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Abstract
The cellulose and nanocellulose which was extracted from corn straw and wheat straw was used to
fabricate all-cellulose nanocomposites �lm (ANF). The crystal structure (CS) of ANFs was analyzed by X-
ray diffraction (XRD) and Fourier transform infrared spectrometry (FTIR). The result shows that cellulose-I
and cellulose-II are coexisting within regenerated cellulose �lms (RCF) and ANFs and can transfer each
other with the change of nanocellulose content. The characteristics of cellulose transformation depend
on the raw material and preparing method of cellulose. When cellulose is prepared from corn straw, under
two preparing methods, the cellulose type tends to transform from cellulose-I to cellulose-II with low
nanocellulose content and transform from cellulose-II to cellulose-I with high nanocellulose content.
However, when cellulose is prepared from wheat straw, under extracting methods, the cellulose type tends
to transform from cellulose-I to cellulose-II with nanocellulose content increase; under acid-alkali
methods, the transformation is from cellulose-II to cellulose-I. The crystalline index (CI) of RCFs and ANFs
is no obvious regularity, and the either content of cellulose-I or cellulose-II alone cannot determine the CI.
Based on above result, the transformation characteristics of cellulose type should affect the property of
ANFs, but further research methods and strategies are needed on what the effects are.

Introduction
As far as environmental protection is concerned, there is a growing demand for "environmentally friendly
materials". Cellulose, as biodegradable and renewability natural materials, has come to the fore [1]. Due to
the huge reserve of cellulose, researchers can easily obtain it, process, and modify to produce a variety of
cellulosic materials. Based on the purpose of replacing non-degradable packaging materials with
degradable materials, it has attracted extensive attention in many researchers that cellulose is made into
�lms. Further research on cellulose �lm products will inevitably accelerate environmental protection in
industrial development and technological advancement today.

Crystal property, as one of the most important cellulose properties, can re�ect many properties of
cellulose products, especially mechanical strength [2]. Studies have shown that cellulose owns �ve crystal
structures, they are cellulose-I, II, III, IV and V, respectively [3]. It has been reported that cellulose-I and
cellulose-II appeared commonly in cellulosic �lms. Such as, the structure of the �lms, which were made
up of valonia ventricose, ramie and bacterial cellulose and prepared in different ways by C. Y. Lang and R.
H. Marchessault, is cellulose I [4]. The CS of cellulose powder was transformed from cellulose-I to
cellulose-II after treating with 5–10 wt% NaOH [5]. Due to the intermolecular and intramolecular hydrogen-
bonding of cellulose macro-molecules, the CS of all cellulose materials is stable and tough. Moreover,
primary hydrogen bond is O2-H-O6 in cellulose-I, and O2-H-O6, O2-H-O2, O6-H-O6 in cellulose-II. Two
cellulose macro-molecules chains parallel to each other are connected by hydrogen bonds and formed a
three-dimensional network structure [6]. So, the CI of cellulosic materials and cellulose derivatives is
higher than straight-chain polymers. With the popularity of the concept of “sustainable economic
development” in today society, researchers expected to use cellulosic �lms instead of non-degradable
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materials [7]. Therefore, the studies on cellulose CI and CS on cellulose �lms will help that the researchers
improve their mechanical properties better.

XRD and FTIR were used to analyze ANFs and RCFs [8]. Due to the advantage of rapid detection, simple
operation, convenient data processing, XRD has a wide range of application. The spectrum information
can not only realize the conventional microscope to determine the phase, but also has a "perspective eye"
to see whether there are defects inside the crystal. The advantages of FTIR are the fast analysis, simple
operation, can simultaneously determine a variety of functional groups, good selectivity, high sensitivity,
less sample damage, can determine the crystal type of cellulose �lm by the shifting of characteristic
peaks position in the spectrum.

