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A B S T R A C T   

It is well-known that ultrasound has been studied for its cavitation, mechanical and thermal effects. As a pre
treatment technology, ultrasonic alkali treatment has attracted much attention in the field of biomass 
biochemical transformation. In this study, the structural and dynamic changes of wood cell walls during 
ultrasound-water, alkali, and ultrasound-alkali treatments were investigated by stereoscopic microscopy, 
confocal Raman microscopy, Fourier-transform infrared spectroscopy, and X-ray diffraction. The results indi
cated that the ultrasound-water, alkali, and ultrasound-alkali treatments had the effect of removing extractives 
from conduits. The uniform self-shrinking samples with shrinkage conduits were obtained by the alkali and 
ultrasound-alkali treatments. All of the treatments affected the relative content, structure and distribution of the 
chemical components in the wood cell walls. Compared with water-immersion samples, the relative content of 
hemicellulose of the treated samples reduced from 32.31% to 7.02% for ultrasound-8% NaOH treated samples. 
For the signal intensity of lignin, ultrasound-water treated and ultrasound-alkali treated samples displayed a 
more significant reductions than the alkali treated samples in the cell wall region. The crystal zone and amor
phous zone of cellulose coexisted before and after the treatment, for all of the treated samples, and particularly 
for the ultrasound-assisted treated samples, the crystallinity increased from 38.15% for water-immersion samples 
to 57.42% for ultrasound-8% NaOH treated samples.   

1. Introduction 

The modification and conversion of lignocellulosic biomass mate
rials, such as wood, grass, agricultural and forestry residues, has 
attracted wide interest due to the important role played by lignocellu
losic biomass in human society (e.g. in furniture, flooring, and energy) 
[1–3]. Lignocellulosic biomass is mainly composed of three chemical 
components (cellulose, hemicellulose and lignin) that are unevenly 
distributed in the cell wall [4,5]. The distribution, binding mode and 
properties of the three chemical components in the cell wall have 
important effects on the macroscopic mechanical properties of the cell 
wall and the transformation efficiency of lignocellulosic biomass. The 
cell wall of natural lignocellulosic biomass materials is complex and 
rigid and is composed of a cellulose microfibril framework tethered 
together by a coating of hemicellulose and sealed in a waterproof and 
chemically durable lignin polymeric matrix [6]. As a natural barrier, the 
fine cell wall in some cases hinders the development of new functional 
materials such as transparent wood [7], and flame-retardant wood [8], 

and the achievement of higher energy utilization efficiency (e.g. by 
enzymatic hydrolysis of biomass [9]). It is important to understand and 
develop a cost-effective approach for overcoming this recalcitrance. 

To date, a series of pretreatments have been applied to different 
lignocellulosic biomass materials for overcoming the cell wall natural 
barrier. Lignin is regarded as one of the main factors that leads to the 
formation of a cell wall barrier [10]. Among these pretreatments, alkali 
treatment has been widely considered as an efficient method to break 
the ether and ester bonds in lignin as well as the bonds between lignin 
and hemicellulose, and thus has the function of disrupting the rigid 
structure of the cell wall, increasing the porosity and surface area, and 
swelling the biomass fibers [11]. Furthermore, as an efficient alkaline 
reagents, sodium hydroxide has been investigated in the field of ligno
cellulosic biomass processing due to its advantages, such as relatively 
inexpensive, less energy intensive and high degradation efficiency [12]. 
The effect of alkali treatment is influenced by many factors, such as 
temperature, concentration and time [13]. Some studies examined the 
effect of alkaline treatment parameters on the digestibility of the 
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substrate to identify whether alkali solution concentration determines 
the hydrolysis yield [14] and to optimize the process parameters 
[15–17]. Although numerous studies had reported the information 
about the influence of alkali treatment on hydrolysis yield and biomass 
composition [14,49], few references exist on the morphological and 
histochemical changes of wood cell walls during alkali treatment at 
room temperature. Understanding the dynamic process of cell wall 
changes would be important for efficient optimization of the process 
Therefore, it is valuable to investigate detailed information of spatial 
and temporal distribution of the main chemical components in cell walls 
during treatment. 

