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Effects of internal factors on surface wettability of corn stalk rind
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Abstract: Corn stalk is one of heterogeneous materials with anisotropy and variability. As the rind of corn stalk consists of
rich lignin and cellulose similar to wood properties, and possessing high mechanical strength, then can be used as raw material
of stalk artificial board and paper. The corn stalk rind has significant differences in fiber morphology, chemical composition
and mechanical properties at different heights. Nano-SiO, composite material contained in the epidermis of corn stalk rind is
not conducive to exert adhesive into a board. To study board-making technology by intact corn stalk rind, the wettability of
corn stalk rind at different sampling heights is necessary to be analyzed by keeping or removing the epidermis. To analyze the
surface wettability difference, the contact angle with water, element compositions and the chemical compositions of corn stalk
A Fourier transform infrared (FTIR)

analysis was performed. The results showed that the removal of the epidermis could significantly improve the hydrophilicity

rind at different sampling heights were studied before and after removal of epidermis.

of corn stalk rind. Before removal of the epidermis, the varying contents of elements including C and Si dominate the surface
wettability differences at different sampling heights of corn stalk. With an increase in the sampling height, the mass fraction
of C increases while that of Si decreases, which result in increasing hydrophilicity. ~After removal of the epidermis, the surface

wettability of corn stalk rind is mainly determined by the mass fraction of hemicellulose, and the higher the sampling height,

the larger the mass fraction of hemicellulose resulting in the increase of hydrophilicity.
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1 Introduction

The development of straw board industry is beneficial
to rural economies, the protection of forest and the
development of ecological agriculture!™.  Corn stalk
rind, the major component of corn stalk (comprising more
than 30% of the mass of stalk), is the raw material for
producing straw board™*”!.  Similar to the stalks of other
crops, surface modification or direct grinding are

commonly performed in the production of corn stalk
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board to reduce influence of the epidermis on scuffing!®?.
By regulating rice straw using cold plasma technology,

Yang et al.l'”

modified the surface wettability of the
straw in terms of the wvariation of surface chemical
Zhou et al.' studied

variation in the surface properties of rice straw caused by

functional group and elements.

the change of surface radical concentration and chemical
compositions before and after microwave treatment. By
analyzing the variation of surface contact angle, Zhang et

12 discussed the wettability of rice straw epidermis

al.
before and after treatment by using NaOH solution. In
addition, they evaluated the physical and mechanical
properties of the formed board made from the mixture of
treated rice straw and coir. In addition, Shen et al.l'’!
treated wheat straw using lipase and tested the wettability
changes of the wheat straw treated by different methods.
The above studies mainly investigated the surface

wettability of straw based on the variation of chemical



78  December, 2015 Int J Agric & Biol Eng

Open Access at http://www.ijabe.org Vol. 8 No.6

compositions and polar functional groups caused by

external factors!'*"!

, while surface wettability of corn
stalk rind is rarely studied in terms of the internal factors
which include physiological characteristics and the basic
tissue structure. Corn is a tall plant of gramineae that
has multiple stem nodes and its stalk epidermis is a
heterogeneous material with apparent anisotropy and
variability. There are large differences considering the
mechanical property!'®, fiber morphology and chemical
compositions'' ! in different stem nodes of corn stalk rind.
To utilize intact corn stalk rind in the board-making
production and modify the surface wettability, at different
sampling heights and before and after removal of
epidermis, the contact angle with water was measured
and the element compositions detected by using the
scanning electron microscopy (SEM) and the energy
(EDS). The

composition variation of cellulose, hemicellulose and

dispersive  spectrometer chemical
lignin were analyzed by using the Fourier transform
infrared spectroscopy (FTIR). Therefore, the initial
objective of this study was to reveal the mechanics of
differences in the surface wettability of corn stalk rind at
different sampling heights and before and after removal
of the epidermis, and provide a theoretical basis and
technological support for the technology of intact corn
stalk rind board production and the improvement of

