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The aim of this paper was to enhance paper strength in NaOH/thiourea 
aqueous solution at room temperature. Paper from cotton pulp was 
saturated with room temperature NaOH/thiourea aqueous solution and 
placed at a fixed temperature (8, 15, and 20 °C) for a period of time (1 h, 
2 h, 4 h, and 6 h). The morphology, X-ray diffraction (XRD), mechanical 
properties, and density of paper were characterized. The results indicated 
the paper was self-reinforced. Scanning electron microscopy (SEM) 
photographs indicated that the structure of the treated papers was 
increasingly compact with decreasing temperature. The XRD results 
showed that the crystallinity degree of the paper decreased from 80.0% to 
60.0%. The stress at break of the treated papers increased by more than 
fivefold. The wet tensile strength of the treated papers increased 
remarkably. 
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INTRODUCTION 
 

Materials from renewable resources are attracting great attention due to the 

increasing environmental concerns. Cellulose, the most abundant renewable resource in 

nature (Zhang et al. 2017; Thomas et al. 2018), could be used in fibers (Zhu et al. 2018, 

2019), hydrogels (Jiang et al. 2019; Hamedi et al. 2020), aerogels (Olsson et al. 2010; Thai 

et al. 2020), films (Sadeghifar et al. 2017; Tang et al. 2018; Ye et al. 2019), membranes 

(Zhang et al. 2016), and bioplastics (Wang et al. 2013; Chen et al. 2018b). In order to 

satisfy those applications’ requirements, the dissolution of cellulose is the pivotal 

challenge. The traditional cellulose dissolution viscose process, developed over 100 years 

ago, is widely used for regenerated cellulose (Wang et al. 2016). More recently, some new 

solvent systems have successfully been developed to dissolve cellulose, which include N-

methylmorpholine-N-oxide (NMMO) (Zhang et al. 2020), ionic liquids (ILs) (Zhang et al. 

2019), LiCl/N,N-dimethylacetamide (LiCl/DMAc) (Ono et al. 2016), H2SO4 aqueous 

solution (Huang et al. 2016), NaOH aqueous solution (Korhonen and Budtova 2019), and 

NaOH/urea aqueous solution (Cai and Zhang 2005). 
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Cellulose is mainly used in papermaking (Divsalar et al. 2018; Haider et al. 2018; 

Tanpichai et al. 2019). As one of the essential materials, paper has been commonly used 

in daily life (Wen et al. 2017). However, the base paper has an inherent low strength 

property because its main constituent fibers are connected by few hydrogen bonds, which 

impedes the application in various fields. To meet the needs of the expanding application 

range, researchers recently utilized cellulose solution to treat paper. Tervahartiala et al. 

(2018) prepared all-cellulose composites (ACCs) using various commercially available 

chemical pulps by partial dissolution method using an aqueous zinc chloride (ZnCl2) 

solvent. The results showed high potential of ACCs for corrugated board applications. Ma 

et al. (2015, 2016) and Jiao et al. (2015) partially dissolved filter paper in zinc chloride 

solution and NaOH/urea/ZnO aqueous solution to prepare ZnO-cellulose composite paper 

that exhibited high mechanical strengths, antibacterial property, and grease resistance. 

Piltonen et al. (2016) made all-cellulose composite (ACC) from sulphite dissolving pulp 

fibers using a partial dissolution method with NaOH/urea solvent at -12 ℃. The tensile 

strength of ACC was 14 times higher than that of the untreated fiber sheet. Zhai and Zhou 

(2014) pretreated the thermomechanical pulp with a NaOH/thiourea/urea aqueous solution 

at -12 ℃ and made paper from the pulp. The paper tensile and burst indices of treated pulp 

increased nearly 100%. These studies demonstrate great potential in the processing of paper 

treated with a cellulose solvent. However, ZnCl2 aqueous solution is not desirable from an 

environmental standpoint due to the presence of heavy metal ions. The NaOH/urea aqueous 

solution and NaOH/thiourea/urea aqueous solution could considerably enhance the 

strength of paper only under low temperature conditions. Low temperatures are not easily 

achieved in the paper industry due to significant energy requirement in the process of 

lowering the temperature. 

