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This study investigated the synergistic effect of temperature and ultrasonic 
field on seawater modification of wheat straw fibers via orthogonal design. 
Based on orthogonal results, physicochemical and thermal properties of 
wheat straw fibers were also reported. The results indicated that a 120 min 
seawater modification of the fibers at a 70 °C heating temperature and 90 
W ultrasonic power increased water absorption. The increase was 
attributable to the removal of the waxy layer and non-cellulosic materials, 
which, in turn, decreased the silicon elemental content and hydrogen 
bonding, as well as increased surface roughness, crystallinity, and thermal 
stability. The physicochemical and thermal characterization showed that 
this modification method has potential to be a viable industrial application. 
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INTRODUCTION 
 
Surface modification of lignocellulosic fibers is an essential link for their emerging 

use as a reinforced material in the preparation of wood-plastic composites. The reason for 

this is that the hydrophilic nature of fiber surfaces results in a poor compatibility with 

hydrophobic polymers (Väisänen et al. 2016). Chemical modification of lignocellulosic 

fibers helps remove surface impurities and can reduce their hydrophilicity, while increasing 

their fiber-polymer interfacial compatibility (Siakeng et al. 2019). However, the problems 

encountered in chemical modification use originate from their negative impact on the 

environment and human health (Koohestani et al. 2019).  

Physical modifications such as steam (Brugnago et al. 2011; Brito et al. 2020) and 

hydrothermal (Qian et al. 2015; Liu et al. 2016), physical field-assisted chemical 

modification such as steam-assisted alkali (Saha et al. 2010) and ultrasonic-assisted alkali 

(Krishnaiah et al. 2017), and many biological modifications represented by enzyme and 

seawater have been suggested for their potential to replace pure chemical modification. 

Among these, seawater modification is a relatively novel area of study, and related reports 

have rarely been published (Rashid et al. 2017a,b; Agrebi et al. 2018). Seawater, due to its 

high salinity and weak alkalinity, helps remove the outer layer of hemicellulose, wax, and 

pectin. This layer protects the fiber from the weather degradation; however, it causes poor 

fiber-polymer interfacial compatibility. Rashid et al. (2016 and 2017c) report that seawater 

modification could affect the characterization of sugar palm and improve the fiber-polymer 

interfacial compatibility.  

Based on preliminary experiments, the efficacy of seawater modification further 

increases at elevated temperatures and ultrasonic power because heat and ultrasonic energy 
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provides additional help in breaking the hydrogen bonds between fibrils. However, there 

has been no report on physical field-assisted seawater treatment to modify lignocellulosic 

fibers. Given this, seawater modification of lignocellulosic fibers from wheat straw in the 

co-presence of temperature and ultrasonic field has been investigated in this study. 
 

 
EXPERIMENTAL 

 
Materials 

Wheat straw fibers (WSFs) were obtained from a cropland in Huainan, China. The 

fibers were washed with tap water and air-dried at 25 ± 5 °C until reaching a constant 

weight. Simulated seawater was prepared according to ASTM D1141-1998 (2013). Detail 

components of the simulated seawater is summarized in Table 1. 

 

Table 1. Detailed Components of Simulated Seawater 

Component NaCl MgCl2 Na2SO4 CaCl2 KCl 

Concentration (g·L-1) 24.53 5.20 4.09 1.16 0.695 

Component NaHCO3 KBr H3BO3 SrCl2 NaF 

Concentration (g·L-1) 0.201 0.101 0.027 0.025 0.003 

 

Orthogonal design 

The orthogonal design factor-level and scheme-results are listed in Tables 2 and 3, 

respectively. As shown, the WSFs were immersed in simulated seawater (1:300 solid-

liquid mass ratio) at given time (X1), heating temperature (X2), and ultrasonic power (X3). 

After modification, the fibers were rinsed with distilled water and oven-dried at 90 °C for 

12 h. Water absorption of the WSFs was used as the basis for assessing the modification 

effect. See the Methods section for more details about water absorption. 
 

