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Abstract

'The upraising value of nano-metal particles is increasing from one day to another due to its wide usage in enormous range of applications in several fields. This high
value is due to the new approaches of the nano-metal science which enabled the researchers to improve the characteristics of these nano-metal particles through some
processes of incorporation of nano-metal particles on the different cellulosic fibers substrates. One of these substrates is the paper fibers which is a natural polymer.
Nano-metal particles retention may occur in case of incorporation of the nano metal particles in the paper fibers substrate. The adherence to the paper fibers matrices
via weak interactions like Van der Waals force would lead to weak retention. Raising the retention may take place through incorporating nano-metal particles in
paper matrices by adding suitable linkers, binders, or retention aids. While these substances improve the retention and the strength properties of paper sheets, however
they add extra cost to the final product. Also addition of these retention aids and linkers restrict the active sites availability in the nano-metal particles, which in turn
decreases the applicability of these nano metal particles in some applications. More modern hydrothermal method was used to incorporate nano-metal particles in
paper matrices in a single step without adding any binders, linkers or retention aids (i situ). The purpose of this state of art is to present and discuss; the main synthesis

methods of nano-metal particles, principal characteristics and different attachment methods of nano-metal particles.

Introduction

The upraising which deals with materials with size of up to about
100 nm in one or more dimensions, provided great opportunities for the
progress of materials with new properties for use in new applications.
Recently, the interest of the nano-sized inorganic compounds has
been widely increased due to its strong antibacterial activity at low
concentrations. This antibacterial behavior is due to the high surface
area to volume ratio and splendid chemical and physical properties of
these compounds [1]. In addition, these compounds are more stable
in drastic conditions such as; high temperatures and pressures. Some
of these compounds are nontoxic and even contain mineral elements
which are essential to the human body. Most antibacterial inorganic
materials are metallic nanoparticles and metal oxide nanoparticles
such as gold, silver, copper, titanium oxide and zinc oxide [2]. The
optical, electronic, conductivity, catalytic and antimicrobial properties
of the metal oxide nanoparticles (TiOz, ZnO, Fe,0,/Fe,0,, CuO, Ag
and Au) represented an advantage to be used in enormous applications
in different fields like piezoelectric, magnetic, gas sensor, and dye
sensitized solar cells.

The increase of pollutant levels due to industrialization and
repetition of infectious diseases caused by different microorganisms
become a serious threat to the human health and the environment.
Researchers have exerted a lot of efforts to find low cost- efficient
systems to purify water and air via degradation of these contaminants
[3]. Nano-metal particles like TiO,, ZnO, Fe,0,/Fe,O,, Bi,O, and
CuO could be a great solution to face these hazards by using them
as photocatalysts to degrade organic compounds, as well as, for their
antimicrobial effect [4].

TiO, has the ability to exchange energy from light to chemical
redox energy. Whereas, on TiO, surfaces there are two kinds of
photochemical reactions take place, photo-induced redox reaction
and photo-induced hydrophilic conversion upon UV irradiation as
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presents in Figure 1 and 2 [5,6].

The accurate mechanism of nano-metal particles action on micro-
organisms is still unknown. However, the antimicrobial effect of ZnO
nano-metal particles is assigned to several mechanisms including the
release of antimicrobial ions, interaction of nano-metal particles with
microorganisms, subsequently damaging the integrity of bacterial cell
and the formation of reactive oxygen species by the effect of light rays
(Figure 3) [7].

Nano-metal particles can be recovered from treated solutions
by using centrifugation, filtration, or sedimentation. These nano-
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Figure 1. Photo-induced redox reaction of TiO,.
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Figure 2. Photo-induced hydrophilic and hydrophobic conversion of TiO,.
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Figure 3. Different mechanisms of antimicrobial activity of ZnO nanoparticles (represented
by gray spheres).

metal particles can be obtained by incorporating them on various
substrates such as ceramics, glass, polymers, cellulose fibers, and paper,
however, each substrate has its own advantage and disadvantage [8,9].
Paper matrices can be considered as superior alternative to other
substrates since it is biodegradable, biocompatible, cost effect and
renewable [10]. Also, due to the porous structure and hydrophilicity
of fiber surface, paper matrices can absorb suspension of nano-metal
particles via capillary forces leading to higher loading of nano-metal
particles. Moreover, small volume of nano-metal particles deposited
on paper sheets can be used in different devices which gives optical
[11], antimicrobial [12], anti-counterfeiting [13], surface enhanced
raman scattering [14] and surface plasmon resonance [15]. However,
paper has some disadvantages such as low strength properties and
deteriorates of mechanical properties under moist environments.

The aim of this state of art is to present and discuss; the main
synthesis methods of nano-metal particles, principal characteristics
and different attachment methods of nano-metal particles.

