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Ammonium persulfate (APS) oxidation was employed to isolate carboxyl 
cellulose nanocrystals (CNCs) from hybrid poplar residue. Structure 
changes resulting from APS oxidation were investigated by Fourier 
transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD). The 
further oxidation of the ensuring CNCs with sodium periodate manifested 
selective oxidation of hydroxyl groups at the C6 position of cellulose into 
carboxyl groups during APS oxidation. The introduction of active carboxyl 
groups resulted in lower thermal stability. Transmission electron 
microscopy (TEM) and width distribution showed that the produced CNCs 
ranged from 10 nm to 24 nm. Carboxyl CNCs with a yield of 63.2% were 
isolated via APS oxidation, and they were suitable for large-scale CNCs 
production.  
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INTRODUCTION 

 

Cellulose nanocrystals (CNCs) are a new macromolecular material from biomass 

that maintains the basic structure and properties of cellulose but also has the characteristics 

of nanoparticles, such as excellent mechanical strength, renewability, biodegradability, and 

ease of surface modification (Wegner and Jones 2006; Moon et al. 2011). Nowadays, 

CNCs and their derivatives have received a lot of attention with regards to potential 

applications in biology, medicine, paper making, and the food industry (Beck-Candanedo 

et al. 2005; Habibi et al. 2010; Jackson et al. 2011; Pang et al. 2015). 

Various approaches including mechanical disintegration (Li et al. 2012), enzymatic 

hydrolysis, acid hydrolysis (Lu and Hsieh 2012), and oxidation (Benhamou et al. 2014) 

have been developed to prepare CNCs. Acid hydrolysis (using 64% H2SO4) is the most 

well-known, efficient, and widely used extraction method. Nevertheless, H2SO4 hydrolysis 

faces some problems such as low yield (generally speaking, 33%), waste acid recovery, 

and corrosion. Recently, ammonium persulfate (APS), a strong oxidizing agent with low 

long-term toxicity, relative novelty, and low cost, has been applied to prepare CNCs 

(Leung et al. 2011). Nanocellulose was prepared from the oil palm empty fruit bunches 

using APS oxidation (Goh et al. 2016). CNCs were also extracted from bleached bagasse 

pulp (Du et al. 2016) and cotton (Castro-Guerrero et al. 2014). However, it has not been 

reported that CNCs were obtained from hybrid poplar residues using APS oxidation. 

Hybrid poplar, a fast-growing tree species abundant in northern China, is typically 

used for producing paper and plywood. During the processing of hybrid poplar wood, a 

large amount of residues are generated. These residues are a good source of hemicelluloses. 
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Additionally, the residues after extracting hemicellulose are abundant in cellulose and are 

an excellent fiber source for producing CNCs (Jiang et al. 2014). Carboxyl groups on the 

CNCs obtained using APS oxidation provide active sites for the template synthesis of 

nanoparticles, surface modification, and protein/enzyme immobilization (Wu et al. 2017).  

The objective of this study was to investigate the feasibility of preparing carboxyl 

CNCs via APS oxidation from hybrid poplar residue (HPR) after the extraction of 

polymeric hemicelluloses and to study the properties of the CNCs. The obtained CNCs 

were characterized using structural changes by Fourier transform infrared (FTIR) 

spectroscopy and X-ray diffraction (XRD), and their thermal properties were characterized 

with thermogravimetric (TG) analysis. The morphology of the CNCs was investigated by 

transmission electron microscopy (TEM). 

 
 
EXPERIMENTAL 
 

Materials 
Hybrid poplar, 6 years old, was supplied by Sihong plywood factor in Jiangsu, 

China. It was ground into small particles, and the 20-mesh to 50-mesh fraction was used. 

The particulate hybrid poplar was treated using sodium hydroxide solution for the 

extraction of polymeric hemicelluloses, and the slurry was filtered and washed, and then 

the residual solid fraction was vacuum dried (Jiang et al. 2014). The dry residual solid 

(HPR) was used as starting material for CNCs in this study. The chemical components 

were as follows: glucan 60.45%, xylan 4.74%, mannan 1.26%, and Klason lignin 29.85%. 

Sodium hydroxide (96%) and ammonium persulfate (98%) were purchased from Nanjing 

chemical reagent Co., Ltd (Nanjing, China). Sodium periodate was purchased from 

Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).  