There are several ways to calculate the CI of cellulose, and use the spectrum of XRD and FTIR is the main
way. Usually, the CI is obtained by X-ray diffraction, which refers to as CI(XD), is calculated by the method
of Jayme and Knolle, and the CI is obtained by FTIR, which refers to as CI(IR), is obtained by absorbance
ratios, such as A1431,1419/A897,894 and A1263/A1202,1200 [5]. The empirical method using the ratio of
intensity of diffractogram peak at the position of the crystal plane(0 0 2) (2θ = 22.6° for cellulose-I and 2θ 
= 21.7° for cellulose-II) and amorphous background (2θ = 19.0° for cellulose-I, 2θ = 16.0° for cellulose-II)
also can be used to calculate the CI, and the formula is as follows [9]:

Of course, the CI(XD) also can be calculated by the ratio of the diffraction peak area of cellulose-I (or
cellulose-II) and total peak area. Besides, using the pure sample method for calculating CI. A diffraction
peak intensity of 100% crystalline sample (Ia100) of the substance (or 100% amorphous sample, Ic100)
and diffraction peak intensity of the sample can be measured, and used Ic100 (Ia100) and Ic (Ia)

characterized respectively. The relationship is shown by following this equation [10]:

In this study, the cellulose and nanocellulose, which are used to prepared ANFs and RCFs, are all derived
from agricultural residues, wheat straw and corn straw which are rich in sources and easy to obtain, and
are environmentally friendly. The preparing method of cellulose, nanocellulose, ANFs and RCFs in this
paper is referred to the literature [11]. Basing the different material and preparing method of cellulose, the
crystallization characters of ANFs and RCFs will be analyzed and compared. The CS and CI of material is
closely related to its mechanical properties, so, the research on the CS and CI of cellulose products plays
an extremely important role in expanding the use of cellulose-based materials in daily life.

Experiment
Materials
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Cellulose, which came from agricultural residual corn and wheat straw, were prepared by acid-based
method and extracting method, respectively. Nanocellulose, which also came from corn and wheat straw,
were prepared by TEMPO oxidation method. The DMAc (99.8%) and LiCl, which was obtained from
Shanghai Zhanyun Chemical Industry Co. Ltd, were used to dissolve cellulose.

Methods

The preparing method on cellulose, nanocellulose and all-cellulose nanocomposite �lm all refers to
literature [11]. The simple statement just shows the correlation between the preparing method and the
crystallization process.

The cellulose was extracted by two different methods. One method, which is referred to acid-alkali
method, is using acid and alkali to extract cellulose and taking ultrasonic as an auxiliary. The other, which
is referred to extracting method, is using Soxhlet extractor to take off the fat, wax, etc. Nanocellulose was
prepared by TEMPO oxidation and should be include many carboxyls. ANFs were prepared by
regenerating the cellulose which was dissolved using the DMAc/LiCl solution system, and added
nanocellulose of 0.1 %, 1.5 %, 3.0 %, respectively, to strengthen. In the process of fabricating ANF,
cellulose and nanocellulose both came from same straw. That is if cellulose came from wheat straw,
nanocellulose also came from wheat straw.

Characterizations
X-ray diffraction (XRD)

The XRD was used to investigate crystalline type, calculate CI. The XRD, which was used in the study, is a
X-ray diffractometer (Puxitongyun XD-2) with nickel-�ltered Cu Ka radiation(λ = 1.540nm). The operating
voltage and current are 40 kV and 30mA, respectively, scanning step and range are 0.01°min− 1 and 10–
45º.

Fourier transform infrared spectrometry (FTIR)

The FTIR spectrum was also used to calculate CI and analyze the crystal structure and type in cellulose.
The FTIR used measurement is a Thermo�sher Nicolet IS 50. The characteristic peaks’ ratios were used
to obtain CI, and it can obtain more accurate CI than other ways. All spectra were recorded with an
accumulation of 64 scans, resolution of 4 cm− 1, in the range from 4000 cm− 1 to 400 cm− 1. Three
different measurements for each sample were evaluated, and the average value was calculated.

