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Abstract
Ag/AgCl@cellulose nanocomposite films were fabricated based on microwave-assisted ionic liquid method using 1-butyl-
3-methylimidazolium chloride ([C4mim]Cl) with AgNO3. The ionic liquid acted as a solvent for dissolution of cellulose and 
served as the chlorine source for in situ precipitation of silver chloride in the cellulose matrix. Ag/AgCl was formed within 
the cellulose matrix due to the partial reduction of AgCl in the cellulose matrix to Ag0 upon exposure to ambient light in the 
synthesis process. Optical microscopy, scanning electron microscopy, energy-dispersive X-ray spectroscopy, transmission 
electron microscopy, Fourier transform infrared, X-ray diffraction, X-ray photoelectron spectroscopy, and thermogravimetric 
analysis were used to characterize morphology, crystal structure, composition, and thermal stability of Ag/AgCl@cellulose 
nanocomposites. Morphological evaluation showed the cube-like Ag/AgCl particles anchored on the surface of cellulose 
and embedded within the interlaced cellulose matrix as well. The composite films have localized surface plasmon resonance 
at 480 nm, indicating formation of the silver nanoregions on the silver chloride particle surface. The antibacterial potency 
of the nanocomposite films was assessed against bacterial strains of E. Coli and S. Aureus. The antibacterial tests showed 
growth prevention of the two representative strains of Gram-positive and Gram-negative bacteria.
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Introduction

The resistance of pathogens to conventional antibiotics 
is a public health issue which needs to be overcome in an 
effective way (Abdelhameed et al. 2018, 2019; Darwesh 
et al. 2019). Silver-based antimicrobials can be used as 
promising alternatives to solve antimicrobial resistance 
problems. Silver-based materials have been widely used as 
antimicrobial agents in the healthcare and food industry. 

 *	 Mozhgan Bagheri 
	 m.bagheri@merc.ac.ir

1	 Nanotechnology and Advanced Materials Department, 
Materials and Energy Research Center, Karaj, Iran

2	 Department of Molecular Pathobiology, Division 
of Biomaterials, New York University College of Dentistry, 
New York, NY 10010, USA

http://orcid.org/0000-0002-9771-0169
http://crossmark.crossref.org/dialog/?doi=10.1007/s11696-022-02311-z&domain=pdf


6224	 Chemical Papers (2022) 76:6223–6233

1 3

Polymer-supported silver-based nanostructures have been 
used in various biomedical applications, such as wound 
dressing materials, body wall repairs, tissue scaffolds, and 
antimicrobial filters (Sarac 2016). For these applications, it 
is necessary to support silver nanostructures in a biocom-
patible polymer (Rehan et al. 2020; Abdel-Monem et al. 
2020; Vosmanská et al. 2015). Polysaccharides are popular 
polymeric supports for nanoparticles since they are highly 
stable, non-toxic, hydrophilic, and biodegradable materi-
als that can be easily chemically modified (Alavi and Rai 
2019). Cellulose is a biocompatible and biodegradable 
polysaccharide consisting of linear chains of D-glucose 
units (Franz and Blaschek 1990; Kontturi et al. 2006; Ste-
vanovic 2018). Cellulose has a highly ordered crystalline 
structure due to inter- and intra-hydrogen bonding between 
chains (Qi 2017). The high crystallinity and the hydrogen 
bonds in the cellulose structure make it insoluble in water 
and in the most conventional organic solvents as well.

Ionic liquids are a group of organic salts which are 
liquid at a relatively low temperature (100 °C). They are 
thermally and chemically stable, non-flammable, and have 
low vapor pressure. Ionic liquids have been used in vari-
ous chemical reactions and processes (Vekariya 2017). 
They have also been used as a green solvent for cellulose 
regeneration (Silva et al. 2015; Zhang et al. 2017; Sayyed 
et al. 2019; Koide et al. 2019; Verma et al. 2019). 1-Butyl-
3-methylimidazolium chloride ([C4mim]Cl) is an effective 
ionic liquid solvent which can solubilize cellulose through 
breaking down the intra- and inter-molecular interactions 
in the cellulose structure (Swatloski et al. 2002; Liu et al. 
2015).

