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Abstract: The preparation of biodegradable mulch film to replace non-degradable mulch film is of
great significance for reducing the harm of non-degradable agricultural mulch film to the environment.
However, there are few studies on the degradation performance and degradation mechanisms of
degradable cellulose mulch. Therefore, the wet papermaking process was adopted in this work. Salix
fiber and wheat straw fiber were used as raw materials. A Salix/wheat straw fiber degradable film
was prepared by adding cationic polyacrylamide, alkyl ketene dimer, and paraffin emulsion. The
degradation process of cellulose film was studied using a UV degradation test and an acid-base
degradation test system. The results showed that after 40 days of UV degradation, the degradation
rate of Salix/wheat straw fiber degradable film could reach 6.66%. The tensile strength could still
maintain 2.878 KN/m. The results of the brightness change index (AL) and color overall change index
(AE) showed that the surface of the Salix/wheat straw fiber degradable film had been successfully
partially degraded. After 4 days of alkaline degradation, the degradation rate could reach 11.89%.
After 4 days of acid degradation, the degradation rate could reach 14.64%. At the same time, the
specific degradation process of Salix/wheat straw fiber degradable film was further studied by
infrared spectroscopy and scanning electron microscopy. This work provides a new method for
the study of agricultural degradable cellulose mulch, which is of great significance for the future
development of agricultural mulch.

Keywords: film; Salix fiber; wheat straw fiber; degradation; cellulosic composites

1. Introduction

In recent years, commercial plastic films have become increasingly widely used in
agriculture. Plastic film pollution can already cover about 20 million hectares of land
globally each year [1-3]. However, cleaning up and disposing of this non-biodegradable
plastic film was time-consuming and costly. So farmers buried the plastic film directly in
the soil [4,5]. A large amount of residual plastic film would not only destroy the integrity
of soil structure, change the pH value of soil, reduce soil fertility, and further harm the
structure of microbial communities in the soil [6,7]. Plant growth was severely disrupted,
and crop development was seriously hampered.

Plastic residues on farmland are therefore a major problem that needs to be ad-
dressed urgently. Currently, natural polymer-degradable films are being researched as
a major aspect of this study. The main research is based on degradable resins such as poly
(butyleneadipate-co-terephthalate) (PBAT) [8], polylactic acid (PLA) [9], polypropylene car-
bonate (PPC) [10], and polyhydroxyalkanoates (PHAs) [11]. Using them as raw materials
for biodegradable mulch films Meanwhile, the degradation properties and degradation
process of plastic films have been extensively studied [12-17]. However, uncontrolled
degradation cycles occur in most degradable polymer coverings, and the high price of their
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raw materials is also a major issue in the current research thus proving that natural fibers are
the best choice for promoting eco-friendliness and reducing environmental pollution [18,19].
The new biodegradable paper mulch film was slightly inferior to the traditional plastic
mulch film in terms of mechanical properties and hydrophobic properties. And the ability
to preserve heat and retain moisture was insufficient. It was superior to the traditional
mulch film in terms of aging resistance and soil oxygen content. It also outperformed
conventional mulch in terms of its ability to hold and store water during the mid-crop and
growing periods [20]. People pay less attention to cellulose-based film-covering materials.
The paper-based film is often affected by rainfall in the process of covering and general use.
When it encounters water, its performance will decline, and its degradation performance in
the water environment is insufficient [21,22].

At present, researchers use natural renewable fibers to produce high-quality biodegrad-
able paper mulch and study its degradability. However, their degradation was mainly
studied in soil burial tests. There have been fewer studies on photodegradation and acid-
alkaline degradation. For example, Lang et al. [23] found that their modified fiber films
were degradable after about 50 days of soil cover. Li et al. [24] studied an environmentally
friendly cotton stalk fiber biodegradable paper film soil landfill after 75 d; the experimental
degradation rate was 64%. Ming et al. [25] verified that plant fiber-based degradable films
are degradable with the rice growth cycle, demonstrating excellent tensile and degradation
properties. However, the film in this study is used to cover the surface of vegetation and is
inevitably exposed to sunlight and sprayed by rain during its use. Therefore, it is necessary
to investigate the degradation mechanisms of cellulose-base films under photodegradation
and acid/alkaline degradation. And it is further explored whether the degradation cycle of
cellulose-base film is controllable.

