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A combined process consisting of an enzymatic pretreatment of small 
poplar wood chips, followed by an ultrasonic treatment was proposed and 
performed. Under the ultrasonic action of cavitation, thermal, and 
mechanical effects, the two processes of pulping and bleaching can be 
completed in one procedure. Before the ultrasonic treatment assisted 
pulping, an enzyme pretreatment was used to destroy the bonds between 
the cellulose, hemicellulose, and lignin to make the subsequent ultrasonic 
treatment exhibit higher selectivity and efficiency.  This provided a poplar 
ultrasonic assisted pulp (PUP) with a 75% yield. A further analysis of the 
pulp, utilizing a scanning electron microscope (SEM), showed the fine 
fibrillation degree of the fiber surface of PUP was comparable to the 
traditional poplar chemimechanical pulp (PMP) and poplar chemical pulp 
(PCP). Thermogravimetric analysis and Raman analysis showed that the 
final residue obtained from the PUP was 20%.  In addition, a decorative 
base paper was successfully made using the poplar ultrasonic pulp, and 
the physical properties reached or exceeded the industry standard of 
decorative base paper. 
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INTRODUCTION 
 

It is widely known that papermaking industries compete in markets where the added 

value of products is low, and in addition, margins for papermakers are becoming lower 

daily. Therefore, the paper industries are constantly pursuing technological developments, 

trying to balance efficiency and production costs (Li 2016). 

The physicochemical properties of ultrasonic acoustics is the object state of 

mechanical vibration (or energy) spread in the transmission medium in the form of 

ultrasonic soundwaves. Ultrasonic refers to having at least a frequency of at least 20 KHz, 

which means that the particle vibration per second is greater than 20,000 times beyond the 

general auditory frequency limit (16 KHz). The consequences of ultrasonic vibrations in 

the liquid include mechanical, thermal, and cavitation effects. 

Considering the high energy and water requirements for conventional pulping of 

wood, different methods have been explored (Mander et al. 2013; Lei et al. 2013). 

Ultrasonic techniques have had wide application (O’Sullivan et al. 2016) and have shown 

broad application prospects in the pulp and papermaking industry. The applications of this 

technology in the process of pulping (Hesley et al. 1956; Subhedar and Gogate 2014) 

include, beating preparation of nanocrystalline cellulose (Li et al. 2011), carboxymethyl 



PEER-REVIEWED ARTICLE                                                                        bioresources.com   

 

Zhang et al. (2017). “Enzyme-ultrasonic pulping,” BioResources 12(3), 6832-6843.  6833 

cellulose (Hivechi et al. 2015), and treatment of recycled fiber (Tatsumi et al. 2000; 

Subhedar et al. 2015) have been well documented.  

It has been proposed that the ultrasound-assisted reactions in aqueous solutions 

involve free-radical mechanisms because of the formation of hydroxyl radicals (HO·) with 

oxidation capabilities (Weissler 1959, 1962; Anbar and Pecht 1964; Reifsneider and 

Spurlock 1973; Mead et al. 1975; McKee et al. 1977). These proposals of free-radical 

formation have been confirmed via spin-trapping techniques (Makino et al. 1982, 1983) 

Enzymatic treatments have gained recognition in the pulp and papermaking 

industry because they are stereo specific, nontoxic, environment friendly, and energy 

conserving alternatives (Madhu and Chakraborty 2017). Cellulase can be a safer alternative 

to the toxic chlorinated compounds used in the bleaching of pulp (Li et al. 2010; Goluguri 

et al. 2012; Woldesenbet et al. 2012). Cellulase pretreatment also can improve the 

efficiency of the chemical extraction of lignin from pulp and minimize the requirement of 

chlorine dioxide (ClO2) (hazardous chemical) (Damiano et al. 2003; Ayyachamy and 

Vatsala 2007). These enzymatic treatments provide a promising tool for the selective 

removal of hemicellulose as well as the precise adjustment of the pulp intrinsic viscosity 

due to hydrolytic cleavage of the cellulose macromolecules (Hutterer et al. 2017)  

In this study, the authors created a new pulping process, cellulase pretreatment 

assisted by ultrasonication. Analysis showed that the PUP fibers had better performance. 