Synthesis of nano-metal particles

Nano-metal particles can be synthesized by three main approaches;
the physical approach which utilizes several methods such as;
evaporation/condensation and laser ablation. The chemical approach,
where metal ions solution is reduced in conditions that motivating the
consequent formation of small metal clusters or aggregates. Finally,
the combination of inorganic nano-metal particles and biological
structures is also a favorable technique where no toxic chemicals are
used [16].

Chemical methods can be classified in terms of the nature of the
reducing agents to classical chemical, using the famous chemical
reducing materials e.g. hydrazine, sodium borohydride, hydrogen,
etc. and radiation-chemical where solvated electrons generated by
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Figure 4. Physical vapor synthesis of nano-metal particles.

the ionizing radiation starts the reduction process [17]. Moreover,
chemical methods can be classified in terms of using non-deleterious
solvent and naturally occurring reducing agent e.g. polysaccharides
or plants extract or biological micro-organism e.g. bacteria and
fungus as reductions materials [18]. Stabilization of nano-metal is
always discussed in terms of electrostatic and steric stabilization.
Electrostatic stabilization is the coordination of anionic species, e.g.
halides, carboxylates or polyoxoanions, to metal particles which leads
to the formation of an electrical double layer. This double layer results
in columbic repulsion force between the nano-metal particles. On
the other hand, steric stabilization may occur due to the presence of
bulky, typically organic materials that, due to their bulk, hinder the
nanoparticles from diffusing together. Polymers and large cations like
alkylammonium are examples of steric stabilizers [19].

Physical methods
Physical vapor synthesis

One of the methods to produce nano-metal particles is the physical
vapor synthesis where a solid precursor is exposed to a plasma arc
energy which in turn produce vapor at high temperature (Figure 4).
When the precursor is injected into the plasma, the energy plasma
arc’s energy induces the super-saturation and particle nucleation of
the precursor. The particles are formed due to the reaction and/or
condensation of the precursor’ atoms by mixing with cool gas or by
expansion through a nozzle. Finally, the resulting nano-metal particles
are provided due to the addition of a reactant gas to the vapor followed
by cooling at a controlled rate and then condensed, the sizes of the
formed particles are ranged in average from 8 to 75 nm [20].

Pulsed laser ablation

Pulsed laser ablation method is one of the major irradiation
approaches used to produce nano-metal particles. For example,
laser irradiation is used to generate Ag nano-metal particles with
a well-defined shape and size distribution by irradiating an aqueous
solution of Ag salt and surfactant. Laser is also applied in a photo-
sensitization procedure for the synthesis of Ag nano-metal particles
using benzophenone, where, low laser powers at short irradiation times

Volume 1(2): 36-46



Adel AM (2016) Incorporation of nano-metal particles with paper matrices

produced Ag nano-metal particles of ~20 nm and high irradiation
produced gave nanoparticles of ~5 nm [21].

Microwave irradiation

This procedure is an extra-active and easy approach with low
time of reaction for preparation of nano-metal particles. Microwave
radiation can successfully generate thinner particle sizes in shorter
reaction time in comparison of the classical heating system due to
homogenous fast heating [22]. However, in case of the microwave
irradiation energy transfer to the materials is due to the interaction
between the microwaves energy with water (or other solvents with high
dielectric constant or solvents molecules with large dipole moments).
Gouda, et al. studied in situ preparation of nano-metal particles on the
thiol-modified cotton fabric [23]. Before the synthesis of nano-metal
particles started, the thiol-modified cotton fabrics chelated with metal
salt were prepared. This was done by dipping the modified cotton
fabrics into a conical flask containing solution of FeCl3, CuClZ, COCIZ,
and MnCl, solutions separately. Modified cotton fabrics containing
metal salts were then subjected to microwave irradiation at 100°C for
5min to get nano-metal oxides such as iron oxide, copper oxide, cobalt
oxide, and manganese into thiol-modified cotton fabric.

Gamma radiation

Gamma radiation has been established a simple and efficient
technique for nano-metal particles production. The synthesis of nano-
metal particles through the gamma radiation route requires an aqueous
system, room temperature and ambient pressure. In this method, the
aqueous solution of metal salt is exposed to y-rays. The species hydrated
electron and hydrogen atoms rising from radiolysis of water are strong
reducing agents and they reduce the metal ion to zero valent state [24].

yirradiation

H,Q0—fmduion_ o= H.O*,H*,OH",H,",H,0, 6]

ag®
Sonochemical synthesis of nano-metal structure

Ultrasonic irradiation of aqueous liquids e.g. water generates frees
radicals. The sonolysis products in water are H" and OH " radicals. These
radicals can recombine to return to their original form or combine to
produce H, and H,0,. They also can produce HO," by combination
with O,". These strong oxidants and reductants are mainly used in
different sonochemical reactions in aqueous mediums. Sonochemistry
is advantageous in two aspects; the use of less volatile organic solutions
and the ability to provide different forms of nanostructured metals
simply by changing reaction conditions e.g. oxides, sulfides and
carbides [25].

