Novel process for coating textile materials with
silver to prepare antimicrobial fabrics
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Abstract
The technology of applying a silver coating on fabric is presented. Tissue is wetted with a
solution of copper sulphate, which is then reduced to metal-phosphide by phosphine
treatment. Wetting can be carried out by immersing the fabric in a copper sulphate solution or
spraying the solution onto the fabric using a sprayer. The subsequent processing step is the
immersion of the fabric in a solution of silver nitrate, during this copper phosphide is
transformed to a silver coating. The developed technology allows achieving a good grip of
the fabric with a continuous silver films with a thickness from 40 to 600 nm. Using copper
sulphate spray, coatings consisting of individual dots or clusters of silver were obtained. The
silver coated tissues exhibited antimicrobial activity even after 10 washing.
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Introduction
Silver is one of the bactericidal and therapeutic agent that has been used for thousands of
years in different parts of the world [1,2]. Because of its multitarget mechanism of action a
wide spectrum of bacteria, about 650 species of bacteria, can be inactivated using
nanoparticles, whereas the antibacterial spectrum of antibiotics can be quite limited- in some
cases, only 5-10 species of bacteria [3-5].
The growth of microorganisms on fabric materials can be problematic, therefore, normally
textile products are often treated with antimicrobial agents [6,7]. Currently, applications of
bactericidal silver particles on the surface of various fabric materials have been developed for
domestic, medical and other purposes [8-11]. These fabrics can be used for the manufacture
of medical products (bandages, wounds dressings, surgical thread, etc.) and different types of
clothing (military uniforms, sportswear, underwear, etc.) protecting from the risk of
infections or avoiding the unwanted outcome of bacteria growth [12,13]. An example of such
application is for socks preventing the growth of bacteria resulting in malodor. There is
evidence that astronauts of International Space Station fly in space in socks with silver
nanoparticles produced in Russia [3,14,15].
Many methods to apply metal films on non-metallic materials have been presented; these can
be potentially used for deposition of silver films [16-27]. Among these, the most frequently
used is the so-called “physical and chemical methods”. In the physical method, previously
molten metal particles are sprayed on the coated surface with compressed air or gas. The
particles of the liquid metal on the way to the surface are partially cooled and only those with
melted surfaces cling to the chosen support. A variation of this method is the vacuum
metallization [17-22]. The chemicals employed in this technology are harmless to the
environment and personnel. However, for its implementation one should have a relatively
sophisticated and expensive apparatus.
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When using physical methods of silvering, previously obtained silver nanoparticles are
needed, these are then applied by the gas-phase, plasma or vacuum deposition. Disadvantages
of the physical methods are difficulties of plating the internal surfaces of porous materials
and the complexity of controlling the thickness of the coating.
Another approach for chemical deposition of metal coatings employs reducing agents that are
either in the gas phase or dissolved in an electrolyte solution [21-24]. Gaseous hydrogen can
be used in reduction reactions performed at high temperatures, in the order of several hundred
degrees. In this way, it is possible to obtain coverage from a fairly large number of metals,
but the requirement of special equipments for heating and dispensing gas mixtures limits the
widespread use of the method.
In metallization in a gas phase a thermal decomposition reaction is often used. The most
suitable compounds for this purpose are metal carbonyls. These compounds at room
temperature are in the liquid or solid state. When heated above a certain temperature (usually
a few hundred degrees) carbonyls decompose to carbon monoxide and metal. Carbon
monoxide can again be used to obtain metal carbonyl. In this way CO can be in a closed loop.
This is not only useful in industrial applications, but also can be employed to minimize the
overhead of auxiliary reagents and to eliminate pollution. The widespread application of this
method is hindered by the relatively high temperature of the process and the high cost of
metal carbonyls [19, 20].
Chemical-electrolytic plating [17, 25-27] is used to create a conductive surface, the dielectric
layer is activated by creating catalytic centers which are then coated by a chemical method.
Chemical and electrolytic technologies have limitations associated with the use of expensive
materials, the use of high temperature and loss of coating on highly porous materials.
For the application of silver nanoparticles on fabrics a method that combines chemical
reduction and physical adsorption by ultrasound has been also proposed [24]. A cotton
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sample is placed in a solution of silver nitrate in the presence of aqueous ethylene glycol and
ammonium hydroxide, and then it is subjected to ultrasonic treatment. Ethylene glycol is
intended to restore the silver to metal, however, as a consequence the formation of a stable
complex [Ag(NH3)2]+ is achieved, silver ions concentration decreases and the reduction
reaction is going very slow. In such conditions, the formation of very small particles (nano
particles) of silver occurs and the fabric becomes dark yellow, which is difficult to remove
even after rigorous washing. A series of washes are required to remove the particles that are
not attached to the fabric. Mass fraction of the deposited silver weakly depends on the nature
of the fabric indicating that the particles are bound to the tissue by physical adsorption. It has
been suggested that ultrasound pressed the particles into the surface of fibers. The average
particle size diameter for this process is about 80 nm, but also larger particles are formed.
However, this method has some disadvantages, for example the possibility of formation of
silver particles not only on the surface of the fabric, but also in the solution; as consequence
of the diffusion limitation, the coating in the depths of pores is thinner than in the outer
layers, finally, the use of ultrasound leads to complication of technological process.
It is, therefore, evident that the development of alternative methods of metallization of
textiles surfaces, which do not require special equipment and expensive reagents, is needed
to solve the specific problems associated with the currently available processes.
In this work a novel approach of silver implantation on fabrics is presented. This is a low
temperature process based on a gas-phase reaction between phosphine and copper sulphate.
Initially the copper phosphide layer was prepared and then it was transformed into silver. The
developed method for producing a conductive layer on surfaces allows plating both metal and
dielectric materials [28]. This technique is suitable for porous materials as well. The main
technological parameters of the process of obtaining phosphide films were studied on the
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surfaces of flat metal (copper, nickel) and dielectric plates. This technique is relatively
inexpensive and does not require sophisticated equipment.

