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G R A P H I C A L A B S T R A C T
� Novel low-density silver doped active
carbon spheres (ACS) were synthesized
successfully.

� Characterization and antibacterial ac-
tivity was examined for water decon-
tamination application.

� Results revealed that the material effec-
tively reduced microbial load by 99.9 %.
A R T I C L E I N F O

Keywords:
Silver nanoparticles
Resin
Carbonization
Activation
Antimicrobial assay
A B S T R A C T

Highly efficient and durable, silver nanoparticles doped Active Carbon Spheres ACS(Ag) were synthesized by
carbonization and activation of silver exchanged resins. The silver exchanged resins were prepared by exchanging
Hþ ions of polystyrene sulphonate resin with Agþ ions of silver nitrate (AgNO3). The quantity of Agþ in the
spheres was controlled by varying the concentration of AgNO3, from 0.0125 to 0.1 M. With increasing molar
concentration of AgNO3, the effective intake of Ag

þ by the sphere increases from 1.1 to 8.1 weight percent (wt %).
For activation, the spheres were incubated in the CO2 atmosphere for 6 h at fixed soaking temperature i.e. 1123 K.
The characterization of synthesized silver doped ACS was performed by using different sophisticated instrumental
techniques. The antimicrobial activity of silver doped ACS was studied against different bacterial strains like,
E. coli, B. subtilis and Staphylococcus aureus. The study demonstrated that the zone of inhibition for E. coli was 16.9
� 0.7 mm while for B. subtilis it was 17.1 � 0.3 mm at a concentration of 8 mg of synthesized material. In
addition, satisfactory results were obtained in shake flask and filtration test experiments also, even at a low
concentration of 2 mg, showing growth inhibition of 94% for E. coli and 93% for B. subtilis. When the concen-
tration of silver doped ACS was increased to 8 mg, complete removal of both the bacteria was observed after 24 h
(100 % reduction for E. coli and B. subtilis). Furthermore, when silver doped ACS was tested against Staphylococcus
aureus according to ASTM:E 2149-01 method, biocidal activity of up to 73% was observed. Therefore, the silver
doped ACS can be considered as a potential biocidal material for the studied bacterial strains and hence find
suitable application for decontamination of water.
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1. Introduction

Nowadays environmental pollution has become an area of concern
due to its devastating effect on the life of planet. Different materials have
been developed from time to time to combat this serious issue. Among
them activated carbon has been widely used for the purification of both
air and water (Bhave and Yeleswarapu, 2020; Hashim et al., 2019). It has
been used in the form of powder, granules and spheres (Wan Ibrahim
et al., 2019; Wickramaratne and Jaroniec, 2013). Activated carbon
spheres (ACS) offer many advantages when compared to other forms of
carbon like powder, granules etc, as they could provide perfect uniform
filling geometry, higher mechanical strength, and low resistance to
diffusion and flow of fluids in packed bed because of their homogenous
piling in the bed (Singh and Lal, 2010). It has been reported that bacteria
preferably adhered to the solid support made up of carbon materialor it
may also grow on the activated carbon during the purification process
(Kuroda et al., 1988; Wu et al., 2017). Silver is well-known for its anti-
microbial properties hence several studies have been performed by using
different types of silver coated materials to assess their antimicrobial
efficiency (Altintig and Kirkil, 2016; Li et al., 2017).