Metals

Sonochemical reduction of noble metal salts (e.g., Au, Ag, Pt, and
Pd) is favorable more than other classical reduction methods (e.g.,

= |

- T

sodium borohydride, hydrogen, and alcohol) where, no chemical
reducing agent is required. The reaction is characterized by its fast rate
and its resultant fine metal particles [26]. As discussed before, water
sonolysis is the main reason for the sonochemical reductions where the
generated H' radicals act as reductants. Frequently, organic additives
(e.g., 2-propanol or surfactants) are used to provide a secondary radical
species, which is significantly promoting the reduction rate:

H,O——>H'+0OH" (2)
H'+H ——H, 3)
H"+OH —— H,0 4
RH +OH" (orH")—— R’ + H,0(orH, ) ®)
OH' +OH' —— H,0, (6)
Au(1IT)[ Ag (1), Pt(I),orPd (II) |+ H"orR* —> Au(0)[ 4g(0), Pt(0),0rPd (0)] (7)
nM(O)—)Mﬂ (M = noblemetal) (8)
Metal oxides

Preparation of different forms of metal oxides nanostructured
through the sonication takes place using an aqueous metal salt solution
under ambient conditions (usually in the presence of air). Sonochemical
process is advantageous over other traditional methods while producing
metal oxides due to the better uniform size distribution, higher surface
area, faster reaction time, and improved phase purity of the produced
metal oxides. Different examples of successful sonochemical syntheses
have been recognized e.g. TiO, [27], ZnO [28], CeO, [29] and MoO,
[30].

Chemical methods

Mechanochemical process

The process is used to synthesize the different nano-metal particles
including ZnS, CdS, ZnO, SiO, and CeO, [31]. In this process, the
nano-metal particles are provided through the combination of physical
size reduction process in a conventional ball mill and chemical
reactions that are mechanically activated at the nano-scale during
grinding. Using this process to prepare crystalline ZnO nanoparticles,
the precursors zinc chloride (ZnCl,) and sodium carbonate) Na,CO,)
are successively milled in a ball mill which results zinc carbonate
(ZnCO,) and sodium chloride (NaCl) (Figure 5). An inert diluent
(NaCl) is added to the precursors which produces a nano-composite,
with NaCl acting as the matrix phase. The starting materials mixture
has the following chemical reaction:

ZnCl, + Na,CO, +8NaCl —— ZnCO, +10NaCl (9)

The produced nano-metal composite is heated at (170-380°C)
for the thermal decomposition of ZnCO, to ZnO, and then washed
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Figure 5. Mechanochemical processing for ZnO nanoparticle synthesis.
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to separate the NaCl from ZnO and finally dried. The average sizes of
the produced nano-metal particles are ranged from 20 to 30 nm. The
produced nano-metal particles size depends mainly on the milling time
and temperature. Increasing the milling time can effectively reduce the
size of the nano-metal particles, where, increasing the temperature
increases the size of the nano-metal particles [32].

Polysaccharide method

The thermodynamic instability of the nano-metal particles and
their tendency to aggregate ease their aggregation in a bulk metal even
in the absence of capping agents, ligands or supports. Due to the high
surface area, reductive functional groups and water suspend-ability of
the nanocelluloses, they considered attractive supports for nano-metal
particles. Three main approaches are used to prepare the nano-metal
particles as shown in (Figure 6);

a. Reduction via an external reducing agent: In this approach, a
reduction process of the metal precursor to metal nanoparticles on the
nanocellulose surface using an external reducing agent is taken place.
Different examples will be presented as follow to demonstrate how
much the process is common;

Agnanoparticles were produced on different types of nanocelluloses
by reducing AgNO, with NaBH, [33]. Different external reducing
agents e.g. triethanolamine, NH,NH,, NH ,OH and ascorbic acid can be
used to reduce Ag salts to Ag nanoparticles [34]. Au nanoparticles were
produced from HAuCl, on the nanocelluloses using NaBH, and poly
(ethyleneimine) as external reducing agents [35] [36]. Borohydride
reduction has also taken place in producing Pd, Ru, CuO and alloy
nanoparticles, including Au-Pd, Pd-Cu, and Au-Ag [37].

b. Reduction via modified nanocellulose surface: In this a
process, a surface modification for the nanocellulose is taken place,
to act as bio-templates for the nano-metal particles, by attaching
chemical groups that have reducing/coordinating capabilities. These
modified nanocellulos are used to produce nano-metal particles
from their corresponding salts, without any external reducing agent,
e.g. smart conductive textiles were produced by the synthesizes of
nanocarbamoylethyl cellulose as precursors to produce nano-metal
particles [38]. The produced silver nano-metal particles have; small

a) Reduction using an external agent
Matal Precursor

External reducing agents

sizes, spherical shape and high stability up to concentration as high as
2000 ppm as indicated by UV spectroscopy and transmission electron
microscopy (TEM). Accordingly, Ag nano-metal particles were utilized
effectively as highly functional, effective and suitable precursor to get
smart conductive textiles.