Western China is rich in Salix resources with strong mechanical properties and aging
resistance. China is also a large producer of crop straw. Every year, many researchers use
straw to manufacture better and more excellent composite materials [10,26-29]. Straw is
also commonly used to cultivate the soil [30]. Therefore, there are no side effects on the
soil when the film is degraded. In order to explore the degradation mechanism of cellulose
film, this paper used Salix fiber and wheat straw fiber as raw materials. We used the Box—
Behnken design test to prepare a biodegradable mulch film with a controllable degradation
cycle by using cationic polyacrylamide, alkyl ketene dimer, and paraffin emulsion as
independent variables. The Salix/wheat straw fiber degradable film prepared in this study
had good tensile strength and hydrophobicity. It exhibited obvious degradation patterns
under UV degradation and hydrolysis degradation conditions, which provided a broad
application prospect for the subsequent study of cellulose base film degradation.

2. Preparation and Characterization of Materials
2.1. Materials

Wheat Straw from Langfang, Hebei Province, China. Salix comes from Ordos City,
Inner Mongolia, China. Sodium hydroxide solid was procured from Xinbute Chemical
Co., Ltd., Tianjin, China. Cationic polyacrylamide (CPAM) was procured from Zongbang
Environmental Protection Science and Henan Technology Co., Ltd., Zhengzhou, China.
Alkyl ketene dimer (AKD) was procured from Dongguan Plastic Factory, Guangdong
Province. Paraffin Emulsion (CAS) was procured from Qihong Investment Holding Co.,
Ltd., Shanghai, China. Distilled water was used throughout the tests.

2.2. Preparation of Salix/Wheat Straw Fiber Degradable Film

It can be seen from Figure 1a that Salix was cooked in a high-pressure cooking pot
at 200 °C for 2 h and wheat straw was cooked in a high-pressure cooking pot at 170 °C
for 40 min. Salix fiber pulp and wheat straw pulp were obtained after sieve pulp cleaning
and defibrination. The dry tensile strength of the composite wheat straw film was found
to be the highest when the beating degree of Salix was 40 °SR, the beating degree of
wheat straw was 50 °SR, and the ratio of Salix fiber to wheat straw fiber was 7:3. From
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Figure 1b, Salix fiber pulp and wheat straw pulp were mixed proportionally to obtain
mixed pulp. On this basis, different concentrations of cationic polyacrylamide (CPAM),
alkyl ketene dimer (AKD), and paraffin emulsion (CAS) were added to the composite fiber
pulp. The dissociation of fiber pulp and copying to wet paper and the Salix/wheat straw
fiber degradable film are obtained by vacuum drying at 100 for 5 min. The degradability
was then investigated. In this experiment, cationic polyacrylamide, alkyl ketene dimer,
and paraffin emulsion content were used as experimental factors. The three-factor, three-
level Box-Behnken central group and experimental design method were used [31]. The
factor levels were coded as shown in Table 1, and the experimental design program was
established using Design-Expert (Vesion13) software in Table 2.
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Figure 1. (a) The preparation process of Salix fiber pulp and wheat straw fiber pulp; (b) The forming
process of Salix/wheat straw fiber degradable film.

Table 1. Experimental factors and coding levels (%).

Cationic Polyacrylamide Alkyl Ketene Dimer .
Number (CPAM) (AKD) Wax Emulsion (CAS)
-1 0.2 0.4 2
0 1 1.5 6
1 1.8 2.6 10
Table 2. Film trial design options (%).
Cationic Polyacrylamide  Alkyl Ketene Dimer .
Number (CPAM) (AKD) Wax Emulsion (CAS)
1 1.8 15 10
2 1.8 2.6 6
3 1 1.5 6
4 1.8 0.4 6
5 1 2.6 10
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Table 2. Cont.

Cationic Polyacrylamide Alkyl Ketene Dimer

Number (CPAM) (AKD) Wax Emulsion (CAS)
6 0.2 2.6 6
7 0.2 1.5 10
8 1.8 1.5 2
9 1 1.5 6
10 1 2.5 2
11 1 0.4 10
12 1 0.4 2
13 0.2 1.5 2
14 0.2 0.4 6

2.3. Testing and Characterization
2.3.1. The UV Degradation Tests

The weathering test chamber (Q8/UV3, Guangdong Hongzhan Technology Co., Ltd.,
Dongguan, China) was used to select the composite sample with a size of 60 mm x 35 mm.
The weight of the sample was weighed and recorded. According to the GB-T35795-2017
standard [32], 8 h of drying and 4 h of condensation were used as a cycle. The irradiance
during drying was 0.87 W/m?, and the temperature was 50 °C. Turn off the light source
when condensation occurs at a temperature of 50 °C. The first group of samples was taken
out on the 5th day and then sampled every 7 days. A total of six samples were taken for
the performance test.