Materials and Methods
Chemicals
All chemical were purchased by Sigma-Aldrich (Kazakhstan) and were analytical grade.
Apparatus for textile material coating
In order to ensure wetting of the sample surfaces by technological solutions and to create the
necessary adhesion, a preliminary etching and cleaning step were performed.
Metal plates were etched in a solution of hydrochloric acid 200 g/l. Fabrics made of
polymeric materials etched in concentrated sulfuric acid containing 150 g/l of potassium
dichromate for 2-3 seconds. Fabrics made of cotton were not etched, as their surface is rough
and has good wetting by technological solution (copper sulfate solution). On the prepared
surface a layer of copper salt solution was applied. For this, samples were immersed for some
time in a solution of copper sulphate. For smooth plates the immersion time was 10-15
seconds while for the porous samples it was 10-15 minutes. After the samples were removed
from the solution they were gently shaken resulting on a thin film of copper salt solution on
the surface remained.
Phosphine was produced by acid decomposition of powdered zinc phosphide. Zinc phosphide
reacts with acids to produce phosphine and the corresponding salt of zinc according to this
reaction:
Zn3P2 + 6HCl → 3ZnCl2 + 2PH3 ↑

(1)
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To obtain phosphine, a laboratory-scale plant was used (Fig. 1) consisting of the following
parts:
a) reaction vessel, a glass tube with a small orifice at the top to allow venting of the gas
generated from the reaction zone;
b) collection vessel - a plastic container to collect phosphine containing gas;
c) leveling vessel - a vessel filled with water for gas displacement in collecting bag or
metallization camera.

The sample of zinc phosphide was placed in the lower part of the vessel 1 and moistened with
a small amount water. Then a glass tube was corked and immersed in the receptacle 6 in such
a way that the neck of the tube tightly closed the vessel neck. Then, from the intermediate
vessel 7, by dint of equalizing vessel 9 into the vessel 6, water was added. A burette 5 was
filled with 10% hydrochloric acid, which by dint of faucet 4 was provided in the reaction
vessel 1. Generated phosphine increased pressure and the squeezed rubber ring fell into the
collection vessel 6, the rubber ring also serves as a valve to prevent water from entering the
reaction zone. Water from the collection vessel was forced into the intermediate vessel 7. The
amount of water displaced from the collection vessel 6 in the intermediate vessel 7
corresponded to the amount of phosphine formed over time. If necessary, the phosphine
containing gas was transferred by pressure in the collecting bag 8, where it was stored until
use.