Periodate oxidized nanocellulose were also employed in the
formation of Ag nano-metal particles from Ag(I) salt, where the
aldehyde groups on the nanocellulose surface act as reducing agents
[39]. Au nanoparticles were also produced from their metal salt using
surface-modified nanocelluloses as reducing agents such as; grafted
PAMAM poly (amidoamine)-dendrimer onto cellulose nanocrystals,
and the amine groups were used for reducing HAuCl, into Au NPs [40].

c. Reduction via nanocelluloses: In this approach, the surface
hydroxyl groups on the nanocelluloses are used as a reducing agent
for the metal precursors to form the nano-metal particles. The
nanocelluloses act as both support and reducers for the generation
of nano-metal particles, Ag, Au, Pd, Pt, Fe,0,, Fe,0,, Ni and ZnO
nanoparticles were synthesized via hydrothermal procedures [37, 41].

Sol-gel technique

Lately, there has been an increase of research into the production
of nanoparticles via sol-gel techniques. This reaction scheme produces
nanoparticles, usually metal oxides, through the use of a gel matrix
to control the mixing of precursors. The reaction usually involves the
integration of solution of metal alkoxides (sol) into a polymer (gel).
Once the precursors are incorporated into the matrix, they undergo
a hydrolysis reaction which forms the product. The final step of the
reaction is calcination of the sol-gel, which causes the agglomeration of
the particles, and usually results in causing polydispersity, depending
on heating temperature and duration. The following scheme represents
the preparation process as shown in (Figure 7) [42].

Microemulsion technique

The microemulsion is a thermodynamic stable, optical isotropic
solution of two immiscible liquids stabilized by an interfacial film
of surfactant. Microemulsion is a micro-heterogeneous medium
that generates the nano-metal particles, which is controlled by the
reactant distribution in the droplets and by the dynamics of inters

°. .0 .9

Eg. NaBH,, Hy, Ascorbic acid,

HCI, thiourea, scCD,

b) Reduction via modified nanocellulose
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Figure 6. Three approaches for synthesis of metal NP-nanocellulose hybrid composite: (a) reduction using an external agent, (b) reduction via modified nanocellulose surface, and (c)

reduction using nanocelluloses
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droplet exchange of reactants. The surfactant-stabilized micro-cavities
provide a cage-like effect which limits particle nucleation, growth and
agglomeration [43]. The microemulsion occurs in two phases: O/W
(oil in water) and W/O (water in oil) which are similar to aqueous
and non-aqueous mediums, respectively. The micelles are formed in
aqueous medium, where the surfactants’ hydrophobic hydrocarbon
chains are oriented toward the interior of the micelle, and the
surfactants’ hydrophilic groups are in contact with the surrounding
aqueous medium. In contrary, reverse micelles are formed in non-
aqueous medium, where the hydrophilic head groups are directed
toward the core of the micelles, where, the hydrophobic groups are
directed outward (Figure 8). The stability of the emulsions is related to;
the particle size, particle-particle interaction, particle water interaction
and particle-oil interaction [44].

Precipitation

Precipitate formation from a homogeneous liquid phase is due
to the physical process (temperature change, pH, evaporation of the
solvent, concentration of the reactant, etc.) and/or chemical process
(addition of acids or bases, use of complex forming agents). In all cases,
the formation of a new solid phase in a liquid medium is due to two
instant processes; (i) nucleation, which is the formation of the smallest
elementary particles of the new stable phase under the precipitation
conditions; and (ii) particles’ growth or agglomeration. Nano-metal
particles with narrow size distributions can be synthesized through
controlling the precipitation factors such as; the pH, concentration

Interdiscip | Chem, 2016 doi: 10.15761/1JC.1000107

of the reactants/ions. Oxides synthesis of, co-precipitation method
includes precipitation of hydroxides by the addition of a solution e.g.
NaOH, NH,OH, urea, etc. to the reactant followed by heat treatment
e.g. calcination to crystallize the oxide [45].