The application of ultrasonic technology in lignocellulosic biomass 
processing has become a research hotspot [20]. Ultrasonic cavitation is 
an important parameter in ultrasonic technology that determines the 
effect of ultrasonic treatment. Ultrasonic cavitation refers to the phe
nomenon of cavitation bubbles collapse in the liquid caused by the high 
intensity of an ultrasonic wave with high local energy when the wave 
passes through liquid medium [21]. This effect enhances mass transfer 
and heat transfer, improves the activity of the reactant molecules, and 
increases the probability of their collision with each other. Therefore, 
ultrasonic treatment had been used as an auxiliary treatment to enhance 
the effect of other treatments and affect the structure and morphology of 
woody biomass materials. For example, ultrasonic-assisted extraction 
can improve the extraction rate, shorten the extraction time and save 
solvents [22,23]. The ultrasound treatment with different ultrasound 
power densities induced structural disorganization and changes in the 
relative crystallinity of the okara fibers [25]. At the same time, ultra
sound treatment can destroy wood pits, thus improving wood drying 
properties to a certain extent, for example by shortening the drying time 
and improving the drying quality [26]. 

In recent years, alkali treatment in combination with other novel 
technologies, such as the ionic liquid treatment [18], and hydrothermal 
treatment [19], is also being studied extensively, and positive results 
have been achieved. The combination of alkali treatment with ultrasonic 
treatment can obtain improved results. Sindhu found that lignin and 
hemicellulose can be effectively removed by ultrasound-assisted alkali 
pretreatment [24]. The best hydrolysis performance was obtained after 
pretreatment by NaOH assisted with ultrasonication and resulted in 
about 81% of the corresponding theoretical ethanol yield [50]. But, how 
does ultrasound assist alkali reagent to affect the biochemistry of 
biomass? It is very important to understand the effect of ultrasound on 
biomaterial cell wall in order to better combine alkali treatment tech
nology with ultrasonic technology. 

Therefore, this work aimed to obtain more information on the cell 
wall behavior in the ultrasonication environment. The effects of 
ultrasound-water treatment and ultrasound-alkali treatment on the 
morphology and chemical compositions of cell wall were investigated. 
The morphology of oven-dried and moist cell wall, lignin distribution, 
relative content of chemical components, chemical structure, and crys
tallinity of Ailanthus altissima were determined. By understanding how 
wood cell walls respond to ultrasound-alkali treatment, more effective 
pretreatment strategies can be valuably generated in biomass 
biochemical transformation. 

2. Material and methods 

2.1. Materials preparation 

A total of 160 Ailanthus altissima (Ailanthus altissima (Mill.) Swingle 
in Journ.) with the dimensions of 20 mm × 20 mm × 20 mm (L × T × R) 
were sawn from freshly harvested logs. The air dried density and the 
oven-dried moisture content of the samples were 0.67 ± 0.01 g/cm3 and 
7.89 ± 0.21%, respectively. The samples were provided by Henan 
Longxiang wood industry (China). 

Sodium hydroxide, sodium chlorite, benzene, 95% ethanol, glacial 
acetic acid, and nitric acid were of analytical grade and were used 

without further purification. All of the chemicals and distilled water 
were purchased from Beijing Jialejie Technology Co., Ltd. (China). 

2.2. Immersion and ultrasonic treatment 

The samples were randomly divided into eight groups and twenty 
blocks in each group (details were shown in Table 1). The samples un
derwent the following processing: drying (103 ± 2 ◦C for 48 h) – 
weighing – measurement of dimensions – immersion (20 ± 2 ◦C for 48 h) 
– ultrasonic treatment (320 W, 25 kHz for 2 h) – neutralization (using 
distilled water containing 1% acetic acid followed by thoroughly rinsed 
with distilled water) – drying (103 ± 2 ◦C for 48 h) – weighing- 
measurement of dimensions – analysis and characterization. During 
the ultrasonic treatment process, the temperature of the ultrasonic so
lution is controlled by a cold water circulation of about 20 ◦C, as re
ported in our previous studies [48]. A diagram of the ultrasonic 
treatment is shown in Fig. 1. 

2.3. Physicochemical properties of samples 

2.3.1. Stereoscopic microscope 
An oven-dried sample of each group was randomly selected, and its 

cross-section was observed using a stereoscopic microscope (Leica 
M125, Germany) at a magnification of 50 times and the observed images 
were recorded. 

2.3.2. Confocal Raman microscopy 
Prior to Raman analysis, cross-section samples with a thickness of 8 

μm were obtained using a sliding microtome. The Raman spectra and 
images of the 8-μm-thick samples were obtained using a LabRam Xplora 
confocal Raman microscope (Horiba Jobin-Yvon, Longjumeau, France). 
The spectrometer is equipped with an Olympus oil microscope 
(MPlan60×, NA = 1.35) and a 3D motorized platform. The linear- 
polarized laser (λ = 532 nm) with laser power of 8 mW, scanning in
terval of 0.6 μm, scanning time of single spectrum of 2 s, pinhole 
aperture of 300 μm, slit width of 100 μm, and grating of 1200 mm− 1 was 
used for scanning. 

