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To investigate the influence of pH on the size and distribution of silver 
nanoparticles (Ag-NPs) as well as the antibacterial activity and catalytic 
performance of rice straw/silver nanocomposites (RS/Ag-NCs), Ag-NPs 
were synthesized on the surface of rice straw (RS) with various 
percentages of Ag-NPs (1.0, 5.0, 10.0, and 20.0 wt.%) under different 
temperatures and diverse pH values. The ultraviolet-visible spectroscopy 
of synthesized RS/Ag-NCs became noticeable with increased pH, and the 
peaks were blue-shifted to lower wavelengths. X-ray powder diffraction 
(PXRD) demonstrated the presence of pure Ag-NPs. Transmission 
electron microscopy (TEM) showed that the diameters of Ag-NPs on RS 
were between 7.78 and 2.84 nm at pH values of 8 to 10. The antibacterial 
activity of various sizes of Ag-NPs on RS was examined using Gram-
negative bacteria (Escherichia coli) and Gram-positive bacteria 
(Staphylococcus aureus) based on the well diffusion technique. Higher 
antibacterial activity was detected as the loading percentage of RS/Ag-
NCs increased and particle size decreased. The superior catalytic 
performance of 20.0 wt.% RS/Ag-NCs was considered in a test reaction in 
4-nitrophenol (4-NP) reduction in the presence of sodium borohydride 
(NaBH4) in an eco-friendly solvent at ambient temperature. The results 
represented the high-performance catalytic activity of 20.0 wt.% RS/Ag-
NCs. 
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INTRODUCTION 
 

 Lignocellulosic biomass is a composite of cellulose (a glucose polymer), 

hemicellulose (a sugar heteropolymer), and lignin (a non-fermentable phenyl-propene unit 

polymer) (Mohanram et al. 2015). Rice is one of the most important agricultural products 

in the world, with a reported global production of 731 million tons per year (Binod et al. 

2010). Rice straw (RS) is an agricultural by-product of rice production that is generated in 

large quantities but is not effectively used. Most rice straw is disposed of in landfills or by 

burning, resulting in environmental issues. As RS is inexpensive and readily available, 
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there have been several attempts to devise efficient uses for it (Oberoi et al. 2012; 

Kurokochi and Sato 2015). Nanotechnology is an emerging field that deals with the 

synthesis, strategy, and manipulation of particle structures ranging from 1 nm to 100 nm 

(Ibrahim 2015). Within this size range, the chemical, physical, and biological properties 

change fundamentally in terms of both individual atoms or molecules and their 

corresponding bulk. Novel applications of nanoparticles and nanomaterials have been 

growing rapidly in various industries because of their completely new or enhanced 

properties based on size, distribution, and morphology (Ibrahim 2015). 

Metal nanoparticles have unique optical, magnetic, and catalytic properties, which 

can be tuned by controlling their size, shape, and chemical composition (Kelly et al. 2003). 

Noble metal nanoparticles, silver nanoparticles in particular, exhibit strong localized 

surface plasmon resonance (LSPR) absorption of visible light and have applications in 

plasmonics (Tao et al. 2007), catalysis (Rashid and Mandal 2007), biodiagnostics (Rosi 

and Mirkin 2005), nanophotonics (Shrivastava et al. 2009), and optical biosensing (Riboh 

et al. 2003). Ag-NPs are potentially applicable in the biomedical and food packaging fields 

because of their unique biological and physicochemical properties, such as broad 

antimicrobial activity and heat stability (Sondi and Salopek-Sondi 2004; Kanmani and 

Rhim 2014). The antimicrobial activity of Ag-NPs depends on their composition, size, 

shape, chemical functionality, and surface charge, which are greatly influenced by their 

preparation method (Martinez-Castanon et al. 2008). Therefore, a proper synthesis method 

in which morphology, size, stability, toxicity, and other properties are controlled is 

essential. There are a number of Ag-NPs preparation methods including chemical reduction 

and physical methods such as laser ablation, microwave dielectric heating, ultrasonic 

irradiation, and radiolysis (Shankar and Rhim 2015). The antimicrobial properties of silver 

ions have been exploited in catheters, burn wounds, and dental work (Kim et al. 2007). 

