colloid with hydrochloric acid. (b) XRD patterns of the samples. (a) Ag nanoparticles prepared by using AgNO3 as the silver source and after drying the Ag
colloidal solution on a single crystal silicon substrate, (b) the product of AgCl obtained from the reaction of Ag nanoparticles with hydrochloric acid, (c) commercial Ag powder, and
(d) after commercial Ag powder was added into hydrochloric acid under magnetic stirring for 3 days [375].
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In a manner similar to that explained for the detection of pes-
ticides, noble metal nanoparticles offer two possibilities.

- Colorimetric detection: An important property of noble metal
nanoparticles is to host a variety of ligands on its surface, and assist in
ligand-mediated reactions. An interesting aspect of this functionaliza-
tion is the resulting changes in optical properties [381]. This has been
widely utilized for biological applications [382], catalysis [190] and
devices [205].

One of the important properties exhibited by functionalized noble
metal nanoparticle surfaces is the detection of heavy metals [384]. In
one such method, heavy metal specific biomolecule functionalized
gold nanoparticles can be utilized. An example of this approach is the
interaction of metal ions with nucleotides: Hg2+ promoted formation
of thymine–thymine base pairs [385,386]. This approach has also been
extended to low concentration detection through a scanometric de-
vice involving use of the oligonucleotide chip array [387]. In another
illustration of this approach, the gold nanoparticle, typically functio-
nalized with a DNA strand, undergoes aggregation due to the hybri-
dization action of enzymes in the presence of a substrate [388–391]. In
the presence of specific metal ions, the hybridization can be arrested
by catalytic cleavage of the substrate. That is, the aggregates of gold
nanoparticles can be disengaged by the addition of metal ions. Such
methods can be utilized for the selective detection of the heavy metal
ions present in concentrations higher than 100 ppb. In a similar
approach, the peptide-functionalized gold nanoparticles are utilized
for colorimetric detection of Hg2+ and Pb2+ at the ppb level, with
distinct color response for two ions [392]. The peptide sequence
utilized for the detection is the Flg-A3 peptide (–Asp–Tyr–Lys–Asp–
Asp–Asp–Asp–Lys–Pro–Ala–Tyr–Ser–Ser–Gly–Pro–Ala–Pro–Pro–
Met–Pro–Pro–Phe–) which stabilizes gold surfaces due to its negative
charge (pI=3.9). It is suggested that aromatic, charged and hydroxyl
groups in the peptide sequence recognize heavy metal ions. Using this
approach, nanomolar concentrations can be detected through plas-
mon shifts in the absorption spectrum. In another approach, metal ion
induced assembly of gold nanoparticles in the presence of carboxy-
lated peptide (tryrosine-containing peptide NH2–Leu–Aib–Tyr–OMe)
can be utilized for detection of ions at the ppm level [393].

Recent developments have found DNA enzymes specific to various
other metal ions (e.g., Cu2+ and Zn2+) which can be utilized for
developing simple colorimetric approaches for heavy metal detection
[394,395]. In a similar approach, ligands functionalized on noble
metal nanoparticle surfaces complex with specific metal ions. This
ligand-metal ion complexation leads to observable optical changes at
concentrations in the ppm level. Examples of such ligands are gallic
acid (Pb2+) [396], cysteine (Hg2+, Cu2+) [397], and mercaptounde-
canoic acid (Pb2+, Cd2+, Hg2+) [398]. The chemistry of heavy metal
removal with noble metal nanoparticles can be utilized. The aspect of
metal-metal alloying induces changes in the optical properties of the
noble metal nanoparticles (refer to previous section) [368,370,399].
Carboxylate group modified surface of gold nanoparticles can be
induced to aggregate in the presence of Hg2+ and pyridinedicar-
boxylic acid, which is manifested in the form of colorimetric response
[400,401], fluorescence quenching [402] and enhancement of hyper-
Rayleigh scattering intensity [403]. The choice of carboxylate group
determines the selectivity for Hg2+. Examples are 3-mercaptopro-
pionic acid [400,401,403], adenosine monophosphate [400] and mer-
captoundecanoic acid [402].

- SERS based detection: The SERS activity of noble metal nano-
particles can be utilized for the detection of trace quantities of
contaminants in drinking water. The activity is largely attributed to
the electric field amplification near the metal surface owing to col-
lective oscillations of conduction electrons with the incident light. It
is also suggested that charge transfer between the chemisorbed
species and the metal surface leads to HOMO–LUMO transitions. A
number of review articles have been authored on the subject
[404,354,355]. Various discoveries in the area of Raman enhance-
ment are likely to be applied for the detection of contaminant
molecules in drinking water: enhancement based on size of the SERS
substrate [355], single molecule detection [356] and assembled
nanostructures [405].

In a protocol developed for the ultra-low concentration detection
of arsenic in drinking water, shape dependency of SERS based de-
tection is demonstrated [97]. Closely-packed monolayers of polyhe-
dral silver nanostructures, fabricated using the Langmuir-Blodgett
technique, have been utilized for the study. The role of surface-pas-
sivating agents has also been demonstrated. The important conclu-
sions are as follows.

- Octahedron shaped nanocrystals exhibit higher SERS activity than
other shapes (Fig. 24(a)).

- Polyvinyl Pyrrolidone (PVP)-protected particles give orders of
magnitude stronger response from arsenate, when compared with
other capping agents (Fig. 24b).

- The LB assemblies of polyhedral Ag nanocrystals are highly active
SERS substrates. The two oxidation states of arsenic (AsIII and AsV)
can be distinguished even at low concentrations (Fig. 24c). The
co-ion effect is found to be minimal, even at low concentration
detection.

Hg2+ is utilized for inducing conformational change in thymine
rich single stranded DNA, tagged with a fluorescent dye [406].
Conformational change in the DNA significantly alters its ability to
bind to the gold nanoparticle surface and thus it can't prevent salt-
induced aggregation [407]. Hg2+ is utilized for catalyzing the for-
mation of stable DNA duplex, from single-stranded DNA functiona-
lized gold nanoparticles, through thymine-Hg2+-thymine linkage
[408]. This process is also temperature dependent which can be
controlled by the extent of thymine-thymine mismatch.