Cotton, with a cellulose content close to 100%, is frequently used as the base paper, 

e.g., electrical insulated paper (El-Saied et al. 2012) and integrated paper electrodes (Chen 

et al. 2018a). As an essential material, paper has great potential for both basic study and 

sustainable development. Compared with the NaOH/urea aqueous solution, NaOH/ 

thiourea aqueous solution, a new cellulose solvent, could dissolve cellulose at room 

temperature (8 ℃) (Jiang et al. 2017). Therefore, the objective of this work was to use the 

cellulose solvent (9.3 wt% NaOH : 7.4 wt% thiourea aqueous solution) to partially dissolve 

the cellulose in the paper at room temperature, leading to the compact structure and 

enhance the paper’s strength. The treated paper was characterized using scanning electron 

microscopy (SEM), X-ray diffraction (XRD), and mechanical testing. The impact of 

thiourea ratio, treatment time, and treatment temperature was discussed in light of these 

measurements. The schematic diagram for the preparation of self-reinforced paper by 

NaOH/thiourea aqueous solution at room temperature can be seen in Fig. 1. 
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Fig. 1. Schematic diagram of the procedure for preparing self-reinforced paper 
EXPERIMENTAL 
 

Materials 
Cellulose (cotton linter pulps) was supplied by Hubei Chemical Fiber Co., Ltd. 

(Xiangyang, China). Its viscosity-average molecular weight was 4.8 × 104. Sodium 

hydroxide and thiourea were purchased from Sinopharm Chemical Reagent Co., Ltd. 

(Shanghai, China). All chemicals were of analytical grade and used as received without 

further purification. 

 

Preparation of cotton pulp paper 

The cotton pulp was beaten to 28 °SR by a beater (PL4-00; Xianyang Taist Test 

Equipment Co., Ltd., Xianyang, China). The quantity of cotton pulp formed into paper 

using the Rapid-Köthen sheet former (RK-3A, Frank-PTI, Vorchdorf, Austria) was 

approximately 100 g/m2. The round-shaped cotton pulp papers were cut into rectangular 

shape with 16 cm in length and 4 cm in width. 

 

Preparation of cotton pulp paper treated with NaOH/thiourea aqueous solution 

The NaOH/thiourea aqueous solution was prepared by mixing NaOH, thiourea, and 

distilled water at room temperature (20 ℃). The cotton pulp paper was saturated and 

adsorbed NaOH/thiourea aqueous solution on a polypropylene plate. Subsequently, the 

sample was placed at a fixed temperature (8 ℃, 15 ℃, or 20 ℃) for a period of time (1 h, 

2 h, 4 h, or 6 h). The treated process was halted by immersing the samples in tap water at 

room temperature. To ensure a complete washing process, the samples needed to be 

immersed in tap water for 7 d, and the tap water was replaced every 8 h to obtain the 

purified paper for further characterization. Finally, the samples were dried in the dryer 

section of the sheet former. 

 

Methods 
Tensile tests 

The stress-strain curves of the samples were conducted with an electromechanical 

universal testing machine (CMT6103, MTS Industrial Systems (China) Co., Ltd., 

Shenzhen, China) deployed with a 1 kN load cell and using a strain rate of 3 mm/min. The 

samples (60 mm long, 15 mm wide) was cut and fixed to the tester with a gauge length of 

30 mm. The thickness was measured by averaging six random measurement points on each 

specimen with a thickness gauge (DC-HJY03; Sichuan Changjiang Papermaking 

Instrument Co., Ltd., Yibin, China). The quality was measured using an electronic balance 

(GL224-1SCN; Sartorius Scientific Instruments Co., Ltd., Beijing, China). The density was 

calculated from the quality, length, width, and thickness of paper. 

The wet tensile strength values of the samples were measured using a Lorentzen 

and Wettre (L&W) tear tester (991178; L&W, Kista, Sweden). The specimens had a 

rectangular shape with 138 mm in length and 15 mm in width. The samples were strained 

at a rate of 20 mm/min until they broke. The measured data was analyzed according to ISO 

1924-3 (2005). 

 

X-ray diffraction 

The crystallinity degree of the sample was identified using polycrystal X-ray 

diffraction (Empyrean, PANalytical B.V., Almelo, Netherlands). The Cu Kα radiation 
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generated at 45 kV and 40 mA was irradiated on the surface of the samples. Scans were 

taken over a 2θ range from 10° to 40° at increments of 0.01313° and a scanning speed 5° 

min-1. The crystallinity degree (Xc, %) was calculated by Eq. 1 (Focher et al. 2001), 

Xc = Acr / (Acr + Aam) × 100                                       (1) 

where Acr and Aam are the integrated area of the crystalline and amorphous phases, 

respectively. 

 

Ultra-high resolution cold field scanning electron microscope 

The cross-section and surface of the samples were observed using an ultra-high 

resolution cold field scanning electron microscope (SEM) (SU8010; HITACHI Ltd., 

Tokyo, Japan) operated at an accelerating voltage of 5 kV. Before imaging, the samples 

were dried in the dryer section of the sheet former, and then they were coated with gold 

using the SEM sputter coater (MC1000; HITACHI Ltd., Tokyo, Japan) to improve the 

sample’s electric conductivity. For the cross-section images, the samples were cut with a 

utility knife before coating. 

