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Abstract:
The use of copper (Cu) and silver (Ag) nanoparticles in coatings can eliminate surface microbial
contamination. This study compared antibacterial activity of Cu- (Cu/CNTs) and Ag-coated carbon
nanotubes (Ag/CNTs) synthesized by plasma-enhanced chemical vapor deposition (PECVD)
against Escherichia coli and Staphylococcus aureus. Initially, the PECVD technique was applied
to deposit the CNTs on high-resistivity silicon wafers previously decorated by nickel catalyst using
an Electron Beam Gun. Then, the nanotubes were coated by Cu and Ag thin films in a vacuum
evaporator using the Direct Current (DC) Magnetron Sputtering method. Finally, the antibacterial
effects were determined by Standard Plate Count (SPC, with film thicknesses of 0, 10, 30 and 60
nm) and Disk Diffusion Test (based on zone of inhibition (ZOI) with nanoparticle concentrations of
5, 10 and 15 µg/mL). According to the SPC findings, the highest antibacterial activity of Cu/CNTs
was found for the film thickness of 60 nm against E. coli (66%), and the lowest activity was related
to the film thickness of 19 nm against S. aureus (28.8%). The antibacterial activity of Ag/CNTs
was about 70% against E. coli with the highest thickness and about 34.12% against S. aureus. The
lowest ZOI was measured for the bare CNTs at a concentration of 5 µg/mL (12 mm), and the
highest ZOI was related to Ag/CNTs with a concentration of 15 µg/mL against S. aureus (18 mm).
To conclude, the carbon nanotube composites coated with copper or silver nanoparticles can be
used to control bacterial growth in aqueous solutions.

Keywords: Antibacterial activity; Copper-coated carbon nanotubes; Silver-coated carbon nanotubes; Plasma-enhanced
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1. Introduction

Today, microbial contamination of surface water resources
and various surfaces has become a serious global public
health concern (Khoramnejadian and Fatemi, 2016). One of
the current challenges confronting surface water resources
is their contamination with fecal coliforms that endanger the
life of all living organisms (Saberinia et al., 2021). New bac-
terial strains have been emerging in the past several decades,

which are resistant to common antibiotics and antimicrobial
agents, thus researchers are looking for suitable and cost-
effective solutions to bypass this bottleneck (Orhan et al.,
2021). The rate of growth and spread of these strains has
been faster than the rate of production of effective antibi-
otics and antibacterial substances (Yun et al., 2013).
There are different methods to remove microbial contami-
nants. Considering the environmental problems at the global
level, environmentally friendly approaches have always at-
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tracted special attention. A solution is environmentally
friendly during which the production of greenhouse gases
is minimized and hazardous by-products are not produced
(Ohadian et al., 2023; Fekri et al., 2021). Some natural
polymers and elements have antibacterial properties (Kho-
ramnejadian, 2011; Aloucheh et al., 2024). In this con-
text, the use of nanoparticles (NPs) has been considered
in order to reduce or eliminate pollutants (Moghanjooghi
et al., 2022). It has been reported that NPs have the ability
to remove toxins and organic pollutants (Khodkar et al.,
2019). A wide range of carbon nanostructures (CNS) has
been produced for various applications, such as carbon nan-
otubes (CNTs), nanodiamonds, fullerenes, nanofibers and
other carbon-based nanomaterials (Saleemi et al., 2022).
Currently, CNTs are widely used in the development of
antimicrobial surfaces. The antimicrobial activity of CNTs
depends on various factors, including composition, length,
size, number of graphene layers, and physical distribution
(Chen et al., 2013). The antimicrobial activity and other
satisfactory applications of CNTs are due to their com-
mendable physicochemical and structural properties, such
as purity, diameter, length, surface functional groups and
electronic structure. According to research findings, the
smaller the diameter and the shorter the length of CNTs,
the higher their antibacterial activity (Li et al., 2011). The
interaction of CNTs with biological systems can induce
some cytotoxic effects, such as reactive oxygen species
(ROS) generation, hypersensitivity, DNA damage and pro-
tein dysfunction (Shvedova et al., 2012). The CNTs have a
mesopore-like structure with a high potential to eliminate
organic substances, and have a higher ability to absorb pol-
lutants due to the charge of the functional groups (Tehrani
and Skandari, 2023).
Silver nanoparticles (AgNPs) have been used in medicine
to control bacterial growth (Catauro et al., 2004). They
have been exploited in biotechnology and life sciences for
research in various fields, including inflammation, drug de-
livery, burns treatment and biochips (Seo et al., 2014). Ionic
and Nano silver particles have disrupted photosynthesis and
cell function (Balandeh et al., 2022). Silver particles not
only have shown antibacterial properties, but also have had
destructive effects on fungi and viruses (Furno et al., 2004).
The use of inorganic nanoparticles compared to other an-
tibacterial chemicals has a unique advantage, so that the
chemicals induce drug resistance in bacteria, but the in-
organic particles adhere to and destroy cell wall without
causing drug resistance (Mollania et al., 2016). Studies
have shown the antibacterial effect of silver ion on 12 bacte-
rial strains, including Escherichia coli (Orhan et al., 2021).
E. coli is a gram-negative bacterium found in the digestive
system of warm-blooded organisms. The presence of E. coli
(fecal coliform) in water is a strong indicator of sewage or
animal waste contamination (Osouleddini et al., 2024). A
study showed that the growth of E. coli was controlled to a
large extent at AgNPs concentration of 13.2 nm (Liu et al.,
2006). The use of AgNPs as an antibacterial agent is more
effective and cost-effective than larger silver particles due to
the special and unique properties of nanomaterials. Silver is
a chemical element with low toxicity, high thermal stability