Fig. 24. (a) SERS spectra collected on Langmuir-Blodgett films of PVP protected silver nanocrystals exposed to 1×10−6 M arsenate solution. Peaks at 800 and 425 cm−1 can be
assigned to Na2HAsO4. (b) SERS response of LB arrays of silver octahedra coated with various organic species. BT: benzenethiol, HDT: hexadecanethiol, MDA: mercaptodecanoic acid.
(c) Chemical sensitivity of PVP-coated nanocrystal arrays for speciation of arsenate and arsenite ions (18 ppb) [97].
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Gold nanoparticle surfaces have been modified with suitable
molecules which bind with metal ions as well [409]. The vibrational
modes in themolecule are very sensitive to heavymetal co-ordination
and thus yield improved SERS response when coupled with noble
metal nanoparticles. SERS based detection has also been utilized for
detection of ultra low concentrations of anions. Positively charged
silver nanoparticle protected amino and amide group and immobi-
lized on silica surfaces has been utilized for the detection of per-
chlorate, thiocyanate and cyanide ions [410].

5.4.5. Chemistry of micro-organisms with noble metal nanoparticles
The anti-microbial effects of silver, in zerovalent and ionic form, have

been widely studied in great detail [411–415]. It has also been used
widely as a common disinfectant for surgical masks [416], textile fibers
[417], wound dressing [418], etc. Due to the numerous scientific
investigations published on this topic and its consequences in different
applications, review articles may be consulted for a detailed under-
standing [419–424]. Here, we summarize the important aspects of
nanoparticle chemistry and its relevance to drinking water purification.

Significant efforts have been devoted to study the toxic effects of
silver nanoparticles on a broad spectrum of micro-organisms includ-
ing E. coli [411–413,425–427], Pseudomonas aeruginosa [425], Vibrio
cholera [425], Bacillus subtilis and HIV-1 [428].

Prior to discussing the chemistry behind the biocidal activity of
silver nanoparticles, it is useful to understand how silver ions act
against micro-organisms. While the precise details are not yet elu-
cidated, protein inactivation and loss of replication ability of DNA are
suggested. A few important observations are highlighted.
- It was pointed out that cells protect the DNA by forming a defense
around the nucleus, when the cells are subjected to external
stimuli such as heat [429]. Under severe external stimulus, the
defense mechanism fails leading to the denaturation of the DNA
(loss of replication ability). A similar observation was found in the
case of silver ions with E. coli and Staphylococcus aureus [430]. The
formation of protective layers around DNA and DNA's condensa-
tion was clearly evident in the study [430]. The large-scale
movement in the cellular components in the presence of silver
ions is indeed surprising and reflects the ability of the cell to
protect itself against external stimuli.

- It was also found that the interaction of silver ions with sulfur
present in many proteins, leads to protein inactivation [431,432].
While the external addition of sulfur-containing compounds led to
the neutralization of anti-bacterial activity of silver ions, the pre-
sence of sulfur in silver-rich regions confirmed the interaction
between sulfur and silver.
- The nature of the charge on the cell surface (due to presence of
different functional groups) and the anti-bacterial composition
plays a key role in determining the effectiveness. It was found that
the same nature of charge on the antimicrobial composition and
cell surface (negative charge) leads to repulsion and decreased
contact [433].

- The ability of silver to absorb oxygen in atomic form has been
widely utilized immensely for many organic reactions such as
conversion of methanol to formaldehyde [434]. It is revealed that
bulk silver in an oxygen charged aqueous medium catalyzes the
complete destructive oxidation of microorganisms [435].

- It is largely understood that cellular membranes play a critical role
in maintaining the viability of cells [436]. The cellular permeability
in the case of gram-negative bacteria such as E. coli is largely
controlled by the presence of a lipopolysaccharide (LPS) layer on
the outer surface of the cellular membrane. The heavily saturated
fatty acids on LPS links it to the membrane backbone, which itself
contains many negative ions. Thus, LPS binds cations, which is also
confirmed by the presence of Mg2+/Ca2+ as an electrostatic linker
to bind adjacent LPS chains [437]. The affinity of LPS towards
cations has been utilized for permeation of polycationic antibiotics
in the cytoplasm. It is also suggested that the binding of even
simple cations to LPS weakens the membrane backbone [437],
which may lead to the disintegration of the membrane. On the
contrary, negatively charged ions have been reported to bind with
Mg2+/Ca2+, which also leads to loss of cellular viability [437].

In the context of observations for silver ions, it is appropriate to
understand the observations for silver nanoparticles.

- Silver nanoparticles cause irreparable damage to the cellular
membrane [413,426,438] which enables the accumulation of
nanoparticles in the cytoplasm (Fig. 25(a,b)) [413]. It is suggested
that action of silver nanoparticle arises due to this damage and not
its toxicity [426]. The pits in the cell wall, post-treatment, are quite
significant. An important aspect of the biocidal action of silver
nanoparticles is the requirement of supported nanoparticles
for anti-bacterial effects. As explained in an earlier section on
biosynthesis of metal nanoparticles, cells protect themselves
from metal toxicity through the action of cellular proteins which
bind to the nanoparticle surface leading to nanoparticle aggre-
gation and thus rendering nanoparticles immobile. This was
suggested by the studies of nanoparticle solutions with bacteria
[413].

- It is therefore expected that small size nanoparticles are able to
easily penetrate across membranes [425,426]. Similarly, anti-
bacterial activity of nanocrystals is found to have a dependence



Fig. 25. Scanning electronmicrographs of (a) native E. coli cells and (b) cells treatedwith
50 μg cm−3 of silver nanoparticles in a liquid Luria Bertani (LB) medium for 4 h [413].
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on crystal shape. The activity is found to be higher for truncated
triangular nanoplates when compared with nanorods and sphe-
rical particles (Fig. 26(a,b)). The interaction of bacteria with high-
atom density (111) crystal plane has been proposed [425] and thus,
a crystal exhibiting higher concentration of (111) facet exhibits
higher anti-bacterial activity [426].