Generally ACSs are synthesized by carbonization of a polymeric ma-
terial without melting, under high-temperature conditions in the range of
800–1000 �C (Singh and Lal, 2010). In the present study, a commonly
available polystyrene sulphonatecation exchange thermosetting resin
was used as the precursor material. The precursor was modified by
exchanging its Hþ ions with Agþ ions. Silver ions can be easily exchanged
with such resin by simply treating it with an aqueous solution of silver
salt such as silver nitrate. Since ion exchange takes place at the atomic
level, the particle size in the final product may be expected to be very
small. After carbonization and activation of the precursor, silver particles
are uniformly distributed throughout the carbon beads and tightly bound
to the surface. Various parameters are involved in the preparation of
silver doped ACS. They are the type and molecular weight of the raw
material as well as method of its preparation including time, temperature
and heating rate employed for the carbonization and subsequent acti-
vation. A proper choice of suitable precursor material, activating agent,
and the processing parameters for both carbonization and activation play
a very important role. Although Ag is known for its antimicrobial activity
since ancient times, but according to BIS standard, the presence of silver
above desirable level of 0.1 ppm can act as a contaminant for drinking
water. Hence during synthesis of silver doped antimicrobial agents it has
to be ascertained that silver is tightly adhered to the surface of the base
material so that its leaching could be prevented (Burduș;el et al., 2018;
Hadrup and Lam, 2014).

In the present study, the preparation, carbonization and activation of
silver nanoparticles doped ACS was successfully carried out by ion ex-
change of standard polystyrene sulphonate resin with Agþ ions. In
addition, the characterization of synthesized silver doped ACS was done
by using several sophisticated instrumental techniques. The antimicro-
bial property of silver doped ACS was also studied against E. coli,
B. subtilis and Staphylococcus aureus.

2. Experimental

2.1. Preparation of silver ion-exchanged resin

The raw resin selected was spherical (0.6–1.2 mm) polystyrene –

divinylbenzene co-polymer cation exchange resin with sulphonic acid
groups as an ion exchangeable site. The resin was washed with deionized
water to remove excess free Hþ ions from the surface of the resin. An
aqueous solution of silver nitrate (AR grade) of different molar concen-
trations (0.0125–0.1 M) was added to it. The mouth of the beaker was
covered, and the solution was magnetically stirred for 24 h, after which
the resin was separated by filtration. The exchanged resin was washed
with deionized water 3 to 4 times to remove excess free Agþ ions present
at the surface of the resin beads. Resin beads were further filtered and air-
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dried at room temperature to obtain free-flowing resin beads (Mohebbi
et al., 2019; Ye et al., 2019).

2.2. Carbonization

The silver ion-exchanged resin was filled from one end into a tubular
quartz reactor of size 800 mm length and 20 mm internal diameter over a
quartz wool bed. Initially, the reactor was purged with N2 gas at 423 K for
1 h to remove moisture and maintain an inert atmosphere. The resin was
then heated at a heating rate of 5 K/min up to 593 K. This temperature
was maintained for 2 h for partial carbonization of the resin. The nitrogen
flow rate was maintained in such a way as to fluidize the bed. Finally, the
partially carbonized resins were heated at a rate of 3.5 K/min up to heat
treatment temperature (HTT) of 1123 K(Y. H. Li et al., 2020).

During the process, volatilization of various organic compounds
present in the resin takes place, giving rise to porous carbon beads. The
adsorptive power of the char obtained after carbonization was low due to
the deposition of tarry substances and disorganized carbon in the pores.
Hence, to increase the adsorptive power of carbonized char, controlled
oxidation was carried out by suitable oxidizing gases at elevated tem-
peratures. This process is known as activation (Zhai et al., 2020).

2.3. Activation

The most commonly used oxidizing gases for activation are carbon-
dioxide and steam. Initially, while activation of char, the disordered car-
bon is removed, after which the surface of elementary crystallites gets
exposed to the activating agent. The closed pores are opened, and existing
pores are enlarged during activation. In the present study, CO2was used as
an activating agent because it creates only microporosity due to its slow
reactivity during the whole activation period. A definite mass of the
carbonized resin was filled in the reactor for activation bytheCO2 stream.
The flow rate of carbon-dioxide gas was maintained at 500 cm3/min
together with sufficient nitrogen gas for fluidization of the bed. The flow
rate of gases, which enter the reactor,was regulated using a set of themass
flowcontroller. Thegasflowwas continued for 6hat 1123K.TheACS thus
obtained was allowed to cool to room temperature in a nitrogen atmo-
sphere and then removed from the reactor. Raw ion exchange resin (Hþ

type) was also carbonized and activated under the same set of operative
conditions. The particle size of the ACS was in the range of 0.3–0.6 mm.
The ACS and silver dopedACSwere characterized by several instrumental
techniques as reported in previous studies (Yue and Economy, 2017).

