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Zinc oxide (ZnO) nanoparticles were synthesized within cellulose 
nanocrystals (CNC) as a new stabilizer by a precipitation method for 
antimicrobial applications. For fabrication of ZnO/CNC nanocomposites, 
solutions with different molar ratios of Zn to CNC were prepared in 
ethanol as the solvent. ZnO/CNC was separated from the suspension 
and then dried at 120 °C for 1 hour. The nanocomposites were 
characterized using Fourier transform infrared (FTIR), ultraviolet-visible 
(UV-vis), X-ray diffraction (XRD), transmission electron microscope 
(TEM), and thermogravimetric (TG) analyses.  According to the XRD and 
TEM results, the ZnO nanoparticles with a hexagonal wurtzite structure 
were easily prepared and dispersed in the CNC with an average size of 
less than 20 nm. The average size of the ZnO nanoparticles increased 
with increasing molar ratio of ZnO to CNC. The best ratio of Zn:CNC was 
chosen based on the small size of the ZnO nanoparticles that yielded 
better antimicrobial and thermal properties. The UV-vis absorption 
spectra of the ZnO/CNC nanocomposites showed absorption peaks in 
the UV region that were ascribed to the band gap of the ZnO 
nanoparticles. The antibacterial effects of ZnO/CNC were stronger 
compared to ZnO nanoparticles. 
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INTRODUCTION 
 

Nano-sized ZnO is a direct wide-band-gap semiconductor with a large exciton 

binding energy of 60 eV. Due to a variety of attractive physical and chemical properties, 

it is a promising candidate for a range of applications, such as solar cells (Galoppini et al. 

2006), gas sensors (Zhang et al. 2006), lasing diodes (Huang et al. 2001), catalysts 

(Height et al. 2006), and antibacterial agents (Amornpitoksuk et al. 2011). It is an 

effective bactericide against both Gram-positive and Gram-negative bacteria (Tam et al. 

2008; Zhang et al. 2008). Zinc oxide nanoparticles have been reported to disrupt 

membrane architecture, to change permeability, and to subsequently accumulate in the 

cytoplasm of bacteria (Stoimenov et al. 2002). 

Zinc oxide nanoparticles tend to aggregate, owing to a large surface area and high 

surface energy (Hong et al. 2009). For applied systems, the homogenous dispersion of 

nanoparticles in the different matrices is necessary. In order to prevent nanoparticle 

aggregation and improve dispersion, a number of novel synthetic approaches have been 

developed. Recently, the fabrication of inorganic nanoparticles in nanofibular materials 

has merited substantial attention because of their significant potential applications in the 

fields of catalysts, electronic nanodevices, optoelectronics, sensors, and nanocomposites 
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(Liu et al. 2010; Yin et al. 2010). The physical size of the host polymer and the 

embedded particles of the composite are both in the submicrometer or nanometer range, 

so that the typical large surface area of nanofiber materials and nanoparticles is 

maintained (Patel et al. 2007). Furthermore, these nanocomposites have been proven to 

have both the advantages of polymers (such as being lightweight, flexible, and moldable) 

and of inorganic particles (such as special functionality, high strength, and thermal 

stability) (Liu et al. 2010; Chronakis 2005; Wang et al. 2005). 

Cellulose nanocrystals are characteristically rod-formed monocrystals, 1 to 100 

nm in diameter and from tens to hundreds of nanometers in length, and produced by 

controlled acid hydrolysis of cellulose from various sources. Nano-sized cellulose shows 

such outstanding properties as large aspect ratio (De Souza Lima et al. 2003), good 

dissolvability in water (Shin et al. 2008), good mechanical properties (Sturcova et al. 