- Recently, it has been proposed that the activity of silver nanoparti-
cle arises due to the formation of superoxide, which has been detec-
ted by the dismutation activity of superoxide dismutase. The addition
of dismutase leads to reduction in anti-bacterial activity [439].

- It is also suggested that the chemistry of silver ions is important in
the anti-bacterial effect of silver nanoparticles. That chemisorbed
Ag+ ions is important in determining the silver nanoparticle
toxicity was confirmed by the non-toxicity of oxidized nanopar-
ticles to silver-resistant E. coli strains [427].

- Silver nanoparticles interact with the glycoproteins of HIV-1 (par-
ticles greater than 10 nm attach to the viral envelope) (Fig. 26(c)).
Fig. 26. (a) Petri dishes initially supplemented with 107 CFU/ml of E. coli and incubated
(b) Number of E. coli colonies, expressed as log(1+number of colonies grown on plates und
agar plates. (c) HAADF image of an HIV-1 virus exposed to Bovine Serum Albumin (BSA)-con
groups of three nanoparticles [428].
The glycoprotein bind with the receptor sites on the host cells
enabling the host cell infection. The interaction of silver nanoparticles
with glycoprotein may be due to the presence of sulfur bearing
residues on the protein surfacewhich renders glycoprotein incapable
of binding with host cells [428].

An important aspect of silver nanoparticle chemistry for anti-
bacterial action is to stabilize the nanoparticles in organic medium
such as plastics, oils, etc. Twomajor ways adapted in this direction are
as follows:

- Synthesis of organic soluble silver nanoparticles by various means,
for example, polymerization of benzylthiocyanate on silver nano-
particles [440].

- Synthesis of silver nanoparticle in vegetable oil medium through
the reduction of metal salt by the naturally occurring oxidative
drying process in oils [441].

The anti-bacterial properties of silver nanoparticles have also been
utilized in imparting biocidal properties to the separation membranes
[442–445]. This is an important contribution of silver nanoparticles to
membrane processes: a number of membrane-based technologies
suffer from frequent biofouling and inability to remove viruses. The
addition of silver nanoparticles to the membrane solves both
problems. The loading of silver nanoparticles on the membrane
matrix can be achieved by two processes involving the addition of
silver, in zerovalent form or reduction of silver ions, to the membrane
casting solution. In addition to improvement in the bio-resistance of
the membrane, silver nanoparticle-membrane composites have been
observed to exhibit higher permeability [444]. It is suggested that
biocidal properties of silver nanoparticle loaded membranes arise due
to the release of Ag+ ions [446].

6. Case study: nanoparticles based chemistry for
pesticides removal

6.1. Noble metal nanoparticle-based mineralization of pesticides

One of the areas of interest of our research group is the interaction
of noble metal nanoparticles with organochlorine and organopho-
sphorus pesticides. Specifically, the nanoparticles used for the study
are gold and silver whereas the pesticides are endosulfan, malathion
and chlorpyrifos. This study is a consequence of our finding on the
possibility of degrading different halocarbons using noble metal
nanoparticles [320].
with different forms of silver nanoparticles at (a) 1, (b) 12.5, (c) 50, and (d) 100 μg.
er the conditions used for panel a) as a function of the amount of silver nanoparticles in
jugated silver nanoparticles. The inset shows the regular spatial arrangement between
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It was discovered that mineralization of halocarbons happens in two
steps: adsorption of halocarbons on the nanoparticle surface and its
consequent mineralization to metal halides and amorphous carbon
[320]. A few of the important results from this study are as follows [68].

- Environmentally benign nature of the reaction products and zero
production of by-products: One of the key issues to resolve in
tackling the pesticide contamination problem in its entirety is the
elimination of reaction products. The products from such a
catalytic decomposition are metal halides and amorphous carbon,
both of which are environmentally benign. Using advanced mass
spectroscopic techniques, it was established that there are no
reaction by-products left in the solution and mineralization of
pesticides (chlorpyrifos and malathion) is complete for the mole-
cules investigated. At this juncture, the fate of phosphorus, present
in a number of commonly used pesticides, is not understood.

- Demonstration of size selective reactivity of nanoparticles: The
experiments were conducted with bulk form of noble metals and
it was concluded that this property is demonstrated only in the
case of nanoparticles. The absence of such a property being
exhibited by the bulk form of noble metals is explained from
thermo-chemical calculations (explained later).

- Capability to target a broad range of organochlorine and organopho-
sphorus pesticides: The reactivity was studied with a broad range of
halocarbons (e.g., benzyl chloride, chloroform, and bromoform),
organochlorine pesticides (e.g., endosulfan) and organopho-
sphorus pesticides (e.g., chlorpyrifos, malathion). Using sensitive
instrumentation, it was established that all such organics undergo
complete mineralization at low concentrations.

Based on a study conducted at various reaction conditions, it is
postulated that the catalytic decomposition of halocarbons is initiated
through the transfer of electrons from metal nanoparticles to the
solvent, which in-turn causes the mineralization of the halocarbons.
The scheme of reactions is suggested to be the following (not balanced
by stoichiometry as it is difficult to predict the number of metal atoms
in a nanoparticle) [320]:

AgðnanoÞ→Ag
þðnanoÞ þ e

−

ðCH3Þ2CHOH→ðCH3Þ2CO þ 2H
þ þ 2e

−

Ag þ CCl4→AgClþ C:

In the specific case presented above, (CH3)2CHOH was used as a
solvent for the bulk mineralization of CCl4 in a (CH3)2CHOH/H2O
solvent mixture. The protons produced are responsible for the low pH.
Mineralization can happen even without such a solvent. From a
thermodynamic standpoint, the reaction of halocarbons with silver is
not favored due to a small positive reaction enthalpy (standard en-
thalpy values for CCl4 and AgCl are − 128.2 and − 127.0 kJ mol–1,
respectively). It is suggested that the nano form of the noble metal
particles along with the presence of energetic surface atoms help in
overcoming the thermochemical and entropic barriers.

It is easy to comprehend that the decrease in particle size leads to
dramatic changes in the rate kinetics of the reaction owing to an
increase in the availability of reaction sites on the metal nanoparticle
surface. The other variable of the reaction kinetics is the activation
energy which is known to be affected bymany parameters such as the
nature of the reactants, crystallinity of the reactive surfaces, ease of
charge transfer, surface impurities such as dopants etc. The reaction
outlined above can result in the removal of the metal nanoparticles as
ions.