2.4. Measurements

The particle size of ACS and silver doped ACS i.e., ACS (Ag) samples
was determined by using different mesh size sieves of ASTM standard.
The silver content of ACS (Ag) samples was determined by using the
standard gravimetric method.

At 77 K nitrogen adsorption/desorption isothermsweremeasured using
the Micromeritics ASAP-2020 instrument to determine the morphological
properties of ACS samples. Each sample was degassed at 573 K under vac-
uum (10�6mmofHg) for4hbefore starting eachmeasurement. The surface
morphology of the ACS(Ag) was observed by utilizing scanning electron
microscopy. Powder X-ray diffraction (PXRD) of the ACS and ACS (Ag)
samples were measured to determine the structural parameters using Ni
filteredKα radiation (λ¼ 0.154nm)operating at30kVand20mA.Sherrer's
equation was used to compute the crystal size from the broadening of the
peak corresponding to (111) reflection. The crushing strength of samples
was measured using a crushing strength tester as per ASTM (C-695 & E-4)
standard (H. Y. Li et al., 2020; Mohamed et al., 2020; R�eti et al., 2017).

2.5. Preparation of bacterial suspensions

Gram-Negative bacteria Escherichia coli (MTCC 443) and Gram-
positive Bacillussubtilis (MTCC 1305) were selected as the model



Figure 1. Experimental setup of filtration method.

Figure 2. Digital image of silver doped ACS.
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organism to check the antimicrobial property of silver doped ACS. For
each species, 50 ml of nutrient broth was prepared by inoculating the 100
μl of an overnight culture (OD-0.6 nm) for 12 h. The prepared overnight
bacterial cultures were used for the antimicrobial assay.

2.5.1. Agar well diffusion assay
The antimicrobial test on the silver doped ACS was performed by

using an agar well diffusion assay. After autoclaving, nutrient agar media
was used to culture the bacteria. 100 μl of the freshly prepared bacterial
culture (Escherichia coli and Bacillussubtilis) was spread on the nutrient
agar plate. After solidification, a well of 6 mm diameter was punched
using a sterile cork borer. 10 mg of different amounts of ACS and
different amounts of silver doped ACS (2,4,6,8 mg) were loaded in the
well. Later, the plates were incubated for 12 h at 37 �C, and the diameter
of the zone of inhibition was documented in millimeters (mm). All the
experiments were conducted thrice, with the result represented as the
mean and standard deviation values (Charannya et al., 2018).

2.5.2. Dynamic contact method for antimicrobial test
5 ml of the stock culture (CFU~ 10 8cells/ml) was pellet down at

1000 rpm for 5 min and the supernatant layer was discarded. To remove
the residual broth, the pellet was washed thrice with distilled water. To
makeup the stock volume the pellet was resuspended with 5 ml of the
distilled water. 10 μl of bacterial stock culture along with a different
concentration of silver-coated ACS and 2 ml of distilled water were filled
in 10 ml test tubes. The test tubes were incubated at 150 rpm for 24 h at
37 �C. After incubation, the samples were tested for microbial presence
by the standard plate count method (Bartram, 2013; Martí et al., 2018).

2.5.3. Effect of silver doped ACS concentration on bacteria removal
The effect of silver doped ACS concentration on removal efficiency of

bacteria was calculated by Eq. (1):

Percentage Reduction¼ðA� BÞ
A

� 100 (1)

While the log reduction was calculated by Eq. (2)

Log Reduction ¼ log10(A/B) (2)

where A ¼ number of viable cells before treatment.
B ¼ number of viable cells after treatment.