2005), minimal thermal degradation behavior (Nishino et al. 2004), and a high capacity 

for absorption of metallic particles (He et al. 2003). They can be used in bioenergy, and 

in chemical, catalytic, and biomedical applications (Liu et al. 2011). In most studies, 

CNC has been applied as a reinforcing phase to improve chemical and physical properties 

of matrices. Recently, cellulose nanocrystals have been used as a substrate to fabricate 

nano-sized metallic particles (Cai et al. 2009). For example, Au nanoparticles with 

narrow size distribution were synthesized in cellulose nanocrystals (Khaled et al. 2009). 

In other studies carboxylated cellulose nanocrystals have been used to achieve of metal-

containing composites.  For example, Ag and Ag–Pd alloy particles with small sizes were 

separately prepared and dispersed well in carboxylated cellulose nanocrystals (Liu et al. 

2010). In a suspension of cellulose nanocrystals and metallic salts, most of the metallic 

particles can adsorb on the surface of CNC due to electrostatic interactions between 

oxygen atoms of polar hydroxyl and metallic particles (He et al. 2003). This effect 

controls the sizes of metallic nanoparticles by preventing particle agglomeration. 

In the present study, ZnO nanoparticles were synthesized within CNC in order to 

prevent the formation of aggregated ZnO nanoparticles and improve the stability of 

nanoparticle dispersion. The size, morphology, thermal, optical properties, and       

antibacterial activity of the resulting ZnO/CNC nanocomposites were studied. 

 

 

EXPERIMENTAL 
 
Materials 

All the reagents were analytical grade and used as received without further 

purification. Cotton cellulose from filter paper (Q1, Whatman) was provided by Fisher 

Scientific (Pittsburgh, PA). Sulfuric acid (95-98%, reagent grade) was purchased from 

Scharlau. Ethanol and sodium hydroxide were supplied from Sigma Aldrich. Zinc acetate 

dehydrate (99%), used as precursor, was provided by Merck (Germany). All the solutions 

were prepared with deionized water. 

 

Preparation of Cellulose Nanocrystals 
Preparation of the CNC was carried out according to a previous study (Beck-

Candanedo et al. 2005). The cellulose powder harvested from one filter paper (2 g) was 

hydrolyzed with a sulfuric acid solution (20 mL, 64 w/w%) at 45 °C for 60 min. The 
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resultant suspension was diluted 10-fold with cold water (4 °C) followed by centrifuging 

and dialysis until a neutral pH was reached. Finally, the sample was freeze-dried. 

 

Preparation of ZnO nanoparticles/cellulose nanocrystals nanocomposites 

In a typical procedure, zinc oxide cellulose nanocrystals were synthesized by first 

suspending the CNC in deionized water, then mixing with zinc acetate dehydrate 

(Zn(AC)2 2H2O) in ethanol by magnetic stirring. The weight ratios of (Zn(AC)2 

2H2O):CNC were 2:4, 4:4, and 6:4 (samples 1, 2, and 3, respectively). After complete 

mixing, a sodium hydroxide solution (5 mol/L) was added drop-wise to the mixed 

solutions with gentle stirring at 80 °C. The ZnO/CNC nanocomposites were separated 

into different phases from the suspension by centrifugation and were then washed using 

distilled water to remove the by-products and extra CNC. After complete washing, the 

samples were dried at 120 °C for 1 h for complete transformation of the remaining zinc 

hydroxide to zinc oxide. 

 

Testing for antibacterial activity 

The samples were evaluated for antibacterial activity against Gram-negative 

Salmonella choleraesuis and Gram-positive Staphylococcus aureus. Six paper discs with 

a diameter of 6 mm, containing 5 μL of the ZnO/CNC suspensions were placed onto an 

agar plate that was inoculated with bacteria. Ampicillin and Streptomycin were used as 

standard antibacterial agents for negative and positive inhibitory controls, respectively. 

The bacterial inoculum was standardized to 0.5 MF units, which meant that           

approximately 10
8
 colony-forming units of each bacterium were inoculated on a plate. 