Hydrothermal method

Water in hydrothermal method plays two roles as a catalyst and
occasionally as a component of solid phases (high temperature >100°C
& pressure, more than a few bars). This technique produces mono-
dispersed and highly homogeneous nano-metal particles, and also used
to process nano-hybrid and nano-composite materials widely used in
the ceramics industry [46].

One of the examples for the hydrothermal methods is the
preparation of TiO, ultrafine powders from metallic Ti by the
hydrothermal H,0, oxidation process. The process occurred in two
steps; first step is the oxidation of Ti with an aqueous solution of H,0,
and ammonia to form a gel (TiO,, H,0) and the second step is the
hydrothermal treatment of gel under several conditions [47].

Solvothermal method

Similarly to the hydrothermal process, the solvothermal method
is typically following the same process except that water is replaced
by organic solvents. This process is considered a transformation or
chemical reaction in an organic solvent e.g. methanol, 1, 4- butanol,
toluene under supercritical pressure and temperature. Solvothermal
processing provides high chemical homogeneity and the possibility of
deriving unique metastable structures at low reaction temperatures [48].

Electrochemical process

The electrochemical process is a six steps technique starting by
oxidative dissolution of the sacrificial Mbulk anode followed by the
migration of Mn+ ions to the cathode then reductive formation of the
zero valent metal atoms at the cathode takes place. In consequence,
formation of metal particles by nucleation and growth occur. Finally,
the colloidal protective agents (like tetra alkyl ammonium ions) stop
the growth and stabilize the particles which lead to the precipitation of
the nano-metal structured colloids (Figure 9) [49, 50].

Anode: M, ——>M" +ne

Cathode: M"" +ne” + stabilizer—> M, [ stabilizer
Sum: M, , +stabilizer—— M, /stabilizer
Biological synthesis

The reaction between inorganic nanoparticles and biological
structures can give inorganic materials either intra- or extra-cellular.
Microorganism is an eco-friendly method for preparing nano-metal
particles under moderate conditions with no need for toxic chemicals
in the synthesis process [51]. The provided nano-metal particles
through using bacteria show considerable polydispersity since the size
of nano-metal particles is affected by; bacteria cell growth, incubation
solution composition, and metals growth conditions. However, mono-
dispersed products can be synthesized by the adjust control of the
synthetic parameters (concentration, pH, temperature, etc.) [52], in the
same way, fungi and yeasts can produce nano-metal particles through
the microbial processes [53].

Characterization of nano-metal particles

Nano-metal particles characterization can be fulfilled using different
techniques like transmission and scanning electron microscopy (TEM,
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SEM), atomic force microscopy (AFM), dynamic light scattering (DLS),
X-ray photoelectron spectroscopy (XPS), powder X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR), and UV
spectroscopy. These characterization parameters to be investigated
are; particle size, shape, crystallinity, fractal dimensions, pore size and
surface area. In addition, orientation, intercalation and dispersion of
nano-metal particles and nanotubes in nano-composite materials can
be investigated by the same techniques. [54].

Attachment methods of nano-metal particles to paper
matrices

The incorporation of nano-metal particles on paper matrices can
take place either by wet end addition and surface treatment methods;

Wet-end addition

In the wet-end addition method, the nano-metal particles
incorporated into separate fibers before paper sheet formation.
Commercial powders in nano-sized are applied as fillers in
manufacturing of paper to get an improvement in smoothness, thermal
stability, gloss, optical, and other paper matrices properties. These
fillers were incorporated to cellulose fibers by weak bonds as hydrogen
bonds and Van der Waals forces. So, retention can be improved in
the final product by adding binders, linkers and retention aids during
paper making. These different additives were used to improve the
adherence of the nano-metal particles in paper fibers. In this part,
various methods have been used to incorporate nano-metal particles
in paper matrices [55].

One of the most common filler in the paper manufacture is TiO,, it
is widely used in particular in photocatalytic reactions due to its novel
optical properties; photo stability, abundance, and affordable price
[56].

Wet-end addition method was used to produce photocatalytic
papers made from TiO, supported by ceramic fibers, which resulted
in a higher photocatalytic property than TiO, powder and TiO,-pulp
mixture [57].

Interdiscip | Chem, 2016 doi: 10.15761/1JC.1000107

Preparation of core-shell pigments containing titanium dioxide/
calcium carbonate (TiO,/CC) symbolized CT1 and CT2 according to
the thickness of the TiO, shell were applied as filler in paper matrices.
The results indicated that, adding 15% CT1 increased the retention
(40.77%), but it was less than that of CT2 (55.14%). Because of the
highest filler retention of calcium carbonate CC, titanium dioxide,
core shell pigments CT1 and CT2, an improvement in brightness and
opacity of the paper sheets occurred. The incorporation of CC, TiO,,
CT1 and CT2 pigments in paper sheet improved the breaking length,
while the burst and tear indices were similar to that of unpigmented
paper this is related to the incorporation of pigments in the fiber
matrices [58].