There are a number of reports on the fabrication of cel-
lulose–silver nanocomposites (Stejskal et al. 2008; Kuce-
kova et al. 2013; Alavi and Rai 2019; Kumar et al. 2018; 
Islam et al. 2019; Gudimalla et al. 2022), with cotton fiber 
as cellulose source for immobilization of silver nanoparticles 
(Ahmed et al. 2020; Katouah and El-Metwaly 2021; Atta 
2021; Atta and Abomelka 2021; El-Naggar et al. 2021) and 
cellulose-AgX nanocomposites (Dong et al. 2013; Vosman-
ská et al. 2015; Wang et al. 2017; Ma et al. 2018; Lal and 
Mhaske 2018). However, the reports on the fabrication of 
nanocomposites of cellulose-Ag/AgCl cellulose are limited. 
Liu et al. (2012) reported the fabrication of bacterial cellu-
lose-Ag/AgCl nanocomposite as an antibacterial material by 
the bacterium Gluconacetobacter xylinus. Dai et al. (2017) 
and Dong et al. (2014) obtained hybrids of Ag/AgCl with 
cellulose based on the effect of the chemical and physical 
properties of ultrasound agitation. Wang et al. (2016) fabri-
cated cellulose-Ag@AgCl composites as a photocatalyst by 
electrospinning the solution of cellulose, LiCl, and dimethy-
lacetamide with silver nitrate under visible light. Zhou et al. 
(2016) applied electrospun cellulose acetate membrane as a 
support for Ag@AgCl crystals.

Peng et al. (2017) prepared cellulose-Ag@AgCl com-
posite films as an effective photocatalyst through coagula-
tion of cellulose and 1-butyl-3-methylimidazolium chloride 
solution with silver nitrate and polyvinyl pyrrolidone. Shu 
et al. (2018) synthesized the cellulose-Ag@AgCl compos-
ites through one-step coagulation using cotton as cellulose 
source and investigated anti-fouling properties of the com-
posite. Ag@AgCl cellulose hydrogel was synthesized by 
Tang et al. (2018) in which chlorine was supplied by cel-
lulose cross-linker. Zhang et al. (2018) reported preparation 
of cellulose-Ag@AgCl composite as an antibacterial film by 
coagulation of the solution of cellulose, LiCl, and dimethyl-
acetamide with silver nitrate and polyvinyl pyrrolidone.

In one of the previous studies, Dong et al. (2013) used 
microwave-assisted ionic liquid method using different ionic 
liquids and ascorbic acid as the reducing agent for synthe-
sis of cellulose-AgX/Ag hybrids (X = Br and Cl). They 
observed AgCl crystals did not grow in a cellulose matrix 
in the applied conditions. In comparison, in our study, we 
successfully synthesized the Ag/AgCl@cellulose nanocom-
posites in situ using microwave-assisted ionic liquid method. 
In this work, the ionic liquid [C4mim]Cl acted as a solvent 
for dissolution of cellulose and served as the chlorine source 
for the synthesis of silver chloride in the cellulose matrix. A 
fraction of silver ions in silver chloride structure is reduced 
to Ag0 under ambient light, and a hybrid of silver/silver chlo-
ride is formed. Synthesized Ag/AgCl@cellulose nanocom-
posites with high content of Ag/AgCl nanoparticles (20 and 
40%) act as a good candidate in antimicrobial membranes.

Experimental

Chemicals

1-Butyl chloride, N-methyl imidazole, diethyl ether, and 
ethanol were obtained from Merck (Germany). AgNO3 and 
microcrystalline cellulose (MCC, 20-µm powders) were pur-
chased from Sigma-Aldrich.

Preparation of Ag/AgCl@cellulose nanocomposite 
films

1-Butyl-3-methylimidazolium chloride ([C4mim]Cl) 
ionic liquid (IL) was synthesized based on the reaction of 
N-methyl imidazole and 1-buthyl chloride according to our 
previous work (Bagheri and Rabieh 2013). Synthesized 
[C4mim]Cl was used for dissolution of cellulose and prepa-
ration of the nanocomposite of Ag/AgCl@cellulose. For 
this purpose, 0.25 g MCC was dissolved in 5.0 g [C4mim]
Cl using microwave pulse heating (2 min, 3–5 s pulse) and 
then AgNO3 (0.25 g) was added to the solution and manu-
ally mixed and heated further for 1 min. Then, the mixture 
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was cast as a film on a glass plate using a coating rod. IL 
solvent was leached from the film using water, and AgCl@
cellulose film (a white color film) was formed. AgCl in the 
cellulose matrix was partially decomposed into Ag0 under 
ambient light with reconstruction of Ag/AgCl@cellulose (a 
violet colored film). The cellulose film was air-dried at room 
temperature. The regenerated cellulose film which was not 
treated with silver ions was coded the regenerated cellulose 
(RC). The Ag/AgCl@cellulose nanocomposite films treated 
with silver ions with Ag to cellulose ratio of 20 and 40% 
were coded as Ag/AgCl@RC-20 and Ag/AgCl@RC-40, 
respectively.