According to the reports in the literature, Raman spectroscopy can 
distinguish cell wall layers by identifying different chemical composi
tions. In addition, average spectra from the regions of interest in the cell 
wall can be analyzed. The spectra were extracted from the whole image. 
To eliminate the influence of broad band fluorescence, the obtained 
Raman spectra were baseline-corrected, and were also smoothed by the 
Savitsky–Golay algorithm at a moderate level. 

2.3.3. Chemical component analysis 
All of the samples were oven-dried at 103 ± 2 ◦C for 24 h prior to 

being ground into particles. Particles with the mean size of 0.300–0.450 
mm were used for chemical component analysis after washing with 

Table 1 
The experimental design of the study.  

Groups Impregnation condition Ph Ultrasonic condition 

A0 distilled water (2d) 8.13 (17.2 ◦C) 0 h 
A1 distilled water (2d) 8.13 (17.2 ◦C) distilled water, 2 h 
B0 1% Sodium hydroxide 

(2d) 
13.24 
(16.1 ◦C) 

0 h 

B1 1% Sodium hydroxide 
(2d) 

13.24 
(16.1 ◦C) 

1% Sodium hydroxide, 2 
h 

C0 4% Sodium hydroxide 
(2d) 

13.67 (16 ◦C) 0 h 

C1 4% Sodium hydroxide 
(2d) 

13.67 
(16.1 ◦C) 

4% Sodium hydroxide, 2 
h 

D0 8% Sodium hydroxide 
(2d) 

13.85 
(15.5 ◦C) 

0 h 

D1 8% Sodium hydroxide 
(2d) 

13.85 
(15.5 ◦C) 

8% Sodium hydroxide, 2 
h  
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distilled water. All of the compound contents were calculated on a dry 
weight basis. The relative contents of holocellulose and cellulose were 
measured using the sodium chlorite method (GB/T2677.10-1995, 
China) and the nitric acid ethanol method (China), respectively [28]. 
The samples were extracted with benzene-ethanol (2:1 v/v) for 6 h 
before chemical composition analysis. As for the determination of hol
ocellulose relative content, 2 g extracted wood powder was added into a 
250 mL conical flask with 65 mL distilled water, 0.5 mL glacial acetic 
acid and 0.6 g sodium chlorite. The conical flask was placed in a constant 
temperature water bath at 75 ◦C for one hour, and then 0.5 mL glacial 
acetic acid and 0.6 g of sodium chlorite were continued to be added until 
the sample turned white. The relative contents of holocellulose and 
cellulose were obtained by dividing the weight of holocellulose and 
cellulose by the weight of the extracted sample. The relative contents of 
hemicellulose and lignin were calculated as the holocellulose relative 
content minus the cellulose relative content and the total content 
(100%) minus the holocellulose relative content, respectively. Each 
determination was repeated six times and the experimental results are 
averaged over the three nearest data. 

2.3.4. Fourier-transform infrared spectroscopy 
The samples were milled, and powders with the particle sizes of 

approximately 75–150 μm were collected and oven-dried prior to 
characterization. The Fourier-transform infrared (FTIR) spectra of the 
samples were obtained by infrared spectroscopy (Perkin-Elmer Spec
trum GX, USA). Wood powder of each group (10 mg) was used for the 
measurements. The spectra were obtained in the range of 4000–500 
cm− 1 at a resolution of 4 cm− 1. 

2.3.5. X-ray diffraction analysis 
The powder with a mean particle size of 300–450 um was used for X- 

ray diffraction (XRD) analysis using a diffractometer (Bruker D8 

Advance, Germany) to investigate the changes in crystallinity. Filtered 
monochromatic radiation with a wavelength of 0.154 nm was generated 
at a voltage of 40 kV and a current of 40 mA. The samples were scanned 
at room temperature in the 2θ range of 5–40◦ with a step size of 0.02◦

every 0.5 s. The crystallinity of the samples (CrI) was calculated using 
the Segal method according to: 

CrI =
(I200 − Iam)

I200
× 100% (2)  

where I200 is the maximum intensity of the (200) lattice plane diffrac
tion angle, and Iam is the scattering intensity of the amorphous back
ground diffraction at the 2θ angle of approximately 18◦. 