physical and mechanical properties of the board.
2 Materials and methods

2.1 Materials

Xianyu 335-variety corn stalk rind was used in this
study. The corn stalk was harvested in Maozhuang
Farm of Henan Agricultural University of China, and the
main physical dimension was as follows: 25-30 mm in
diameter at the root, more than 2000 mm in length. The
microstructure of the corn stalk rind measured by the
slicing method was shown in Figure 1. The corn stalk
rind consists of epidermis and sarciniform tissue, the
sarciniform tissue is made of fibrocytes and vascular
bundles, and the epidermis was around 0.04 mm in
thickness and mainly consisted of nano-SiO,"*.. Rind at
root, lower, middle and higher part (the 2“d, 4th, 6th, and
8™ stem nodes along the growth direction) of the corn

stalk were cut. Each of these rinds was divided into two

groups in the axial direction. In one of the groups, the
epidermis of corn stalk rind was removed and sanding
treatment was performed. The two groups were dried

naturally and reserved, as shown in Figure 2.

hb .. .
Epidermis

Fibrocyte

Vascular bundle -

Figure 1 Microstructure of the corn stalk rind (x100)

Figure 2 Experimental materials

2.2 Experimental methods
22.1

The experimental materials were prepared to standard

Measurement of surface contact angle

samples of 40 mmx15 mmx1.5 mm (in the axial,
chordwise and radial directions respectively) with a
moisture content of 12%. The surface contact angles of
corn stalk rinds at different sampling heights and before
and after removal of the epidermis were measured by
using a JC-2000C1 contact angle measurement at 25°C.
In the measurement, distilled water was used and the
droplet amount was set to be 5 uL. Then the contact
angle of the sample surface with the distilled water for 5 s
was detected off-line by transmitting images through an
image sensor. The protractor used showed an accuracy
of +0.25°. For each sample, 10 points were selected
randomly to test their chordwise and axial contact angles
and an average value was calculated from 5 parallel
samples.

2.2.2  Element contents

Qualitative and semi-quantitative analysis was carried
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out by a JSM-6490LV scanning electron microscope
(SEM) and an INCA-EDS7573 energy dispersive x-ray
detector for 10 areas of each sample. Then the average
values were calculated from 5 parallel samples.
2.2.3 Detection for chemical compositions

The contents of lignin, cellulose, and hemicellulose
were tested by using the Van Soest method"”. The
contents of extracts were measured according to Fibrous
of Water Solubility
(GB/T2677.4-93), Fibrous Raw Material-Determination
of One Percent sodium Hydroxide Solubility (GB/T2677.
7-81), and Fibrous Raw Material-Determination of
Benzene-alcohol (GB/T2677.7-81).
224 FTIR

According to General Rules for Infrared Analysis
(GB/T6040-2002), the infrared spectra of the samples
were scanned for 15 times using a Nicolet 6700 FTIR

Raw Material-Determination

spectrometer (Thermo Fisher scientific, America) through
KBr squash method. The infrared spectra were in the
middle region of 4000-400 cm™ with a spectral resolution
of 4 cm’'. The obtained spectra were processed using

OMNIC software.
3 Results and analysis

3.1 Wettability of corn stalk rind at different
sampling heights

The variation reflects the difference in wettability of
corn stalk rind. If the contact angle is larger than 90°,
the corn stalk rind shows hydrophobicity; while a contact
angle less than 90° results in the hydrophilic state of corn
stalk rind®”.  As seen in Table 1, the One-way ANVOA
results show that the contact angles of corn stalk rind at
different sampling heights before and after removal of the
epidermis are highly significant difference (p<0.01).
As shown in Figure 3, the contact angle of corn stalk rind
at the root is larger than 90°, which indicated that corn
stalk rind at root is hydrophobic; with the increase of the
sampling height, the contact angle with water decreases
and consequently hydrophilcity increases; After removal
of the epidermis, as the sampling height increases, the
contact angle reduces slightly. Compared with that prior
to removing the epidermis, the corn stalk rind is coarser
(shown in Figure 4) and the contact angle variation

increases (shown in Figure 5).