2.3.2. Acid and Alkali Degradation Tests

The composite material samples with a size of 30 mm x 10 mm were selected, weighed,
and recorded in groups. The samples of each group were placed in a hydrochloric acid
solution with a pH = 1 and a NaOH solution with a pH = 11, respectively. The temperature
was maintained at about 25 °C, and the samples were completely immersed in the solution
under the test conditions during the test. A group of samples was taken at 24 h, 48 h, 72 h,
and 96 h for corresponding performance tests.

2.3.3. Degradable Film Quality Loss Rate Tests and Water Absorption Tests

The film samples were weighed with a ten-thousandth analytical balance to obtain
Ma. After each hydrolysis and degradation, the samples were gently rinsed with distilled
water to neutralize. All the water on the surface was dried with filter paper and weighed
within 1 min to obtain Mb. The samples were vacuum dried at 120 °C for 6 h until the
weight remained unchanged, and the mass of the samples was weighed as Mc. The tensile
strength of the composites was tested by a micromechanical testing machine (5948, Instron
Corporation, Boston, MA, USA).
Formula for calculating the film quality loss rate (W,):
Wy = w x 100% 1)

a

Formula for calculating the film water absorption (Wy):

M, — M
Wy = % x 100% )
where M, is initial mass before film degradation, M, is wet weight of the film after degra-
dation, M, is mass of the film after x days of degradation and drying.
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2.3.4. Degradable Film Tensile Strength Tests

The sample size was 20 mm x 5 mm. The initial spacing was fixed at 50 mm, and the
loading speed was 20 mm /min. Each group of samples was subjected to three tests, and
the average value was taken as the final result.

2.3.5. Degradable Film Color Tests

The color parameters of the film before and after degradation were measured using
a colorimeter (WR, Weifu Optoelectronic Technology Co., Ltd., Shenzhen, China), includ-
ing the brightness index, red-green index, and yellow-blue index. The apparent color
difference of fiber film before and after degradation was evaluated by AL and AE.

AE = (ALZ LA+ Ab2>% 3)
AL=L-Lg 4
Aa=a—ag @)
Ab=1b—b (6)

where L is the initial film brightness value, L is the degraded film brightness value, a9 is
the initial red and green axis chromaticity index of the film, a is the color index of the yellow
and blue axis of degraded films, by is the initial film yellow and blue axis chromaticity
indices, b is the color index of the yellow and blue axis of degraded films.

2.3.6. Degradable Film Contact Angle Tests

The contact angle meter (JY-PHa, Youte Instrument Manufacturing Co., Ltd., Chengde,
China) was used to characterize hydrophobicity. A precision syringe was used to deposit
5 microliters of distilled water droplets on the surface of the film. A CCD camera was used
to measure the contact angle. The angle between the tangent and the baseline at the droplet
boundary was automatically determined. Each group of samples was measured 10 times,
and the results were averaged.

2.3.7. Degradable Film Thickness Tests

The hydrophobicity was characterized using a digital micrometer thickness gauge
(Henan Bontec Measurement Co., Ltd., Zhengzhou, China). Each group of samples was
measured three times, and the average value was taken.

2.3.8. Field Emission Scanning Electron Microscope (SEM)

The surface morphology and microstructure of Salix/wheat straw fiber degradable
film were observed by scanning electron microscopy (54800, Feina Scientific Instrument
Co., Ltd., Shanghai, China) at an acceleration voltage of 10 kV.