After creating of film of copper salt, the samples were slightly dried at room temperature for
30 – 45 minutes and placed in the metallization chamber, where the salt of metal was
converted in phosphide by phosphine containing gas. The scheme of the plant in which the
experiments were carried out to obtain copper-phosphorus film is shown in Fig. 2.
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Sample 1 was hung to cover 2 of metallization chamber 3, and then air was removed from the
chamber by purging with nitrogen. After that, phosphine gas was supplied to the chamber of
metallization from a pre-filled vessel 4. To do this, the chamber was filled with some water
and then, at closed faucets 7 and 8, the water drained by the level vessel 6 lowering. In this
case, a vacuum was created in metallization chamber, which when opened faucet 7
contributed to the inflow of gas into the reaction medium. At the flow of gas the water from
level vessel 5 flowed into the vessel 4. Because during the reaction the metallization gas is
absorbed, then vacuum was maintained throughout the process. At the end of the reaction, the
pressure in the vessels 5 and 4 were aligned, and the flow of water from the vessel 5 in vessel
4 was stopped. This made possible to determine the end of the reaction. After the reaction
faucet 6 is closed, the remains of the gas with air were forced through a vessel with a copper
sulphate solution 9 and went to purification by passing through the vessel 10.
Copper compounds on the surface of the sample interact with phosphine containing gas (at
room temperature) and were converted to copper phosphide. As a result, a dark film of
copper phosphide was formed on the surface.
The overall reaction phosphide can be represented by the following equation
6 CuSO4 + 3PH3 +3 H2O → 2 Cu3P +6 H2SO4 + H 3 PO3

(2)

Coating of fabric
Samples of the studied fabrics were soaked in a solution of copper sulphate with
concentration of 100-200 g/l and dried at 30-40 0C for 10-20 minutes. Then, the fabric, which
was in a slightly moist at this stage, was placed in a sealed chamber and treated by phosphine.
Slightly humid conditions of textile are necessary firstly to prevent crystallization of copper
8

sulfate (that would break the even distribution of the solution layer in some areas of textile)
and secondly enhances permeability that is required for the uniform penetration of phosphine
through all parts of the fabric.
Thus as a result of reaction 2, on the surface of the fabric, a film, of copper phosphide is
form. Then the samples were washed with distilled water to remove by-products of the
reaction such as: H2SO4 and H3PO3.
For the transformation of copper phosphide in silver, samples were placed for 5-6 hours in a
solution containing 1-2 g/l of AgNO3 and 0.5 g/l of HNO3. The process of formation of silver
is described by the following reactions:
Cu3P + 9AgNO3 + 3H2O = 9Ag + 3Cu(NO3) 2 + 3HNO3 + H3PO3

(3)

Cu3P + 11AgNO3 + 4H2O = 11Ag + 3Cu(NO3) 2 + 5HNO3 + H3PO4

(4)

A slight excess of nitric acid is required to prevent the formation of precipitates due to the
interaction of ions of copper and silver with phosphate and phosphite ions.

Coated material testing
A scanning electron microscope, SEM (model ISM-6490-LV, JEOL, Japan) was employed to
study of copper-phosphorus films deposited on various surfaces. SEM images of areas
(spectra) of the coated surfaces at different magnifications were acquired. The SEM
equipment used in the work allows not only to determine the energies or wavelengths emitted
spectrum (qualitative analysis), but also to measure the intensity of the lines of the
participating elements and, on this basis, perform their quantitative analysis. Therefore, along
with the electronic image of the spectrum presents data of the quantitative content of
elements in these spectra
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To study composition of the copper-phosphorus films X-ray diffractometer, XRD (DRON-3,
Russia) in range of angles from 6° to 64° at U = 35 kV, I = 20 mA.was employed.
Film thickness was determined through dielectric wettability [29].To test the bactericidal
properties, the samples of fabrics with embedded silver films and control fabric (without
silver films) were placed in a sterile Petri dish and an aqueous solution of agar-agar
contaminated with S. aureus was poured on the fabric until it was fully covered. The Agar
was allowed to cool down and settled with the fabric samples immersed in it, Samples were
stored at room temperature and, as a result of microbial growth in the culture medium,
colonies of bacteria were noticeable after 5-6 days. The ability of the silver films to prevent
bacterial growth was determined through comparison of the number of colonies developed in
samples containing coated fabric against controls.