3. Results and discussion 

3.1. Stereoscopic microscope observation 

The extractives distribution inside the conduit and the morphology 
of the conduit can be observed from the 50× magnified images in Fig. 2. 
For the A0 sample (Fig. 2), crystal gum could be clearly observed in the 
conduit of the blister 6 h control sample. Ultrasound and alkali treat
ment effectively removed the crystal gum in the conduit. For the A0 
sample, the shapes of the conduit cells were oval, ellipse and circle and 
the morphology of the A1 sample conduits did not change significantly. 
By contrast, the conduits of the alkali-treated samples (B0, C0 and D0) 
showed different degrees of shrinkage, the distance between the wood 
rays became shorter, and the conduit was flattened in the direction of 
the wood rays. Moreover, with the increase in alkali concentration, the 
morphological changes became more pronounced. The conduit shapes 
of the ultrasonication- and alkali-treated samples (shown in B1, C1 and 
D1) changed more than those of the sample treated with the same alkali 
concentration. The shape of the conduit of the ultrasound- and 4% 

Fig. 1. Diagram of ultrasonic treatment.  

Fig. 2. Cross section of samples under stereoscopic microscope. (A0) 6 h water-immersion sample, (A1) 6 h ultrasound-water treated sample, (B0) 2d 1% sodium 
hydroxide treated sample, (B1) 2 h ultrasound-1% sodium hydroxide treated sample, (C0) 2d 4% sodium hydroxide treated sample, (C1) ultrasound-4% sodium 
hydroxide treated sample (D0) 8% sodium hydroxide treated sample (D1) ultrasound-8% sodium hydroxide treated sample. 
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alkali-treated sample was close to that of the 8% alkali treated sample. 
This may be because the effect of ultrasonic water treatment on the 
wood cell wall matrix was not as great as that of the alkali treatment. For 
the A1 samples, the cell composition of wood did not change drastically 
(see Table 2). However, the alkali treatment affected the contents of 
hemicellulose and lignin (see Table 2), so that the wood cell wall layer 
becomes loose, and shrank after drying. This led to the distance between 
the adjacent wood rays on the ray parenchyma becoming shorter, which 
in turn affected the shape of the conduit. 

3.2. Confocal raman microscopy analysis 

Fig. 3 shows the bright-field images of the samples. As observed from 
the figure, the cell morphology hardly changed when the cells were 
moist. Generally, the plant cell wall is composed of the middle lamella 
(ML), primary cell wall (P), and secondary cell wall (S). Since it is 
difficult to distinguish the P layer and the ML layer, the P layer and the 
ML layer are collectively referred to as the compound middle lamella 
(CML). The common area between three or four cells is called the cell 
corner middle lamella (CCML) [30]. The chemical composition distri
butions in the different plant cell wall layers vary, and this can be 
visualized nondestructively by confocal Raman microscopy. The distri
bution and intensity of lignin in each layer of the cell wall can be imaged 
by the integration of the characteristic Raman bands [31,32]. 

Fig. 4 shows the average Raman spectra in the range of 600–3000 
cm− 1 obtained from the yellow rectangular region of Fig. 3. It is 
observed from the figure that there was no significant variation in the 
position of peaks. The main characteristic peaks of cellulose in the figure 
are 1097, 1454 and 2893 cm− 1. Here, 1097 cm− 1 is the asymmetric 
stretching vibration peak of the C–O–C glycosidic bond, 1454 cm− 1 is 
the stretching vibration of H–C–H and H–O–C, and 2893 cm− 1 is the 
stretching vibration of C–H and CH2. The main characteristic peaks of 
lignin were 1600 and 1658 cm− 1. The Raman shift at 1658 cm− 1 is 
attributed to the structure of coniferaldehyde and coniferyl alcohol 
units, and the Raman shift at 1600 cm− 1 is attributed to the symmetric 
stretching vibration of lignin and the benzene ring [33]. 

The selected region (yellow rectangle in Fig. 3) was used for Raman 
imaging with the results shown in Fig. 5. Here, the lignin images were 
acquired by integrating over the characteristic Raman bands in the 
range of 1547–1707 cm− 1. The distributions of lignin in the cell wall of 
the samples before and after the treatments corresponds to the A0-D1 
images. 