Silver-containing materials and coatings with antimicrobial activity reduce infection in 

hospitals (Gosheger et al. 2004; Rupp et al. 2004). Fibers containing silver nanoparticles 

could be utilized to eradicate microorganisms on textile fabrics (Jeong et al. 2005). They 

also display a strong cytoprotective activity toward HIV-infected cells (Sun et al. 2005a). 

Nitro compounds are generally produced as by-products in different commercial 

industries such as agrochemicals, dyes, and pharmaceuticals (Gazi and Ananthakrishnan 

2011). Aromatic amines are essential starting materials and intermediates for the 

fabrication of various chemicals. Among different nitro-compounds, 4-nitrophenol                

(4-NP) is one of the most frequent by-products, and it is toxic to the environment (Solanki 

and Murthy 2011; Davarpanah and Kiasat 2013). In some manufacturing industries, 4-

aminophenol (4-AP) is derived from 4-nitrophenol (4-NP) through reduction. 4-AP is a 

precursor necessary for different drugs such as acetaminophen, phenacetin, acetanilide, etc.  

Previous studies also used different types of catalyst for reduction of 4-NP in the 

presence of sodium borohydride. For example, Jana et al. (2006) used silver nanoshell-

coated cationic polystyrene beads for the reduction of 4-NP in the presence of sodium 

borohydride. Saha et al. (2009) have grown silver and gold nanoparticles on calcium 

alginate gel beads to use as a catalyst for reduction of 4-NP to 4-AP using sodium 

borohydride. They found that the as-prepared catalysts are very efficient, stable, easy to 

prepare, eco-friendly, cost-effective, and they have the potential for industrial applications. 

Wang et al. (2015) studied the effect of Ag-NPs on tea polyphenols-modified graphene as 

a catalyst toward the reduction of 4-NP by sodium borohydride. Their results showed that 

this nanohybrid, combining the unique catalytic properties of Ag-NPs with the excellent 

adsorption and electron transfer ability of graphene, exhibited enhanced catalytic activity 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Khandanlou et al. (2016). “Silver nanoparticles,” BioResources 11(2), 3691-3708.  3693 

for reduction of 4-NP by sodium borohydride. Zheng et al. (2015) synthesized Ag@guar 

gum (Ag@GG) beads and studied the catalytic activity for reduction of 4-NP to 4-AP in 

the presence of excess borohydride. The results indicated at these crosslinked Ag@GG 

beads show excellent catalytic performance for the reduction of 4-NP within 20 min. 

Today, approaches using renewable natural resources have attracted increasing 

attention due to its availability, biodegradability, non-toxicity, and low cost. There have 

been numerous reports about the synthesis of Ag-NPs supported on various matrixes such 

as graphene oxide (De Faria et al. 2014), starch (Mohan et al. 2016; Das et al. 2015), glassy 

carbon (Khan et al. 2016), montmorillonite/starch (Shabanzadeh et al. 2015), etc. The 

present work is the first time RS has been used as a by-product of rice to support the Ag-

NPs in which the properties of RS/Ag-NCs were improved and have potential in different 

areas. For example RS/Ag-NCs can be used in removal of heavy metals because the RS is 

used in heavy metals adsorption and the loading of Ag-NPs on the RS surface improve the 

adsorption. On the other hand Ag-NPs have antibacterial activity, which is useful for 

several applications. Therefore, due to the high antibacterial activity of RS/Ag-NCs, they 

can be applied in the packaging industry. Also, using RS/Ag-NCs as a catalyst for reduction 

of 4-NP to 4-AP in the presence of sodium borohydride is a new research topic in the area 

of catalytic activity which is significant and adds value for further research. 