The morphology and properties of PUP fibers were studied through scanning electron 

microscopy (SEM), thermogravimetric analysis, Fourier transform infrared (FT-IR) 

spectral analysis, Raman analysis, and handsheets properties testing. 

 

 
EXPERIMENTAL 
 
Materials  

Poplar chemical pulp (PUP) pulped by an alkaline anthraquinone (AQ) process and 

poplar chemimechanical pulp (PMP) was supplied by Henglian Co., Ltd. (Shandong, 

China). Poplar wood chips were supplied by Beijing Institute of Zhongke Ultrasonic 

Technology (Beijing, China). Cationic polyacrylamide (CPAM) (molecular weight of 8 

million g/mol, charge density of 2.47 mmol/g), alkyl ketene dimmer (AKD), titanium 

dioxide (TiO2), xylanase enzymes, xylose, ammonia, sodium dodecyl sulfonate, and 

magnesium sulfate were supplied by Kebaiao Chemical Co., Ltd. (Beijing, China). All of 

the solvents and chemicals used in this study are commercially available in the market and 

were used directly without further purification. 

 
Methods  

In order to get PUP, the poplar wood chips were first cut into small pieces with 

lengths of approximately 1 cm to 3 cm and then pulped in a covered 5-L ultrasonic reactor 

(Beijing Institute of Zhongke Ultrasonic Technology, Beijing, China) (Self-products) after 

a bio-treatment. The bio-treatment was conducted using xylanase enzymes with an added 

amount of 90 IU/g in a water bath shaker at 45°C for 4 h (Sunson, Beijing, China). Then, 

the ultrasonic reaction was performed at a mass concentration of 8% for 2 h and an 

ultrasonic frequency of 18 kHz, at room temperature and pressure under constant stirring.  

The temperature rose to 90 °C, and ammonia (6%), sodium dodecyl sulfonate (0.2%), and 

magnesium sulfate (1%) were added. All of the amounts of solvents and chemicals used in 
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this study were based on dry mass relative to wood material. The PUP with a Kappa number 

of 11.2 were measured according to ISO standard (GB/T 1546 (2004)) with good yield 

values of approximately 75%.  

Xylanase activity was measured by the DNS method (Li et al. 2001), and the 

xylanase activity was calculated based on the equation:  

𝑃 = 𝑟 × 𝐷 × 1000/150.14/𝑡         (1)         

in which P refers to the xylanase activity (U/g); r is the xylose concentration (μg/mL); the 

relative molecular weight of xylose was 150.14 g/mol; t is the reaction time (min); and D 

is the dilution factor.  

 
SEM analysis 

The fiber of different pulps were sprayed with gold and used for SEM analysis. A 

US 8020 model (Hitachi, Kyoto, Japan) scanning electron microscope was used to observe 

the samples. The samples containing the prepared transverse and radial faces were mounted 

on aluminum stubs with conductive adhesive tape. The working conditions were as 

follows: working distance of 20 mm, accelerating voltage of 1 kV, and an illuminating 

current of 0.7 nA. At least five different fibers from the same sample were scanned several 

times, and the replicated images were chosen and presented. 

 

FT-IR measurements 

The FTIR analysis was performed using a Tensor 27 (Bruker, Shanghai, China). 

And 1.0 g of samples was mixed with 100 mg of kBr. The scanning range used was 4000 

to 400cm-1, with a resolution of 2 cm-1, and a total accumulation of 32 scans. 