2.5.4. Filtration test under gravity using burette
The antibacterial efficiency of silver doped ACS in real life was

checked by fabricating a small filter by using a burette in which the
synthesized material was kept on pre-sterilized glass wool layer at the
bottom. The 100 ml of the sample was passed through it and the presence
of the microbes in the filtered and unfiltered sample was counted using
colony-forming unit per ml (CFU/ml) (Bartram, 2013). The experimental
setup of the filtration assembly used for the antimicrobial study is shown
in Figure 1.

3. Results and discussion

3.1. Visual appearance of the sample

The visual observation of the silver doped ACS sample is displayed in
Figure 2. Both the doped and the undoped ACSappear blackish in color.
This is due to the fact that the silver was doped in the ACS and not coated
on the surface therefore, the color change was not observed.
3.2. Scanning electron microscopy (SEM)

Results of SEM examination are shown in Figure 3. The micrographs
were taken at different magnifications from 11000X to 100X. The size of
the spheres was observed to be in the range of 450–500 μm.High
3

magnification images display the presence of silver in the form of
patches distributed throughout the whole surface. At highest magnifi-
cation of 11000X the surface showed bright regions distributed uni-
formly which indicate the presence of the silver. Hence from SEM
micrographs it becomes evident that silver has been deposited uni-
formly in the ACS.

3.3. X-ray diffraction

The XRD pattern of the plain ACS and silver nanoparticles doped ACS
sample is shown in Figure 4. Peaks of silver metal appeared in silver
doped ACS. Scherrer's equation (Eq. (3)) using a half bandwidth of the
diffraction peak around 380 gave a silver crystallite size of 11.82 nm for
the silver doped ACS sample.

t ¼ K λ / (B Cosθ) (3)

where t is the average dimension of crystallite; K is the Scherrer
constant, somewhat arbitrary value that falls in the range 0.87–1.0 (it is
usually assumed to be 1); λ is the wavelength of X-ray, and B is the in-
tegral breadth of a reflection (in radian 2θ) located at 2θ.



Figure 3. SEM micrographs of silver doped ACS at (a) 11.3 KX (b) 300 X (c) 100X.

Figure 4. X-ray diffraction patterns of ACS (a) and ACS(Ag) (b).
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From XRD studies of silver doped ACS sample, only metallic silver was
found but no silver ion and silver oxide/sulfide were detected. The tem-
perature at which carbonaceous resin is carbonized affects not only the
4

yield, surface area, and pore structure of the resin, but also the dispersion
of silver and the metal's interaction with the carbon support. During the
carbonization, the exchanged silver ions are reduced to metallic silver.



Figure 5. Raman spectra of ACS (a), ACS(Ag)-1 (b) and ACS (Ag)-2 (c).
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The X-ray diffraction pattern of ACS obtained from Hþ resin show broad
diffraction peaks corresponding to 2θ ¼ 220 and 2θ ¼ 440 which are
assigned to disordered graphitic 002 plane and 100 planes respectively.
Figure 6. FTIR spectra of AC

5

This result indicates that silver ions existing as metal sulphonates in the
starting resin prevent the development of graphite-like structure during
carbonization in silver exchanged resins (Manikandan et al., 2006).
S and silver doped ACS.



Table 1. Properties of ACS and ACS(Ag).

Samples Silver content
(wt %)

Langmuir surface area
(m2/g)

Total pore volume
(cm3/g)

Micropore volume
(%)

Average pore size
(nm)

Crushing strength Kgf/bead
(0.45 mm)

ACS Nil 776 0.37 43.24 2.76 0.440

ACS(Ag)1 1.09 636 0.30 44.00 2.75 0.560

ACS(Ag)2 3.78 632 0.28 46.00 2.60 0.680

ACS(Ag)3 8.08 557 0.23 54.35 2.36 1.741
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3.4. Raman spectroscopy

Raman Spectra of ACS and ACS(Ag) are presented in Figure 5. It was
observed that the two main graphitic peaks were present in both ACS and
ACS (Ag) samples along with other additional peaks for the latter. For
ACS the D peak of disordered graphite structure was observed at 1304
cm-1, and the G peaks of sp2 bonded carbon atoms bonded in the hex-
agonal lattice at 1600 cm-1. The ID/IG ratio was around 1.23, indicating
a large number of structural defects. ID/IG ratio of CNSs has been re-
ported (Suzuki and Yoshimura, 2017) to be around 0.86 to 1.20. For
silver doped ACS, a much higher ID/IG ratio of 1.58 indicated further
changes in structure (Rubim et al., 1989) due to the presence of silver.