In this study, RS/Ag-NCs were prepared with various Ag-NPs percentages under 

constant temperature and different pH values with the use of sodium hydroxide as a 

reducing agent. The effect of pH on the size and distribution of Ag-NPs and the effect of 

Ag-NPs size on the antibacterial activity of RS/Ag-NCs were investigated. In addition, the 

catalytic activity of 20.0 wt.% RS/Ag-NCs was evaluated for their ability to reduce the 

aromatic nitro groups (4-NP) into non-toxic aromatic amine groups (4-AP) in the water in 

the presence of sodium borohydride. 

 
 
EXPERIMENTAL 
 

Materials 
 RS was collected from a native field (Bukit Tinggi, Kedah, Malaysia). The 

following chemical reagents were of analytical grade and used without further purification: 

AgNO3 (99.89%, Merck, Frankfurter, Germany); NaOH (99.0%, Merck, Darmstadt, 

Germany); urea (99%, Hamburg Chemicals, Hamburg, Germany); HCl (37.0%, Sigma-

Aldrich, St Louis, MO, USA); HNO3 (70.0%, Sigma-Aldrich); sodium borohydride 

(NaBH4, ≥98.0%, Sigma-Aldrich); and 4-nitrophenol (4-NP, 99.0%, Sigma-Aldrich). 

 

Preparation of Rice Straw/Silver Nanocomposites 

 The RS/Ag-NCs were prepared with 1.0, 5.0, 10.0, and 20.0 wt.% Ag-NPs in 2 g 

of RS. For preparation of RS/Ag-NCs, 2 g of RS was suspended in distilled water, and 2 

M urea was poured into these mixtures. Various volumes of AgNO3 salt were then added 

to the suspensions under vigorous stirring. The suspensions were heated at 70 °C, and 1.0, 

5.0, 10.0, or 20.0 mL of 2 M NaOH was added. The mixture was continuously stirred for 

1 h. The preparation of Ag-NPs was performed at basic pH, which was controlled 

throughout the reaction procedure. The pH of the RS and urea suspension was 5.71; after 

adding AgNO3 and NaOH, the pH of the suspension was between 8 and 10. The prepared 

RS/Ag-NC was centrifuged, washed with distilled water and ethanol until the silver ion 

residue was removed, and dried in an oven at 60 °C. 
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Antibacterial Activity 
The in vitro antibacterial activity of the prepared samples was assessed by using 

the well diffusion technique in Muller-Hinton agar (MHA), and the estimation of the 

inhibition zone in millimeters (mm) was based on the recommended standards of the 

Clinical and Laboratory Standards Institute (CLSI). Examples of some standards are as 

follows: (ISO 16256 (2012); ISO 16782 (2012); ISO/NP 20776-1 (2015); ISO 20776-1 

(2006); ISO 20776-2 (2007); ISO 17511 (2003); ISO/NP TS20914 (2015)).  

The antibacterial resistance of RS/Ag-NCs was examined in the pathogenic Gram-

positive bacteria Staphylococcus aureus (S. aureus) and the Gram-negative bacteria 

Escherichia coli (E. coli) at various Ag-NPs sizes and percentages. The clinical strains of 

pathogenic bacteria were obtained from Serdang Hospital, Malaysia. Briefly, bacterial 

strain stock cultures were maintained at 4 °C in MHA medium. Approximately 20 mL of 

sterile MHA medium was poured into sterile petri plates. Triplicates of the plates were 

swabbed with the overnight bacterial cultures (108 cells/mL).  

After the agar hardened, wells with a diameter of 7 mm were cut using a sterile 

cork borer. Lastly, the stock NPs samples (50 µg/mL) were added to each well. In addition, 

RS, which was employed as a matrix for Ag-NPs, was used as a negative control. A stock 

solution of AgNO3 was applied as a positive control with the same concentration (50 

µg/mL) for the purpose of comparison and then incubated at 37 °C. After 24 h, the 

inhibition zone was measured.  