Table 2. Factor-level of Orthogonal Design 

Factors Units 
Levels 

1 2 3 4 

X1 min 60 80 100 120 

X2 °C 40 50 60 70 

X3 W 70 80 90 100 
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Table 3. Scheme-results of Orthogonal Design 

Test No. X1 X2 X3 Water Absorption (%) 

T1 1 1 1 171.3 ± 7.0 

T2 1 2 2 166.4 ± 3.1 

T3 1 3 3 182.0 ± 6.8 

T4 1 4 4 191.2 ± 6.9 

T5 2 1 2 175.0 ± 6.2 

T6 2 2 1 188.0 ± 5.8 

T7 2 3 4 184.1 ± 4.9 

T8 2 4 3 198.6 ± 8.7 

T9 3 1 3 197.3 ± 4.4 

T10 3 2 4 183.9 ± 3.4 

T11 3 3 1 186.3 ± 8.5 

T12 3 4 2 199.3 ± 7.4 

T13 4 1 4 203.6 ± 3.9 

T14 4 2 3 223.2 ± 6.3 

T15 4 3 2 209.8 ± 4.5 

T16 4 4 1 218.6 ± 8.3 

 
Methods 
Water absorption 

The WSFs were oven-dried at 90 °C for 12 h to a constant weight (m1) and then 

immersed in distilled water for 24 h at 20 °C to a certain weight (m2). Six samples were 

tested, and at least five replicate samples were presented as an average of the tested 

samples. The water absorption (WA) was calculated from Eq. 1: 

𝑊𝐴 = (𝑚2 − 𝑚1)/ 𝑚𝑎 × 100      (1) 

 

Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) 

The topography and element of external WSFs surfaces were detected using a 

FlexSEM 1000 SEM (Hitachi Ltd., Tokyo, Japan) equipped with 550i EDS (IXRF Ltd., 

Austin, USA). Prior to the test, the samples were gold sputtered to avoid poor image 

resolution. 

 

Fourier Transform Infrared (FTIR) and x-ray diffraction (XRD) 

The FTIR spectra of the WSFs were collected with a Nicolet iS10 FTIR 

spectrometer (Thermo Fisher Scientific Co., Ltd., Shanghai, China). The wavenumber 

range was taken from 1000 cm-1 to 4000 cm-1 and at 4 cm-1 resolutions. 

The XRD spectra of the WSFs were collected by X’Pert PRO X-ray diffractometer 

(PANalytical B.V., Almelo, Netherlands). A 2θ range was taken from 10° to 60° and at a 

speed of 0.33°·min-1. The crystallinity index (CrI) was calculated according to Eq. 2, 

𝐶𝑟𝐼 = [1 − (𝐼𝑎𝑚/𝐼002)] × 100      (2) 

where Iam and I002 are the maximum intensities at 2θ = 18° and 22.5°, respectively. 

 

Thermogravimetry (TG) and derivative thermal gravity (DTG) 

The TG and DTG curves of the WSFs were collected by a STA 449 F3 

synchronized thermal analyzer (NETZSCH Scientific Instrument Trading Co., Ltd., Selb, 
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Germany). The temperature range was taken from 30 °C to 800 °C and at 20 °C·min-1 

heating rates. All tests were made under an argon atmosphere. 

 

 

RESULTS AND DISCUSSION 
 
Variance and Mean-standard Deviation Analysis 

The results of variance and mean-standard deviation analyses are listed in Tables 4 

and 5, respectively. When the P-value was less than 0.05, a factor was considered to have 

a significant effect on the test results. The P-values listed in Table 4 show that the effect of 

X1 and X2 (except for X3) on water absorption were significant, which indicated that the 

selected levels in the orthogonal design were reasonable. The rankings of the significance 

for the three factors were: X1 > X2 > X3. 