As shown in the A0 image (Fig. 4), the concentration of lignin was 
highest in the CCML layer for the untreated sample (black and white 
areas indicate low and high concentrations of lignin, respectively), fol
lowed by the CML layer, and lignin concentration was lowest in the S 
layer. Even at the same height of the same tree, the distribution and 
content of the cell wall component vary. Ignoring these subtle and 

inevitable differences, the lignin distribution of the ultrasound-water 
sample was similar to that of the untreated sample. However, the in
tensity of the lignin signal was significantly reduced in A1. According to 
the study by Wang et al., the intensity of lignin signal essentially dis
appeared in the eucalyptus samples hydrothermally treated at 210 ◦C for 
30 min, indicating that a large amount of lignin had been removed from 
the cell wall [19]. The difference in the lignin signal intensity in 
ultrasound-water treated samples may be due to the local high tem
perature and high pressure generated by ultrasound during the ultra
sonication pretreatment, resulting in the removal of lignin from the cell 
wall layer. 

For the alkali-immersion samples (shown in B0, C0, D0 of Fig. 5), the 
distribution pattern of lignin was similar to that of the untreated sample 
(shown in A0 of Fig. 5), showing overall a small reduction in the lignin 
content in the sample. The decrease of lignin in the alkali-immersion 
samples occurred mainly in the S layer, and the loss of lignin signal 
intensity in the corner area increased with increasing sodium hydroxide 
concentration. This observation may be explained as due to the pre
treatment solution first penetrating into the S from the cell lumen, 
thereby leading to the preferential removal of lignin from the S layer 
[34]. Alternatively, this may be due to the variation in the activity of the 
lignin units. S-type lignin with a small degree of branching mainly exists 
in the S layer, and the structure of lignin in the S layer is relatively loose. 
The CCML region is rich in the G-type lignin, and the structure of G-type 
lignin is relatively stable, so that the lignin was removed first from the S 
layer [35,36]. 

The changes in the lignin distribution are also shown in Fig. 5 (B1, C1, 
D1). The signal intensity of lignin after ultrasound-assisted alkali treat
ments was lower than that of the only alkali-treated samples, indicating 
that ultrasonication can led to the further dissolution of lignin from cell 
walls. This may be due to the cavitation effect of ultrasonication [37] 
that enhances the alkali treatment effect in a short time. 

3.3. Chemical component analysis 

The chemical compositions of water-immersion samples (A0) and of 
the samples subjected to alkali treatment (B0, C0, D0) and 
ultrasonication-assisted pretreatments (A1, B1, C1, D1) are presented in 
Table 2. As shown in Table 2, A0 contains 47.49% cellulose, 32.31% 
hemicellulose and 20.20% lignin. The cellulose and lignin contents of A1 
increased to 50.54% and 21.51%, respectively, after ultrasonic treat
ment, while the hemicellulose content decreased to 26.88%. The relative 
content of hemicellulose was strongly affected by the ultrasonic water 
treatment, which is consistent with our previous study [27]. A dramatic 
loss of hemicellulose content was observed after the alkali treatment, 
with lower the hemicellulose content (23.77–9.32%) obtained for higher 
sodium hydroxide concentrations (1–8%). An ultrasonication-assisted 
alkali treatment carried out for 2 h showed enhanced effect relative to 
that of alkali treatment only, and in particular, when 1% sodium hy
droxide was used, the relative content of hemicellulose decreased from 
23.77% to 15.42%. 

Due to the effect of the pretreatment on the hemicellulose content, 
the relative contents of cellulose and lignin also changed dynamically. 
Generally, the contents of both were larger than that of A0 after pre
treatment. The lignin content ranged from the initial value of 20.20% to 
approximately 30% under pretreatments using 1% sodium hydroxide or 
higher. Combined with the results of the confocal Raman microscopy 
(see 3.2 for more details), these results show that alkali treatment, water 
ultrasonic treatment and alkali ultrasonic treatment affected the lignin 
strength in the cell wall of the wood. 

3.4. Fourier-transform infrared spectroscopy 

The FTIR spectra and the assignments of their major absorption 
bands in the range from 4000 to 500 cm− 1 for the samples obtained with 
different treatment are shown in Fig. 6 and Table 3. The spectrum of the 

Table 2 
Chemical composition of samples.  