Mode of decomposition for organic species: For a large variety of
organic molecules, the principal mode of decomposition is electron
transfer from the metal particles. As the oxidation of metals is
generally favored and as these processes are facilitated in aqueous
medium, there is availability of electrons at themetal particle surfaces.
Oxidation of nanoparticles is even more facile compared to bulk.
Recall that oxidation is the removal of an electron from the whole
nanoparticle and not from an atom. Oxidation can also be tuned by
varying the particle dimension, by providing appropriate functiona-
lization and by attaching the particle on suitable substrates. The
oxidized species can be one of the many different oxides or
hydroxides, which may have reduced solubility in water.

The electron removed from the particle surface can be made
available for appropriate reduction chemistry. For molecules such as
halocarbons, the electron is transferred to the halogenmaking the C–X
bond weak, resulting in the formation of the halide ion. The organic
species can participate in various other reactions, depending on the
medium or other reagents present. The halide ion formed can also
produce the metal halide and it again is dissolved in the medium or
precipitated depending on the solubility product. The mineralization
is also suggested by the increase in the solution conductivity (due to
the release of chloride ions in the solution) and a decrease in the pH of
the solution.

Discharge of metal ions in water: The presence of metal ions in
aqueous solution in water is an important concern, especially in the
case of toxic chemicals. However, for Fe, Ag, TiO2, ZnO and CeO2

derived materials, the solubility of the species concerned is low, and
therefore the ionic concentration is not beyond the permissible limits.
This is very important in designing water quality applications. As
water in general is contaminatedwith several ionic species, the nature
of the metal ion can be different from case-to-case. The solubility and
stability of ions is strongly dependent on pH. Therefore, the latter is an
important parameter in deciding the type of the ion. The important
issue of concern is the self-oxidation of metal nanoparticle surface in
presence of air/water. This leads to the formation of an oxide/hy-
droxide cover on the nanoparticle surface inhibiting the electron
transfer, thereby reducing the surface activity. Highly dispersed par-
ticles of smaller dimensions make it possible to use all the available
metals for the chemistry concerned.

6.2. Technology to product — a snapshot view

The ultimate objective of a scientific discovery is to create value
for society — the utilizable form of the technology in the form of a
product. A scientific discovery is a fusion of novel materials, their cha-
racterization, understanding the process of interaction and postulation.
Product development is a blend of technologyoptimization, engineering
the prototype, cost-effectiveness, customer satisfaction and strict
adherence to quality control norms. The authors' work in the area of
product development for pesticide removal from drinking water is
utilized here for providing an overview of the development phase and
associated challenges. The underlying technology utilized for this exam-
ple is the application of noblemetal nanoparticles for themineralization
of pesticides. This product is hailed as the first nanomaterial based
drinking water purifier [447] and thus it gave us a number of important
experiences required for successful product commercialization. An
overview is summarized here.

The first phase of the product development programme was to
extend the applicability of metal nanoparticles for other pesticides of
relevance to Indian drinking water. This step demonstrated the ca-
pability of metal nanoparticles for complete mineralization of
organochlorine, organophosphorus and organosulfur pesticides. In
general, the removal of nanoparticles from solution is difficult due to
their small size. Thus, the second phase of this programme was to
adapt the technology to the needs of domestic customers, i.e. online,
point-of-use drinking water purifier. An important aspect of the
adaptation is to remove pesticides through heterogeneous catalysis
using supported nanoparticles. Heterogeneous catalysis ensures that
removal of pesticide-bearing nanoparticle from drinking water is



Fig. 27. (a) TEM images of iron nanoparticles (b) HR-XPS survey on the Ni 2p3/2 of iron nanoparticles, and (c) a conceptual model for nickel deposition on iron nanoparticles [369].
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not a difficulty and contamination of drinking water with nanopar-
ticles is prevented [448]. This necessitated the study of nanoparticles
incorporated on suitable supports such as activated alumina,
magnesia and carbon (Fig. 17(a,b)). It is important to understand
the need for a suitable support, i.e. non-reactivity between support
and nanomaterials, availability of large nanomaterial surface area for
pesticide adsorption, extremely low solubility of support in drinking
water and non-toxicity. This phase also involved the development of a
pre-treatment mechanism for contaminated water using activated
carbon since the excess free chloride ions (and chlorine) adsorb on
nanoparticle surfaces, rendering them inactive for the pesticide
mineralization reaction.

The third phase of this programme was to develop a commercial-
scale production plant for producing large quantities of noble metal
nanoparticles coated on activated alumina (Fig. 17(b,c)). The large-
scale production of nanoparticles is usually challenged by issues such
as precise control over the processes, commercial viability of the
process, availability of sophisticated instrumentation for production,
quality tests and workforce development for continuous production.
This programme utilized wet chemistry-based synthesis for the pro-
duction of noble metal nanoparticles, as it offers a larger degree of
control over production processes. One innovation involved cost-
effective and controlled immobilization of metal nanoparticles on
alumina supports [324–326].

The fourth phase of this programme was to develop a suitable
mechanismfor environmentally responsible disposal of residuals aswell
as materials recovered from the spent filters and recovery of precious
metals. This entailed study of cost-effective separation of support, metal
chlorides andother organic species bindingon thenanomaterial surface.
The product development involved various levels of field trials,
extending over a year and incorporation of the inputs from the field
into themanufacturingprocess. Product commercialization involved the
developmentof suitable audio-visual aids to inform thepublic of various
aspects of the technology.

7. Other nanomaterial based approaches for water purification

Iron-based nanoparticles: One of themost important nanomaterials
studied for water purification is zero-valent iron (ZVI). Amongst the
nano-absorbents popular today, ZVI is the most utilized, primarily
because it covers the broadest range of environmental contaminants
[312,313]: halogenated organics, pesticides, arsenic, nitrate and heavy
metals.