 

Catalytic Activity Examination 
In the RS/Ag-NCs-catalyzed 4-nitrophenol (4-NP) hydrogenation reaction, 20.0 

wt.% of RS/Ag-NCs was added to 5 mL of a solution containing 60 mg of 4-NP (0.43 

mmol, 1 eq), 180 mg of NaBH4 (4.75 mmol, 3 eq), and 6 mg of catalyst. The reaction 

mixture was sonicated and monitored using a UV-Vis spectrophotometer in the wavelength 

range of 210 to 600 nm every 3 min. The characteristic maximum absorbance of 4-NP at 

400 nm was utilized to indicate the 4-NP remaining, and the absorbance at 297 nm was 

used to identify the product (4-aminophenol). 

 

Characterization of Ag-NPs 
Electron field-emission scanning electron microscopy (FESEM) with energy-

dispersive X-ray fluorescence (EDXF) spectroscopy was used to examine the morphology 

of samples. A JEOL JSM-7600F instrument was used (Tokyo, Japan). Transmission 

electron microscopy (TEM) with a LEO 906E electron microscope (Jena, Germany) was 

used to calculate the size and morphology of the prepared samples. The distribution of 

particle size was established using version 3.00 of the UTHSCSA Image Tool software 

(San Antonio, TX, USA).  

Powder X-ray diffraction (PXRD) with Cu Kα radiation using a D8 Advance X-

ray diffractometer (Bruker AXS, Billerica, Massachusetts, USA) was carried out to 

ascertain the purity of the Ag-NPs.  

The UV-visible spectra were detected in the range of 300 to 700 nm using a 

PerkinElmer Lambda 25 UV-visible spectrophotometer (Waltham, Massachusetts, USA). 

Fourier transform infrared spectroscopy (FT-IR) was conducted with a Series 100 

PerkinElmer FT-IR 1650 spectrophotometer (Waltham, Massachusetts, USA) in the range 

of 400 to 4000 cm−1. 
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RESULTS AND DISCUSSION 
 

UV-Visible Spectroscopy 
The UV-Vis spectroscopic technique could be used to detect morphological 

changes, noting that silver nanoparticles having various shapes exhibit surface plasmon 

resonance (SPR) bands at different frequencies. Figure 1 compares the UV-Vis spectra of 

suspensions with various pH and Ag-NPs loading. As the pH increased from 8.34 to 10.83, 

silver bands were detected at 405 to 413 nm (Fig. 1). These absorption bands were 

attributed to Ag-NPs smaller than 10 nm (Shameli et al. 2010b), and they are conventional 

plasmon bands for spherical or nearly spherical silver particles. There was no Ag-NPs 

absorption before the addition of NaOH to the RS sample (Fig. 1(a)). 

 

 
 
Fig. 1. UV-Vis spectra of (a) RS and (b through e) RS/Ag-NCs with 1.0, 5.0, 10.0, and 20.0 wt.% 
Ag-NPs at different pH values (8.34 to 10.83)  
 

The gradual increase in the percentages of Ag-NPs from 1.0 to 5.0 wt.% resulted 

in an increase in the intensities of the corresponding peaks between 413 and 411 nm (Fig. 

1(b), (c)). However, for Ag-NPs loading from 10.0 to 20.0 wt. ,%  the intensity of the peaks 

decreased, which indicated Ag-NPs agglomeration (Fig. 1(d), (e)). The SPR of RS/Ag-NCs 

prepared at various pH values appeared at 413 nm (pH 8.34), 411 nm (pH 9.16), 408 nm 

(pH 10.01), and 405 nm (pH 10.83). At low pH values, the UV-Vis spectra of RS/Ag-NCs 

showed an absorption peak, which appeared in higher wavelengths because of the SPR of 

Ag-NPs. With increased pH, the peaks were shifted to slightly lower wavelengths, which 

illustrated the decreased size of Ag-NPs. pH plays a significant role in the shape and size 

of Ag-NPs (Vanaja et al. 2013). The data in this study suggests that a higher pH is more 

suitable for Ag-NPs synthesis. 
 