Groups Cellulose content 
(%) 

Hemicellulose content 
(%) 

Lignin content (%) 

A0 47.49 ± 0.04 32.31 ± 0.04 20.20 ± 0.11 
A1 50.54 ± 0.04 26.88 ± 0.05 21.51 ± 0.10 
B0 46.21 ± 0.04 23.77 ± 0.03 30.02 ± 0.02 
B1 51.65 ± 0.06 15.42 ± 0.04 32.93 ± 0.04 
C0 55.21 ± 0.09 13.58 ± 0.04 31.21 ± 0.05 
C1 57.92 ± 0.07 12.26 ± 0.05 29.82 ± 0.03 
D0 60.35 ± 0.06 9.32 ± 0.03 30.33 ± 0.03 
D1 59.86 ± 0.02 7.02 ± 0.02 33.12 ± 0.02 

(A0) 6 h water-immersion sample, (A1) 6 h ultrasound-water treated sample, (B0) 
2d 1% sodium hydroxide treated sample, (B1) 2 h ultrasound-1% sodium hy
droxide treated sample, (C0) 2d 4% sodium hydroxide treated sample, (C1) ul
trasound-4% sodium hydroxide treated sample (D0) 8% sodium hydroxide 
treated sample (D1) ultrasound-8% sodium hydroxide treated sample 
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ultrasound-water sample was almost the same as that of the untreated 
sample. While the spectra of the samples treated by alkali and 
ultrasound-alkali were found to be different from the spectrum obtained 
from the untreated sample. A strong hydrogen bonded (O–H) stretching 
absorption is observed at approximately 3420 cm− 1 (1) and a prominent 
C–H stretching absorption is observed at approximately 2900 cm− 1 [38]. 
After alkali treatment, the O–H absorption becomes more pronounced, 
indicating that the hydroxyl group content increases. This may be 
because the β-aryl ether bond is oxidized and broken to produce new 
phenolic hydroxyl group, which is consistent with previous research 
[39]. 

Only the bands that have been observed to vary from the untreated 
sample will be discussed here. They are bands at approximately 1742, 

1600, 1248 and 1052 cm− 1, and are all in the finger-print region be
tween 1800 and 600 cm− 1. 

For the bands at 1742, 1376, 1158, 1052 and 898 cm− 1, the in
tensities decrease, the band at approximately 1742 cm− 1 is almost ab
sent and two bands appear at approximately 1052 cm− 1 after alkali 
treatment. The aforementioned five bands are assigned as follows: 1) 
1742 cm− 1 for free C––O in xylan (hemicellulose), 2) 1376 cm− 1 for C–H 
deformation (cellulose and hemicellulose), 3) 1158 cm− 1 for C–O–C 
vibration (cellulose and hemicellulose), 4) 1052 cm− 1 for C–O stretch 
(cellulose and hemicellulose), and 5) 898 cm− 1 for C–H deformation 
(cellulose) [40,41]. The band at 1742 cm− 1 can been found in the 
spectra of the untreated sample (a), however, this band disappeared in 
the treated samples (B0, B1, C0, C1, D0, D1). Based on the results of 
Oven’s FTIR spectroscopy study of softwood and hardwood in 1989, the 
FTIR spectra of holocellulose shows a stronger absorption than the lignin 
component at the band of 1742 cm− 1 and the absorption of 1742 cm− 1 is 
almost certainly related to the stretching of the free carbonyl groups. 
The polymer composition of wood has a high abundance of free carbonyl 
groups [42]. Together with the fact that the majority of such carbonyl 
groups are found in the branched chain hemicellulose polymer, the 
disappearance of the 1742 cm− 1 band of the treated samples indicate the 
removal of hemicellulose by the sodium hydroxide alkali treatment that 
leads to the disappearance of the free carbonyl groups. The disappear
ance of the 1742 cm− 1 band of the alkali treated samples is consistent 
with Xu’s research [29]. 

In the region near 1600 cm− 1, two bands (at approximately 1640 and 
1598 cm− 1) overlap to form an unusual peak. The 1640 cm− 1 band is 
assigned to adsorbed O–H and conjugated C–O, and the 1598–1640 
cm− 1 band is caused by vibrations of the lignin matrix that are most 
likely associated with the aromatic ring [43]. Moreover, the bands at 
approximately 1507, 1461, 1427, 1332 and 1112 cm− 1 are assigned to 
the aromatic ring in lignin and the absorbed water, C–H asymmetric 
deformation, C–H deformation in lignin, C–H vibration in cellulose and 
C–O vibration in syringyl derivatives, and the C–O–C stretching/C–H 
stretching in the aromatic ring (syringylic), respectively. After alkali 
treatment, the strength of the 1650 cm− 1 band is reduced compared to 
that of the band at 1598 cm− 1. According to the study by Mitchell et al. 
[44], the band at 1650 cm− 1 can only be removed by drying in situ, and 