Results And Discussion
XRD analysis
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All measurement results of XRD were �tted by peak separation method [12]. The XRD diffraction patterns
of ANFs and RCFs, which original materials came from corn straw and was fabricated by dissolving
cellulose prepared by extraction method and acid-alkali method, respectively, and adding different
concentration of nanocellulose, were shown in Fig. 1. The diffraction pattern range of ANFs and RCFs is
mainly from 10° to 30°. In Fig. 1a, the crystal peaks appear at 2θ = 16.1°-17.5° (1 0–1), 2θ = 20.8°-21.9° (0
0 2), and indicates that the crystal coexistence state of cellulose-I and cellulose-II in ANFs and RCFs [13,

14]. Compared with the primary and secondary diffraction peaks at 2θ = 21.0° and 16.5° of RCF, the
primary and secondary diffraction peaks of 2θ = 21.9° and 17.5° shift toward right when the
concentration of nanocellulose is 0.1% in the ANF. The phenomenon indicates that the content of
cellulose-I was signi�cantly reduced and cellulose-II was increased gradually when the concentration of
added nanocellulose is 0.1% and further indicates the transformation of cellulose-I to cellulose-II in the
ANF [15]. This may be caused by the formation of holes in the sample after ultrasonic treatment during
the preparation of cellulose, and the formation of a certain molecular orientation due to a small amount
of nanocellulose, which further deepened the trend of conversion to cellulose-II [11]. However, the
secondary diffraction peak of 2θ = 17.5° shift toward the 2θ = 16.2° when the concentration of
nanocellulose reached 1.5%. It means that the crystal type of ANF transformed from cellulose-II to
cellulose-I again. When the concentration of nanocellulose reached 3%, there was no change in the crystal
type of ANF, which remained cellulose-I and indicates that the crystalline type of nanocellulose is
cellulose-I. The overall CS of ANF changes from cellulose-II to cellulose-I when the concentration of
nanocellulose reached 1.5%. Therefore, the crystal type of ANF does not change when the concentration
of nanocellulose continued to increase. 

When the cellulose was prepared by acid-alkali method, the diffraction pattern of ACFs and RCF was
shown in Fig. 1b. Compared with the diffraction patterns of the ANFs and RCF which cellulose was
prepared by extracting method, the primary and secondary peaks at 2θ = 16.8°, 21.8° appeared in RCF,
and this indicated the coexistence of cellulose-I and cellulose-II. This is consistent with the crystal type of
ANF prepared by extracting method. Similarly, the positions of the primary and secondary peaks at 2θ = 
17.3°, 21.9° shift to the right when the concentration of nanocellulose is 0.1% and it suggests that the CS
changes from cellulose-I to cellulose-II. Similar to the ANF which cellulose was prepared by extracting
method, the 2θ = 16.0° indicated that crystal type transformed from cellulose-II to cellulose-I when the
nanocellulose concentration is 1.5%. The crystal type of ANF did not change when the concentration of
nanocellulose was doubled. Differently, when the concentration of nanocellulose is 3.0%, the intensity of
the peak at 2θ = 21.7° is signi�cantly increase and indicates that the content of cellulose-II is increased.
This shift could be because that cellulose was soaked by sodium hydroxide (8%) during preparation
process, and alkali treatment could convert cellulose-I to cellulose-II. In the process of mercerization, the
whole �ber is transformed into the swollen state, the assembly and direction of micro�bers are
completely broken, and the parallel chain structure of cellulose-I is transformed into the anti-parallel chain
structure of cellulose-II [16].
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The XRD diffraction patterns of ANFs and RCFs, which original materials came from wheat straw and
was fabricated by dissolving cellulose prepared by extraction method and acid-alkali method,
respectively, and adding different concentration of nanocellulose, were shown in Fig. 2. The range of the
diffraction pattern of ANFs is mainly from 10° to 30°. As shown in Fig. 2a, the appearance of the primary
peak and the secondary at 2θ = 17.2° 2θ = 20.6° respectively, indicates the existence of cellulose-I. When
the concentration of nanocellulose is 0.1%, the crystalline type transforms from cellulose-I to cellulose-II
gradually, and the appearance of the primary and secondary peaks at 2θ = 16.4° 2θ = 21.6° con�rmed
this transformation. When the concentration of nanocellulose continues to increase, the crystal type of
ANFs does not change. The intensity of primary peaks at 2θ = 21.2°-21.3° is slightly higher than the
secondary peaks at 2θ = 16.6°-16.8°. It may be caused that the structure of cellulose-I of ANFs was
destroyed through the action of alkalization and ultrasound, and part of the crystalline region was
rearranged into cellulose-II.