and high antibacterial activity (Hamouda et al., 2021). Due
to the lack of stability of AgNPs and to prevent the reduc-
tion of their antibacterial properties, they are coated with
materials such as silicate compounds and zeolites or are
involved in the formation of composites with CNTs (Kazmi
et al., 2014). Incorporation of silver or copper ions to CNTs
can enhance the antibacterial activity (Kim et al., 2013). Co-
valent bonding occurs in silver-coated multi-walled carbon
nanotubes. The solubility of multi-walled carbon nanotubes
is increased by covalent bonding, which is the result of the
effect on Van der Waals Forces (Tarlani et al., 2015). Previ-
ous studies reported different intensity of activity for silver
(AgNPs) and copper (CuNPs) nanoparticles against differ-
ent bacterial strains. CuNPs have been effective against E.
coli and also had better performance against bacilli com-
pared to AgNPs (Raffi et al., 2010). CuNPs have been
successful in the elimination of organic pollutants (Fekri
et al., 2023).
This study aimed to compare the antibacterial activity of
Cu/CNTs and Ag/CNTs synthesized by plasma-enhanced
chemical vapor deposition (PECVD) technique against
two strains of gram-negative (Escherichia coli) and gram-
positive (Staphylococcus aureus) bacteria.

2. Materials and methods

2.1 Preparation of the substrate
One-inch slices of silicon wafer, <100>, type P, were used
to prepare the substrate. It is resistant to high temperatures.
The prepared slices were completely cleaned of any pollu-
tion. Thus, they were washed first with water and then with
acetone-alcohol solution for 10 minutes with an ultrasonic
device. At last, the substrates were dried under nitrogen
gas.

2.2 Preparation of the catalysts
Transition metal catalysts were needed for the growth of
CNTs in the PECVD method, because the absence of such
metals could lead to the production of amorphous carbon
during the process. The size and diameter of the catalyst
particles have a relationship with the produced nanotubes
(Choi et al., 2000). In this work, nickel (Ni) was considered
as a catalyst. There would be no growth in the absence
of this catalyst. For each sample, a thin Ni film (9 nm),
as a catalyst, was deposited on the silicon wafer substrate
using an electron beam gun at a temperature of 120 ◦C and
a deposition rate of 0.01 nm/s.
Then, the samples were placed in the quartz tube of the
DC-PECVD system (Model: SensIran PE-802). The pro-
cess of nanotube growth was performed in this system; first,
the substrate sample prepared in the reactor was placed
on the negative pole of the plasma and the vacuum condi-
tions were established in the system to remove excess gases.
In this case, the system vacuum was under pressure. The
temperature of the sample was brought to 650 ◦C by the
device heater and kept constant for 15 minutes along with
hydrogen gas blowing at a flow rate of 20 sccm. Setting the
device at the optimal temperature prevented the generation
of undesirable SiZOH bonds (Pereyra and Alayo, 1997).
Thus, the nano-sized Ni islands were on the verge of for-
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mation (Nasehnia et al., 2004). By turning on the power of
Direct Current Plasma (DCP), this step was continued by
applying hydrogen plasma (with a current of 30 mA and
a voltage of 500V) for 5 minutes at the same temperature
(650 ◦C). Thus, the Ni atoms earned the required kinetic
energy to merge with each other. The Ni ions entered the
amorphous Ni films and made it crystallized. Therefore, the
nanometer islands were formed under suitable temperature
and plasma conditions. Acetylene gas (C2H2) was intro-
duced into the system at a flow rate of 5.4 sccm as a source
of carbonization. Current and voltage in this status were 32
mA and 600 V, respectively, and the optimal contact time
of CNTs was within 15 to 25 minutes. These conditions
appeared to have provided the energy necessary to break
the carbon-carbon bond. The carbonation of the system was
tested at different times and it was found that increasing
the contact time caused the size of the nanotubes to change,
and thus the contact time was limited to 15 to 25 minutes to
achieve the desired growth of CNTs. After the contact time,
acetylene gas was stopped entering the system, and the tem-
perature was lowered to 150 ◦C without stopping the flow
of hydrogen gas. At this stage, the growth process ended
and the sample was slowly harvested from the system.