Fig. 3. Bright field images of the cell wall of the samples. Selected areas (yellow rectangle) shown in bright field images were used for Raman imaging. (A0) 6 h 
water-immersion sample, (A1) 6 h ultrasound-water treated sample, (B0) 2d 1% sodium hydroxide treated sample, (B1) 2 h ultrasound-1% sodium hydroxide treated 
sample, (C0) 2d 4% sodium hydroxide treated sample, (C1) ultrasound-4% sodium hydroxide treated sample (D0) 8% sodium hydroxide treated sample (D1) ul
trasound-8% sodium hydroxide treated sample. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig.4. Raman spectrum of samples (A0) 6 h water-immersion sample, (A1) 6 h 
ultrasound-water treated sample, (B0) 2d 1% sodium hydroxide treated sample, 
(B1) 2 h ultrasound-1% sodium hydroxide treated sample, (C0) 2d 4% sodium 
hydroxide treated sample, (C1) ultrasound-4% sodium hydroxide treated sam
ple (D0) 8% sodium hydroxide treated sample (D1) ultrasound-8% sodium hy
droxide treated sample. 
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it appears to be related to the ability of wood to adsorb water. 
Differences were also observed between untreated and treated 

Ailanthus altissima in the region of 1225–1275 cm− 1. Only one band is 
observed at 1248 cm− 1 in the spectra of untreated Ailanthus altissima, 
while the 1248 cm− 1 band disappeared and other two bands at 
approximately 1228 and 1268 cm− 1 are shown in the spectra of the 
treated samples. Previous studies [44,45] have reported that the band at 

1248 cm− 1 appears to arise from the C–O stretching vibration of acetyl 
and carboxyl groups in the substituted xylans but the lignins contribute 
absorption bands at 1268 and 1228 cm− 1 that overlap this band. In the 
spectra of the untreated sample, the band at 1248 cm− 1 represents the 
syringyl ring and C–O stretch in lignin and xylan to some degree [43]. 
The disappearance of the 1248 cm− 1 band is likely due to the degra
dation of the hemicellulose in the sample by the alkali and/or ultrasonic 

Fig. 5. Raman images of the lignin distribution by integrating from 1547 to 1707 cm− 1. (A0) 6 h water-immersion sample, (A1) 6 h ultrasound-water treated sample, 
(B0) 2d 1% sodium hydroxide treated sample, (B1) 2 h ultrasound-1% sodium hydroxide treated sample, (C0) 2d 4% sodium hydroxide treated sample, (C1) ul
trasound-4% sodium hydroxide treated sample (D0) 8% sodium hydroxide treated sample (D1) ultrasound-8% sodium hydroxide treated sample. 
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treatment. Additionally, the intensity for the bands at approximately 
1268 cm− 1 is almost identical to that at approximately 1228 cm− 1 in the 
alkali samples (group B0, C0, D0). However, for the ultrasound-alkali 
treated samples (groups B1, C1, D1), the intensity of two bands is 
somewhat weaker than that in the alkali samples, and the lower fre
quency band at 1228 cm− 1 is more intense than that at approximately 
1268 cm− 1. The band at 1268 cm− 1 is attributed to the combination of 
the guaiacyl ring vibration, C–O stretching in lignin and C–O linkage in 
guiacyl aromatic methoxyl groups [46]. 

3.5. X-ray diffraction analysis 

Fig. 7 depicts the X-ray diffraction patterns of the samples. All of the 
samples showed a 0 0 2 crystal plane peak at approximately 22◦ and a 
101 crystal plane peak between 14.7◦and 16.2◦. With the application of 
ultrasound and alkali treatments, the XRD pattern remain intact while 

the crystallinity (CrI) of the treated samples changed. This indicates that 
the crystal zone and amorphous zone coexist before and after the 
treatment. 

The CrI of the untreated samples obtained by the peak fitting method 
was 38.15%, and the CrI of the wood after the ultrasonic water treat
ment improved to 40.43%, in agreement with previous studies [27]. 
After alkali treatment at room temperature, the CrI of wood increased, 
and with the increase in alkali concentration, the crystallinity of wood 
gradually increased. A CrI of 52% was obtained for the sodium hy
droxide concentration of 8%. This may be due to the removal of lignin 
and partial removal of hemicellulose from the raw materials, and the 
destruction of amorphous zone of cellulose by swelling of the alkali 
solution, resulting in an increase in the proportion of the crystallization 
zone. These results are consistent with the results of previous studies 
[47], and are supported both by chemical composition analysis (3.3) and 
Raman laser confocal analysis (3.2). In addition, the CrI of the samples 
treated by ultrasonication and alkali solution is higher than that of the 
samples treated by alkali solution only, proving that ultrasonication can 
promote the alkali treatment effect. 