Table1 ANOVA of contact angle of corn stalk rind with
water before and after removal of the epidermis at different

sampling heights
Origin SOI:U”C'e of Sumof Degree of Mean Fvalue Sig.
variations square freedom  square
Between groups 10036.224 1 10036.224 4865.117 **
Samplin o
hei’; ot € Within groups  78.390 38 2.063
Total 10114.614 39

Between groups 7997.018 1

Sampling Within groups
group

7997.018 636.899  **
477.135 38 12.556
Total 8474.153 39

Note: Sampling group means the corn stalk rind divided into two groups, one is
expressed before the removal of the epidermis, and the is expressed after the
removal of the epidermis. ** means significant difference at the 0.01 level.
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Note: 1,2, 3, and 4 stand for the 2™, 4™, 6" and 8" stem nodes along the growth
direction, respectively, the same as below.

Figure 3 Variation of surface contact angle between corn stalk

rind and water at different sampling heights

600 pm Electron image 1

a. Before removal of the epidermis

600 um Electron image 1
b. After removal of the epidermis
Figure 4 Microstructure observed before and after removal of

epidermis of corn stalk rind
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a. Before removal of the epidermis

b. After removal of the epidermis

Figure 5 Images of sessile drop of before and after removal of

epidermis of corn stalk rind

Figure 6 demonstrates the corn stalk rind EDS curves
of the marked areas in Figure 4. By Figure 6, it can be
seen that corn stalk rind mainly contains C, O, Si, and K,
as well as small amounts of other elements including Cu,
Zn and Mg. Among these, the absorption peaks of C
and Si show obvious differences between before and after
removal of the epidermis.

Figure 7 shows the different mass fractions of C and
Si at different sampling heights of corn stalk rind before
and after removal of epidermis. The #-test results show
that the variation of C, Si mass fraction are highly
significant difference (p<0.01, shown in Table 2) before
and after removal of epidermis of corn stalk rind at
different sampling heights.  Before removing the
epidermis, the mass fraction of Si is in the range of
34.22%-21.74%.
height, the mass fraction decrease gradually. The mass
fraction of C is in the range of 21.02%-24.76% and

decreases with the increase of the sampling height.

With an increase of the sampling

After removing the epidermis, the mass fraction of Si is

around 0.1%, which is significantly (p<<0.01) less than
that before removal, and shows not significant difference
(p=0.186 > 0.05) at different sampling heights. The
mass fraction of C varies from 53.27% to 56.12%, and
similar to that before the removal of the epidermis, the

mass fraction also increases as the sampling height

increases.
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Figure 6 Corn stalk rind EDS curves of the marked areas in

Figure 4
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Figure 7 Variation of C, Si mass fraction before/after removal of

the epidermis of corn stalk rind at different sampling heights
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Table 2 T-test for independent samples

Levene’s test for quality of variance

T-test for equality of means

99% confidence interval

Origi .
nem . si T o Sig. Mean  Std. error of the difference
& (2-tailed)  difference  difference
Lower Upper
c Equal variance assumed 0.794 0.378 -69.750 38 0.000 -31.68000  0.45419 -32.91157 -30.44843
Equal variance not assumed -69.750  36.852 0.000 -31.68000 0.45419 -32.91358 -30.44642
si Equal variance assumed 84.714 0.000 25.236 38 0.000 28.27750 1.12054 25.23909 31.31591
i
Equal variance not assumed 25.236  19.000 0.000 28.27750 1.12054 25.07171 31.48329

3.2 Variation of chemical compositions of corn stalk
rind at different sampling heights

The infrared spectra of corn stalk rind at different
sampling heights are illustrated in Figure 8. It can be
seen that there is stretching vibration of the hemicellulose
OH functional group at around 2350 c¢cm’' and the
absorption peak intensifies with an increase of the
sampling height. In addition, stretching vibration of the
C=0 functional group is found at 1734 cm” and the
absorption peak also strengthens with the increase of the
sampling height. These above findings indicated the
increase of relative content of hemicellulose and the
amounts of oxygen containing functional groups such as
The

absorption peak of C=0 stretching vibration of acetyl and

acetyl and carboxyl in the corn stalk rind.