Powder X-Ray Diffraction Analysis 
 Figure 2 illustrates the PXRD patterns of RS and RS/Ag-NCs. In the 2θ angle range 

of 15 to 25°, the peaks reflected the presence of Ag-NPs. The wide diffraction peak located 

at 22.20° is related to the RS and showed that the increase in Ag-NPs percentage on the 
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surface of RS leads to the decrease of the peak intensity in this range. The diffraction profile 

of all RS/Ag-NCs were similar, and the PXRD peaks at 2θ values of 38.12°, 44.19°, 64.32°, 

and 77.68° were ascribed to the 111, 200, 220, and 311 crystallographic planes, 

respectively, of face-centered cubic (fcc) silver crystals, which are distinguished with the 

Ag-NPs reference code: (01-087-0718). This result suggested that the synthesised Ag-NPs 

were pure (Shameli et al. 2010a).  

 

 
 
Fig. 2. PXRD of (a) RS and (b through e) RS/Ag-NCs with 1.0, 5.0, 10.0, and 20.0 wt.% Ag-NPs  

 

The pH is important for Ag-NPs synthesis, as it induces reactivity between sodium 

hydroxide and silver ions. The effect of pH on NPs size was assessed by using various 

volumes of sodium hydroxide in the reaction. Increased pH led to a reduction in Ag-NPs 

size, as the repulsion between excess hydroxide ions prevents the growth of crystal 

particles (Yan et al. 2009). Increasing pH also led to a greater net height of RS/Ag-NCs, 

which is a measure of crystallinity. Therefore, higher crystallinity was obtained at higher 

pH values, as previously reported (Kamali et al. 2012). 

The size of the particles (n) was calculated from the PXRD results using the Debye-

Scherrer equation, as shown in Eq. 1, 
 

n = Kλ / β1/2 cosθ          (1) 
 

where K is Scherrer’s constant (0.9), λ is the wavelength (1.5418 Å), β 
1

2
  is the PXRD peak 

width at half height, and θ is the Bragg's angle. From Scherrer’s equation, the average 

crystallite size of Ag-NPs for RS/Ag-NCs with 1.0, 5.0, 10.0, and 20.0 wt.% was similar 

to observations made by TEM (discussed below). 

 

Morphological Studies 
Figure 3 presents TEM images and computed histograms of RS/Ag-NCs sizes. The 

mean diameters and standard deviations of Ag-NPs were 7.37 ± 2.34, 3.98 ± 2.21, and 2.50 

± 2.10 nm for 1.0, 10.0, and 20.0 wt.% loading, respectively. As the pH and amount of Ag-

NPs on the RS surface increased, the average particle size gradually decreased, and they 
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dispersed better into the RS matrix. Also, the Ag-NPs had spherical morphologies and a 

homogeneous distribution. 

 

 
 

Fig. 3. TEM images and particle size distribution of RS/Ag-NCs with (a) 1.0 wt.%, (b) 10.0 wt.%, 
or (c) 20 wt.% Ag-NPs  

 

 
  

Fig. 4. SEM images and EDX spectroscopy of (a) RS and (b through e) RS/Ag-NCs with 1.0, 5.0, 
10.0, and 20.0 wt.% Ag-NPs  



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Khandanlou et al. (2016). “Silver nanoparticles,” BioResources 11(2), 3691-3708.  3698 

The morphology of the RS and RS/Ag-NCs surfaces was also examined by SEM 

(Fig. 4). RS was not changed after the synthesis of Ag-NPs on its surface. Uniformly 

prepared RS/Ag-NCs consisted of spherical NPs, which agreed with the TEM images. 

Increasing the amount of Ag-NPs on the surface of RS caused the particles to aggregate, 

though they still displayed a desirable distribution. At higher pH values, the Ag-NPs were 

homogenous and more uniform, and their particle size was smaller.  