4. Conclusion 

Ultrasound-water, alkali, and ultrasound-alkali treatments removed 
extractives from conduits. The effects of ultrasound-water, alkali, and 
ultrasound-alkali treatments on the cell wall were as follows. The 
ultrasound-water treatment decreased the relative hemicellulose con
tent (from 32.31% for the untreated sample to 26.88% for the 
ultrasound-water treated sample), reduced the signal strength of lignin, 
and increased the crystallinity of cellulose (from 38.15% for the un
treated sample to 40.43% for the ultrasound-water sample). The alkali 
treatment significantly reduced the hemicellulose relative content, and 
with the increase in alkali concentration (from 1% to 8%), the hemi
cellulose relative content decreased (from 23.77% to 9.32%). The alkali 
treatment increased the crystallinity of cellulose, and the crystallinity 
gradually increased (41.16% to 52%) with increasing alkali concentra
tion (from 1% to 8%). However, the alkali treatment had little effect on 
the signal strength of lignin in the cell wall. The ultrasound-alkali 
treatment further reduced the relative content of hemicellulose and 
increased the crystallinity of cellulose compared to the alkali treatment. 
Importantly, the ultrasound-alkali treatment significantly reduced the 

Fig. 6. FTIR spectra of samples. (A0) 6 h water-immersion sample, (A1) 6 h 
ultrasound-water treated sample, (B0) 2d 1% sodium hydroxide treated sample, 
(B1) 2 h ultrasound-1% sodium hydroxide treated sample, (C0) 2d 4% sodium 
hydroxide treated sample, (C1) ultrasound-4% sodium hydroxide treated sam
ple (D0) 8% sodium hydroxide treated sample (D1) ultrasound-8% sodium hy
droxide treated sample. 

Table 3 
Assignments of bands in the FTIR spectra of samples.  

Wave no. (cm− 1) Assignments Reference  

A0 A1 B0 B1 C0 C1 D0 D1 

3420 + + + + + + + + O–H stretching (intramolecular hydrogen bonds for cellulose I) [38–46] 
2910 + + + + + + + + asymmetrical C–H vibration bands stretching in the methylene group of the polysaccharide compounds  
1742 + + − − − − − − free C––O in xylan (hemicellulose)  
1640 + + + + + + + + absorbed O–H and conjugated C–O  
1598 + + + + + + + + aromatic ring in lignin  
1507 + + + + + + + + aromatic ring in lignin and absorbed water  
1461 + + + + + + + + C–H asymmetric deformation  
1427 + + + + + + + + C–H deformation in lignin  
1376 + + + + + + + + C–H deformation in cellulose and hemicellulose  
1332 + + + + + + + + C–H vibration in cellulose and C–O vibration in syringyl derivatives  
1268 − − + + + + + + Guaiacyl ring breathing, C–O stretching in lignin and C–O linkage in guiacyl aromatic methoxyl groups  
1248 + + − − − − − − Syringyl ring and C–O strethching in lignin and xylan  
1228 − − + + + + + + C–O and glucopyranosic cycle syringilic sysmmetric vibration  
1158 + + + + + + + + C–O–C vibration in cellulose and hemicellulose  
1112 + + + + + + + + C–O–C stretching and symmetric vibration of the eater linkage, and C–H stretching in aromatic ring 

(syringylic)  
1056 − − + + + + + + C–O stretching in cellulose and hemicellulose  
1052 + + − − − − − −

1032 − − + + + + + +

901 + + + + + + + + C–H stretching of the cellulose  

(A0) untreated sample, (A1) ultrasonic water untreated sample, (B0) 1% sodium hydroxide treated sample, (B1) ultrasonic 1% sodium hydroxide treated sample, (C0) 
4% sodium hydroxide treated sample, (C1) ultrasonic 4% sodium hydroxide treated sample (D0) 8% sodium hydroxide treated sample (D1) ultrasonic 8% sodium 
hydroxide treated sample. 
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signal intensity of lignin in the cell wall compared to alkali treatment. In 
conclusion, ultrasonication is a clean and effective treatment method 
that has great potential for breaking down cell wall barriers of ligno
cellulosic biomass materials. 
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