The plates were inverted and incubated at 37 °C for 24 h, then the zone of complete 

inhibition (including the diameter of the disc) was measured to the nearest whole 

millimeter, using sliding calipers or a ruler held on the back of the inverted petri plate. 

Three replicate tests were carried out in the same conditions for each sample. 

Furthermore, an assay for ZnO nanoparticles with particle size of 20 nm without CNC 

was also carried out to show the advantage of using ZnO/CNC nanocomposites. 

 

Characterization 

Wide-angle X-ray diffraction (WXRD) patterns of the ZnO/CNC and the CNC 

were recorded using an XPERT-PRO diffractometer at 40 kV and 30 mA from 10° to 80° 

with nickel-filtered Cu (λ = 1.542 A°) at room temperature. The observed X-ray patterns 

were compared to the Joint Committee on Powder Diffraction Standards (JCPDS) X-ray 

data file. The size and morphology of the ZnO/CNC were observed using a Hitachi H-

700 transmission electron microscope with an acceleration voltage of 120 kV at room 

temperature. The TEM sample was prepared by dropping the sample suspension on a Cu 

grid coated with carbon films, and then the specimens were negatively stained with 1% 

uranyl acetate and allowed to dry at room temperature. The thermal behavior of the 

ZnO/CNC powders was recorded with a thermogravimetric analyzer TGA7 (Perkin-

Elmer) in a nitrogen atmosphere at a heating rate of 10 °C/min from 25 to 600 °C. The 

FTIR spectra of the samples were obtained at ambient temperature using the KBr disk 

method. The disk containing 1 mg of the sample was scanned within a wave number 

range of 400 to 4000 cm
-1

. The UV-visible spectra of the ZnO/CNC composites were 

recorded over the range of 200 to 800 nm with a Lambda 25-Perkin Elmer UV-vis 

spectrophotometer. 
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RESULTS AND DISCUSSION 
 

CNC has a high capacity to absorb metallic cations due to abundant hydroxyl 

groups in its structure. At the first stage of the reaction, Zn
2+

 absorbed via electrostatic 

interactions between oxygen atoms of hydroxyl and zinc cations. After adding NaOH, 

Zn(OH)2 was slowly formed. Under thermal condition, ZnO was generated, as was 

shown by following reactions:  

 
 Zn

2+ 
+ CNC→ Zn

2+
…CNC       (1) 

 

 Zn
2+

 … CNC + 2(OH)
-
→CNC… Zn(OH)2      (2)  

 

 CNC …Zn(OH)2 → CNC …ZnO +H2O       (3) 

 

Characterization of ZnO/CNC 
Figure 1 shows the FTIR spectra of the ZnO/CNC nanocomposites. Broad bands 

in the region of 430 to 442 cm
-1

 can be seen for each spectrum; this is related to the 

stretch bands of zinc and oxygen. A small difference can also be observed between 

absorption bands of Zn-O and a slight shift to a lower wave number due to a change in 

the lattice parameters of the ZnO nanoparticles (Khorsand-Zak et al. 2011). In addition, 

the peaks at 3337 cm
-1

 and 1377 cm
-1 

corresponding to stretching and bending vibrations 

of the hydroxyl groups, respectively and the peaks at around 1050 cm
–1

 attributed to the 

pyranose ring ether band of CNC (Mo et al. 2009) in ZnO/CNC nanocomposites showed 

a shift to higher wavenumbers and became wider due to a strong interaction between the 

oxygen atoms of CNC and ZnO particles. Comparison of these bands for samples 1, 2, 

and 3 indicates some differences in their shape; this can be explained by the significant 

differences in the interaction between the two components of the nano-composites. 
 