The mechanism of reactivity for ZVI is similar to the mechanism of
corrosion (i.e. oxidation of iron) [68] and involves the generation of
electrons which in turn reduces the organic species through de-
chlorination (Fig. 27a):

Fe
0 þ RCl þ H

þ→Fe
2þ þ RHþ Cl

−
:

Similarly, ZVI acts as a reducing agent for sequestration of metal
ions having reduction potential higher than Fe. The chemistry can be
understood by an example of interaction of Ni2+ with ZVI (Fig. 27(b,
c)). In the beginning of the reaction, Ni2+ is physically adsorbed (outer
sphere interaction) and then is chemisorbed (inner sphere interac-
tion) and finally reduced to metallic nickel. This happens through the
following step: At pHNpHzpc, the ZVI surface will be negatively
charged and thus, will attract the metal ion. The metal ion is adsorbed
on the surface and gradually becomes reduced to zerovalent metal.
This chemistry has been applied for sequestration of manymetal ions:
Pb, Cd, Cr, Co, Cu, Hg, Ni, and Se. The chemistry is clearly evident from
Fig. 27(c).

However, there are a few challenges associated with the use of ZVI
at the commercial scale:

- Corrosion of metal surface: The constant interaction of iron with
water leads to the formation of iron hydroxide on the ZVI surface. A
few attempts have been made to increase the lifetime of metal
surfaces e.g., the use of palladium coating. The surface protection of
ZVI with palladium also leads to enhancement in catalytic prop-
erties due to the action of palladium.

- Reaction by-products originating during the decomposition of
chlorinated hydrocarbons: Nano-sized metallic iron has been
reported to show low reactivity toward lightly chlorinated hydro-
carbons. It may also be possible that some of the reaction by-
products are highly toxic in nature or have high solubility in water
(e.g., 1,1-dichloro-2,2-bis (p-chlorophenyl) ethane, a de-chlori-
nated derivative of DDT, has 50 times more solubility in water
compared than DDT).

Another important class of adsorbent based on iron is the use of
Fe3O4 nanoparticles for drinking water purification. The most high-
lighted work to date has been the removal of arsenic from drinking
water using low-magnetic field induced separation [449]. The study
suggested that decrease in size dramatically enhances the capacity of
the adsorbent. Functionalization of Fe3O4 surfaces has also led to the
preparation of promising adsorbents for other heavy metals such as
copper [450], lead [451] and mercury [451].

Carbon nanotubes: Carbon nanotubes have been one of the most
studiedmaterials in nano research. A recently published review article
captures the work in detail [452]. The application of carbon nanotubes
to drinking water purification started with the study of its capillary
action [453]. It was found that incoming fluid having surface tension
less than 200 mN/m are drawn inside the nanotubes by the action of
capillary forces. A subsequent study reported the superhydrophobi-
city of a nanotube array prepared by functionalized, vertically aligned
carbon nanotubes with a nonwetting poly(tetrafluoroethylene)
(PTFE) coating [454]. Experiments showed that the hydrophobicity
of nanotube arrays induce fast water flow [455] due to ordering of



Fig. 28. (a) Images of water droplet shape change with a +2.6 V potential applied with a multiwalled nanotube film as anode and Pt wire as cathode. The droplet sinks into the
nanotube membrane in about 90 s. A deionized water droplet (∼2 μl volume) rests on the surface of a superhydrophobic nanotube membrane. A Pt wire probe is inserted into the
droplet to establish electrical contact [457]. (b) SEM image of a cylindrical macrostructure assembly showing the wall of the bulk tube consisting of aligned MWNTs with lengths
equal to the wall thickness (scale 100 μm) [458].
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hydrogen bonds between the water molecules [456]. The hydro-
phobicity of nanotube arrays was manipulated by applying a low
voltage to overcome the energy barrier to effect the transition from a
superhydrophobic to hydrophilic state. This leads to transport of water
through the carbon nanotube array (with water transport taking place
between the MWNTs) (Fig. 28a) [457]. Recently, macroscale hollow
carbon cylinders have been fabricated with walls consisting of aligned
multi-walled nanotubes (Fig. 28b) [458]. Such uniform nanoporous,
cylindrical membrane walls present a new line of research to
synthesize CNT based membrane filtration. The CNT based membrane
has been studied for filtration of E. coli.

Nanoclays: Clay is one of the naturally occurring materials which
has been utilized by nature for maintaining flow of groundwater (due
to relatively high impermeability to water), removing toxic species
present in thewater (due to the presence of surface charge on the clay
structure) and imparting rigidity to natural structures (due to natural
plasticity). Clays are alumino silicates with a planar silicate structure.
There are three main categories of clay: kaolinite, montmorillonite–
smectite and illite, amongst which the first two are the most widely
studied [68].

Usually the structure contains silicate sheets (Si2O5) bonded to
aluminum oxide/hydroxide layers (Al2(OH)4) called gibbsite layers.
The primary structural unit of this group is a layer composed of one
octahedral sheet with one tetrahedral sheet (kaolinite is 1:1 clay
mineral). The condensation of two sheets happens by coordination of
an oxygen atomwith one silicon atom in the tetrahedral sheet and two
aluminum atoms in the octahedral sheet. In the case of kaolinite,
additional empty sites are created in the octahedral sheet as the
charge balance of oxygen atoms by aluminum requires the occupation
of only 2 out of 3 vacancies in the packing of oxygen atoms. Thus,
instead of two trivalent aluminum atoms, three divalent atoms can
also occupy octahedral sites: dioctahedral minerals (octahedral sites
occupied by Al3+ such as in kaolinite, dickite, etc.) and trioctahedral
minerals (octahedral sites occupied by Mg2+ and Fe2+ such as in
antigorite, chamosite, etc.).

The smectite group refers to a family of non-metallic clays pri-
marily composed of hydrated sodium calcium aluminum silicate.
Montmorillonite belongs to the family of 2:1 smectite minerals having
two tetrahedral sheets with the unshared vertex of each sheet
pointing toward each other and forming each side of the octahedral
sheet. Depending on the composition of the tetrahedral and octa-
hedral sheets, the layer will have no charge, or will have a net negative
charge (balanced by interlayer cations). A permanent negative charge
is located on the clay layers because of isomorphic substitution of Al3+

atoms in the octahedral layer by Mg2+ and Fe2+ and of Si4+ atoms in
the tetrahedral layer by Al3+. Montmorillonite, being dioctahedral
clay, contains one vacant site for every three octahedral positions. The
exchangeable cations can easily be replaced by positively charged
species. Additionally, the outer silicate surface of a montmorillonite
cell contains Si atoms bound to hydroxyls (Si–OH), which help in the
adsorption of the organic species.