As shown in Fig. 2b, compared with the diffraction patterns of ANFs and RCFs from corn straw, the
changing of this diffraction pattern in ANFs of wheat straw is different. The primary and secondary peaks
at 2θ = 16.2°, 21.4° con�rmed that cellulose-I and cellulose-II both present in RCF. When the concentration
of nanocellulose is 0.1%, the crystal type of ANF is consistent with RCF. When the concentration of
nanocellulose reached 1.5%, the primary peak at 2θ = 22.1° (002) appears. It proves that the crystalline
type of cellulose is transformed from cellulose-II to cellulose-I. When the concentration of nanocellulose
reached 3.0%, the primary and secondary peaks at 2θ = 20.9°, 16.3° appear. It again proves that the
crystal type of ANFs changes from cellulose-I to cellulose-II.

FTIR analysis

The FTIR spectrum of RCFs and ANFs with different concentration nanocellulose and cellulose extracted
by extracting method from corn straw are shown Fig. 3. As shown in Fig. 3a, the bands at 3347 cm− 1

assigned as -OH stretching vibration is shifted to lower wavenumbers 3338 cm− 1. The XRD patterns of
the RCF of corn straw prepared by the extracting method is cellulose-I and cellulose-II are coexisting.
There is a wide absorptive peak at 3338 cm− 1, also proves that cellulose-I and cellulose-II are coexisting
in the RCF. The band at 2891 cm− 1 is assigned as -CH stretching in cellulose-II [17]. From the infrared
spectrum, the absorption peak at 2891 cm− 1 gradually changes from a �at peak to a sharp peak with the
increasing of nanocellulose concentration. This phenomenon indicates a gradual transition from
cellulose-I to cellulose-II. 

As shown in Fig. 3b, the absorbance intensity at 1419 cm− 1 assigned as symmetric -CH2 bending is

shifted to higher wavenumbers 1421 cm− 1, when the concentration of nanocellulose is 1.5%. It indicates
that the cellulose-II transforms to cellulose-I [18]. With the increasing of the nanocellulose concentration,
the intensity of the absorption peak at 1367 cm− 1 increases, and the width of the absorption peak
gradually narrows. It may be caused by the content of cellulose-I in the CS of ANFs increase due to the
addition of nanocellulose. The band at 1262 cm− 1 assigned as -COH in the plane at C-2 and C-3 in
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cellulose-I and cellulose-II, and indicates the coexistence of cellulose-I and cellulose-II in ANFs and RCFs.
The bands at 1157 cm− 1, 1015 cm− 1 are assigned as C-O-C stretching in cellulose-II and C-O stretching,
respectively. Similarly, with the increase of nanocellulose content, these peaks’ pattern changes from �at
peak to sharp peak. It indicates that the region of cellulose-II in the CS of ANFs gradually concentrates in
a certain part. The band at 992 cm− 1 assigned C-O stretching at C-6, is shifted to the lower wavenumber
at 990 cm− 1. It suggests that the transformation from cellulose-II to cellulose-I of CS in ANFs. The band
at 896 cm− 1 is assigned as β-glycosidic linage for cellulose-I, and shifts to 894 cm− 1 when the
concentration of nanocellulose is 0.1%. It indicates that the crystalline type of ANFs changes from
cellulose-II to cellulose-I. The absorption band moves from 894 cm− 1 to 895 cm− 1 when the
concentration of nanocellulose is 3.0%. It indicates there is a transition from cellulose-I to cellulose-II in
ANFs. This phenomenon is consistent with the results obtained by XRD.