Results
Implantation of silver in textile materials by immersion in copper sulphate
solution
The image of the copper phosphide film deposited on a flat nickel plate is presented in Figure
3. It is shown that the film consists of particles of nearly spherical shape with a diameter
ranging from 50 nanometers to a few micrometers (Fig. 3). Copper sulfate solution of
concentrations from 100 to 250 g/l were applied on a flat metal plate resulting in films of
equal thickness (and volume); the thickness of the film of copper phosphide formed after
processing with phosphine was proportional to the concentration of copper sulfate increasing
from 0.3 to 0.6 microns when copper sulphate concentration increased from 100 to 250 g/l
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To study the composition of the films XRD was used. In all obtained X-ray patterns the
formation of a film of copper phosphide Cu3P was observed, which correspond to the
diffraction lines with the parameters of the distance between planes of 2.49 Ао, 2.01 Ао, 1.95
Ао and 1.79 Ао. Determination of phosphorus is carried out by molybdate weight method
recommended for the analysis of copper phosphide [30]. This revealed that the phosphorus
content in the alloy was 10-12%. These data together allows to identify the obtained
phosphide as Cu3P, where the phosphorus content is 12.1%.
Figure 4 shows an electron image of part of the textile that has been treated with a solution
CuSO4 - 200 g/l. Table 1 shows that the total silver content in textile is 30% (w/w). The small
amount of phosphorus (1.2%) may be associated with the formation of insoluble phosphate or
silver phosphate.
Cover was continuous and consisted of clusters of silver particles close to spherical. In some
sites located on the outer layers of textile (Fig. 4b, tables 1), silver content was 48%, and
19.%.

Bactericidal properties of fabrics having a silver film with thickness of about 40-50 nm
obtained after treatment in a solution of CuSO4 - 100 g/l are presented in Figure 5. For the
textile samples without silver coating (sample 1) there was proliferation of S. aureus colonies
in all parts of the growth medium. For the samples of textile with silver film (sample 2) no
colonies were noticeable in proximity of the fabric, although in the rest of the growth medium
microorganisms multiply. Bactericidal properties of silver films were retained after 10
washings (sample 3).
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Implantation of silver in textile materials by spraying of copper sulphate solution
In some cases, in order to achieve bactericidal properties it is not necessary to produce a
continuous film on the surface of the fabric, but it is enough to put the silver particles in some
individual sections of textile. For these cases, the process of obtaining the silver particles by
spraying was reviewed. The fabric was sprayed with a copper sulfate solution and
immediately after this the fabric was treated with phosphine. It was possible to operate
without drying, as after spraying, the fabric had sufficient gas permeability. In this approach,
the cleaning processes from sulfate and phosphate ions were excluded.
Using this method can significantly reduce the consumption of silver. Thus, if the method is
used to pre-silvered dipping in a solution of copper sulfate, the total content of silver in the
sample was 30% (Fig. 4), when using spray, this value is 1.2% (Fig. 6). Silver particles were
distributed in separate clusters or points. The content of silver in these areas (Fig. 6b), was
consistent with its overall content in solid surfaces (Fig. 4).
Fabrics having a silver film prepared through spraying copper sulfate solutions exhibited the
same antimicrobial activity of the textile samples prepared through immersion in the copper
sulfate solutions (Fig. 5).

Discussion
Etching of metal surfaces was carried out to remove the oxide film, whilst etching of nonmetallic surfaces were performed to create microroughness. For porous non-metallic
materials or rough surfaces, etching operation is optional.
Deposition of film of copper phosphide on nickel plates was performed to study the
composition of the film by X-ray studies and to study the influence the concentration of
copper sulfate in the solution in which the sample is immersed to create a layer of the copper
sulphate solution in the process of obtaining a film of copper phosphide.
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Silver is produced by the interaction of silver ions with copper phosphide. Moreover, almost
all copper phosphide is converted into silver. Therefore, the thickness of the silver film is
directly associated with the thickness of the film of copper phosphide, which is formed at the
initial stage of the process. The thickness of copper phosphide film is dependent on the
concentration of copper sulfate in the solution in which the sample is immersed prior
exposure to phosphine to create a layer of the copper sulphate solution on the surface.
Also in case of textile materials the thickness of the film of copper phosphide (and
consequently of silver) increases with increasing concentrations of copper sulphate but this
relationship can not be expressed in terms of proportionally constant for fabric materials
because of their significant heterogeneity. Hence, in each case the concentration (or range of
concentrations) of antimicrobial film must be determined experimentally.
The proposed method of implantation of silver in textile materials was based on the
previously prepared copper phosphide layer, which was then transformed into silver. The
process of reception of copper phosphide is a low-temperature gas-phase reaction between
phosphine and sulphate of copper.
Moreover, the reaction proceeds through a copper sulfate solution film and with the surface
wet, copper sulfate crystals are formed during drying of the film. It is also possible to treat
porous materials. In this case, as the outer surface and the inner surface of the pores form a
film of wet crystals of copper sulphate, pores become breathable. During the film application
on the flat plastic plates, it was observed that if the layer of copper sulphate solution is
allowed to dry completely, then on the surface of the plate, crystals of copper sulphate are
formed. At the same time, during processing with phosphine, the produced copper phosphide
completely retained this structure. At partial drying, uniform film of copper phosphide was
form. If the sample is not dried up to a moist condition significantly increases the time
required to comprehensivly complete the reaction of the formation of copper phosphide as
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defined by discontinuation of phosphine absorption. Consequently, as the processing by
phosphine reaction of forming of copper phosphorus films takes place on the external and
internal surfaces of the porous materials. It contributes to high adhesion of the copper
phosphorus film to the textile material. Accordingly, the silver layer, which is formed during
the transformation of copper phosphide has the same increased adhesion. This allows the
fabric to retain bactericidal after multiple (at least 10 times) washes.
By adjusting the concentration of the solution CuSO4 in which the sample is wetted sample
immersed, the thickness of the resulting metal films can be controlled. Thus, through
processing in concentrated solutions film thickness may reach values of 0,5-0,6 microns.
Moreover, it is possible to make and further build-up the thickness by chemical or galvanic
metallization [28,30]. This allows getting textile products with screening or electrically
conductive properties.
Theoretically, by decreasing the concentration of copper sulphate nanosized, silver film can
be prepared; however, since they are formed as a result reactions 2, particles of copper
phosphide (and later silver particles) have a spherical shape and the minimum thickness of
the films obtained by this technology is 40-50 nm.
Applying antibacterial films can be made by spraying a solution of copper sulphate on the
surface of the fabric. In this case, the silver particles are formed in some areas in the form of
points or clusters. This helps reduce the consumption of silver and to exclude from the
technological process the washing and drying operations.