 

Thermal gravimetric analysis (TGA) 

The thermal stabilities of the samples were measured using a thermogravimetric 

analyzer (DTG-60, Shimadzu, Japan) and heated from 10 °C to 800 °C at a rate of 10 °C/ 

min-1 in nitrogen atmosphere. 

 

Raman spectroscopy 

Raman spectra were collected from 500 cm-1 to 2000 cm-1 using a micro-Raman 

spectrometer, Jobin Yvon LabRam 300 (Jobin Yvon, Beijing, China) with an excitation 

wavelength of 633 nm. 

 

Handsheet preparation and measurements 

The ultrasonic assisted poplar pulp and poplar chemical pulp was beat to 38°SR 

using a KRK semi-auto beating machine (Kyoto, Japan) with a pulp content of 1.57% for 

30 min, respectively. This was mixed according to the ultrasonic assisted poplar pulp: 

poplar chemical pulp mixing ratio, which was 3:7.TiO2 filler was used to improve the 

opacity of decorative base paper, and the amount was 32% based on the oven dried weight 

pulp. A total of 0.25% of AKD sizing agent (as the solid mass of the AKD emulsion) and 

0.3% of CPAM (0.1% water solution) was added. All of the chemical dosages were as solid 

mass percentages based on pulp fibers. Laboratory paper sheets (handsheets) were formed 

with a sheet former and than cured for 2 h at 105 °C. At least five strips of each handsheet 

were tested, and all the data presented was the average of these tests.   
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Each handsheet was cut into 15 cm wide strips before testing. The tensile properties 

were studied by using a Lloyd instruments universal testing machine (Ametek, LRX, 

Shanghai, China). The water content, ash content, permeability, and expansion ratio were 

measured according to ISO standards (GB/T 462 (2003), GB/T 742 (2003), GB/T 24989 

(2010), and GB/T 459 (2002). Handsheets were made using a KRK laboratory handsheet 

former (Kyoto, Japan). 

 

 
RESULTS AND DISCUSSION 
 
Bio-treatment Analysis 

According to Fig. 1 and Table 1, the xylanase showed the highest activity at pH =8.  
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Fig. 1. Xylose standard curve 

Table 1.  Xylanase Enzyme Activity with Different pH 

pH 7.0 7.5 8.0 8.5 9.0 

Enzyme 
activity (U/g) 

2052 2086 3562 3055 2032 

  
Figure 2 shows the surface morphology of fiber treated with the xylanase showed 

more smoother than the original fiber, and a small amount of holes appeared on the fibers, 

and xylanase can degrade xylan and LCC, which was beneficial to the removal of lignin. 

The poly pentose content of xylanase treatment pulp decreased from 12.93% to 7.69%, 

which means that the dissolution of the hemicellulose, and the enzyme acts by degrading 

hemicellulose in the fiber, making the fiber cell wall loose and allowing lignin to be 

extracted easily (Wen 2012).  The gap between cellulose and lignin provides the position 

for subsequent ultrasound action. 
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Fig. 2. SEM images of Fiber treated with xylanase 

 

Results for the content of xylose polymers and oligomers (poly-pentose) are 

shown in Table 2. 

 

Table 2. Poly-pentose Content after Xylanase Pretreatment 

Xylanase pretreatment Before After 

Poly-pentose content (%) 12.93 7.69 

 

SEM Analysis 
The fibrillation of PUP fiber (Fig. 3a) was more obvious than the others (Fig. 3b, 

c), which may be attributed to the strong mechanical effect of ultrasound on the cell walls. 

The fibrillation makes the cell wall structure accessible for further chemical reactions 

(Levente et al. 2008). Ultrasound-assisted pulping method finished the pulping and 

bleaching process in one procedure, such that the PCP and PUP pulps had approximately 

the same appearance (Fig. 3d).  