The FTIR spectrum of RCFs and ANFs with different nanocellulose concentration and the cellulose was
prepared by acid-alkali method from corn straw are shown in Fig. 4. In Fig. 4a, there is a large absorption
peak between 3643 cm− 1 and 3013 cm− 1. The absorption intensity of peak reaches the maximum when
the position is 3322 cm− 1. There is also a broadening absorption peak between 2977cm− 1 and 2784 cm− 

1. The absorption intensity of peak reaches the maximum when the position is 2894 cm− 1. The bands at
3322 cm− 1, 2894 cm− 1 are assigned as -OH stretching vibration and -CH stretching in cellulose-II,
respectively [19].

As shown in Fig. 4b, the absorbance intensity at 1419 cm− 1 is assigned as symmetric -CH2 bending of

cellulose-II. The peak at 1422 cm− 1 is shifted to 1420 cm− 1 when the concentration of nanocellulose is
0.1%, and it indicated that the crystalline type of RCF gradually transfers to cellulose-II. The band at 1317
cm− 1 is assigned as -CH2 wagging at C-6. The position of the peaks at 1315 cm− 1 appears a weak
absorption peak in RCF, and it suggests that cellulose-I and cellulose-II all exist in RCF. When the
concentration of nanocellulose was 0.1% and 1.5%, the peak at 1315 cm− 1 was shifted to 1312 cm− 1,
which might be due to the use of ultrasonic treatment in the preparing cellulose process, so that the
partial of CS was destroyed and reconstituted, and tended to be cellulose-II. The band at 992 cm− 1 also is
shifted to 990 cm− 1 when the concentration of nanocellulose is 0.1%. It suggests that cellulose-II
transforms to cellulose-I in ANFs. The absorbance intensity at 895 cm− 1 is assigned as antisymmetrical
out of phase stretching of cellulose-II, and the peak at 895 cm− 1 shifts to 897 cm− 1 when the
concentration of nanocellulose is 1.5%. It indicates that the crystalline type of ANFs gradually transforms
to cellulose-I. Similarly, when the concentration of nanocellulose is 3%, the absorptive peaks at 1420 cm− 

1, 1312 cm− 1, 990 cm− 1, 897 cm− 1 are shifted to higher wavenumbers at 1422 cm− 1, 1315 cm− 1, 991
cm− 1, 895 cm− 1, and it proves again that cellulose-I transforms to cellulose-II in ANFs. This phenomenon
is corresponding to Fig. 1b.

The FTIR spectrums of RCFs and ANFs with different concentration nanocellulose and cellulose treated
by extracting method from wheat straw are shown in Fig. 5. From Fig. 5a, the bands at 3346 cm− 1 shows



Page 8/15

-OH stretching of intramolecular hydrogen bonds. This indicates that cellulose-I existed in ANFs which
obtained from wheat straw. The bands at 2891 cm− 1 manifests -CH stretching of cellulose-II. Meanwhile,
the position of peak at 2916 cm− 1 appeared a shoulder peak is assigned as -CH stretching [20]. 

As shown in Fig. 5b, the band at 1635 cm− 1 is assigned as -OH bending about water. The bands at 1421,
1367, 1316 cm− 1 are assigned as -CH2 bending, -CH bending and -CH2 wagging at C-6, and indicates that

cellulose-I and cellulose-II coexist in ANF and RCF [21]. The absorption peaks at 1199 cm− 1 are assigned
as -COH bending at C-6 in cellulose-II. The absorbance intensity at 1156 cm− 1 is assigned as C-O-C
stretching vibration in cellulose-II. The absorption peaks at 1015 cm− 1 and 990 cm− 1 are assigned as C-O
stretching at C-6 in cellulose-II. The bands at 896 cm− 1 are assigned as -COC at β-glycosidic linkage in
cellulose-I. When the concentration of nanocellulose was 3.0%, it is worth noting that the intensity of
absorption peaks in the �gure all increase.