2.3 Copper and silver coating on the carbon nanotubes
At this phase, the copper and silver thin films were deposited
on the grown CNT substrates at different times using a DC
magnetron sputtering system (Model EDS-160). First, the
device was cleaned of any pollution. Copper and silver ions,
as the target materials, were separately introduced into the
system and then the substrates on which CNTs had grown
were attached to the sample holders and placed inside the
system. The system pressure reached up to 6.2×10-5 mbar
by the vacuum pump, and then the vacuum pressure reached
up to 10-2 mbar by the rotary pump. In the next step, argon
gas was introduced into the chamber, which caused the pres-
sure to increase up to 5×10-5 mbar; applying voltage to the
cathodes (the target materials) caused the formation of an
argon gas plasma environment. The introduction of argon
gas caused the existing vacuum to be broken to a pressure
of 10-2 mbar. To deposit different thicknesses of copper

Table 1. The number of counted colonies of two bacterial
strains exposed to copper-coated carbon nanotubes
(Cu/CNTs) at different film thicknesses based on the SPC
method.

Bacterial Cu/CNT Bacterial count Antibacterial
strains samples (CFU/ml) activity
strains (nm) ×107 (%)

E. coli 60 1.7 66
ATCC 25922 30 1.8 64

10 3.3 34
Control 0 5 -

S. aureus 60 2.0 55.56
ATCC 6538 30 3.0 33.33

10 3.2 28.89
Control 0 4.5 -

and silver, each of the samples (substrates) was placed in
the anode position for different periods of time by rotat-
ing the holders. The thickness was measured by a quartz
crystal system and displayed on a monitor (Nasehnia et al.,
2004). Table 1 shows the general conditions of deposition.
The structure and morphology of the samples were char-
acterized by SEM and FE-SEM (Model: Sigma, ZEISS
company, Germany; DES detector: Oxford Instruments,
UK) and TEM (Model: EM10C-100KV, ZEISS company,
Germany; Tecnai 20: FBI company). After confirming the
formation of nanotubes-nanoparticles, antibacterial studies
were performed.

2.4 Preparation and cultivation of the studied bacteria
The two bacterial strains of Staphylococcus aureus (ATCC
6538, PTCC 1112) and Escherichia coli (ATCC 25922,
PTCC 1399) were prepared from Pasteur Institute of Iran
and then tested for the antibacterial effects of as-synthesized
Ag/CNTs and Cu/CNTs by Standard Plate Count (SPC,
with film thicknesses of 0 (control), 10, 30 and 60 nm,
in CFU/mL) and Disk Diffusion Test (based on zone of
inhibition (ZOI) with nanoparticle concentrations of 5, 10
and 15 µg/mL, in mm) (Kalyana-Sundaram et al., 2012).
All experiments were performed in triplicate. In the SPC
method, the number of counted colonies (in CFU/mL) was
also reported as antibacterial activity (k, in percentage),
according to Equation 1.

k =
(A−B)

A
×100% (1)

where, A refers to the bacterial count related to reference
sample (bare CNTs) and B refers to the bacterial count
related to silver/copper-coated CNTs.