EDX was used to evaluate the chemical composition of RS and RS/Ag-NCs. In RS 

(Fig. 4(a)), carbon (C) and oxygen (O) peaks were located at 0.24 keV and 0.4 keV, 

respectively. After the Ag-NPs were synthesized on the RS surface, Ag peaks were located 

at 2.7, 3.1, and 3.4 keV in the RS/Ag-NCs (Fig. 4(b through e)) (Bar et al. 2009). With 

increasing Ag-NPs percentage, the intensity of the Ag peaks on the RS surface also 

increased. Thus, EDX analysis confirmed the deposition of Ag-NPs on the RS surface. 

 

Fourier Transform Infrared Spectra 
The FT-IR spectra of RS and RS/Ag-NCs with different concentrations of Ag-NPs 

are displayed in Fig. 5. In the RS spectrum (Fig. 5(a)), the broad absorption peak located 

at 3377 cm−1 was related to the stretching of -OH groups, and the one located at 2933 cm−1 

was attributed to C-H stretching vibrations (Chen et al. 2011). The smaller bond at 1735 

cm−1 in the RS was ascribed to aliphatic esters in hemicelluloses or lignin. The peak at 

1646 cm−1 was related to C=C stretching vibrations (Qin et al. 2011). The peak located at 

1444 cm−1 was assigned to the aromatic C=C stretch of aromatic vibrations in lignin. The 

peaks from 1363 to 1376 cm−1 were attributed to C-H bending. The 1000 to 1200 cm−1 

region illustrated C-O stretching in cellulose/hemicelluloses (Sun et al. 2005b). The peaks 

placed at 260 to 890 cm−1 were assigned to the linkages of glycoside deforming with ring 

vibration and OH bending (Cao et al. 2011). 

 

 
 
Fig. 5. FT-IR spectra of (a) RS, (b through e) RS/Ag-NCs with 1.0, 5.0, 10.0, and 20.0 wt.% Ag-
NPs, and (f) urea  

 
In the urea IR spectrum (Fig. 5(f)), the peaks at 3429 cm−1 and 3329 cm−1 

represented the stretching of −NH2 groups. The peak at 1591 cm−1 was attributed to the N-

H group bending vibration and was overlapped with the carbonyl group vibration band. 
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The peak at 1452 cm−1 was related to the stretching of the C-N group. Similar to the 

increase of the Ag-NP loading percentage, the increase in pH caused the decrease of the 

peak intensity in all RS/Ag-NCs. This result occurred because when Ag-NPs were prepared 

on the surface of RS, the raw RS was moderately reduced (Khandanlou et al. 2013). All 

spectra indicated that the interaction among RS, urea, and Ag-NPs occurred through the 

reduction in the −OH groups intensity, as there is no chemical bond between them. This 

result suggests that Ag-NPs were successfully synthesized on the surface of RS. The FT-

IR spectrum results were consistent with the XRD results. As the pH increased, the 

intensity of peaks attributed to raw RS decreased, indicating the presence of Ag-NPs on 

the RS surface. 

 

Table 1. Inhibition Zone of RS/Ag-NCs  

Sample 

Number 

Ag-NPs 

Loading (%) 
Concentration 

(µg/mL) 

Inhibition Zone (mm) 

Gram-positive 

Staphylococcus 

aureus 

Gram-negative 

Escherichia coli 

1 1 50  10.0 8.5 

2 5 50  11.0 9.0 

3 10 50  13.0 12.0 

4 20 50  15.0 14.0 

5 0 (RS) 50  0.0 0.0 

6 AgNO3 50  16.0 15.0 

 

 
Effect of RS/Ag-NC Size on Antibacterial Activity 

As measured via the well diffusion technique, RS/Ag-NCs showed noticeable 

inhibition against E. coli and even more so against S. aureus (Table 1; Fig. 6). RS alone as 

a negative control showed no antibacterial activity. The inhibition zone of 5.0% RS/Ag-

NCs for S. aureus and E. coli was 11.0 mm and 9.0 mm, respectively. Although the 

antibacterial activity was higher for S. aureus than E. coli, the difference in inhibition zone 

using E. coli from 1.0% to 20.0% (8.5 to 14 mm) was more than for S. aureus from 1.0% 

to 20.0% (10 to 15 mm) RS/Ag-NCs.  