 

Preparation of CNCs 
HPR (2.5 g), used as the starting material, was added to 250 mL of 1 mol/L APS 

solution in a 500 mL round bottomed flask. The mixture was stirred with a magnetic stirrer 

and heated at 65 °C for 14 h to yield a totally white suspension containing the CNCs. The 

resulting suspension was centrifuged at 12000 rpm for 10 min, and the supernatant was 

decanted. Deionized water was added, followed by centrifuging again until the solution 

reached pH 6. All the resulting precipitate was ultrasonicated using the Sonic Sys-tem 

Scientz-IID (NingBo, Zhejiang) with the sonic power of 800 W for 60 s so that a uniform 

and translucent colloid was formed. The colloidal suspension was lyophilized for CNCs in 

powder with a Heto PowerDry LL3000 freeze dryer (Thermo, Copenhagen, Denmark). 

 

Sodium Periodate Oxidation of the CNCs 
To identify whether the hydroxyl groups at C2 and C3 of cellulose were oxidized 

by APS, sodium periodate oxidation of the CNCs was performed according to the method 

described by Chen and van de Ven (2016). Briefly, 0.5 g of CNCs, 1.93 g of NaCl, 0.66 g 

of NaIO4, and 32.5 mL of H2O were mixed and gently stirred for 24 h at room temperature 

in the dark. When the reaction was finished, excess periodate was decomposed with 

ethylene glycol, and the product was washed with deionized water until all periodate, salt, 

and iodate ions were removed. The oxidized CNCs were prepared via freeze drying. 
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Yield of CNCs 
A clean crucible was heated in an oven at 105 °C for 2 h and then removed to cool 

at room temperature and measure its mass (M1 (g)). The prepared CNCs were put in a 

crucible, which was heated in an oven at 105 °C for 12 h and then removed to cool at room 

temperature and measure its mass (M2 (g)). The CNC yield was calculated with Eq. 1, 
 

Yield% =  
𝑀2−𝑀1

𝑀0
× 100%       (1) 

 

where M0 (g) is the mass of absolutely dry raw material. 

 
Fourier Transform Infrared (FTIR) Spectroscopy  

Infrared spectra of the samples were obtained with a VERTEX 80V spectrometer 

(Bruker, Karlsruhe, Germany). Samples were ground and mixed well with KBr (1 wt.% 

relative to KBr mass) and pressed into thin pellets prior to analysis. The FTIR analysis was 

performed in transmittance mode with a wavenumber range of 4000 cm-1 to 500 cm-1. 

 
X-ray Diffraction (XRD) 

The crystallinities of the raw material and CNCs were evaluated via XRD (Rigaku, 

Tokyo, Japan), which was operated at 40 kV and 30 mA in the scan range of 5 ° to 40 ° 

and the speed of scan was 5 ° min-1. The crystallinity indexes (CrI) of the cellulose samples 

were calculated from the diffraction intensity data with Eq. 2 (Segal et al. 1959), 
 

CrI = 
𝐼002−𝐼𝑎𝑚

𝐼002
× 100%       (2) 

where I002 is the overall intensity of the peak at 2θ at 22°, and Iam is the intensity of the 

baseline at 2θ at 18°, which corresponds to the reflection intensity of the amorphous phase. 

 

Thermal Analysis (TG) 
Thermogravimetric analysis was carried out with a Pyris 1 TGA (Netzsch, Selb, 

Germany). The raw material and CNCs were scanned from 35 °C to 600 °C at a heating 

rate of 10 °C/min. Nitrogen was added at a flow rate of 10 mL/min to avoid sample 

oxidation. 

 

Transmission Electron Microscopy (TEM) 
Morphology and structural investigations were performed using a JSM-7600F 

transmission electron microscope (Jeol, Tokyo, Japan). A drop of a dilute aqueous 

suspension (0.1 wt.%) of prepared CNCs was deposited on the surface of a copper grid 

coated with a thin carbon film. The sample was dried before TEM analysis which was 

carried out with an accelerating voltage of 100 kV to 120 kV. 

 

Zeta Potential 
The zeta potential values of the CNCs were measured with a Zeta-sizer Nano 

(Malvern, England). The CNCs suspension (3 wt.%) was diluted in water at the ratio of 

1:1000 (v/v) and ultrasonicated for 30 s in an ultrasonic bath. The refractive index of the 

water was 1.470, and the analysis temperature was 25 °C. 
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RESULTS AND DISCUSSION 
 
Visual Images 

Figure 1a shows the image of raw material containing APS solution before any 

reaction had taken place. The prepared CNCs were ultrasonicated to form a homogeneous 

hydrogel, as shown in Fig. 1b. As shown in Fig. 1a and Fig. 1b, the color of the raw material 

changed from yellow to white, indicating that the raw material had been oxidized. This 

phenomenon occurred because when the solution containing APS was heated, the 

formation of free radicals was induced (S2O8
2- + heat → 2SO4

.-). Under acidic conditions, 

hydrogen peroxide was also formed (S2O8
2- + 2H2O → 2HSO4- + H2O2) (Hsu et al. 2002). 