Surface treatment

The surface treatment technique is extremely important in case
of using the nano-metal particles as a coat on the cellulosic fiber
substrate, since the crystalline properties of the coated substrate varied
according to the shape and the nature of the coated surface. In the
surface treatment method, paper sheets are embedded with nano-
metal particles through a bath of chemicals which was used to coat or
impregnate paper surface.

The incorporation of nano-metal particles into paper matrices were
controlled by hydrophobicity (sizing) and porosity. The most common
surface treatments to coat nano-metal particles onto paper matrices
are; size press, layer by layer deposition, sol-gel method, direct and in
situ assembly.

Size-press treatment

Size press process was used to produce photocatalytic papers by
coating of paper sheets with a mixture of TiO, and different kinds of
binder such as colloidal silica, resin and silicon binders. These binders
have the ability to incorporate TiO, into paper matrices and maintain
paper from photo-degradation. A mixture of TiO, and colloidal silica
was used to coat paper sheets. The silica binder increased the adsorption
capacities of TiO, which enabled the photocatalyst to decompose textile
dye in the wastewater [59,60].

TiO, nanowires were hydrothermally synthesized using TiO,
powders as a precursor for 24 h at 200°C followed by calcination
process for 3 h at 400°C. The incorporation of TiO, nanowires in paper
matrices by the hand sheet, resulting in agglomerated TiO, nanowires
(of length from 1 to 7 mm) dispersed in paper fibers (Figure 10 b).
To avoid the agglomeration of TiO, nanowires in the paper matrix,
a tri-block copolymer Pluronic 123 (P123) was used, the hydrophilic
end of this copolymer interacted with the TiO, nanowires forming a
layer on the surface of TiO, nanowires. Consequently, incorporation
of dispersed TiO, nanowires (of diameter ranged from 20 to 40 nm) in
paper matrices were obtained as shown in (Figure 10 c) [61, 62].

Layer by layer deposition

Using the standard layer by layer deposition method, a well-
organized multilayer of linear polyelectrolyte and TiO, were used
to coat the cellulose fibers. The positively charged TiO, nano-metal
particles were mutually attached onto the surface of the cellulose fibers
with the negatively-charged Poly (styrenesulfonate) (PSS), as shown
in (Figure 11). So, some hydrogen bonding between cellulose fibers
and TiO, were replaced by the electrostatic attraction of the positive
and negative polyelectrolyte fiber coatings, which may cause an
increase in the paper strength properties i.e. increasing the thickness
of the polyelectrolyte layer is improving the filler-fiber interactions

Volume 1(2): 36-46



Adel AM (2016) Incorporation of nano-metal particles with paper matrices

Figure 10. SEM images of paper matrices incorporated: (a) without TiO, NWs, (b) with
TiO, NWs, and (c) with TiO, NWs incorporated along with surfactant P123 [61].
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Figure 11. Layer-by-layer coating method [63].

and increasing the paper strength properties [63]. The layer by layer
deposition technique have been applied in different applications, the
following are some examples of these applications;

The paper sheets were coated with ZnO nano-metal particles and
nanofibrillated cellulose NFC composite to study the antibacterial
effects. To enable the formation of the NFC/ZnO (in range size 40.7
nm), a modification of the surface of NFC should take place using
both poly (diallyldimethylammonium chloride) and poly (sodium
4-styrenesulfonate) [4].

The synthesis and deposition of silica- Au nano-metal particles coat
onto the cellulosic fibers substrate. In this technique, cellulose fibers were
treated with polyelectrolytes to introduce cationic charge by alternative
dipping in poly (diallyldimethylammonium chloride), poly (sodium
4-styrenesulfonate) and again in the poly (diallyldimethylammonium
chloride) solutions. The treated cellulose fibers were then dipped
in the Au colloids. Moreover, surface modifications of nano-metal
particles with silica shells improves the optical properties and made

Interdiscip | Chem, 2016 doi: 10.15761/1JC.1000107

these nanocomposites effective, especially in security paper production
[64,65].

Sol- gel method

The sol-gel method was used in the deposition of TiO, onto
cellulose fibers, where, negatively charged functional groups were
introduced resulting in anchoring of the TiO, on the cellulose matrix.
The anchoring process is easy and reproducible technique, it is also
can be used to produce self-cleaning, antimicrobial and photochromic
surfaces [66]. The homogeneous distribution of TiO, films on the
surface of fibers led to the increase of the photo-degradation of the
pollutant molecules. The TiO, film is only photo-degrading the
pollutant molecules, but not the cellulose fibers due to the complete
adherences between the TiO, film and the fibers which in turn protect
the fibers from the attack by O2— and OHe species produced during
light exposure.