 

 
RESULTS AND DISCUSSION 
 

SEM 
The morphological changes of paper fibers were observed by SEM. Figure 2 shows 

SEM images of the cross-section and surface of untreated paper and treated papers at 

various temperatures. Images of cross-section are identified with lowercase letters. The 

untreated paper (Fig. 2a) showed a typical loose and porous structure. The treated papers 

(Fig. 2b, c, and d) changed to a more dense and bound structure with the decrease of 

temperature.  

The morphological changes in the samples indicated that the NaOH/thiourea 

system had a great influence on cotton fiber. Moreover, the fiber structure was still clearly 

visible, which indicated that the dissolution of the fibers did not effectively occur at the 

treatment temperatures of 20 and 15 ℃ (Fig. 2b and c). However, at the treatment 

temperature of 8 ℃ (Fig. 2d), few fiber structures were observed. The results indicated that 

the effect of temperature on the base paper was particularly remarkable, and that 8 ℃ was 

the optimum treatment temperature. This is consistent with the results reported by 

Dormanns et al. (2016), in which all-cellulose composite laminates treated by NaOH urea 

aqueous solution at -12 ℃ exhibited an evenly consolidated cross-section with fewer and 

smaller cracks than laminates infused at 0 ℃. The difference between the treatment 

temperatures of the NaOH/thiourea system and NaOH/urea system could be derived from 

their optimum cellulose dissolution temperature 8 ℃ and -12 ℃, respectively. 

Images of surface were labelled with capital letters. The untreated paper (Fig. 2A) 

showed a rough and porous structure. The structure of the treated papers (Fig. 2B, C, and 

D) became slightly compact. However, different results were also reported by Ma et al. 

(2014), who reported that the paper treated by the NaOH/urea system showed a highly 

compact and less porous structure. This could have been attributed to the compressed 

process of the NaOH/urea system treated paper. 
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Fig. 2. The SEM pictures of cross-section, surface of untreated paper, and surface of treated 
papers in 9.3 wt% NaOH/7.4 wt% thiourea aqueous solution at various temperatures for 6 h. 
Pictures with lowercase letters show the cross-section of paper, and the images with capital 
letters show the surface morphology of paper (Temperatures were as follows: A, a: cotton pulp 
paper; B, b: 20 °C; C, c: 15 °C; D, d: 8 °C) 

 

XRD 
Figure 3 presents the XRD profiles of the untreated paper and treated papers at 

various temperatures. In the figure, the untreated paper showed three strong Bragg peaks 

at 2θ = 14.6°, 16.4°, and 22.6°, which are typical crystalline peaks of cellulose I (Duchemin 

et al. 2016). The treated paper at various temperatures also had peaks at similar positions, 

but the peak intensity of the sample decreased with the decrease of temperature. 

Figure 3 also shows the crystallinity degree of the untreated paper and treated 

papers at various temperatures. The crystallinity degree of the untreated paper was 80.0%. 

As the treatment temperature decreased from 20 ℃ to 8 ℃, the crystallinity degree was 

reduced from 76.5% to 60.0%. This indicated that the NaOH/thiourea system influenced 

the crystallinity degree of cellulose paper. A similar trend was observed for self-reinforcing 

composites from commercial chemical pulps via partial dissolution with NaOH/urea 

(Hildebrandt et al. 2017). 
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Fig. 3. XRD patterns of the untreated paper (a) and the treated papers in 9.3 wt% NaOH/7.4 wt% 
thiourea aqueous solution at 20 °C (b), 15 °C (c), and 8 °C (d) for 6 h 

 

Effect of Treatment Temperature, Thiourea Ratio and Treatment Time on 
Tensile Properties of Paper 

The stress-strain curves of untreated paper and the treated papers are shown in Fig. 

4. The detailed results are summarized in Table 1. Figure 4(a) presents the stress-strain 

curves of the untreated paper and the treated papers at 8 °C for various times. The stress at 

break of the treated papers increased from 9.25 MPa to 12.39 MPa with the increase of 

treatment time. The stress at break of the treated paper has more than fivefold compared to 

the untreated paper from 2.28 MPa to 12.39 MPa. The strain at break of the treated paper 

increased from 1.00% to 2.35%. However, the strain at break of the untreated paper was 

1.79%. The results indicate that the samples were more easily fractured when the treatment 

time was 1h and 2h. The Young's modulus of the treated papers reduced from 1173 to 986 

MPa with the increase of treatment time. The Young's modulus of the treated papers was 

remarkably improved compared to the untreated paper. This shows that the treated paper 

will become more brittle and its stiffness remarkably increased. In summary, the optimal 

treatment time was 6 h within the time range set by this experiment. 