Water absorption of the WSFs was improved because through seawater 

modification (water absorption of the unmodified WSFs was 139.3%), the wax layer with 

high water resistance and the non-cellulosic material (hemicellulose and lignin) of the 

fibers decreased, and the water permeability in the fibers improved. Therefore, a higher 

water absorption corresponded to a better modification effect. According to the 

mathematical statistics listed in Table 5, the theoretical combination for highest water 

absorption was X14X24X33. 

 

Table 4. Variance Analysis of Orthogonal Design 

Source Type-III Sum of Squares DF Mean Square F-value P-value 

X1 2835.3 3 945.1 30.0 0.001 

X2 517.4 3 172.5 5.5 0.037 

X3 358.9 3 119.7 3.8 0.077 

Error 189.0 6 31.5   

Total 596225.2 16    

 
Table 5. Mean-standard Deviation of Orthogonal Design 

Code X1 X2 X3 

Level 1 177.7 ± 11.1c 186.8 ± 16.1b 191.0 ± 19.8ab 

Level 2 186.4 ± 9.8bc 190.4 ± 23.8b 187.6 ± 20.3b 

Level 3 191.7 ± 7.7b 190.6 ± 12.9b 200.3 ± 17.0a 

Level 4 213.8 ± 8.8a 201.9 ± 11.7a 190.7 ± 9.2ab 

 

SEM and EDS Analysis 
An increase in surface roughness is very important to improve the mechanical and 

thermal properties of wood-plastic composites (Krishnaiah et al. 2017). Figures 1 and 2 

compare SEM images and EDS spectra of the external surfaces of both unmodified and 

modified WSFs, respectively. Figure 1a displays the external surfaces of unmodified WSFs 

were smooth with a clear wax layer, which resulted in a poor mechanical interlocking 

between the fiber surface and polymer matrix. Figure 1b indicates that when WSFs were 

modified through exposure to seawater at a 70 °C heating temperature and a 90 W 

ultrasonic power for 120 min, the surface roughness of the fibers increased and the fibrils 

were found on the external surface, which contributed to the increased contact area and 

interlock strength between the fiber surface and polymer matrix. 

The wax layer on the external WSFs surfaces was mainly composed of silicon 
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dioxide (SiO2). Silicon (Si) has high heat resistance and plays a key role in defining the 

thermal stability of lignocellulosic fibers. Compared to unmodified WSFs, WSFs modified 

at 70 °C and 90 W for 120 min showed a 94.3% decrease in the weight percentage of Si 

due to the wax layer removal. The effect of Si levels on the thermal stability of the WSFs 

was discussed in depth during the TG and DTG analyses. 

 

  

 
 
Fig. 1. SEM images of external surface of WSFs: (a) unmodified, (b) modified 
 

 
 

Fig. 2. EDS spectra of external WSFs surfaces 
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FTIR and XRD Analysis 
Lignocellulosic fibers are mainly composed of cellulose, hemicellulose, and lignin. 

Holocellulose (cellulose and hemicellulose) is responsible for moisture absorption because 

both cellulose and hemicellulose are rich with hydroxyl groups. Moisture absorption leads 

to a reduction in mechanical properties of lignocellulosic fibers. Figures 3 and 4 compare 

the FTIR and XRD spectra of both unmodified and modified WSFs, respectively. The peak 

at the 3500 cm-1 to 3300 cm-1 range is characteristic for O–H stretching in hydroxyl groups 

(Jiang et al. 2017). The intensity reduction of O–H stretching after seawater modification 

at 70 °C and 90 W for 120 min indicated a breakage of hydrogen bonds between hydroxyl 

groups of cellulose and hemicellulose. The peak at the 1735 cm-1 to 1700 cm-1 range 

corresponded to C=O stretching in hemicellulose and lignin which was weakened slightly 

following modification and indicated the removal of non-crystalline materials 

(hemicellulose and lignin) (Pereira et al. 2019). This finding is in good agreement with the 

results reported by Rashid et al. (2016). 