carboxyl at 1734 cm™ displays the specific characteristic
of hemicellulose™ . C-O and C-C stretching vibration
at 1240 cm’ and the absorption peak reduce with the
increase of the sampling height, suggesting the relative
contents of lignin and xylan decrease.  Aromatic
framework vibration is observed at 1514 c¢cm” and the
absorption peak weakens as the sampling height increases,
which indicates the decreases continuously of lignin

content.
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Figure 8 FTIR spectra of corn stalk rind at different sampling heights

The chemical compositions of corn stalk rind at
different sampling heights are demonstrated in Figure 9,
in which the analysis of covariance results shows no
significant difference (p>0.05) for the slope of linear
models of lignin, cellulose, and four extracts, the
variations of chemical compositions are consistent before
and after removal of the epidermis. With the increase of
the sampling height, the mass fractions of lignin,
cellulose, and four extracts decrease while that of
hemicellulose increases. = Compared with observed
pictures before removal of the epidermis, the mass
fraction of lignin in the corn stalk rind after removal of
the epidermis reduce slightly while those of cellulose and
hemicellulose increase relatively, and those of the four
extracts decrease.

Cellulose, hemicellulose, and lignin show strong
The

molecular chain of the amorphous region of cellulose is a

hygroscopicity. free hydroxyl in the upper
polar group which is likely to absorb polar water
molecules to form hydrogen bond”*. Hemicellulose is
an amorphous material with a branching structure which
is composed of two or more glycosyl groups with
hydrophilic groups on both main chain and side chain.
The extracts mainly contain materials including fat and
with

of

hemicellulose for water

silicide strong hydrophobicity, which cause
the of

Although surface coarseness

inhibition adsorption cellulose and

(23]
is a leading factor influencing the surface wettability of
corn stalk rind, and the larger the coarseness of
hydrophobic solid is, the larger the surface contact angle
is, it shows a slight influence on the surface wettability of
hydrophilic materials®. For corn stalk rind, the surface
wettability differs significantly at different sampling
heights and before and after removal of the epidermis.
This is caused by variations in mass fractions of cellulose

and hemicellulose which contain hydrophilic functional
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groups and hydrophobic extracts such as fat and silicide.
Before removing the epidermis, the hydrophilic materials
in the corn stalk rind, including fat and silicide, determine
the variation of the wettability. In the root, large fat and
silicide extracts attached to the surface impede the
combination of water and hydrophilic groups resulting in
hydrophobicity. As the sampling height increases, the
mass fractions of fat and silicide decreases thereby the
contact angle between the surface of corn stalk rind and
water reduces. After removing the epidermis, the
hydrophilic materials including fat and silicide are
removed, so the mass fraction of hemicellulose is the
leading factor determining the wettability of corn stalk
rind. With the increase of the sampling height, the mass
fraction of hemicellulose increases and the activities of
polar group of free hydroxyl and other hydrophilic groups
are enhanced.  All these factors contribute to the

increase of surface hydrophilicity of corn stalk rind.
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Figure 9 Variation of chemical composition of corn stalk rind at

different sampling heights

4 Conclusions

Before and after removal of the epidermis, the surface
wettability and chemical compositions of corn stalk rind
differ greatly at different sampling heights. Before
removing the epidermis, the contact angle of corn stalk
rind with water and the mass fractions of lignin and
cellulose reduce with the increase of the sampling height,
while the mass fraction of hemicellulose increases.
After removing the epidermis, as the sampling height
increases, the contact angle of corn stalk rind with water
increases, the mass fractions of lignin and cellulose
decrecase, and the mass fraction of hemicellulose
increases.

Removing the epidermis may improve the surface
wettability of corn stalk rind. Before removing the
epidermis, the wettability is mainly influenced by the
variation of mass fractions of C and Si, and the existence
of hydrophobic materials including fat and silicide
After

removing the epidermis, the mass fractions of Si and

inhibits the hydrophilicity of corn stalk rind.

extracts reduce, and the mass fraction of hemicellulose is
the dominant factor influencing the surface wettability of

corn stalk rind.