The FTIR spectrums of RCFs and ANFs with different concentration nanocellulose and cellulose treated
by acid-alkali method from wheat straw are shown in Fig. 6. From Fig. 6a, the bands at 3338 cm− 1 shows
-OH stretching of intramolecular hydrogen bonds. This indicates that cellulose-I existed in ANFs which
obtains from wheat straw. The bands at 2891 cm− 1 manifests -CH stretching of cellulose-II. The position
of peak at 2916 cm− 1 disappears when the concentration of nanocellulose is 1.5% and 3.0%.

As shown in Fig. 6b, the band at 1633 cm− 1 is assigned as -OH bending about water. The bands at 1423
cm− 1 are assigned as -CH2 bending and indicates that cellulose-I exists in ANFs and CRF. The peak at

1368 cm− 1 in CRF shifts to 1370 cm− 1 when the concentration of nanocellulose is 0.1%. This
phenomenon suggests that crystalline type transforms from cellulose-I to cellulose-II. When the
concentration of nanocellulose increase from 0.1–1.5% and then to 3.0%, the absorption peak also shifts
from 1370 cm− 1 to 1368 cm− 1 and then to 1360 cm− 1. This indicates that crystalline type of ANFs
transforms cellulose-II to cellulose-I. The bands at 1314 cm− 1 are assigned as -CH2 wagging at C-6, and

indicates that cellulose-II exists in ANF and CRF. The absorption peaks at 1199 cm− 1 are assigned as -
COH bending at C-6 in cellulose-II. The absorbance intensity at 1156 cm− 1 is assigned as C-O-C stretching
vibration in cellulose-II. The absorption peaks at 1015 cm− 1 and 990 cm− 1 are assigned as C-O stretching
at C-6 in cellulose-II. The bands at 896 cm− 1 are assigned as -COC at β-glycosidic linkage in cellulose-I.
When the concentration of nanocellulose was 0.1%, it is worth noting that the intensity of absorption
peaks in the �gure all increase.

Crystallinity index (CI) analysis

In this paper, the calculation equation of CI on X-ray diffraction is as follows:
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where A is the area of crystalline peaks; B is the area of all peaks (crystalline and amorphous).

The RCFs’ and ANFs’ CI of corn straw and wheat straw is shown in Table 1, among which the cellulose is
prepared by the acid-alkali and extracting method, respectively. CI is one of key factor to determine the
�lms’ mechanical property, therefore, the analysis of CI is very important to understand the mechanical
properties of �lms. The CI of RCF which cellulose was prepared by acid-alkali method from corn straw is
63.6%, and it is higher than the RCF which cellulose was prepared by extracting method from corn straw.
The CI of RCF obtained from wheat straw is also the same. In the ANFs which cellulose prepared by acid-
alkali method from corn straw, the CI increases with the increase of the nanocellulose concentration.
When the nanocellulose concentration is 3.0%, the CI of ANF is 67.9%. In the ANFs which cellulose
prepared by extracting method from corn straw, when the ANFs with concentrations of 0.1% and 1.5%
nanocellulose, the CI increased to 71.9%. Differently, when the concentration of nanocellulose is 3.0%, the
CI of ANF decreased to 58.6%.