There are many approaches for increasing the adsorption of a
specific molecule on clay. For example, to increase the adsorption of
organic species, the inorganic cations are replaced by quaternary
ammonium cationic surfactants containing long chain alkyl group to
make it more organophilic. Similarly, depending on the nature of
charge on the clay layer, metal cations (e.g., lead, arsenic and cadmium
etc.) can be captured from water through intercalation [459].

Alumina nanoparticles: Alumina belongs to a larger category of
oxides which have played a pivotal role in drinking water purification.
Examples include silica as a disinfectant, titania as a photocatalyst
[460], alumina as a metal adsorbent [461] and support for hetero-
geneous catalysis [323,325,326]. The major reasons behind the use of
oxides for water purification are: high surface area for adsorption, and
mesoporous structure, presence of surface charge, stability and low
solubility in water.

Alumina nanoparticles have been utilized for the removal of heavy
metals from drinking water [461]. The suggested mechanism involves
the metal ion induced flocculation of negatively charged alumina
nanoparticles (alkaline pH conditions). This happens because of the
reduction in the particle-particle repulsive forces (due to surface
charge neutralization) leading to increased particle-particle contact.

In another approach, electropositive alumina nanofibers posses-
sing high surface area are synthesized by the sol-gel method [462].
The nanofibers are dispersed over microglass for supported nanopar-
ticle based filtration. It is found that the nanofibers are effective
against a variety of micro-organisms having negative surface charge.

Alumina nanofibers have also been utilized for the synthesis of
ceramic membranes by casting titanate and boehmite nanofibers on
porous substrates (Fig. 29a) [463,464]. The study of pore size reveals
that such ceramic membranes exhibit pore sizes of around 60 nm
(Fig. 29b). Thus, it can be utilized for effective filtration of many
varieties of micro-organisms.

8. Commercial interests in drinking water purification

While the emerging applications of nanotechnology in drinking
water purification have been outlined so far, it is vital that
transformation of such technologies to commercial applications is
emphasized. The need for quality and economic drinking water has
always necessitated the utilization of newer technology break-
throughs for novel water purification products. Examples of na-
notechnology based products in drinking water purification are
described in Table 8. A number of technologies commercialized so
far are based on already known properties of the bulk material and the
improvement in performance achieved through “nanoization” of those



Fig. 29. (a) Schematic illustration of the layers in ceramic membranes and TEM images of the boehmite (top) and titanate (bottom) nanofibers [464], (b) SEM image of specimens
taken from the feeding and the permeated (inset) fluid in filtrations of solutions of 60 nm latex spheres. Scale bars in the images indicate a length of 1 μm. The membrane after three
coatings of alumina fibers on top of the coatings of titanate fibers can filter out 96.8% of latex spheres of 60 nm [463].
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materials. A few technologies have also emerged based on the novel
properties exhibited by the materials at the nanoscale, an example of
which is the chemistry of noble metals. The use of noble metal nano-
particles in domestic water purifiers (Tables 2 and 8) for pesticide
removal probably marks the beginning of the use of nanoscale phe-
nomena in this product range.

Commercial interests in the application of noble metals for drink-
ing water purification can be judged from the intellectual property
filed in the last few years. The most commercialized application of
noble metal nanoparticles is utilization of the anti-bacterial property
of silver for use in variety of products [465–468]. The discovery of
noble metal nanoparticle-based removal of halogenated organics and
pesticides has also been patented for its use in drinking water pu-
rification [324,325]. Gold nanoparticles also exhibit potential to re-
move inorganic mercury from drinking water. Quantum clusters of
noble metals have been utilized for developing fluorescence-based
detection devices, mainly to detect biomolecules [469]. As mentioned
earlier, such methods have also been utilized for the detection of
contaminant molecules in drinking water [377]. The shift in the
optical plasmon of gold nanorod upon interaction with zerovalent
mercury has been utilized for its detection at low concentrations in
drinking water [470]. In another interesting study, a method has been
developed to discharge ultra-fine particles of gold in water, aimed at
utilizing the medicinal properties of gold [471].

9. Environmental implications of the use of noble
metal nanoparticles

As discussed earlier, noble metal nanoparticle-based chemistry has
immense advantages in the area of drinking water purification. The
noble metal nanoparticles have multi-pronged use in drinking water
purification (removal of organic compounds, heavy metals andmicro-
organisms). While the chemistry of noble metal nanoparticles is
Table 8
Examples of a few nanotechnology-based products in drinking water purification market (c

Product Name Nanomaterial utilized Conta

Aquaguard Gold Nova, Eureka Forbes Limited
(Launch: 2007, India)

Silver nanoparticle s supported
on alumina

Pestic

Adsorbsia, Dow Water Solutions
(Launch: 2005,USA)

Titania nanoparticles Arsen

AD33, Adedge Technologies, Inc.
(Launch: 2002, USA)

Iron oxide nanoparticles Heav
chrom

Nanoceram, Argonide (Launch: 2006, USA) Electropositive alumina nanofibers
on a glass filter substrate

Disin
turbid
meta

ArsenX, SolrneteX, Inc. (Launch: 2004, USA) Hydrous iron oxide nanoparticles on
polymer substrate

Arsen
urani

Nanopore, Nanovation AG (Launch: 2003,
Germany)

Membrane filters based on ceramic
nanopowder supported on alumina

Disin
unique in the removal of many contaminants, their high energy
surface results in system attempting to minimize the surface energy
through protection or chemical transformation or agglomeration.
Therefore, the nanoparticles are likely to adsorb a number of other
species on the surface. The same properties of nanomaterials
(increased surface area, chemical reactivity, etc.) which confer a
unique ability to degrade toxic species present in the environment
may also render them toxic to humans [472]. In addition, the sudden
increase in the variety of novel nanomaterials have led to commer-
cialization of many recent discoveries based on nanomaterials
research. Another aspect to consider is that we have already learnt
that many of the metal ions never remain in ionic form; they undergo
reduction by participating in cellular processes and transform to
nanoparticles. This capability has been expressed by human cells as
well [248] and transformation leads to the formation and accumula-
tion of metal nanoparticles in human body. Thus, metal toxicity for the
human body (currently expressed as metals in ionic form) will soon
be required to be studied as an issue of nanomaterial toxicity, implying
toxicity as a function of nanoparticle size.