Characterization of the Ag/AgCl@RC films

A high-resolution scanning electron microscope (VEGA/
TESCAN) and a Zeiss (EM10C-Germany) transmission 
electron microscope (TEM) were used for morphological 
observations. Specimens were coated with gold to make the 
surface conductive. Fourier transform infrared spectra were 
carried out using a PerkinElmer FT-IR Spectrometer. Ther-
mal stability of the films was performed using PL-STA-1640 
thermal analyzer. The temperature ranged from 25 to 600 °C 
with a 5 °C min−1 heating rate in the air. Diffuse reflectance 
spectra were collected using Diffuse Reflection Spectrometer 
(Avaspec-2048-TEC). Surface modification of the films was 
characterized by X-ray Photoelectron Spectroscopy (Bestec) 
with monochromatic Al Kα X-rays (1486.6 eV) as photon 
source.

Study of antimicrobial activity of Ag/AgCl@RC 
nanocomposite films

Antibacterial activity of the nanocomposites against E. 
Coli (Escherichia Coli, Gram-negative bacterium) and S. 
Aureus (Staphylococcus Aureus, Gram-positive bacterium) 

was investigated by disc diffusion and CFU (colony forming 
count) methods. In the disc diffusion method, agar nutrient 
was poured into the Petri dish and solidified. E. Coli and S. 
Aureus bacteria were then spread over agar plate. Then, the 
control sample (RC film) and the Ag/AgCl@RC films were 
cut in circular shape and placed on bacteria-cultured agar 
plates and incubated at 37 °C for 24 h.

In the CFU method, all the test tubes containing 10 ml 
of growth medium were seeded with fresh E. Coli and S. 
Aureus at a concentration of 1 × 106 colony forming units 
per ml (CFU/ml). Ag/AgCl@RC films and RC film (control 
sample) were sliced into small pieces and sterilized. 0.001 g 
of each finely sliced film was added to a tube and incubated 
at 37 °C for 12 h in a shaker incubator. After incubation, 
media were serially diluted (102 to 105 times). Then, 50 µl of 
each bacterial suspension was cultured on an agar plate and 
was incubated at 37 °C for 12 h. Counting of the survived 
bacterial colonies was performed by an electronic colony 
counter (Sana SL-902) in triplicates for each trial. The per-
centage of the antimicrobial activity was calculated using 
Eq. (1):

where A and B are number of colonies in control plate (RC) 
and the sample plate (Ag/AgCl@RC), respectively.

Results and discussion

Optical property of the Ag/AgCl@RC

Figure 1 shows optical images of the regenerated cellulose 
(RC) and Ag/AgCl@RC nanocomposites. The color of cel-
lulose films containing Ag/AgCl is violet, while RC film is 
transparent with no color. The violet color of Ag/AgCl@RC 

(1)Antimicrobial activity % = (A − B)∕A × 100

Fig. 1   Optical image of RC film (a), Ag/AgCl@RC film at dried (b), and wet forms (c)
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is due to the formation of Ag0 nanodomains on the surface 
of AgCl. Figure 2 shows the UV–visible diffuse reflectance 
spectra of the RC and Ag/AgCl@RC nanocomposites. As 
seen in Fig. 2, no absorbance peak is observed in the spec-
trum of RC sample, while the nanocomposites have wide 
visible spectra with λmax of 480 nm. The peaks in the visible 
light region of the nanocomposite films are assigned to the 
surface plasmon resonance of the silver nanoregions on the 
surface of silver chloride particles (Choi et al. 2010; Song 
et al. 2013; Cheng et al. 2015; Trinh et al. 2015; Alahmadi 
et al. 2018; Dong et al. 2012). Partially reducing silver ions 
in silver chloride to silver nanoparticles within the cellulose 
matrix is induced by ambient light in the synthesis process 
(Chen et al. 2014).