Table 1
The CI of all kinds of ANFs

Material Method of preparing cellulose   Nanocellulose content

RCF 0.1% 1.5% 3%

Corn straw Acid-alkali method 63.6 59.6 64.7 67.9

Extracting method 58.5 68.0 71.9 58.6

Wheat straw Acid-alkali method 72.7 60.9 58.5 52.1

Extracting method 56.9 66.9 58.1 63.9

In the ANFs which cellulose prepared by acid-alkali method from wheat straw, the opposite phenomenon
appears. The CI decreased to 52.1%, when the nanocellulose content is 3.0%. This may be the ANFs
absorbed H2O molecules in the storage process, and H2O molecules gradually entered the crystalline
region from the amorphous region, destroying the part of crystalline structure and reducing the CI of ANFs
[22]. When the concentration of nanocellulose is 3.0%, the CI of ANFs which cellulose prepared by
extracting method from wheat straw increases to 63.9%. On the whole, the addition of nanocellulose can
improve the CI of ANFs, and it is expected that the mechanical properties of ANFs will be strengthened.

Conclusion
The CS and CI of ANFs, which were fabricated using the cellulose and nanocellulose extracted from
wheat and corn straw, were analyzed in the study. The effect of the preparing method of cellulose and
original material on CS, and CI in ANFs has been discussed. Through the overall analysis of this research,
with increasing of nanocellulose, the CS of all ANFs which cellulose was obtained from corn straw
transformed from cellulose-I to cellulose-II when the concentration of nanocellulose is 0.1%, but when the
concentration increased to 3.0%, the crystal type of cellulose-II partly transformed to cellulose-I, too.
Differently, in the ANFs which cellulose was obtained by extracting method from wheat straw, the CS only
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transformed from cellulose-I to cellulose-II when the concentration of nanocellulose is 0.1%, but in the
ANFs which cellulose was obtained by acid-alkali method from wheat straw, it exists the phenomenon of
cellulose-II transformed to cellulose-I when the concentration of nanocellulose is 1.5%.

Deserve to be mentioned in the FTIR spectra, the bands at 3347, 1419, 992, 895 cm− 1 were shifted to
3338, 1421, 990, 894 cm− 1, respectively, and it indicated that cellulose-II were transformed to cellulose-I in
ANFs which cellulose was obtained by extracting method from corn straw. the absorption peaks at 1420,
1312, 990, 897 cm− 1 were shifted to higher wave numbers at 1422, 1315, 991, 895 cm− 1, respectively,
and this suggested that cellulose-I were transformed to cellulose-II in ANFs which cellulose was obtained
by acid-alkali method from corn straw. The appearance of absorption peaks at 3346, 2891, 2916, 1421,
1367, 1316, 896 cm− 1 indicated that cellulose-I and cellulose-II coexistence in wheat straw �lms. By
calculating the CI of ANF, the CI of RCF obtained from corn straw prepared by the acid-alkali method is
63.6%, this is higher than prepared by extracting method of corn straw. The CI of RCF obtained from
wheat straw is also the same. In the ANF of corn straw which prepared by acid-alkali method, the CI of
ANF increases to 67.9% when the concentration of nanocellulose increase to 3.0%. On the whole, the
addition of nanocellulose can improve the CI of ANFs and enhance mechanical properties.
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Figures

Figure 1

The XRD diffraction pattern of ANFs and RCFs which original material came from corn straw and the
cellulose were extracted by a) extracting method and b) acid-alkali method
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Figure 2

The XRD diffraction pattern of ANFs and RCFs which original material came from wheat straw and the
cellulose were extracted by a) extracting method and b) acid-alkali method

Figure 3

The FTIR spectrum of ANFs and RCFs which original material came from corn straw and the cellulose
were prepared by extracting method a)3800-2600 cm-1, b)700-1450 cm-1
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Figure 4

The FTIR spectrum of ANFs and RCFs which original material came from corn straw and the cellulose
were prepared by acid-alkali method a)3800-2600 cm-1, b)700-1450 cm-1

Figure 5

The FTIR spectrum of ANFs and RCFs with different concentration nanocellulose and cellulose treated by
extracting method from wheat straw a) 3800-2600 cm-1, b)400-1750 cm-1
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Figure 6

The FTIR spectrum of ANFs and RCFs with different concentration nanocellulose and cellulose treated by
acid-alkali method from wheat straw a)3800-2600 cm-1, b)400-1750 cm-1