While limited studies on nanomaterial toxicity are available, a few
conclusions canbe drawn. Silver being a broad-spectrumanti-bacterial
agent, is likely to have equally harmful effects on environment-friendly
bacteria. Likewise, modified gold surfaces have also exhibited severe
toxicity [473]. In the case of ionic silver, it is suggested that it can't cross
the blood-brain barrier, and the regulatory activity of blood metal-
lothioneins binds it as thiolate-cluster structures for detoxification
[435]. In addition, silver nanoparticles (average size: 25 nm, standard
deviation: 7.1 nm) are able to penetrate through stratum corneum and
are found in outermost surface of the epidermis after a exposure of
24 h, even though the concentration is negligibly small (applied
concentration: 70 μg/cm2, cell concentration: b2.32 ng/cm2) [474]. In
addition, long multi-walled carbon nanotubes produce asbestos-like
pathogenic behavior (inflammation, formation of nodular lesions and
ompiled from multiple sources on the World Wide Web).
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early fibrosis) when injected into the abdominal cavity of mice
[475,476]. It is expected that carbon nanotubes being made of carbon,
shouldn't cause toxicity due to their chemical nature. However, other
properties of material play a critical role in determining the toxicity:
electronic structure, particle dimensions, surface functionalities,
chemical stability and accumulation. A number of such aspects have
to be explored before a conclusion can be drawn on nanotoxicity.

Thus, it is important that for longevity of nanomaterials use in
commercial applications, preventive care is taken [477] to minimize
the side-effects, till those are known. During the intermittent time,
several important aspects should be considered for the judicious use
of nanomaterials in commercial applications.

- As far as possible, the use of nanoparticle supported on suitable
substrates should be preferred. There are many advantages of
supported nanoparticle chemistry: minimum leaching of nano-
particles into the environment, easy nanoparticle separation and
lower loss in the efficiency of nanoparticle chemistry.

- Quantitative studies on the release of nanoparticles from supports
under varying environmental conditions [448].

- Appropriate mechanisms for the recovery of nanomaterials have to
be designed.

- Use nanosystems made of materials with minimum toxicity.

It is also important to realize that decision to choose the support
should also be influenced by its environment-friendliness. This is
important because we have to realize that all water purifiers, while
delivering pure drinking water, also end up concentrating the
contaminants present in a certain quantity of water (6000 l in during
the life of a typical replacement cartridge). This is an environmental
hazard leading to accumulation of non-degradable cartridges in the
environment. Thus, it is important that eco-friendly supportmedia are
utilized. Activated carbon, derived from coconut shell, is an example to
mention.

Having reviewed the anti-microbial properties of silver nanopar-
ticles and realizing that silver is by-far the most researched material
for anti-bacterial actions, it is important to reiterate the key factors
required for optimal biocidal action of silver:

- With the stricter norms on allowed concentration for silver in
drinking water, it is important to find novel mechanisms for
preventing the release of silver during the process of drinking
water purification.

- The anti-bacterial activity of silver needs to be comprehensively
evaluated for all classes of bacteria, including environmentally-
friendly bacteria. This is important for understanding the precau-
tions required to be followed during the commercial use of silver
nanoparticles.

- The influence of environmental conditions on silver nanoparticles
needs to be thoroughly studied; e.g., anti-bacterial activity in
presence of pesticides, effect of excess chloride in water, etc.
Although effects of several of these ions have been examined, since
water contains numerous species, no study can be said to be
complete.

As mentioned earlier, noble metals have been historically asso-
ciatedwith humankind due to theirmedicinal value. Largely they have
been utilized as anti-microbial agents, with gold specifically used for
arthritis treatment. Noble metals have been one of the most-utilized
inorganic materials for therapeutic value. Similarly, an earlier high-
lighted work on reduction of gold ions by human cells suggests that
gold exists in the nanoform if there is an exposure to it [248]. This
offers a certain degree of comfort in the utilization of noble metals for
drinking water purification. However, a thorough investigation of the
interaction of noble metals with human cells is necessitated and in the
interim period, the cautionary approach of avoiding nanoparticle
discharge in water is recommended. Thus, it is best to use supported
nanoparticles in which the nanoparticle-support interaction is strong.

10. Summary and conclusions

Water has always been associated with the existence of life on
earth. From early civilizations, water has been a central theme linked
to economic development. The evolution of civilization has always
revolved around water. Water is one of the purest signs of prosperity,
health, serenity, beauty, and artistry. Similar to human civilization's
associationwith water, a relationship has existed with noble metals. A
number of examples from the historical civilizations have suggested
the use of noble metals for medicinal purposes. During the long
history with noble metals such as gold and silver, no hazards have
been reported with such metals in the bulk form.

Moving tomodern civilizations, aswe progress through rapid phases
of industrialization and economic upliftment, it is only natural to expect
increasing ecological contamination, even though equilibrium with
Nature is desired. The unavailability of quality drinkingwater is a critical
problem across theworld. A number of toxic species are present in large
concentrations in drinking water. Examples include pesticides, heavy
metals,micro-organisms, etc. especially around industrial locations. The
severity of the situation can be understood from the fact that 1.8million
people die from diarrheal diseases every year, with children under the
age offivemost severally impacted. Similarly,1 billionpeople lack access
to safe drinking water. The discovery of pesticides and other synthetic
organic compounds is a representative example. Hence, it becomes clear
that without disturbing the path of scientific discovery for novel
materials and their commercialization, we need to focus our attention
on developing preventive technologies for inhibiting their detrimental
impact on the environment.