Also the peaks observed at ultraviolet region of the Ag/
AgCl@RC nanocomposites (λ of 302 nm) are absorbance 
characteristic of AgCl particles, which has a direct band gap 
of 5.6 eV and an indirect band gap of 3.25 eV (Trinh et al. 
2015; Kumar et al. 2016; Zhao et al. 2015). The obtained 
results are in agreement with the violet color of the Ag/
AgCl@RC nanocomposite films due to the presence of silver 
nanodomains in the structure of nanocomposite.

X‑ray diffraction of the Ag/AgCl@RC nanocomposite

The phases and crystalline structure of the films were stud-
ied by X-ray diffraction. Figure 3 shows the XRD patterns of 
the RC and Ag/AgCl@RC nanocomposite. The XRD pattern 
of RC film shows a reflection at 2θ value of 20.5 attrib-
uted to the 101 crystal lattice of cellulose II (Langan et al. 
2005). This reflection shows conversion of the crystalline 
structure of cellulose I to cellulose II due to its dissolution 
in ionic liquid and regeneration as a film. This reflection 
is also observed in Ag/AgCl@RC films, which means the 
presence of Ag/AgCl did not alter the crystal structure of the 

cellulose matrix in the nanocomposite films. The other peaks 
observed in XRD pattern of Ag/AgCl@RC nanocomposites 
at 2θ value of 38.1, 44.3, and 64.4 are assigned to the reflec-
tions of the (111), (200), and (220) of cubic metallic Ag, 
respectively (card no of 00–004-0783). The residual peaks 
at 2θ value 27.8, 32.3, 46.3, 54.9, 57.5, and 67.4 are related 
to (111), (200), (220), (311), (222), and (400) crystal planes 
of the silver chloride cubic structure, respectively (card no 
of 00-001-1013) (Liu et al. 2012). No peaks of silver nitrate 
were observed in the XRD pattern of nanocomposite indicat-
ing Ag/AgCl@RC films achieved without any impurities.

Figure 3 shows AgCl is the major phase and Ag nanopar-
ticles have lower intensity than that of AgCl. Silver chloride 
in the cellulose matrix was formed due to the chemical reac-
tion between silver ions and the chloride anion of 1-butyl-
3-methyl chloride. The fraction of silver in the AgCl lattice 
was converted into Ag nanoparticles under ambient light 
exposure during the Ag/AgCl@RC synthesis process. There-
fore, no complete transformation of AgCl into Ag nanopar-
ticles in the nanocomposites occurred during the reduction 
process under ambient light. XRD results were in good 
agreement with visible spectra and confirm the formation 

Fig. 2   UV–Vis diffuse reflectance spectra of RC and Ag/AgCl@RC 
nanocomposite

Fig. 3   X-ray diffraction patterns of RC and Ag/AgCl@RC nanocom-
posite films

Fig. 4   FT-IR spectra of MCC, Ag/AgCl@RC, and RC films
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of the hybrid of silver/silver chloride within the cellulose 
matrix.

FT‑IR spectra of the Ag/AgCl@RC and RC films

FT-IR spectra of MCC, Ag/AgCl@RC, and RC films are 
shown in Fig. 4. The wide band in the 3200–3400 cm−1 is 

related to O–H stretching vibrations. This band is sharper 
in the both Ag/AgCl@RC and RC films compared to MCC 
and indicates an increase in molecular hydrogen bonds in 
the films due to conversion of cellulose I to II (Langan et al. 
1999). This structural conversion change is more supported 
with observation of a small red shift in the bending vibration 
of OH at 1161 cm−1.

Fig. 5   SEM images of Ag/AgCl@RC-40 (a); Ag/AgCl@RC-20 (b); and TEM image of Ag/AgCl particles (c)

Fig. 6   SEM image of Ag/AgCl@RC-40 nanocomposite and corresponding EDS
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A decrease in intensity of stretching vibration of C–H at 
2910 cm−1 is probably because of angle distortion in gly-
cosidic linkages in regenerated cellulose films. The band at 
1426 cm−1 is related to symmetric bending vibration of CH2, 
which is characteristic of crystallinity of cellulose (Synytsya 

and Novak 2014). The lower intensity of this band in RC and 
nanocomposite films compared with MCC is due to decrease 
in the crystalline structure of cellulose in the films. The peak 
at 1377 cm−1 is assigned to the stretching vibration of CO. 
The peak at 899 cm−1 is related to COC stretching of gly-
cosidic units and characteristic of amorphous structure of 
cellulose (Synytsya and Novak 2014).