2.3.9. Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier transform infrared spectroscopy FTIR tests (INVENIOS, Optik Gmbh Ltd.,
Saarbriicken, Germany) were used to analyze the wavelength of functional group changes
under the condition of a wave number of 4000-500 cm ! and a resolution of 2.0 cm~1.
3. Results and Discussion

3.1. Film Performance Analysis for Photo Degradation
Figure 2 shows the changes in the degradation rate of the films in the UV aging

chamber for each test group during the 40 d (day) test. Different experimental groups had
different degradation rates and degrees of degradation. Mulch was degraded over a period
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of 40 d, with degradation rates ranging from 2.9% to 6.6%. The highest degradation rate of
6.66% was recorded in test group 5 at 40 d of degradation. Test group 12 had the lowest
degradation rate of 2.97%. During the initial degradation stage, the degradation rate of the
films was significantly elevated in most of the experimental groups. In the middle and late
stages of degradation, the fibrous mulch films degraded slowly due to the wrapping of
some of the residual lignin by Salix fibers and wheat straw fibers. The lignin maintains a
strong chemical bonding linkage with the cellulose and hemicellulose [33].

Degradation rate (%)
-
Degradation rate (%)
w
1

0 L I L I I I I I I 1 0 L I I I I I I L I I 1
0 4 8 12 16 20 24 28 32 36 40 0 4 8 12 16 20 24 28 32 36 40

Degradation days (d) Degradation days (d)
Figure 2. (a) Photodegradation rates for groups 1-7; (b) Photodegradation rates for groups 8-14.

It can be seen from Figure 3 that there are differences in the tensile strength of different
experimental groups. However, the overall trend was decreasing, which was consistent
with the pattern of the degradation rate of the film. In the initial stage of degradation,
the tensile strength of the film decreased rapidly; in the middle stage of degradation, the
tensile strength of the film decreased slowly; and in the late stage of degradation, the tensile
strength of the film decreased rapidly. At 40 d, the tensile strength of the fiber film was the
lowest in test group 6, which was 1.236 KN/m. The highest was in test group 12, which was
2.878 KN/m. It was shown that different concentrations of dry-strength agents and sizing
agent ratios affected the tensile strength of Salix/wheat straw fiber films. This is due to the
binding between the sizing component and the fiber in the sizing system. Classification
into stable strong bonding and unstable weak bonding [34]. Therefore, different mass
fractions of sizing agent added resulted in different tensile strengths. The fibers were
degraded under light, resulting in oxidized cellulose and strongly reduced organic matter.
The presence of oxygen accelerated the rate of direct photodegradation Macroscopically,
the tensile strength of the film was reduced. This showed that the composite film will not
cause soil pollution and meet the requirements of ecological environment protection.

The changes in AL of fiber film during the 40 d experiment for each experimental group
are shown in Figure 4. It can be seen from Figure 3 that in the process of photodegradation.
With the prolongation of degradation time, the AL value of 12 groups of composite fiber
films increased. After 40 days of degradation, the AL value of test group 12 was 3.56, and
it is gradually increasing. The AL value of test group 5 was 3.36, and it had gradually
stabilized. The AL value changed the most in the test group 9 within 40 days of degradation,
and the AL value was 4.09. The AL value of group 2 at 40 d was 4.08, which was not
significantly different from that of group 9 (p > 0.005). AL value was an index to measure
the change in brightness during the aging process. The larger the positive value, the
brighter the color of the material. It shows that the more serious it is fading [35]. During
the whole photodegradation process, the AL value was always increasing. On the 36th day,
some fiber films began to flatten. With the increase in degradation time, the color of the
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fiber film changed little after fading to a certain extent. The change in color of the fiber film
surface was related to the degree of degradation when compared to Figure 2.
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Figure 4. (a) Trends in AL of groups 1-7; (b) Trends in AL of groups 8-14.

The change of AE in each test group during the 40 d test is shown in Figure 5. With
the prolongation of degradation time, the AE value of 12 groups of composite fiber films
increased. After 40 days of degradation, the AE values of the 12 groups of films were
between 3.0 and 6.0. It belonged to the perceptible range of human vision, which indicated
that Salix fiber composite wheat straw mulch would have an obvious color change during
photodegradation. The AE value was an index to measure the overall color change of
composite materials before and after aging. The higher the AE value, the more pronounced
the color fading of the material.