 
 
Fig. 1. FTIR spectra of ZnO/CNC nanocomposites (samples 1, 2, and 3) and CNC 
 

Figure 2 (a, b, and c) displays TEM micrographs of the samples 1, 2, and 3, 

respectively. The grey network background corresponds to CNC, and the black spots are 

the ZnO nanoparticles.  
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Fig. 2. TEM images and histograms of ZnO/CNC nanocomposites samples 1, 2, and 3  
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 The results show hexagonal shapes with smooth surfaces dispersed within the 

CNC that have an average size of 4.18, 9.22, and 19.32 nm for samples 1, 2, and 3, 

respectively. It was found that by increasing the molar ratio of ZnO to CNC, the average 

size increased and the dispersion of particles decreased. Considering the TEM images, 

sample 1 was selected as the best ratio, based on the small particle size and good 

dispersion of nanoparticles. 

Figure 3 shows the XRD spectra of the synthesized ZnO/CNC nanocomposites. 

Positions and intensities of all relative peaks of the ZnO nanoparticles matched the Joint 

Committee on Powder Diffraction Standard (JCPDS) card number 36-1451. All the 

recorded peak intensity profiles were characteristic of nanoparticles’ hexagonal wurtzite 

structure. Although the position of the different ZnO peaks were similar for all samples, 

the width of peaks decreased and the intensity of peaks increased gradually as the content 

of ZnO increased, indicating increased crystal size and crystallinity (Wang and Xie 

2008). It can be seen that the reflection peaks clearly became broader in sample 1, 

indicating a reduction in crystallite size of particles. All peaks corresponding to the CNC 

are also observable in samples 1 to 3. However, it was found that the signals intensity due 

to the 200 and 220 planes in samples 1 and 2 were quite low and hardly observable. This 

may be a result of insufficient ZnO/CNC powder coating on the glass slide, which caused 

difficulty in detection of the crystal plane. The mean particle sizes of the samples were 

evaluated from FWHM using Scherrer’s equation (Shen et al. 2006), 

 

d = 0.89λ/ßcosӨ                                                                (1) 

 

where d, λ, Ө, and ß indicate the mean particle size, the X-ray wavelength (1.5406A°), 

Bragg diffraction angle corresponding to the (1 0 1) plane, and full width at half 

maximum (FWHM) of the (1 0 1) plane, respectively. The average particle size for the 

ZnO nanoparticles was 4.8, 11.4, and 20.5 nm for samples 1, 2, and 3, respectively. These 

values are close to the obtained particle size from the TEM images.  

 

 
Fig. 3. XRD Spectra of ZnO/CNC nanocomposites (samples 1, 2, and 3) 

 

The UV-vis absorption spectra of aqueous suspensions of the ZnO/CNC 

nanocomposites are shown in Fig. 4a. The exciton absorption peaks of the samples were 

in a range of 346 to 357 nm. These peaks can be assigned to the basic band gap 

absorption of ZnO because the electron transitions from the valence band to the 

conduction band (O2p → Zn3d) (Khorsand-Zak et al. 2011). In addition, a blue shift was 
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seen for products that could be due to changes in the morphologies, size, and surface 

microstructures of particles. Furthermore, the direct band gaps of samples estimated from 

a plot of (αhʋ)
2
 versus the photo energy (hʋ) consistent with the Kubelka-Munk model 

(Yu et al. 2008), shown in Figure 4b, were 3.40 eV, 3.32 eV, and 3.27 eV for samples 1, 

2, and 3, respectively. Such an increase in the ZnO band gap energy is in good agreement 

with the corresponding blue shift observed in the UV absorption edge.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4a.  UV Spectroscopy of ZnO/CNC nanocomposites 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4b. Plots of (αhʋ)
2
 versus hʋ of ZnO/CNC nanocomposites 

 
 

Thermogravimetric analysis was carried out in order to determine the effect of the 

synthesized ZnO nanoparticles on the thermal properties of the cellulose nanocrystals. 