2.5 Anti bacterial test in liquid media
For bacterial culture, a loop of pure bacterial colonies was
transferred into Luria-Bertani nutrient broth (LB-Merck)
(meat extract and peptone) and the samples were homoge-
nized using a shaker. The samples were incubated for 24–48
h under aerobic conditions at 25–30 degrees Celsius in a
shaking incubator aimed at promoting bacterial growth.The
samples were then centrifuged at a speed of 5000 rpm for
20 min (Kalyana-Sundaram et al., 2012). Samples were
diluted to pH 7.2 to achieve a concentration of 20 µg/ml for
experiments. Wells of 6–8 mm diameter were created on the
medium and microbial agents were added. 20 microliters
of bacterial suspension in 7.2 pH phosphate buffer were
injected into 1 ml of samples into containers containing
carbon nanotubes containing copper and silver nanotubes.
The effectiveness of the antibacterial agent was determined
by measuring the aura around the wells. Bacterial colonial
growth inhibition was investigated at different concentra-
tions of carbon nanotubes associated with copper and silver
nanoparticles.
The concentrations of 5, 10 and 15 µg/ml were used. Ex-
periments were carried out in 3 repetitions.

3. Results
Table. 1 shows the number of counted colonies of two
bacterial strains exposed to Cu/CNTs at different film
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Table 2. The number of counted colonies of two bacterial
strains exposed to sliver-coated carbon nanotubes
(Ag/CNTs) at different film thicknesses based on the SPC
method.

Bacterial Cu/CNT Bacterial count Antibacterial
strains samples (CFU/ml) activity
strains (nm) ×107 (%)

E. coli 60 1.7 70
ATCC 25922 30 1.8 66

10 3.3 39
Control 0 5 -

S. aureus 60 2.0 64.21
ATCC 6538 30 3.0 41.31

10 3.2 34.12
Control 0 4.5 -

thicknesses based on the SPC method. According to the
findings of SPC method, the highest antibacterial activity of
Cu/CNTs was related to the film thickness of 60 nm against
E. coli (66%), and the lowest activity was related to the film
thickness of 19 nm against S. aureus (28.89%).
Table. 2 shows the number of counted colonies of two
bacterial strains exposed to Ag/CNTs at different film
thicknesses based on the SPC method. According to
the findings of SPC method, the antibacterial activity of
Ag/CNTs against E. coli was higher than that of against S.
aureus. Moreover, the antibacterial activity of Ag/CNTs
was about 70% against E. coli with the highest thickness
and about 34.12% against S. aureus.

Figure 1 compares the antibacterial activity (%) of
Ag/CNTs and Cu/CNTs against E. coli. The Ag/CNTs
possessed more antibacterial efficiency. Figure 2 compares
the antibacterial activity (%) of Ag/CNTs and Cu/CNTs
against S. aureus. The activity of Ag/CNTs against
gram-positive bacteria was higher than that of Cu/CNTs.
Against S. aureus, Ag/CNTs with a film thickness of 60
mm had an antimicrobial activity of about 64%. The
antimicrobial activity of Cu/CNTs in the same film
thickness and conditions was about 55%, indicating the
greater antimicrobial activity of Ag/CNTs. Figures 3 and 4
show the ZOI related to Cu/CNTs and Ag/CNTs at different
concentrations created against E. coli and S. aureus.
Table. 3 shows the mean ZOI diameter related to bare
CNTs, Cu/CNTs and Ag/CNTs at three nanoparticle
concentrations of 5, 10 and 15 µg/mL created against E.
coli and S. aureus. As can be seen, the smallest and largest
ZOI diameters were related to bare CNTs and Ag/CNTs
(with a particle concentration of 15 µg/mL) against E. coli.
In addition, the lowest and highest ZOI diameters were
measured for bare CNTs and Ag/CNTs (with a particle
concentration of 15 µg/mL) against S. aureus.

4. Discussion
The number of counted colonies exposed to Cu/CNTs
showed that the antibacterial activity was enhanced with
increasing Cu film thickness. The antibacterial activity of

Figure 1. Comparison of antibacterial activity of Ag/CNTs
and Cu/CNTs against E. coli.