The use of Ag-NPs to control the bacterial growth as well as in burns treatment and 

wound healing has been widely investigated (Boonkaew et al. 2014). It has been assumed 

that the Ag+ ions bind to the bacterial membrane, which may disintegrate the bacterial 

morphology. The Ag+ cations and partially oxidized Ag-NPs have been shown to possess 

antibacterial activity by either rupturing the negatively charged bacterial cell wall or 

destabilizing the outer membrane, thereby providing them access to the mitochondria and 

resulting in the interference with the respiratory chain (You et al. 2012).  

For all samples, increasing the Ag-NPs surface area, which was the result of the 

decreasing the particle size from 7.37 to 2.50, led to better and higher antibacterial activity. 

The smaller nanoparticles have more contact surface area (Pal et al. 2007), therefore giving 

a higher interaction with bacteria and enhance NPs reactivity. Thus, it can be concluded 

that the bactericidal effect of Ag-NPs is size-dependent (Morones et al. 2005). Because of 

the small size of Ag-NPs, they can penetrate the nuclear content of bacteria with large 
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surface areas. Thus, their contact with bacteria was the highest, which explains their strong 

antibacterial effect (Chen et al. 2010). 

The Ag-NPs antibacterial activity was stronger against S. aureus (Gram-positive) 

than E. coli (Gram-negative) (Fig. 6), which was due to structural differences in the 

bacterial cell walls. Gram-negative bacteria have an exterior layer of lipopolysaccharides, 

which covers a peptidoglycan layer (Madigan et al. 2005); these layers protect the bacteria 

in hostile environments. Conversely, the cell wall of Gram-positive bacteria contains no 

lipopolysaccharide layer, such that it is easier for Ag-NPs to penetrate Gram-positive 

bacteria (Fayaz et al. 2010).  

Although a clear mechanism for the antibacterial activity of Ag-NPs has not been 

established so far, several probable mechanisms have been reported. One of the most 

widely accepted mechanisms is that the positively charged silver ions can interact with 

negatively charged phosphorus or sulfur-containing biomacromolecular compounds 

(proteins and nucleic acids), causing structural changes and deformation of bacterial cell 

walls and membranes that leads to disruption of metabolic processes and followed by cell 

death (Shankar and Rhim 2015).  

It is also believed that the antibacterial activity of silver nanoparticles depends on 

the surface area of nanoparticles that are most likely to act as reservoirs for releasing the 

Ag+ ions (Feng et al. 2000). The antibacterial mechanism of silver nanoparticles has also 

been suggested to be related to membrane damage due to free radicals derived from the 

surface of the nanoparticles, causing a significant increase in membrane permeability and 

leading to cell death (Kim et al. 2007). 

Figure 7 shows the correlation between the inhibition zone and the percentage and 

size of Ag-NPs. As the loading percentage of RS/Ag-NCs increased, the inhibition zone 

increased, which implies a direct relationship between antibacterial activity and Ag-NPs 

percentage. Additionally, the inhibition zone was increased with decreased Ag-NPs size, 

which confirmed the inverse relationship between antibacterial activity and Ag-NPs size. 

In conclusion, increased antibacterial activity was due to the higher surface area of Ag-NPs 

which is created by decreasing of NPs size.  