3.5. Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of ACS and silver dopedACS microspheres were
recorded within the range of 500–4000 cm-1as shown in Figure 6. The
band at3300-3500 cm-1 corresponds to stretching vibrations of isolated
surface –OH moieties and/or –OH in alcohol and phenols. The band
observed in the range of wavenumber 2830-3000 cm-1 can be assigned to
C–H stretching (alkanes) while the bands in the range of 1500–1845 cm-
1 are due to the presence of C¼O groups (carboxylic acid, ketone/
quinone) and C¼C (aldehydes). In addition, the bands in the range of
950–1300 cm-1 corresponds to C–O stretching and O–H bending in
various chemical surroundings while the bands in the range of 675–900
cm-1 can be assigned as C–H bending in aromatic compounds.

The various functional groups present in the ACS were hydroxyl,
alcohol, phenol, alkanes, ketones, aldehyde, carboxylic acid esters, ethers
and aromatic compounds. After doping of ACS with silver, the broad-
ening of peaks was considerably reduced while significant increase in
intensity was observed. This shows that the presence of silver affects the
functional groups on the surface of ACS.
Figure 7. Zone of inhibition of (a) E. coli a
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3.6. Effect of concentration of silver nitrate solution on the loading of silver

The silver content in silver doped ACS samples is shown in Table 1.
From the table, it can be seen that silver content increases in the ACS by
increasing the molar concentration of silver nitrate from 0.0125 to 0.1 M.
Although, the exact mechanism is not well understood but it may prob-
ably be due to the limited solubility of the salt in water at ambient
temperature. On increasing the salt concentration in the solution, the
ionization of the salt would be suppressed as a result of which a sufficient
quantity of silver ion would not be available in the solution for exchange
with hydrogen ions.

3.7. Effect of silver content on the surface area

The specific surface area and silver content are the basic parameters,
which are directly related to the capacity and capability of antimicrobial
property of silver doped ACS samples. According to IUPAC recommen-
dations, the Langmuir and the “t” method of Lippens were used for
microporous materials, surface area and micropore volume calculation
and the same parameters of ACS are summarized in Table 1(Lippens and
de Boer, 1965).

From Table 1 it can be observed that surface area decreases from 776
to 557 m2/g as the silver loading increases from 1.09 to8.08wt%. This
may be due to exchange of silver ions with hydrogen ions throughout the
structure of the resin beads, which during carbonization act as pillars
between micro-crystallites which increase the microporosity by inhibit-
ing the sintering effect at high temperature. But those silver ions which
are filled inside the pores due to exposure of resin with a concentrated
solution of silver nitrate attributed to a decrease in surface area by
blocking the mouth of some micropores. The char yield (wt. %) remains
constant at around 50 wt% based on dried raw resin for all the resins
loaded with different wt.% of silver. The average pore size of ACS
nd (b) B. subtilis against undoped ACS.



Figure 8. (a) & (b) shows the zone of inhibition against E. coli and B. subtilis.
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decreases with the increase in the amount of silver content. So, this study
reveals that the presence of silver also affects the pore size of ACS.

3.8. Effect of silver content on crushing strength

The shape and hardness are essential factors for practical utilization of
the ACS. Low resistance to attrition will cause the removal of silver par-
ticles from the surface of the ACS. The effect of silver loading in ACS on
their hardness is shown in Table 1. Here it can be seen that, as the silver
content increases its crushing strength also increases as expected. It may
be due to the pillar effect. However, higher content of silver is not desir-
able due to a decrease in surface properties of ACS. TheACSprepared from
the silver exchanged resin maintains a spherical shape and becomes very
hard. These results show that the ACS prepared from silver exchanged
resins can be well utilized for practical purposes (Annaz et al., 2020).
Figure 9. Antimicrobial test resu
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3.9. Antimicrobial property of silver doped ACS

To check the efficiency of silver doped ACS as a decontaminating
agent, different antibacterial tests were performed.