Morphology and elemental analysis of the Ag/
AgCl@RC films

Figure 5 shows the SEM images of Ag/AgCl@RC nano-
composites. As seen in Fig. 5, the AgCl particles have cubic 
morphology and silver chloride particles anchored on the 
surface of cellulose and embedded within the cellulose 
matrix as well. There is a thin cellulosic layer surround-
ing the AgCl particles agglomerate encapsulated within the 
cellulose matrix (Fig. 5a–b). SEM images of Ag/AgCl@
RC nanocomposites and TEM image of Ag/AgCl particles 
(Fig. 5c) show that the surface of the cubic particles is not 
smooth due to the formation of silver nanodomains on the 

Fig. 7   SEM image of Ag/
AgCl@RC-40 (a); EDS elemen-
tal mapping of Ag (b), Cl (c), 
and Ag/Cl overlay (d)

Fig. 8   Thermal stability of Ag/AgCl@RC films, RC, and IL [C4mim]
Cl under air atmosphere
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surface of silver chloride. A hybrid of silver/silver chloride 
was formed due to reducing a fraction of silver ions in silver 
chloride structure to Ag0.

Elemental analysis of the Ag/AgCl@cellulose nanocom-
posite was carried out using energy-dispersive X-ray spec-
troscopy (EDS) for further confirmation of the silver chlo-
ride particle formation within the cellulose matrix (Fig. 6). 
The EDS results confirm the existence of silver and chloride 
in the cellulose matrix. Oxygen and carbon originate from 
the cellulose matrix, while the elements of silver and chlo-
rine are related to Ag/AgCl in the composite. As seen in 
the EDS results, carbon intensity is higher in the area of B 
in which Ag/AgCl particles embedded within the cellulose 
matrix and coated with cellulose layers.

Figure 7 shows elemental mappings of Ag and Cl com-
ponents and their overlay in the films. As seen in the map-
ping micrograph, Ag is uniformly distributed in the cellulose 
matrix and Cl is present in the same location with silver.

Thermal stability of the Ag/AgCl@RC films

To study the thermal stability of cellulose films, thermal 
weight analysis was performed on the nanocomposite of Ag/
AgCl@RC and RC films (Fig. 8). Cellulose polymer with a 
chemical decomposition between 250 and 350 °C has a mod-
erate thermal stability (Klemm et al. 1997). First and second 

thermal degradation steps are due to pyrolytic fragmentation 
and high cross-linking of the carbon skeleton, respectively 
(Klemm et al. 1998). As seen in Fig. 8, the nanocomposite 
films similar to regenerated cellulose have two-step thermal 
decomposition, but thermal stability of nanocomposite is 
more than cellulose. First onset degradation temperature in 
the RC sample starts at 240 °C, while it is about 260 °C for 
nanocomposites. A small weight loss is observed for RC cel-
lulose film at temperature of 150 °C due to thermal decom-
position of the residual water in the sample. But there is no 
weight loss in Ag/AgCl@RC films at this temperature which 
indicates there is no moisture in the Ag/AgCl cellulose films.

Decomposition temperatures and residual weight loss at 
several temperatures are shown in Table 1. Char yield of 
nanocomposites at temperature of 600 °C is 34.7 and 15.2% 
for the Ag/AgCl@RC-20 and Ag/AgCl@RC-40, respec-
tively, while its amount is 2.3% for RC. The residual of 
undecomposed material at this temperature is related to Ag/
AgCl in the nanocomposite films. Therefore mass content of 
AgCl particles in Ag/AgCl@RC-20 and Ag/AgCl@RC-40 
is equal to 15.2 and 34.7%, respectively.