 
 

 
 

Fig. 3. FTIR spectra of WSFs 

 

 
 

Fig. 4. XRD spectra of WSFs 
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The crystallinity of the seawater modified WSFs at 70 °C and 90 W for 120 min 

was increased to 61.3% from 48.5%. The unmodified WSFs showed an increase in 

amplitude by 26.4% because the modification removed non-crystalline materials in the 

fiber bundles and allowed the cellulose fibers freedom to adopt a more crystalline structure. 
 

TG and DTG Analysis 
Figure 5 and Table 6 show that when the temperature increased to 800 °C from 30 

°C, the pyrolysis of the WSFs underwent two main weight loss stages and three noticeably 

endothermic peaks. The first weight loss stage and endothermic peak I were in the 30 °C 

to 150 °C temperature range, which was due to moisture evaporation. The second weight 

loss stage and endothermic peaks II and III were in the 150 °C to 800 °C temperature range, 

which was due to hemicellulose degradation (150 °C to 350 °C corresponded to 

endothermic peak II), cellulose (275°C to 350 °C corresponded to endothermic peak III), 

and lignin (250 °C to 500 °C) (Jiang et al. 2019). The endothermic peak of lignin could not 

be observed due to low weight loss rate and wide pyrolysis temperature range. 

 

 
 
Fig. 5. TG and DTG curves of WSFs 

 

Table 6. Pyrolysis Characteristic Data of WSFs 

Sample ID T5% (°C) 
Peak I Peak II Peak III 

T (°C) T (°C) T (°C) 

Unmodified 96.0 93.8 293.1 365.0 

Modified 114.0 78.3 222.4 355.6 

 

Compared to the unmodified WSFs, the WSFs exposed to seawater at 70 °C and 90 

W for 120 min showed a lower temperature at endothermic peaks II and III. The reason 

can be explained from the perspectives of the reduction in Si with high heat resistance. The 

pyrolysis temperature of the lignocellulosic fiber at 5% weight loss (T5%) can be used as 

the basis for assessing thermal stability (Yusriah et al. 2014). Clearly, the modified WSFs 

exhibited higher thermal stability compared to the unmodified WSFs, which can be 

explained by the reduction in hemicellulose with low heat resistance. 
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Comparison of Three Types of Seawater Modifications 

In a preliminary experiment, the optimum parameters for physical field-assisted 

seawater modification without regard to synergistic effect of temperature and ultrasonic 

fields were 82.2 °C + 53.0 min and 80.0 W + 49.0 min, respectively. By comparison, the 

WSFs exposed to seawater at 70 °C and 90 W for 120 min had a lower Si level, higher 

crystallinity, and higher thermal stability than any other type of seawater modification 

listed in Table 7, which indicated a better modification effect. 
 

Table 7. Comparison of Three Types of Seawater Modifications 

Modification Parameters Si Level (wt%) CrI (%) T5% (°C) 

70 °C + 90 W + 120 min 1.7 61.3 114.0 

82.2 °C + 53.0 min 11.5 51.1 106.0 

80.0 W + 49.0 min 24.8 50.7 100.0 

 
 

CONCLUSIONS 
 

1. The processing time had the most significant effect on the water absorption, followed 

by the heating temperature and the ultrasonic power. A 120 min processing time, a 70 

°C heating temperature, and a 90 W ultrasonic power were determined as the optimum 

combinations. 

2. When exposed to seawater at 70 °C and 90 W for 120 min, the level of Si element and 

the hydrogen bond of the WSFs decreased. However, the surface roughness, 

crystallinity, and thermal stability of the WSFs increased. These changes are beneficial 

to the preparation of wood-plastic composites. 

3. For an ultrasonic device equipped with a heating function, the operation for increasing 

water temperature and ultrasonic power is simple and rapid, and the energy cost is 

relatively low. Therefore, temperature and ultrasonic field-assisted seawater can be 

considered as a modification method worth promoting. 
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