 

 
 
Fig. 6. Inhibition zones of RS/Ag-NCs against Gram-positive (S. aureus) and Gram-negative (E. 
coli) bacteria with (1) 1.0, (2) 5.0, (3) 10.0, and (4) 20.0 wt.% Ag-NPs, RS (5), and AgNO3 (6)  
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Fig. 7. Antibacterial activity of Ag-NPs of different (a) percentages and (b) sizes  

 

 
 
Fig. 8. (a) UV-Vis spectra of 4-NP and alkaline 4-NP by NaBH4, (b) UV-Vis spectra for the 
reduction analysis of 4-NP, and (c) proposed mechanism of nitro group reduction catalyzed by 
20.0 wt.% RS/Ag-NCs 
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Catalytic Activity of 20.0 wt.% RS/Ag-NCs and Proposed Mechanism 
The catalytic activity of RS/Ag-NCs for hydrogenation of 4-NP was examined. The 

addition of NaBH4 into an aqueous solution of 4-NP led to the maximum absorption peak 

and had a red shift (shifting to the higher wavelength) from 321 to 400 and 401 nm because 

of the production of 4-nitrophenolate under alkaline conditions (Fig. 8(a)) (Narayanan and 

Sakthivel 2011). RS/Ag-NCs were added to the aqueous reaction mixtures containing 4-

NP and NaBH4 as the hydrogen donor, and a sample was withdrawn every 3 min to monitor 

through UV-Vis absorbance (Fig. 8(b)). With the addition of RS/Ag-NCs into the solution, 

the peak at 400 nm gradually decreased, with the attendant advent of the characteristic peak 

of the hydrogenation product of 4-aminophenol at approximately 297 nm (Hallett-Tapley 

et al. 2011). This result showed the catalytic activity of Ag-NPs and demonstrated that the 

RS/Ag-NCs-catalyzed 4-NP hydrogenation had a short induction period (about 3 min in 

water); the reaction continued to completion within 15 min. Hydrogenation of the nitro 

compound indicated that it is affected by factors such as electron transfer into the nitro 

compound and proton accessibility (Kuroda et al. 2009). In sum, it is evident that catalytic 

reduction involves crucial steps including (I) RS/Ag-NCs reaction with borohydride ions 

to form the metal hydride on the catalyst surface, and (II) the discharge of electrons from 

BH4
− via the metal to the acceptor. Water is a polar protic solvent, and it provides the 

hydrogen ion required to complete the reduction reaction (Mandlimath and Gopal 2011). 

Adsorption has a significant role in catalysis. In this study, the RS/Ag-NCs catalyst 

prepared the adsorption sites for BH4
− ions and for the nitro aromatic compounds, further 

facilitating electron transfer from the BH4
− ion donor to the nitro aromatic compound 

acceptor. The proposed mechanism is shown in Fig. 8(c). 

 
 
CONCLUSIONS 
 
1. This study determined optimal conditions for the synthesis of silver nanoparticles (Ag-

NPs) on the rice straw (RS) surface for the first time. The influence of Ag-NPs size on 

the antibacterial activity of RS/Ag-NCs and the catalytic activity of 20.0 wt.% RS/Ag-

NCs were exploited for the reduction of 4-NP in the presence of NaBH4. 

2. The Ag-NPs had spherical morphology, and the size of Ag-NPs on the RS surface with 

increasing pH from 8 to 10 was decreased from 7.37 to 2.50, which reflected the effect 

of pH on the size of Ag-NPs. 

3. RS/Ag-NCs exhibited strong antibacterial activity against gram-positive (S. aureus) 

and gram-negative (E.coli) bacteria. The antibacterial study also indicated that particle 

size has a significant effect on the inhibitory and bactericidal activities of the as-

prepared RS/Ag-NCs. With decreasing nanoparticle size the antibacterial activity was 

increased.  

4. Interestingly, 20.0 wt.% RS/Ag-NCs were found to act as efficient catalysts for the 

reduction of 4-NP to the corresponding 4-AP in the presence of NaBH4. The results 

indicated that the reduction of 4-NP was completed within 15.0 min which implies the 

high catalytic performance of RS/Ag-NCs. 
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