Both free radicals and hydrogen peroxide are capable of penetrating the amorphous 

domains and removing the disordered cellulose to form highly crystalline CNCs; 

meanwhile, free radical and hydrogen peroxide can decolorize materials without any 

catalysts or mechanical treatments (Leung et al. 2011). The prepared CNCs powder after 

freeze drying is shown in Fig. 1c. The obtained CNCs had a yield of 63.2% (calculated by 

Eq. 1), which was much higher than what is obtained during the conventional H2SO4 

hydrolysis (25 to 35%) (Goh et al. 2016). These results suggest that large-scale CNCs 

production might be obtained from HPR via APS oxidation. 

 

 

Fig. 1. (a) Raw material containing APS solution; (b) CNCs after ultrasonication; (c) CNCs after 
freeze-drying 
 
FTIR Characterization 

The FTIR spectra of the raw material and CNCs are presented in Fig. 2a. For raw 

material, the band observed at 3411 cm-1 is attributed to O-H vibration, which mainly 

resulted from hydrogen bonds in cellulose I. The bands at 2918 cm-1 and 1434 cm-1 are 

associated with C-H and C-H2 stretching vibrations, respectively (Hua et al. 1993; Saito 

et al. 2007), and the band at 1635 cm-1 is related to the absorbed water (Marchessault and 

Liang 1960). The CNCs exhibited similar infrared peaks. However, a band at 1735 cm-1 

was present; it is related to the C=O stretching vibration. The presence of C=O suggested 

that the hydroxyl groups of the CNCs had been oxidized successfully after APS oxidation 

(Oh et al. 2005). In addition, the peak at approximately 1506 cm-1 signaled the presence of 

the lignin, as it represented the C=C stretching vibration in the aromatic ring of lignin (Sun 

et al. 2000; Chen et al. 2011). The absence of this characteristic peak after APS oxidation 

indicated that the lignin was effectively removed. 
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Fig. 2. FTIR spectra of (a) the raw material and CNCs and (b) CNCs (1) and CNCs further oxidized 
by sodium periodate for 24 h (2) 

 

To further investigate whether the hydroxyl groups at C6 of CNCs were selectively 

oxidized into carboxyl groups during APS oxidation, sodium periodate oxidation of the 

CNCs was performed. Figure 2b depicts the FTIR spectra of the CNCs (1) and the CNCs 

further oxidized by sodium periodate for 24 h (2). The CNCs displayed absorption bands 

at 1336 cm-1 and 1266 cm-1, which are associated with the vibrations of hydroxy groups at 

C2 and C3 of cellulose (Carrillo et al. 2004), and the bands at 1058 cm-1, 1114 cm-1, and 

1164 cm-1 are related to the C-O-O pyranose ring stretching vibration, the C-C ring 

stretching vibration, and the C-O-C glycosidic ether band, respectively. 
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Periodate oxidation is a highly selective stereospecific reaction that only breaks the 

C2-C3 bond in the glucose repeat units of cellulose, forming two vicinal aldehyde groups 

(Chen and van de Ven 2016). Compared with (1) and (2) of Fig. 2b, the adsorption bands 

at 1430 cm-1, 1336 cm-1, 1266 cm-1, 1164 cm-1, 1114 cm-1, and 1058 cm-1 became weaker 

after periodate oxidation. Namely, the adsorption peaks of the hydroxyl groups at C2 and 

C3 weakened or even disappeared, which indicated that the hydroxyl groups at C2 and C3 

remained integrated during the APS oxidation. Therefore, the hydroxyl group at C6 of 

cellulose was selectively oxidized into carboxyl form after APS oxidation. 

 
XRD Analysis 

X-ray diffraction studies were conducted to evaluate the crystalline behaviors of 

the raw material and CNCs. Celluloses are semicrystalline biopolymers with both 

crystalline and amorphous domains. The difference between chemical treatments on the 

crystallinity index of the cellulose can be determined and compared from the XRD results. 