Direct assembly

Auand Ag nano-metal particles are synthesized via citrate reduction
of their aqueous salt solutions and then gathered directly onto the paper
matrices, where the citrate group works as a reducing and stabilizing
agent. The weakly bounded citrate ions import negative surface charges
to the nano-metal particles which in turn incorporate these negative
charges on the substrates through electrostatic self-assembly to avoid
the agglomeration in solution [67]. The grafting of positively charged
ammonium ions was produced through the electrostatic deposition
of Au nano-metal particles onto the cotton’s cationic cellulose. The
Au nano-metal particles were directly assembled onto the cellulose
substrate by immersing the cationic cellulose into a citrate-reduced
Au colloidal solution. Increasing the citrate concentration enhanced
the negative surface potential of Au nano-metal particles resulting in
a higher packing density of Au nano-metal particles on the substrate
[67].

Grafting of acrylamide onto bagasse paper sheets using potassium
persulfate under the effect of microwave radiations (MWR) was
precede. The Ag nano-metal particles are precipitated by reduction of
silver nitrate on the acrylamide grafted bagasse paper matrices in the
presence of citrate molecules as stabilizing agent as given in equation
(10). Silver ions were stabilized through their electrostatic interactions
with the electron-rich nitrogen atoms in the polyacrylamide grafted
bagasse paper sheet. This is enabling them to be reduced at room
temperature and be tightly established to the grafted bagasse paper
matrices. So, the grafting of acrylamide onto bagasse paper sheet,
followed by incorporation of Ag nano-metal particles leads to
development of a novel biomaterial which elucidates fair biocidal action
against G +ve bacterium Staphylococcus aureus, G —ve bacterium
P. aeruginosa, and yeast C. albicans. Paper sheets produced by this
method can be used as an antibacterial packaging material to prevent
food stuff from microorganism infection. This method can be applied
for the manufacture of antibacterial food packaging material [68].

44g" +C,H,0,Na, +2H,0——44g +C,H,0,H, +3Na" +H* +0, T (10)
In situ assembly

Nano-metal particles are synthesized through either physical
(thermal/UV) or chemical (sodium borohydride NaBH,) reduction
methods. The physically synthesized nano-metal particles are uniform
in shape and well distributed, whilst chemically synthesized nano-
metal particles are aggregates, both methods are used in different
applications; e.g. antimicrobial paper is produced by physical methods
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(where well distribution of nano-metal particles is preferred), whilst
a Surface Enhanced Raman Scattering (SERS) active substrate is
produced by chemical methods (where aggregation of nano-metal
particles is preferred) [69].

The in situ’s synthesized Au nanoparticles are under carried
a first immersion of cationic cellulose substrate into a sodium
tetrachloroaurate dihydrate (NaAuCl-2H,0) solution, followed by
immersion in a sodium borohydride (NaBH,) solution to reduce the
metal ions to zero-valence metal [67].

Using the in situ hydrothermal method, the incorporation of
nano-metal particles on the paper matrices’ cellulose fibers were
achieved without using any retention aids, binders, or linkers [70]. In
the presence of cellulose fibers, the hydrothermal treatment of TiO,
(diameter from 40 to 250 nm for 20 h at 150°C), around 40% of the
produced TiO, were retained in the paper sheets, where, in the absence
of cellulose fibers, TiO, nanowires (diameter from 89 to 90 nm) were
gained. Consequently, one can obtain that the cellulose fibers play an
important role in the control of the microstructure of the nano-metal
particles [70]. The formation of covalent bonds between the cellulose
fibers and the nano-metal particles were recognized in the in situ
hydrothermal method. This method results in a high retaining percent
of nano-metal particles in the paper fibers, creating available active
sites for the applications. The addition of the retention aids enhanced
the restriction of these active sites in the nanostructures; in addition,
TiO, nano-metal particles can nucleate, grow, and incorporate on the
cellulose fibers surface. An interaction may take place between the
hydroxyl groups (present on the surface of each of cellulose fibers) and
the TiO, nano-metal particles via H-bonding, Figure 12 demonstrated
the formation of permanent covalent bonds between TiO, and cellulose
fibers due to the dehydration process, which in turn lead to the growing
of the TiO, on the surface of the cellulose fibers [70]. Similarly, in situ
hydrothermal procedure as discussed before for the incorporation of
TiO, nano-metal particles, Figure 13 demonstrated the incorporation
of ZnO nanowires (of diameter ranged from 130 to 500 nm) on the
cellulose fibers surface via the hydrothermal method (for 14 h at
140°C) using ZnCl, as the ZnO precursor [71]. The mechanism of
the incorporation of the ZnO nanowires was identical to the above
discussed mechanism for incorporation of TiO, nanoparticles.