  

Before After 
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Fig. 3(a & b). SEM images of a) PUP; b) PMP c) PCP; and d) 1:PCP 2: PUP 
 

 
 

 
 
Fig. 3(c & d). SEM images of a) PUP; b) PMP c) PCP; and d) 1:PCP 2: PUP 
 

 
Fig. 4.  FT-IR spectra of PCP (a) and PUP (b) 

 

 

  
 1 
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FT-IR Spectral Analysis 
For PUP, a strong band at 1450 cm-1 was attributed to C=C in the benzene skeleton 

vibration in the spectra of poplar ultrasonic pulp (Fig. 4). These results were consistent 

with the previous FT-IR spectral studies of poplar pulp shown by Ma et al. (2012). 

However, there was also a strong absorption band at 1504 cm-1 and 1465 cm-1 for the 

stretching vibrations of the benzene skeleton vibration, which may have been related to the 

thermal, mechanical and cavitation effect, and thus further analysis was performed.   

 

TGA Analysis 
As shown in Fig. 5, a small amount of mass was lost in both samples during heating 

up to 100 °C, and this was attributed to the evaporation of water. The extent of degradation 

of PUP and PCP after heating to 800 °C was 80% and 88%, respectively, and there may 

have been thermal degradation of organic molecules that contained H and C. And the final 

residue obtained from the PCP and PUP was 12% and 20%, so, the residues of PUP were 

obviously more than those of PCP. Then Raman spectroscopy technology was used to 

further explore the heat resistance performance. 
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Fig. 5.  The TGA and DrTGA curves of PCP, and PU 
 

Raman Analysis 
As shown in Fig. 6, the Raman spectrum of ultrasonic assisted poplar pulp ash 

revealed that although the fluorescence background signal was very strong, a relatively 

strong D-band at 1315.11 cm-1 and a G-band at 1518.15 cm-1 were observed. In addition, 

the ratio of intensities of ID/IG was 1.07.  This indicated the presence of more defects or 

amorphous carbon as compared with sp2 hybridization in the ash, similar to the graphite 

character, which was attributed to highly disordered carbon atoms. The authors infer that a 

graphite-like material may be produced, but further research will be needed to determine 

the exact composition of the detected presence. 

1000 1500 2000 2500

700

800

900

1000

1100

1200

1300

In
te

n
si

ty
 (

a
.u

.)

Raman Shift (cm
-1
)

D:1315.11

D:1518.15

 
 

 
Fig. 6. Raman spectrum of ultrasonic assisted poplar pulp 
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Application in the Making of Decorative Base Paper 
The above analysis focused on the new technology of enzymatic assisted ultrasonic 

poplar pulp, but using this new application, a successful preparation of decorative base 

paper that adhered to the complex requirements of the national standard was created. As 

shown in Table 3, the new technology of pulp processing had great prospects for 

development in multiple applications.   

 

Table 3. Properties of Decorative Base Paper 

 
Water 

Content 
(%) 

Ash 
Content 

(%) 

Tensile 
Strength 

(N/15 
mm) 

 
Permeability 

(s) 

Elonga-
tion  
(%) 

Whiteness 
(%) 

Reference ≤ 4.0 ≤ 15 to 45 ≥ 25.0 ≤ 6 1.0 to 3.5 - 

Sample 

(SD) 

4 

(0.21) 

25.5 

(0.26) 

78.3 

(0.30) 

5.6 

(0.26) 

3.45 

(0.04) 

83.3 

(0.61) 

Notes: Reference: The industry standard of decorative paper for wood-based panels (LY/T 
1831(2009))’ 
 
 

CONCLUSIONS 
 
1. The enzymatic pretreatment of poplar chips increased selectivity for the subsequent 

ultrasonic treatment, the pulp yield reached approximately 75%. 

2. The residual amount of PUP was 20% after heating to 800°C. It was possible to produce 

a graphite-like material with good heat resistance by FT-IR and Raman analysis. 

3. The decorative base paper was made successfully with PUP and all kinds of parameters 

reached or exceeded the industry standard. 
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