XPS analysis of the Ag/AgCl@RC nanocomposite

The XPS analysis was carried out to confirm the chemi-
cal state of silver on the surface of Ag/AgCl@RC 

Table 1   TGA data including first onset decomposition temperature (Td1), second onset decomposition temperature (Td2), and the residual wt% 
at 150 °C (R150), 230 °C (R230), 350° (R350), and at 600 °C (R600)

Sample Td1 (ºC) Td2 (ºC) R150 R230 R350 R600

IL [C4mim]Cl 210 – 95.5 86.1 0 0
RC 240 436 91.2 89.3 43.3 2.3
RC-AG-20 264 438 98.6 97.5 54.5 15.2
RC-AG-40 260 437 99.1 97.2 53.6 34.7

Fig. 9   The high-resolution 
Ag3d XPS spectrum of Ag/
AgCl@RC



6230	 Chemical Papers (2022) 76:6223–6233

1 3

Fig. 10   Antibacterial effect against E. Coli: RC (a), Ag/AgCl@RC-20 (b), and Ag/AgCl@RC-40 (c); S. Aureus: RC (d), Ag/AgCl@RC-20 (e), 
and Ag/AgCl@RC-40 (f)

Fig. 11   Photograph of antibac-
terial properties of the RC, Ag/
AgCl@RC-20, and Ag/AgCl@
RC-40 by CFU method
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nanocomposite (Fig. 9). The high-resolution Ag3d XPS 
spectrum of Ag/AgCl@RC shows two individual peaks 
at 374.4 and 368.2 eV, which is assigned to Ag 3d3/2 and 
Ag 3d5/2 binding energies, respectively (Jiang and Zhang 
2011). The Ag 3d3/2 and Ag 3d5/2 peaks are further divided 
into two different small peaks at 371.8 and 365.3 eV, respec-
tively. The peaks at 368.2 and 374.4 eV are assigned to 
metallic Ag, but the small peaks are related to Ag (I) in AgCl 
binding energies (Xu et al. 2011; Dong et al. 2012; Liu et al. 
2012). The XPS results indicate the conversion of a fraction 
of Ag ions in silver chloride structure to their metallic state 
and formation of a hybrid of silver/silver chloride.

Antibacterial activity of the Ag/AgCl@RC 
nanocomposites

Antibacterial activity of Ag/AgCl@RC films against E. Coli 
and S. Aureus was qualitatively estimated by the disc diffu-
sion method measuring the inhibition zone around the films 
after 24-h incubation (Fig. 10). As seen in Fig. 10, there is 
no inhibition zone against both bacteria for the RC control 
sample, indicating cellulose film has no antibacterial activ-
ity. But the growth of E. Coli and S. Aureus is inhibited in 
contact with the Ag/AgCl@RC nanocomposites. The inhibi-
tion zones for E. Coli and S. Aureus in the nanocomposites 
films were 13 and 12 mm in Ag/AgCl@RC-20 and 12.2 and 
11 mm in Ag/AgCl@RC-40 film, respectively (Fig. 10). The 
antibacterial property of the Ag/AgCl@RC nanocompos-
ite films was also quantitatively evaluated by CFU method 
(Fig. 11). The results showed the antibacterial ability of the 
Ag/AgCl@RC-20 and Ag/AgCl@RC-40 nanocomposites 
against both bacteria is about 98% and 97%, respectively.

In this study, the size of AgCl particles increased with 
the increase in silver content in the films. The mean size of 
AgCl particles in the samples of Ag/ AgCl@RC-20 (15.2% 
mass content) and Ag/AgCl@RC-40 (34.7% mass content) 
was 400 and 800 nm, respectively. Therefore, nearly similar 
antibacterial activity against S. Aureus and E. Coli for both 
samples may result from the synergistic effects of the size 
and mass content of silver. The results show the Ag/AgCl@
RC nanocomposites have good antibacterial activity against 
bacterial strains of E. Coli and S. Aureus.

Conclusion

In summary, silver/silver chloride cellulose nanocompos-
ites with antibacterial properties were synthesized through a 
one-step microwave method using ([C4mim]Cl ionic liquid. 
The ionic liquid acts as a solvent for dissolution of cellu-
lose and serves as a chlorine source for synthesis of silver 

chloride in the cellulose matrix. Silver chloride particles are 
anchored on the surface as well as embedded within the 
cellulose matrix. The cellulose-silver/silver chloride nano-
composites had potent antibacterial activity against E. Coli 
and S. Aureus bacteria.
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