Figure 14 schematically displays that, ZnO nano-metal particles of
diameters ~ 20 nm were coated on paper matrices using an ultrasound
wave assisted process. The incorporation of ZnO nano-metal particles
in the paper matrix depends on the sonication (time intervals from 5 to
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Figure 12. Mechanism for the nucleation, growth, and incorporation of TiO, nano-metal
particles on the surface of cellulose fibers of paper matrices [70].
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Figure 14. Schematic diagram representing the coating of ZnO nano-metal particles on the
surface of a paper matrix by the sonication process [73].

30 min). It was found that, the maximum loading has slightly increased
from (14.3 wt%) at the starting 5 min of sonication to (17.7 wt%) after 30
min of sonication a little increase in the loading occurred. Accordingly,
the suitable sonication time to coat ZnO nano-metal particles in paper
matrices is ranged from 10 to 20 min. In addition, the ZnO nano-metal
particles coated paper sheets has an antibacterial action against E. coli
growth i.e., when the paper matrices was coated by ZnO nano-metal
particles, the E. coli growth was reduced by an average of 99.99% [72].

Recently, the incorporation of saccharide capped-ZnO nano-
metal particles in paper fibers was reported and the antimicrobial
actions were studied [73]. The saccharide capped ZnO nano-metal
particles were synthesized by a microwave assisted technique using
carbohydrates such as (glucose, g; sucrose, s; starch, st and alginic acid,
aa), Zn (CH,C00)2.2H,0 and NaOH solution (for 30 sec at 800 W).
The results indicated that for g-ZnO, s-ZnO, st-ZnO, and aa-ZnO,
the average particle sizes were 30.9 nm, 28.3 nm, 23.6, and 19.0 nm,
respectively. The synthesized nano-metal particles were applied in
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paper making procedure. From all the treated paper matrices, aa-ZnO
nano-metal particles indicated higher effectiveness in reducing about
86.06 and 81.71% of E. coli and S. aureus bacterial growth, respectively.
Moreover, aa-ZnO nano-metal particles incorporated in paper matrices
displayed antifungal action by inhibiting cellulose degradation using G.
trabeum fungus. This is attributed to; aa-ZnO nano-metal particle has
the smaller size compared to the other saccharide capped ZnO nano-
metal particles [74].

Future outlook

Due to the rapid changes in the technologies and the sacristy of
raw materials, it was obligatory to maximize the usage of the present
raw materials in producing new products using new techniques. Nano-
science has been applied in different ways to modify what we already
have of raw materials to achieve new products of different usage. One
of the applications that greatly made an advantage using the nano-
science is  the development of paper based products for applications
other than writing. Different thoughts had emerged about several
materials with characteristics properties and microstructures to be
used as fillers for development of papers for high end applications.
This state of art reviews demonstrate the most recent researches of
incorporating the nano-metal particles in paper matrix using the ex
situ and in situ techniques. In ex situ method, the nano-metal particles
were synthesized and then using the standard hand sheet making
procedure, the paper matrices were incorporated by nano-metal
particles. However, this method resulted in a retention problem, which
was eliminated using the retention aids, flocculants and binders. On the
other hand, the in situ method is a much easier method, where nano-
metal particles were synthesized and incorporated in paper matrices
instantaneously. In conclusion, the in situ methods is more favorable
than the ex situ methods due to the formation of the covalent bonds
between nano-metal particles and cellulose which resulted in; higher
retention percent, availability of nano-metal particles surfaces for
different applications, uniform distribution of nano-metal particles on
cellulose fibers surface. However, in situ methods have some challenges
which could be overcome. One of these challenges is how to control
the microstructure and crystallographic phases of the incorporated
nano-metal particles, this challenge can be eliminated by fulfilling
several studies to identify different parameters on the microstructures
and obtaining the preferred crystallographic phase of the nano-metal
particles. Another challenge of the generation of free radicles, due to
the nano-metal particles embedded in paper matrices depolymerized
cellulose fibers by time, led to the deterioration of the mechanical
strength and the life time of paper sheets incorporated with nano-
metal particles. This deterioration challenge can be eliminated using
the different retention aids to restrict the direct interactions between
nano-metal particles and cellulose fibers surfaces, i.e., the generated
free radicles cannot interact with cellulose fibers and the strength
properties of paper matrices can be preserved.

From the previous discussion we can obtain that now a day,
the scientific research using the nano-science have reached a new
phase of development using different techniques to obtain different
materials with different crystalline structure to be used in different
application. However, new efforts should be exerted to decrease time,
energy consumption, reaction steps and chemicals consumed in these
techniques which in turn would decrease the consumption of resources
and the environmental hazards.
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