3.9.1. Plate assay and dynamic contact method
The undoped ACS showed no zone of inhibition against E. coli and

B. subtilis as shown in Figure 7a,b respectively. However, in the case of
silver doped ACS both the bacteria showed antimicrobial activity. This
might be due to the presence of silver in ACS.

The results of the inhibitory effect of silver doped ACS against E. coli
and B. subtilis studied by plate assay method are shown in Figure 8a,b
respectively. The histograms are also shown displaying relation between
sample concentration and zone of inhibition. The findings of this research
revealed that silver doped ACS is a potential antimicrobial agent. The
lts under shaking conditions.



Figure 10. Percentage reduction of (a) E. coli and (b) B. subtilis.
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diameter of the zone of inhibition against E. coli was 10.6 � 0.3, 11.7 �
0.4, 14.3 � 0.5, and 16.9 � 0.7 mm for the concentrations 2, 4, 6, and 8
mg of silver doped ACS respectively. While in case of B. subtilisthe zone of
inhibition was 9.8 � 0.4, 12.3 � 0.2, 14.9 � 0.6, and 17.1 � 0.3 mm for
the same above-mentioned concentrations.

The antibacterial effect for different concentrations of silver doped
ACS against E. coli and B. subtilis under dynamic conditions (shaking time
24 h, E. coli and B. subtilis concentration (108 CFU/ml), and contaminated
solution (100 ml) are shown in Figure 9. It was observed that the growth
of bacterial cells was inhibited by silver doped ACS after contacting for
24 h which proves the bactericidal effect of silver doped ACS against both
E. coli and B. subtilis. These results are in line with the previous studies
(Ghiuț;�a et al., 2018).
8

To study the effect of silver doped ACS on bacterial strains, its con-
centration was varied from 2 to 8 mg as shown in Figure 10 and
Figure 11. By plate agar method it was observed that the undoped ACS
does not have any effect on the bacterial growth. But the silver doped
ACS showed bactericidal activity (E. coli- 94 % and B. subtilis- 93%) even
at low concentration (2 mg). When the concentration was increased to 4
mg, the percent reduction also increased to 96 and 95% for E. coli and
B. subtilis respectively. Additionally, the percent reduction was further
increased to 98 and 99% for E. coli and B. subtilis respectively on
increasing the amount to 6 mg. When the silver doped ACS amount was
further increased to 8 mg, 100 % reduction was observed after 24 h of
incubation with 100 ml of contaminated solution (Pazos-Ortiz et al.,
2017).



Figure 11. Log reduction of (a) E. coli and (b) B. subtilis.
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3.9.2. Filtration test experiment
In this experiment tap water was used, and the antimicrobial activity

of silver doped ACS was evaluated against E. coli and B. subtilis. The re-
sults showed that the synthesizedmaterial display eda 100% reduction of
both the bacteria. Further, tap water was used to check the broad spec-
trum of present microbes and it was found that before filtration the
9

bacterial count was 1.6 * 107 CFU/mlwhile after filtration no growth was
observed as mentioned in Figure 12.

3.9.3. Antimicrobial activity using S. aureus
Staphylococcus aureus is a bacteria that dwells on the skin and can

cause everything from pimples to boils, folliculitis, furuncles, carbuncles,



Figure 12. Filtration experiment result by plate count method (a) before &(b) after filtration.