As shown in Fig. 3, both samples exhibited obvious diffraction peaks at 15.4 °, 16.4 °, 

22.8 °, and 34.7 °, which are attributed to the crystal planes of -110, 110, 200, and 400 in 

cellulose, respectively (Wada et al. 2004; Saito et al. 2007). These findings suggested that 

APS oxidation did not change the crystalline structure of native cellulose. The X-ray 

diffraction patterns of the CNCs confirmed that the integrity of the crystalline structure 

remained during the course of APS oxidation (Leung et al. 2011). The crystallinity index 

of the raw material and the CNCs were 52.6% and 86.8%, respectively, as calculated from 

Eq. 2. Hence, highly crystalline CNCs could be produced via APS oxidation because the 

majority of the amorphous region in cellulose was removed.  

 
Fig. 3. X-ray diffraction spectra of the raw material and CNCs 

 

TG Analysis 
Figure 4 illustrates the thermogravimetric (TG) and derived curves (DTG) of the 

raw material and CNCs, respectively. The initial weight loss in the range of 30 °C to 120 °C 

observed for both samples was attributed to the removal of water absorbed within cellulose 

(Chen et al. 2011). 
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Fig. 4. TG (a) and DTG (b) curves of CNC and raw material 

 

As shown in the DTG curves for the CNCs, weight loss started at around 265 °C, 

which was related to the initial thermal decomposition, followed by a drastic weight loss 

at 265 °C to 290 °C, and then a slow weight loss up to 330 °C. Compared to the CNCs, the 

weight loss of the raw material was slower in the range of 310 °C to 370 °C, and the onset 

degradation temperature of the CNCs (265 °C) was lower than that of the raw material 

(310 °C), which was mainly due to the introduction of active carboxyl groups, the small 

particle size, and the high specific surface area of the CNCs after oxidation, which 

increased the exposed surface area with heating and decreased the thermostability (Popescu 

et al. 2011; Jiang and Hsieh 2013). Fortunately, the CNCs prepared via APS oxidation 

were stable when the temperature was less than 260 °C. This is important for thermoplastic 
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applications of cellulose nanoparticles because the processing temperature is often above 

200 °C. The CNCs obtained from sulfuric acid hydrolysis had lower thermal stability, 

ranging from 150 °C to 200 °C due to the presence of sulfate groups (Cheng et al. 2014). 

Furthermore, the percentage of the CNCs that remained as char residue (27%) was higher 

than that of the raw material (16%) at the end of the test. This result occurred because the 

highly crystalline nature (cellulose crystal) of the CNCs increased the proportion of carbon. 

Therefore, the formation of char residue increased as carbon content increased (George et 

al. 2011). 

 
TEM Analysis 

As shown in Fig. 5a, the morphological features of CNCs whisker were observed 

via TEM. The image expressed that the distribution of CNCs isolated from hybrid poplar 

was uniform and they dispersed well in solution with a relative interparticle distance, which 

was mainly due to the presence of charge resulting in electrostatic repulsive force. These 

charges were mainly derived from the dissociation of sodium carboxylate of the CNCs, 

and the existence of the carboxyl groups was confirmed with FTIR. It is reported 

(Mirhosseini et al. 2008) that if the absolute value of suspension was higher than 25 mV, 

then the suspension was not vulnerable to aggregation. The zeta potential of the CNCs 

suspension (0.1 wt.%, p H 7) was about -49 mV, which indicated the CNCs suspension 

was stable. 

Fig. 5. Transmission electron microscopy image (a) and width distribution (b) of the CNCs 
 

To examine the size distribution of the CNCs, the widths of 150 individual CNCs 

were measured from TEM images (5 images were used to measure) using a Gatan 

DigitalMicrograph®. The width was defined as the largest dimension measured across the 

CNCs. The results are displayed in Fig. 5b, which showed that the width of the CNCs had 

a range of distribution within the range 5 nm to 40 nm in width and the main distribution 

of the width is from 10 nm to 24 nm. Therefore, thin and short whisker of carboxyl CNCs 

were prepared after APS oxidation, which is beneficial in supporting the active sites for 

the synthesis of nanoparticles and surface modification. 
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CONCLUSIONS 
 
1. HPR was utilized as a source of cellulose for producing carboxyl CNCs via APS 

oxidation. Fourier transform infrared spectroscopy confirmed the introduction of 

carboxyl groups onto the surface of CNCs, and lignin was effectively removed.  

2. The further oxidation of the CNCs with sodium periodate manifested hydroxyl groups 

at C6 of cellulose were selectively oxidized into carboxyl groups during APS oxidation. 

X-ray diffraction and TG revealed that carboxylated CNCs had a higher crystallinity 

(86.8%) than that of raw material (52.6%) but had lower thermal stability. 

3. TEM displayed a main distribution in the range of 10 nm to 24 nm and the final yield 

of the CNCs extracted from HPR by APS oxidation was approximately 63.2%.  
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