The film can be affected by natural conditions during its use such as rain and humidity.
Thus, the surface layer of the mulch can collect a large amount of water. The contact angle
reflects the effect of water immersion on the service life of the film [36]. For this purpose,
the change in contact angle of Salix/wheat straw fiber composite films with increasing
degradation time was investigated. The contact angles of the films of different test groups
decreased to different degrees with the increase in degradation time. After 40 days of
degradation, the contact angle of test group 5 decreased from 98.9 to 34.1 (Figure 6a), and
the contact angle decreased by 65.5%. The contact angle of test group 12 decreased from
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123.1 to 74.4 (Figure 6b), and the contact angle decreased by 39.6%. As the photodegradation
time increases, the film surface tension decreases, the wettability increases, and the contact
angle decreases. It was demonstrated that changes in the content of wet strength and sizing
agent affect the change in the contact angle of the film. With increasing photodegradation
time, C-C, C-O, and C-H bonds in fiber films undergo fracture hydroxyl groups that are
gradually increased. Film affinity for water is reduced, and the surface tension of the film
decreases. The wettability of the films increases, and the contact angle decreases [37].
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Figure 6. (a) Trends in contact angle for group 5; (b) Trends in contact angle for group 12.

Figure 7a shows the thickness of the film when it is not degraded. Thickness is
maintained at 0.134-0.137 mm. Figure 7b shows the thickness of the film after 40 d of
degradation. Thickness is maintained at 0.111-0.123 mm. As can be seen from the figure,
after 40 d of degradation, the thickness of all 14 groups of films decreased. However, no
clear pattern of degradation was observed. This shows that photodegradation degrades the
cellulose in the film, which in turn changes the film thickness. But there is no significant
relationship between film thickness and degradation rate.
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Figure 7. (a) Thickness of fiber-degradable films when not degraded; (b) Thickness of fiber-degradable
films after 40 d of degradation.

3.2. Microstructure and Morphology of Photo Degradation

The changes in the characteristic peaks of the infrared spectrum are due to the chemi-
cal interactions that occur between the substances in the mixture. It can characterize the
degradation of the film by the change in functional groups [38]. As can be seen in Figure 8,
it was observed that there was no significant change in the type and location of the peaks
before and after the degradation of the films. However, with longer degradation times,
the characteristic absorption peaks of degraded films show a trend of decreasing intensity
and broadening peak shape. The absorption peak of Salix/wheat straw fiber composite
film is mainly at 895 cem~ ! (-CH bending vibration), 1035 cm~ ! (C-O stretching vibration),
1158 cm~! (C-O-C anti-symmetric stretching vibration), 2931-2854 cm ! (C-H stretching
vibration), and the typical band at 3430-3410 cm ! (O-H stretching vibration). Approxi-
mately 1429 cm~! (CH, symmetry bending) and peaks near 1324 cm ! are phenol groups
in cellulose [39-42] explains that the main component of the film is cellulose. With the
increase in degradation time, the intensity of the characteristic peaks of the films gradually
changed degradation of the toughness of the films when they are exposed to light for a long
time. The main chain in the molecular structure is broken, and the relative intensity of the
absorption peaks of the C—H and C-O bonds decreases with time. The degradation of the
toughness of the membranes is due to a decrease in the breakage of C-O bonds eventually
lead to film degradation. Sunlight could degrade cellulose substances to produce oxidized
cellulose and strong organic matter. Figure 8a is the infrared spectrum of the different
degradation times of the test group film 5, and Figure 8b is the infrared spectrum of the
different degradation times of the test group film 12. The characteristic absorption peak of
the test group 5 was stronger, and the peak shape was sharper than that of the test group
12 when it was not degraded. At 40 days of degradation, the infrared spectra of the two
groups of fiber films tended to be consistent. It was further proven that the degradation
rate of test group 5 was much higher than that of test group 12.

The surface of the Salix composite wheat straw fiber film was examined by SEM, and
the images revealed the obvious differences in the surface morphology of the inner film
in different degradation cycles. Figure 9 shows the SEM images of different degradation
cycles in test group 5. The film of test group 5 showed a smooth and dense surface when
it was not degraded (Figure 9a,b). The overall shape of the fiber was clear, and the fiber
was obviously exposed. The surface of the Salix fiber composite straw film was uniformly
coated with a dry-strength agent and a sizing agent. At the same time, a dense layer
structure could be observed. This indicated a strong interaction between the modifier and
the fibers. After 12 days of degradation, small pores of different shapes began to appear on
the surface of the fiber film, and the pore range was not large and only appeared on a small
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part of the fiber (Figure 9¢,d). It was seen that UV light could provide enough energy to
cause fiber breakage [43]. With the increase in ultraviolet irradiation time, after 26 days of
degradation, a single fiber was covered with uniform pores, and the pores were smoother
than before (Figure 9e,f). After 40 d of degradation, the fibers showed large ruptures, and
broken pores of varying sizes began to appear in the dense layer (Figure 9g h). The effect of
UV radiation on fiber films was seen through changes in the surface morphology of the
films [44].
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Figure 8. (a) Infrared spectra of test group 5; (b) Infrared spectra of test group 12.