Cu/CNTs at the film thicknesses of 10, 20 and 60 nm was
determined to be about 66, 64 and 34% against E. coli, re-
spectively. The mechanism of action of Cu ions has been
determined to be penetration into the cell wall and mem-
brane of bacteria, thus leading to cell disintegration. The
Cu ions, which have a positive charge, bind to the free elec-
trons of bacterial cells, causing cytoplasmic dysfunction
and nuclear oxidization (Zhang et al., 2006). The thicker
the Cu film, the more Cu molecules are detached from the
surface and attack the bacteria. The bacterial membrane as a
structural component is affected by biocidal challenges such
as antibacterial substances and antibiotics (Meghana et al.,
2015). The maintenance of intracellular components is the
responsibility of the cell membrane. Following membrane
damage, small ions such as potassium and phosphate tend
to exit the cell body, followed by DNA and RNA molecules
(Jr et al., 2008). The antibacterial activity of Cu/CNTs at
the film thicknesses of 10, 20 and 60 nm was determined
to be about 55, 33 and 28% against S. aureus, respectively.
The Cu/CNTs and Ag/CNTs showed stronger antibacte-
rial activity against E. coli compared to S. aureus. Studies
have shown that compounds made from copper nanoparti-
cles have antibacterial and antimicrobial properties, making
them effective against pathogens such as E. coli and Staphy-
lococcus aureus (Zhang et al., 2020). Copper nanoparticles
have antibacterial effects against pathogenic microorgan-
isms such as E. coli, Therefore, increasing the copper thick-

Figure 2. Comparison of antibacterial activity of Ag/CNTs
and Cu/CNTs against S. aureus.
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Table 3. The mean diameter of zone of inhibition (mm) related to bare CNTs, Cu/CNTs and Ag/CNTs at different
concentrations created against studied bacteria.

Samples E. coli ATCC 25922 S. aureus ATCC 6538
Concentration (µg/mL) 5 10 15 5 10 15

Bare CNTs 8 9 11 12 13 13
Cu/CNTs 12 14 15 15 15 11
Ag/CNTs 13 15 17 16 17 18

Figure 3. The zone of inhibition (mm) related to Cu/CNTs at (a) 5 µg/mL and (b) 10 µg/mL (c) 15 µg/mL concentration
created against E. coli.

Figure 4. The zone of inhibition (mm) related to Ag/CNTs at (a) 5 µg/mL and (b) 10 µg/mL (c) 15 µg/mL concentrations
created against S. aureus.

ness increases the antibacterial effect.
The antibacterial activity of Ag/CNTs at the film thicknesses
of 10, 20 and 60 nm was determined to be about 70, 66 and
39% against E. coli, respectively. When conditions occur
where the membrane is destroyed, the mechanism by which
Cu and Ag destroy bacteria is a smart approach. According
to one hypothesis, Cu reacts with endogenous hydrogen
peroxide (H2O2) and produces hydroxide ions, which reacts
with oxygen or hydroxyl radicals (·OH), similar to the Fen-
ton process (Lloyd and Phillips, 1999). The mechanism of
action of ROS, which creates free radicals, is the reaction
with and as a result the destruction of cell wall proteins
(Nohegar et al., 2022). The biocidal action of CuNPs is
based on the reaction of copper ions with thiols, as silver
also has this feature. Amino acids present in bacterial cells
tend to chelate Cu particles (Semisch et al., 2014). Silver
nanoparticles are known for their many applications and
remarkable properties such as large contact area and high
antibacterial activity that prevents the formation of micro-
bial communities (Antunes et al., 2023).
The antibacterial activity of Ag/CNTs at the film thicknesses