A number of solutions have earlier been utilized for drinking water
purification such as sand filtration, activated carbon based adsorption,
distillation and reverse osmosis. While all of them have delivered
enormous benefits to mankind, we are still far from ensuring
availability of quality drinking water at an affordable price. It is an
important goal for state-of-the-art science to deliver. This goal can only
be achieved by discovering novel materials with unusual properties.

While traditional synthetic protocols have helped in controlling the
spread of toxic species, the finest method has been practiced by Nature
for ages. Although we have just started to understand and implement
the chemistry of biological degradation of organic compounds, it is
certain that Nature's path will remain by-far the most desired method
for detoxification of the environment. The underlying theme of
nanotechnology has been immensely influenced by Nature's methodol-
ogy: complete mineralization of halogenated organics to non-toxic
forms, environmentally benign nature of reaction end-products and
large conversion efficiencywithminimumquantity of catalyst. Thus one
thing becomes clear to us. To do things in the most efficient fashion -
whether chemical synthesis, energy transfer or water filtration - novel
materials are likely to play a critical role. The unique properties of novel
materials are likely to help in finding newer applications as well as
solving the old problems, partially solved by conventional technologies.

Noble metals are historically known to be extremely non-reactive.
This is understood from a number of facts: unusually high reduction
potential, high ionization energy, high melting point, relativistic
contraction, etc. A number of such properties have a dependence on
the size of the particle, for example, the melting point of 4 nm gold
crystals is 700 Kwhereas the bulk value is 1337 K. Research conducted
over the past 20 years has established numerous methods for size-
controlled synthesis of nanoparticles, especially noble metals. A
number of new properties have been found which originate at the
nanoscale. This points toward the size-dependent reactivity of noble
metals, for example, oxidation of carbon monoxide on gold nano-
particle surface. The new found role of noble metals as an efficient
catalyst is increasingly being utilized for drinking water purification.
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A multitude of factors have been attributed to the chemical
reactivity enhancement of nanoparticles: small particle size leading to
an increase in specific surface area, increase in the surface energies for
easier delocalization of electrons and perfection in atomic organiza-
tion in the lattice. Besides increased reactivity, the availability of
different forms of nanomaterials (e.g., nano-oxides, nanometals, den-
drimers, nanoclays, etc) and enhanced knowledge about nanoparticle
incorporation on support structures has opened new avenues for
science to thoroughly investigate the potential of nanotechnology for
large scale environmental detoxification.

Amongst all the recently developed nano-adsorbents for drinking
water purification, the chemistry of noble metal nanoparticles is truly
unique. As reviewed above, the chemistry of silver nanoparticles has
been utilized to remove a number of toxic contaminants found in
drinking water including pesticides, heavy metals and micro-organ-
isms. There are several advantages of silver nanoparticle-based
chemistry vis-à-vis other nano-based adsorbents: stability of silver
nanoparticle against surface oxidation, complete degradation of
pesticides, removal of heavy metals in high proportions and broad-
range anti-microbial action. These capabilities associated with silver
nanoparticles make them an effective nano-adsorbent for removal of
toxic species found in drinking water.

The important aspect of how noble metal chemistry becomes
unique at nanoscale can be understood from a simple explanation: in
the bulk scale, many of the transition metals are chemical reactants
whereas noble metals exhibit low reactivity. As mentioned earlier, the
chemical reactivity is usually enhanced significantly at the nanoscale
and thus most of the transition metals become extremely unstable.
However, the reactivity of noble metals is enhanced to such an extent
that they catalyze many important reactions without undergoing any
self-oxidation.

Where do we go from here? Considering the fact that about a sixth
of our global population still lacks access to a reliable water supply
[49], the dream of safe water for all is still far away. Largely, it is the
search of economical solutions for a number of old contaminants
coupled with studies on the emerging contaminants [53] which will
decide the type of technology to be used. Nanotechnology-based
approaches, some of which have been described in the article, indeed
offer a freshway tomeet such challenges— inwhich an important role
is likely to be played by the chemistry of noble metal nanoparticles.

The fulfillment of the dreamwill indeed serve the cause of society.
An idea worth one's life.
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List of acronyms and their definitions

USPHS: United States Public Health Service
USEPA: United States Environmental Protection Agency
CCL: Candidate Contaminant List (Published by USEPA)
WHO: World Health Organization
EU: European Union
TCE: Trichloroethylene, a chlorination byproduct commonly found in water
TTHM: Total Trihalomethane
FDA: Food and Drug Administration
RDX: Research and Development Explosive (1,3,5-Trinitroperhydro-1,3,5-triazine)
NPA: Asparagine–Proline–Alanine
TDS: Total Dissolved Solids
VOC: Volatile Organic Compound
UV: Ultraviolet
SERS: Surface-Enhanced Raman Spectroscopy
TEM: Transmission Electron Microscopy
AOT: Sodium bis(2-ethylhexyl) sulfosuccinate
EDTA: Ethylenediaminetetraacetic acid
IR/FTIR: Infra Red/Fourier Transform Infra Red
NIR: Near Infra Red
XPS: X-Ray Photoelectron Spectroscopy
MPC: Monolayer Protected Cluster
TOAB: Tetraoctylammonium Bromide
PAMAM: Polyamidoamine
PPI: Poly(propylene imine)
SANS: Small Angle Neutron Scattering
AFM: Atomic Force Microscopy
CTAB: Cetyl trimethylammonium Bromide
TMAOH: Tetra-methyl Ammonium Hydroxide
CVD: Chemical Vapor Deposition
ZVI: Zerovalent Iron
XRD: X-ray Diffraction
OPH: Organophosphorus Hydrolase
AChE: Acetylcholine Esterase
SEM: Scanning Electron Microscopy
EDAX: Energy Dispersive X-Ray Analysis
MCL: Maximum Contaminant Level
HOMO: Highest Occupied Molecular Orbital
LUMO: Lowest Unoccupied Molecular Orbital
LB: Langmuir-Blodgett
LPS: lipopolysaccharide
HAADF: High Angle Annular Dark Field
ZPC: Zero Point Charge
CNT: Carbon Nanotube
MWNT: Multi-walled Nanotube
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