Figure 10 shows the SEM images of different degradation cycles for test group 12,
which was the group of tests with the lowest degradation rate. (Figure 10a,b) illustrates
the surface topography of test group 12 when it was not degraded. The film surface was
smoother and tighter compared to test group 5. After 12 d of degradation, a smaller number
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of tiny pores appeared on the surface of the fibers (Figure 10c,d). After 26 d of degradation,
more fine pores appeared on the fiber surface. Nevertheless, the size of the fine pores did
not change significantly (Figure 10e,f). After 40 days of degradation, a large area of pores
appeared on the surface of the fiber (Figure 10g,h). At this time, the microscopic surface
morphology was similar to that of experimental group 5 after 12 days of degradation.

Figure 9. SEM images of different degradation periods in group 5 (a) undegraded image at 3000 times
magnification (b) undegraded image at 12,500 times magnification (c) degraded 12 d image at
3000 times magnification (d) degraded 12 d image at 12,500 times magnification (e) degraded 26 d
image at 3000 times magnification (f) degraded 26 d image at 12,500 times magnification (g) degraded
40 d image at 3000 times magnification (h) degraded 40 d image at 12,500 times magnification.

5 \\ 4 4pm >

v \

y )

.
'_i\__\_.a._‘.a__"

Figure 10. SEM images of different degradation periods in group 12 (a) undegraded image at
3000 times magnification (b) undegraded image at 12,500 times magnification (c) degraded 12 d image
at 3000 times magnification (d) degraded 12 d image at 12,500 times magnification (e) degraded 26 d
image at 3000 times magnification (f) degraded 26 d image at 12,500 times magnification (g) degraded
40 d image at 3000 times magnification (h) degraded 40 d image at 12,500 times magnification.
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3.3. Analysis of Film Performance for Alkaline and Acid Degradation

As can be seen from Figure 11, with the increase in time, the degradation of 14 groups
of test group films in alkali solution increased little. At the 4th d, the degradation of the
composite film began to slow down, and the degradation rate with the 3rd d was basically
unchanged. The degradation rate of the 14 test group films ranged from 4.7% to 9.7% at
the 1st d of degradation. After 4 d of degradation, the degradation rate of the 14 fiber
films ranged from 6.8% to 11.9%. During alkali degradation, the fastest degradation was
found in test group 2, with the degradation rate remaining the highest, reaching 9.65% at
the 1st d and 11.89% at the 4th d. The slowest degradation was found in test group 12,
with the degradation rate remaining the lowest, reaching 4.74% at 1 d and 6.90% at 4 d.
Under the high-temperature conditions in the pulping process, most of the lignin had been
removed and the cellulose had undergone alkaline hydrolysis [45,46]. Thus, the cellulose
film was degraded by placing it in an alkaline solution, with little change in degradation
with increasing time. The ratio of dry strength and sizing agents affected the degradation
of fibrous films in alkaline solutions. The degradation of cellulose by alkaline solutions was
also hindered to some extent.

["] degradation 1d
[ degradation 2d
(| degradation 3d
[ degradation 4d

dation 4d

Degradation 3d
5 Degradation 2d
4 3 2 Degradation 1d

Figure 11. Degradation rate of group 14 films in alkaline solutions.

From Figure 12, it can be seen that the degradation rate of the 14 test group films
in acid solution increased with the increase in time. The degradation rate of the 14 test
group films ranged from 2.9% to 6.8% at the 1st d of degradation and from 7.2% to 14.7% at
the 4th d of degradation, which significantly increased the degradation rate. The slowest
degradation was observed in test group 6, which increased from 2.97% to 7.26%, and the
fastest degradation was observed in test group 12, which increased from 6.7% to 14.6%. The
(3-1,4-glycosidic bond in cellulose macromolecules is an acetal bond, which is particularly
sensitive to acid. Acid attacks the glycosidic bond in the amorphous region of cellulose
fibers, breaks the glycosidic bond [47], and thus causes a large mass loss.