Figure 4(b) shows the stress-strain curves of the untreated paper and the treated 

papers at 8 °C for various thiourea ratio. The stress at break of the treated papers increased 

from 4.06 MPa to 12.39 MPa with the increase of thiourea ratio. However, the stress at 

break of the untreated papers was 2.28 MPa. This shows that the thiourea ratio has a great 

influence on the stress at break of the paper. It can be found that NaOH alone can increase 

the stress at break of the paper. It is known from the literature that NaOH alone can dissolve 

a small amount of cellulose (Martin-Bertelsen et al. 2020). Therefore, we speculate that 

the increase in the stress at break of paper may be related to the partial dissolution of 

cellulose. The strain at break of the treated paper increased from 1.52% to 2.35% with the 

increase of thiourea ratio. The Young's modulus of the treated paper was increased from 

404 to 986 MPa. This indicates that the thiourea ratio also has a significant effect on the 

stiffness of the paper. In summary, the optimal thiourea ratio was 7.4 wt%. 

Figure 4(c) shows the stress-strain curves of the untreated paper and the treated 

papers for various temperatures. The stress at break of the treated papers increased from 

2.98 to 12.39 MPa with the decrease of treatment temperature. The strain at break was 

increased from 1.48% to 2.35%. The Young's modulus was increased from 285 to 986 
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MPa. These results are consistent with the results of the SEM and XRD measurements. 

With the decrease of treatment temperature, the treated paper becomes denser and its 

crystallinity decreases. This indicates that the bonding between the fibers is positively 

related to the stress at break of the paper. The bonding of the sample is mainly determined 

by the partial dissolution of cellulose, which forms more hydrogen bonds. In summary, the 

optimal treatment temperature was 8 °C. This is consistent with the results reported in the 

literature that 9.3 wt% NaOH/7.4 wt% thiourea aqueous solution could dissolve cellulose 

at 8 °C (Jiang et al. 2017). 

 

Fig. 4. Stress-strain curves of treated paper: (a) 9.3 wt% NaOH/7.4 wt% thiourea aqueous solution 
at 8 °C for various times. (b) 9.3 wt% NaOH and various thiourea ratio (0 wt%, 2.0 wt%, 3.8 wt%, 
5.7 wt%, and 7.4 wt%) aqueous solution at 8 °C for 6 h. (c) 9.3 wt% NaOH/7.4 wt% thiourea 
aqueous solution at 20, 15, and 8 °C for 6h 
 

 
Table 1. Mechanical Properties of the Untreated Paper and the Treated Papers in 
Different Condition 
 

Effect Samples Stress at Break 
(MPa) 

Strain at Break 
(%) 

Young's Modulus 
(MPa) 

Time 

1 h 9.25 1.00 1173 

2 h 9.50 1.54 1067 

4 h 11.16 1.94 1018 

6 h 12.39 2.35 986 

control 2.28 1.79 198 

Thiourea Ratio 

0 wt% 4.06 1.52 404 

2.0 wt% 6.23 1.66 586 

3.8 wt% 7.76 1.77 645 

5.7 wt% 11.60 2.06 969 

7.4 wt% 12.39 2.35 986 

control 2.28 1.79 198 

Temperature 

8 °C 12.39 2.35 986 

15 °C 4.37 1.54 465 

20 °C 2.98 1.48 285 

control 2.28 1.79 198 
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Effect of Treatment Temperature on Density and Wet Tensile Strength of 
Paper 

Table 2 shows the density and wet tensile strength at various temperatures. The 

results indicated that the density of the treated papers slightly increased with the decrease 

of treatment temperature. This could be attributed to the increasing compactness of treated 

paper, as showed in the SEM results. The wet tensile strength of the samples, as shown in 

Table 2, also increased 2.5 times with the decrease of treatment temperature due to the 

relatively low temperature favoring cellulose dissolution. The results of wet tensile strength 

were consistent with the results of stress at break. 

 

Table 2. Density and Wet Tensile Strength of Treated Paper in 9.3 wt% 
NaOH/7.4 wt% Thiourea Aqueous Solution at 20, 15, and 8 °C for 6 h 

Temperature (°C) Density (g/cm3) / Std. Dev. 
(%) 

Wet Tensile Strength (N/m)/Std. Dev. 
(%) 

Control 0.382/0.00284 - 

20 0.387/0.00139 62.4/0.00283 

15 0.405/0.00795 82.1/0.00376 

8 0.465/0.00892 151.3/0.0104 

 
 
CONCLUSIONS 
 

1. The structure of the treated paper was increasingly compact with decreasing 

temperature of treatment. 

2. The crystallinity degree of the paper was also decreased from 80.0% to 60.0% with 

decreased temperature of treatment. 

3. The stress at break of the treated paper increased by more than fivefold. The wet tensile 

strength of the treated papers increased remarkably. 

4. The results indicated that the paper treated with NaOH/thiourea aqueous solution is a 

promising candidate for packaging products. 
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