Conclusion
Two methods of silver deposition on fabric materials were presented: in one the textile
samples are immersed in a solution of copper sulphate and in another copper sulphate is
sprayed of on the textile samples. In both cases, silver particles formed on the surface of
14

textiles give the antibacterial properties to the surfaces so that these properties remain after
repeated laundering. Through the immersion method continuous silver films with thicknesses
varying from 40 to 600 nm were prepared. In case of using the spray method, silver
nanoparticles were distributed non uniformly on the surface of fabric creating bactericidal
patches on the surfaces. The later method can be more cost effective as less silver is required
for this process. The developed methods can be used to coat conductive and nonconductive
materials, also it can be used for porous substrates.
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Table 1. Total elemental analysis of the spectra of the electronic images of textile with
applied silver immersed in the solution CuSO4 - 200 g/l.
Element

Weight, %
spectrum 1
(Fig. 4b)

spectrum 1
(Fig. 4a)
С
O
P
Ag

29
40
1.2
30

27
22
1.8
48

spectrum 2
(Fig. 4b)
43
34
0.7
19

Table 2. Elemental composition of the spectra of the electronic images of textile in which the
introduction of silver was carried out by spraying a solution of CuSO4 - 200 g/l.

Element

С
O
P
Ag
S
Cu

spectrum 1
(Fig. 6a)
27
22
1.8
48

Weight, %
spectrum 1
(Fig. 6a)
59
38

spectrum 2
(Fig. 6b)
32
27
1.4
33
0.5
1.6

Figure caption

Fig. 1. Scheme of the laboratory-scale plant for phosphine generation.
1 - reaction vessel, 2 - weighed amount of zinc phosphide, 3 - orifice, closed with a rubber
ring, 4 - pet-cock for acid supply, 5 - burette for acid, 6 - vessel to collect phosphine
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containing gas, 7 - intermediate vessel with water, 8 - phosphine containing gas receiver and
9 - level vessels.

Fig. 2. Scheme of laboratory-scale plant for applying copper-phosphorus films.
1 - sample, 2 - cover 3 - plating vessel, 4 - vessel with phosphine, 5,6 - level vessels; 7, 8 faucets, 9 - a vessel with a solution of copper sulphate, 10 - a vessel with copper carbonate.

Fig. 3. Image of copper phosphide film obtained on a smooth nickel sample.

Fig. 4. SEM image of textile (a) and individual sections of textile (b) with applied silver
immersed in the solution CuSO4 - 200 g/l.

Fig. 5. Samples of fabric placed in an agar-agar growth medium. 1-fabric without silver
coating, 2-fabric with silver coating; 3 - fabric with silver coating and it has been subjected to
10 washings.

Fig. 6. Sample of textile (a) and individual sections of textile (b) in which the introduction of
silver was carried out by spraying a solution of CuSO4 - 200 g/l.
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