It is shown in Figure 13 that the films of the test groups did not change significantly
in the first 3 d of degradation. The water absorption rate of the films of each group in an
alkaline solution was maintained at about 2%. The water absorption rate of the 4th d of
degradation began to decrease and still basically remained above 1.65%. It was proved that
the ratio of dry strength agent and sizing agent basically does not affect its water absorption
in alkaline solutions. The hydrophilic group in the fiber film adsorbed the water molecules
on the surface of the polar group through cation coordination or hydrogen bonding. Thus,
there was a certain degree of water absorption. With the degradation of the fiber film in
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an alkaline solution, the hydroxyl group in the fiber was gradually reduced [48], so water
absorption was gradually reduced.

[ degradation 1d

I degradation 2d

[ ] degradation 3d

I degradation 4d
T

Degradation rate (%)

Figure 12. Degradation rate of group 14 films in acid solutions.
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(c) (d)..
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Figure 13. Changes in water absorption at different degradation times of group 14 films in alkaline
solutions (a) degradation 1 d, (b) degradation 2 d, (c) degradation 3 d, and (d) degradation 4 d.
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Figure 14 shows the change in water absorption rate of each test group of film in an
acid solution with a pH = 1. Although the water absorption rate of each test group of the
film with different ratios was different in the 1st d of degradation, the water absorption
rate of each test group of the film was gradually the same in the 4th d of degradation,
which was around 0.5%. It would be seen that different ratios in acid solutions would affect
the degradation rate of composite film. The degradation rate of the composite film in the
acid solutions gradually converged with time. The water absorption capacity of cellulose
films changed after acid hydrolysis. The water absorption rate of cellulose decreased
significantly at the beginning of hydrolysis. The reason may be that the amorphous region
was hydrolyzed at the beginning of hydrolysis, and the crystallinity increased [49].
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Figure 14. Changes in water absorption at different degradation times of group 14 films in acid
solutions (a) degradation 1 d, (b) degradation 2 d, (c) degradation 3 d, and (d) degradation 4 d.

3.4. Microstructure and Morphology of Alkaline and Acid Degradation

Figure 15a shows the un-degraded infrared spectra of test groups 2 (the fastest-
degraded film in the alkaline solution) and 12 (the slowest-degraded film in the alkaline
solution) and the infrared spectra of the test groups soaked in alkaline solution for 4 days.
As revealed in Figure 15a, the intensity of the absorption peaks of the two did not change
much when they were not degraded. The C-O stretching vibration peak [50,51] peak
intensity at 1035 cm~! was higher in test group 12 than in test group 2. After 4 d of
degradation, the characteristic absorption peaks of the two groups of test films showed a
trend of gradually weakening intensity and broadening peak shape. The peak intensity
of the two groups of characteristic peaks was gradually consistent. This indicates that
alkali hydrolysis occurs in a peeling reaction, where the cellulose has reducing terminal
groups that fall off one by one to gradually degrade the cellulose macromolecule. The
cellulose glycosidic bond oxygen atom is protonated to form a carbon-oxygen ion, leading
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to bond breakage. The undegraded IR spectra of test groups 6 (the slowest degraded film
in acid solution) and 12 (the fastest degraded film in alkaline solution) and the IR spectra
of immersion in acid and alkaline solutions for 4 d are shown in Figure 15b. According to
Figure 15b, there was no obvious change in the infrared characteristic peaks of test group 6
and test group 12 when they were not degraded. After 4 d of degradation in the acid
solution, the characteristic peaks of test group 6 remained essentially unchanged. It demon-
strated that the acid resistance of test group 6 was better. The characteristic absorption
peaks of test group 12 showed a gradual decrease in intensity and a gradual broadening
of peak shape. C-H bending vibrational peak near 820 cm~!, C-O stretching vibrational
peak at 1100-1300 cm~! and CH, bending vibrational peak at 1429 cm~!. The peaks near
1500-1212 cm ™! are C-O stretching vibration peaks [52,53], the peaks near 2956 cm ™!
are methyl C-H bond stretching vibration peaks, and —OH stretching vibration peaks at
3500-3300 cm ! [54]. Breakage of glycosidic bonds and carbon-carbon bonds between
carbon atoms in the cellulose molecular chain causes degradation of cellulose. Dry strength
and sizing agent dosages somewhat hinder acid attacks on cellulose.
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Figure 15. (a) Infrared spectra of test group films in alkaline solutions, (b) Infrared spectra of the
films of the test group in acid solutions.
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As can be seen from Figure 16, after soaking the fiber film in the alkaline solution for
4 d, white, fine particles appeared on the surface of the film as residual alkali. The film
surface was not flat, and obvious cracks appeared. After immersing test group 2 in an
alkali solution for 4 d, obvious pores appeared on the surface of the fiber (Figure 16a,b).
Figure 16b is an enlarged, clear view of Figure 16a, indicating that the fiber film was
gradually degraded in the alkali solution. Test group 12 showed the slowest degradation
in the alkali solution. The large cracks on the fiber surface and larger fiber diameters
(Figure 16c,d) were attributed to the swelling phenomenon of the amorphous part of the
cellulose [55].