Figure 13. Percentage reduction of Staphylococcus aureus at different ACS(Ag) concentration.
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scalded skin syndrome, and abscesses, as well, resulting in life-
threatening conditions including pneumonia and septicemia. Therefore,
in the present study S. aureus was also used to evaluate the antimicrobial
activity of ACS and ACS(Ag) using the standard ASTM: E2149-01 test
method. The results of antibacterial activity of silver doped ACS against
S. aureus are shown in Figure 13 where it was observed that the anti-
bacterial property of ACS increases with increase in silver content and
more than 70% of the bacteria could be eliminated by incorporating 8 mg
of ACS(Ag).

In addition to application of this material for water decontamination
it can also be used for functional textiles. Thus, protective clothing made
out of this silver nanoparticle doped ACS could act as bio-protective wear
for kids, patients, and even for doctors. It is reasonable to consider that
ACS(Ag) can act as a promising material for air and water purification.
This work could give further opportunities in terms of clothing against
biological warfare agents and medical textiles.

3.9.4. Mode of action of silver doped ACS on a bacterial cell wall
Components of the membrane and cell wall exert different adhesion

pathways for silver doped activated carbon spheres. The main function of
the cell wall and membrane is to protect the microbes against environ-
mental threats. The difference in the bacteria is due to the composition of
its cell wall and depending on this they are classified as Gram-negative
10
and Gram-positive. The Gram-negative cell wall contains at least two
lipopolysaccharides layers while Gram-positive contains athick pepti-
doglycan layer. Generally, silver doped ACS shows higher antibacterial
activity against Gram-negative as compared to Gram-positive bacteria.
This might be due to the presence of a thick peptidoglycan layer in the
Gram-positive bacteria which is made of glycan strands cross-linked by
short peptides and anionic glycopolymers called teichoic acid. This
peptidoglycan layer provides a natural barrier for the penetration of
silver doped ACS in bacteria. In contrast to Gram-positive bacteria, Gram-
negative bacteria have a thinner cell wall and fewer peptidoglycan
content (Estevez et al., 2019; Fernando et al., 2018).

Themechanismof action of silver dopedACS on the bacterial cell wall is
presented in Figure 14. The interaction between the silver doped ACS and
bacteria starts with the adhesion of Ag to the microbial cell wall. The
adhesion between the Ag (positive or less negative charged) and cell wall of
bacteria (negatively charged) is based on electrostatic interaction. This
interaction leads to themorphological changes in the cell membrane which
triggers the disruption of membrane permeability and respiratory function,
finally leading to death of the cell. Additionally, with increase in disruption
of cellular permeability and cell wall disruption, the cellular components
such as DNA, protein, enzymes, and ions leak into the environment (Dadi
et al., 2019; Fernando et al., 2018). Thus, all these process together result in
destruction or death of the targeted microorganism.

http://E2149-01


Figure 14. Mechanism of action of silver doped ACS on a bacterial cell wall.

H. Chandra Joshi et al. Heliyon 8 (2022) e09209
4. Conclusions

The present study demonstrated that, silver nanoparticles doped ACS
could be successfully prepared by carbonization, activation and silver
doping of polystyrene sulphonate resin. The presence of silver in pre-
cursor controls the rate of activation, which results in higher yield and
better mechanical strength as compared to plain (Hþ type) resin. The
presence of silver also prevents the development of graphite-like struc-
tures during processing. The average crystallite size of the silver in
ACS(Ag) was 11.82 nm, which suggests that the ion-exchange technique
is useful to disperse fine silver particles in the active carbon spheres. The
surface area of ACS was found to be 776 m2/g which upon silver doping
reduced to 557 m2/g at a concentration of 8.08 wt%.The batch studies
and zone of inhibition tests have established higher antimicrobial activity
of the material (silver doped ACS) against theE.coli and B. subtilis. In
addition, both the bacteria exhibited dose-dependent antimicrobial ac-
tivity, and 8mgwas found to be an effective dose for complete removal of
microbes from the water after 24 h. Hence, the Activated Carbon Sphere
(ACS) is truly an efficient substrate for doping of silver to obtain
economically viable material for water purification system. Further
exploration of its application in the areas of air purification, wastewater
management, and energy storage can also be undertaken.
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