of 10, 20 and 60 nm was determined to be about 66, 64 and
34% against S. aureus, respectively. The outer membrane
of gram-positive bacteria consists of peptidoglycan layer
consisting of sugar and amino acids, and phosphoryl substi-
tuted with teichoic and teichuronic acids as well as carboxy-
late groups. In gram-negative bacteria, the cell membrane
is composed of an additional layer of lipopolysaccharide
(LPS) and phospholipids in addition to the peptidoglycan
layer (Deokar et al., 2013). This additional protection may
inhibit the bactericidal potential of the dispersed nanotubes
against gram-negative bacteria. Cuo-Nano causes cell death
and DNA damage. Ag-Nano does not produce toxicity.
Cuo-Nano toxicity is primarily caused by intracellular ab-
sorption and secondarily by free copper ions. Ag-Nano does
not exhibit the short-term toxicity of silver ions in the short
term (Cronholm et al., 2013).
The analysis of the findings indicates the higher antibacte-
rial potential of AgNPs compared to CuNPs. Studies have
shown that Ag nanomaterials and Ag-containing products
were effective against E. coli (Prodana et al., 2011). Based
on previous research, the effect of AgNPs on S. aureus has
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been greater (Marambio-Jones and Hoek, 2010). Nanoparti-
cles exhibit different properties depending on their size, the
various complexes of nanoparticles and metals act synergis-
tically and affect antibacterial properties (Kot et al., 2023).
It seems that Ag is making a better compound than Cu with
CNTs.
Our results showed higher antibacterial activity of Ag/CNTs
against E. coli compared to Cu/CNTs. The findings reveal
the inhibitory potential of nanoparticles against bacterial
growth and production. Ag particles cause morphological
changes in the bacterial cell, so that the cytoplasm shrinks
and thus the cell wall is destroyed and the cell contents leak
out (Jung et al., 2009). A study reported the effect of differ-
ent AgNPs concentrations on the structure of soil microbial
communities, so that Ag particles had a decreasing effect
on soil microorganisms (Samarajeewa et al., 2017). In our
study, the antibacterial activity of Ag/CNTs at the film thick-
ness of 60 nm against E. coli reached about 70%, which
was a remarkable outcome. The results of measuring the an-
tibacterial activity of Cu/CNTs against E. coli and S. aureus
showed that the largest ZOI diameter within 24 hours was
related to Ag/CNTs against E. coli. The ZOI diameter was
reduced with the decrease in the concentration of CNTs,
in line with the findings of other studies (Nohegar et al.,
2022). The antibacterial activity of CuNPs is related to the
adhesion of bacteria due to their opposite electric charges,
leading to a reduction reaction in the bacterial cell wall
(Raffi et al., 2010). According to the research, the CNTs
had toxicity to E. coli, but had no mutagenic effect (Sotto
et al., 2009). Multi-walled carbon nanotubes are more toxic
than single-walled carbon nanotubes. Multi-walled carbon
nanotubes, because they have active OH agents, are more
dispersed in the colloidal state and have a greater inhibitory
effect on bacteria (Joonaghani et al., 2019). The results
demonstrated that magnetic Cu and Ag nanoparticles had
a higher efficiency to remove E. coli (Zainalzadeh et al.,
2015).
The data on the mean ZOI diameter for S. aureus showed
that the largest ZOI diameter was related to Ag/CNTs
(16mm). The ZOI diameter was reduced with decreasing
nanoparticle concentration. The smallest ZOI diameter was
related to bare CNTs at the concentration of 5 µg/mL (12
mm). In general, nanomaterials release ions that react with
thiol groups of membrane proteins. Cell membrane proteins
play a role in cell wall permeability. Nanomaterials can
inactivate these proteins, thus resulting in reduced mem-
brane permeability and cell death (Stoimenov et al., 2003).
In addition, they generate antibacterial compounds such as
·OH and H2O2 (Shanthi et al., 2016). A study reported
that nanoparticles could inhibit the growth of E. coli and S.
aureus (Khani et al., 2011). The effectiveness of nanoparti-
cles depends on the bacterial structure (gram -positive and
gram -negative). The concentration of 15 ppm showed the
strongest biocidal activity against Staphylococcus aureus
G+ and Escherichia coli (G−). According to Alizadeh et
al., Ag nanoparticles showed greater efficacy against bacte-
ria at concentrations above 10 ppm.(Alizadeh et al., 2013).

5. Conclusion

In the current research, the carbon nanotubes (CNTs)
synthesized by plasma-enhanced chemical vapor deposition
(PECVD) were coated with silver (Ag/CNTs) and copper
(Cu/CNTs) nanoparticles. Then, the antimicrobial activity
of as-synthesized Cu/CNTs and Ag/CNTs were compared
against two strains of gram-negative (Escherichia coli)
and gram-positive (Staphylococcus aureus) bacteria.
The purpose of this research was to remove microbial
contaminants, especially in aqueous solutions. The number
of counted colonies exposed to bare and coated CNTs
showed that the antibacterial activity increased as the
thickness of the copper and silver films increased. The
antibacterial activity of Ag/CNTs was higher than that of
Cu/CNTs, which was attributed to the higher antimicrobial
activity of silver particles. All the tests and results of
this research revealed that PECVD-grown Cu/CNTs and
Ag/CNTs had a satisfactory potential to eliminate microbial
pollutants. Therefore, these composites are suggested to be
used as a complementary process in water treatment.
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