Figure 16. SEM images of the film after 4 d immersion in alkaline solutions (a) The fastest degrading
group 2 film is magnified 3000 times, (b) The fastest degrading group 2 film is magnified 12,500 times,
(c) The slowest degrading group 12 film is magnified 3000 times; and, (d) The slowest degrading
group 12 film is magnified 12,500 times.

From Figure 17, it can be seen that the fiber films were immersed in the acid solution
for 4 d. The overall shape of the fibers was clear. The fibers were obviously exposed, and
the surface was uneven. It can be seen from the figure that although the surfaces of the
two test groups showed more obvious uneven cracks (Figure 17a—d), the surface of test
group 12 had deeper and longer cracks, and there was almost no bonding between the
fibers. Figure c had more single fibers. The fibers were more resistant to alkali and weak to
acid, and soaking in the acid solution caused large cracks in the fibers.

Figure 17. SEM images of the film after 4 d of immersion in acid solutions (a) The slowest degrading
group 6 film is magnified 3000 times, (b) The slowest degrading group 6 film is magnified 12,500 times,
(c) The fastest degrading group 12 film is magnified 3000 times; and (d) The fastest degrading group
12 film is magnified 12,500 times.

The three degradation mechanisms for the degradation of Salix/wheat straw fiber
mulch are shown in Figure 18. The degradation of Salix/wheat straw fiber mulch is mainly
the degradation process of cellulose. After the Salix/wheat straw fiber mulching film
absorbed enough light energy from ultraviolet radiation, the C-C bond and C-H bond in
the cellulose were broken, so that the Salix/wheat straw fiber mulching film was gradually
degraded by ultraviolet light. The mechanism of alkaline hydrolysis is the same as that of
acidic hydrolysis. In alkaline solution or alkaline solution, the peeling reaction of cellulose
occurs, which protonates the oxygen atom of cellulose glycoside and forms carbon cation,
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resulting in bond breakage, so that the Salix/wheat straw fiber mulch is gradually degraded
by acid or alkali.

C-0 and C-H bond cleavages

UV photodegradation

cellulose molecules

OH

cellulose molecules

Figure 18. The degradation mechanism of Salix/wheat straw fiber degradable film.

4. Conclusions

In this work, a Salix/wheat straw fiber degradable film was prepared by Box-Behnken
Design. The degradation behavior of the films was systematically investigated under
accelerated aging degradation. Under ultraviolet light irradiation, with the increase of
degradation time, the tensile strength of the film gradually decreased, the degradation
rate gradually increased, the contact angle gradually decreased, and the AL and AE values
gradually increased. Among them, the degradation rate of test group 5 was the highest,
reaching 6.66%. The degradation rate of group 12 was the lowest, reaching 2.97%. The
results showed that the degradation rate and degree of degradation of Salix/wheat straw
fiber composite degradable films could be controlled by adjusting the composition of the
dry strengthening agent and sizing agent. This is essential for use as a mulch film for long-
term cultivation. In addition, in the process of alkali and acid degradation, the degradation
rate of Salix/wheat straw fiber composite film is higher in the acid solution > the alkaline
solution. The water absorption of Salix/fiber composite film: The alkaline solution > the
acid solution demonstrate a certain degree of resistance to acids and alkalis in the course
of use. The chemical structure and surface morphology during the degradation process
were characterized by FTIR and SEM. The microscopic changes of the Salix/wheat straw
fiber composite degradable film during degradation were further proven. It is proven
that the fiber composite film can enrich the application of agricultural waste such as Salix
and wheat straw and promote the application of agricultural waste biodegradable film in
agricultural production.
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