Figure 5 shows the TG curves of the cellulose nanocrystals and the ZnO/CNC nanocom-

posites. The thermal decomposition of the cellulose nanocrystals includes depolymerisa-

tion, dehydration, and decomposition of glycosyl units, followed by the formation of a 

charred residue (Araki et al. 1998). The two main steps observed in the nanocomposites 

correspond to the thermal degradation of the CNC (Dahiya and Rana 2004). The thermal 

analysis demonstrated that thermal decomposition of the cellulose nanocrystals was 

initiated at 138 °C, with 20.43 wt% residue at the end of degradation. The onsets of 

thermal degradation for the ZnO/CNC nanocomposites were found at 230, 223, and      
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215 °C with 47.39, 65.48, and 76.90 wt% residue for samples 1, 2, and 3, respectively. 

The cellulose nanocrystals in the ZnO/CNC nanocomposites exhibited better thermal 

stability compared to the original cellulose nanocrystal. The improvement can be ascribed 

to the interaction between the ZnO and the CNC, which was more considerable for the 

smaller-sized ZnO nanoparticles with greater surface area. The amount of ZnO nano-

particles was estimated by comparing the percentage residue of the ZnO/CNC nano-

composites and the CNC at the end of degradation. The content of ZnO was estimated to 

be about 26.96, 45.05, and 56.47 wt% for samples 1, 2, and 3, respectively. 
 

                 
Fig. 5. TG Thermograms of CNC and ZnO/CNC nanocomposites 
 
 

Table 1. Inhibition Zone of ZnO/CNC Nanocomposites Against Staphylococcus 
aureus and Salmonella choleraesuis Bacteria 

 

Sample Diameter of zone (mm) Diameter of zone (mm) 

Staphylococcus aureus Salmonella choleraesuis 

1 14 10 

2 12 9 

3 9 7 

ZnO 5 5 

 

The antibacterial ability of the ZnO/CNC nanocomposites was determined in 

terms of the inhibition zone created on agar around the paper discs. The average       

diameters of the inhibition zones of all samples against Staphylococcus aureus and 

Salmonella choleraesuis are shown in Table 1. It is evident that the antibacterial activity 

of the samples was stronger against Gram-positive Staphylococcus aureus than Gram-

negative Salmonella choleraesuis. Stronger antibacterial activity against Gram-positive 

bacteria has also been previously reported (Lu et al. 2008; Yang et al. 2006; Fang et al. 

2006). The cell wall of Gram-negative bacteria has an outer lipopolysaccherice (LPS) 

membrane that protects the peptidoglycan layer. In addition, it helps bacteria to survive in 

environments where external materials exist that can harm it. On the other hand, the 

antibacterial activity of the samples increases by decreasing the size of particles. The 

greatest antibacterial ability was obtained from sample 1 with an average particle size of 

4.18 nm. In this study, ZnO nanoparticles (20 nm) without CNC showed less powerful 
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effect against Gram-positive and negative bacteria in comparison to sample 3. Our results 

which are in favor of ZnO/CNC could be the outcome of a tight attaching of cellulose 

nanocrystals to the bacterial cover. This study proves which cellulose nanocrystals can be 

used to prepare colloidal suspensions with strong antibacterial effect. 

 

 

CONCLUSIONS 
 

1. ZnO nanoparticles with a hexagonal wurtzite structure and average size of less than 

20 nm were successfully synthesized in the CNC using a sol-gel method.  

2. The best composition of the ZnO/CNC nanocomposite was selected based on its 

small size and good dispersion of particles in the CNC, which showed good 

antibacterial activity and the best thermal properties.  

3. The band gap of the ZnO nanoparticles was estimated from the UV-vis absorption. 

There was a blue shift in the absorption edge after decreasing the size of the ZnO 

nanoparticles.  

4. The antibacterial studies showed that the ZnO/CNC nanocomposites are stronger 

antibacterial materials against Gram-positive Staphylococcus aureus than Gram-

Negative Salmonella choleraesuis bacteria, and CNC can provide strong anti-

microbial power for ZnO nanoparticles.  
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