Acknowledgement

The authors gratefully acknowledge financial support
from the Specialized Research Fund for the Doctoral
Program  of  Higher China,
Grant.No.20124105110004.

Education of

[References]

[1] Hafezi S M, Hosseini K D.

physical properties of wheat straw particleboard with UF
Journal of Forestry Research, 2014; 25(3): 667-670.

[2] Zhang F, Wu N, Tong J, Zhou J, Yang X, Ma Y H, et al.

Preparation and flexural properties of biomimetic laminated

Int J Agric

Surface characteristics and

resin.

boards made from starch and maize straw fibers.
& Biol Eng, 2009; 2(2): 24-31.

[3] Wang D F, Yu K Q, Chen Z G. Optimized test of running
parameter on rind-pith separation equipment for corn stalk.
Transactions of the CSAE, 2013; 29(21): 26-32. (in Chinese
with English abstract)

[4] Sunday E. Etuk, Louis E. Akpabio, Ita O. Akpan.

Comparative Study of thermal transport in Zea Mays Straw



December, 2015

He X, et al.

Effects of internal factors on surface wettability of corn stalk rind

Vol. 8 No.6 83

[7]

(]

[10]

(11]

[12]

[13]

[14]

and Zea Mays Heartwood (cork) Boards. Thermal Science,
2010; 14(1): 31-38.

Wang L, Liu R H, Sun C, Cai W F, Tao Y W, Yin R Z, et al.
Classification and comparison of physical and chemical
properties of corn stalk from three regions in China. Int J
Agric & Biol Eng, 2014; 7(6): 98-106.

Lu J, Zhang X Q, Zhang H J.

corn stalk bark composite with modified Isocyanate resin.

Production technology for

Journal of Northeast Forestry University, 2012; 40(7):
142—-144. (in Chinese with English abstract)
Pan, M Z, Zhou, D G, Zhou, X Y, Lian Z N. Improvement
of straw surface characteristics via thermomechanical and
treatments. 2010;
101(20): 7930-7934.

He J C, Zhou Z F, Wang H D. Modification effect study on
wettability of corn stalks and bonding performance of
Forestry Science & Technology, 2014; 39(5):
27-29. (in Chinese with English abstract)

Han G P, Deng J, Zhang S Y, Bicho Paul, Wu Q L. Effect
of steam explosion treatment on characteristics of wheat
Industrial Crops and Products, 2010; 31(1): 28-33.
Yang X H, Zhang R, Tang L J, Chen M Z, Li Y, Zhou X Y.

Dynamic wettability of different adhesives on wheat straw

chemical Bioresource Technology,

adhesive.

straw.

surface modified by cold oxygen plasma treatment.
Bioresources, 2014; 9(1): 1578-1587.
Zhou X Y, Zhou D G, Shi D J.
treatment on the surface characteristic of rice straw. China
Forest Products Industry, 2005; 32(5): 28-30, 42. (in Chinese
with English abstract)

Zhang L, Hu Y C.

Effect of microwave

Novel lignocellulosic hybrid
particleboard composites made from rice straws and coir
fibers. Materials and Design, 2014; 55: 19-26.

Shen J H, Liu Z M, Li J, Niu J.
wheat straw treated with chemicals and enzymes.
Forestry Research, 2011; 22(1): 107-110.

Mao H Y, Zhou D G, Wang S G, Yang R.

characteristic

Wettability changes of

Journal of

Surface

of wheat straw treated with plasma.

Advanced Materials Research, 2011; 295-297: 1639—-1642.

[13]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Wen M Y, Shi J Y, Park H J.

curing characteristics of liquefied bark-modified phenol

Dynamic wettability and
formaldehyde resin (BPF) on rice straw surfaces. Journal of
Wood Science, 2013; 59(3): 262-268.

Chen Z G, Wang D F, Li L Q, Shan R X. Experiment on
tensile and shearing characteristics of rind of corn stalk.
Transactions of the CSAE, 2012; 28(21): 59-65. (in Chinese
with English abstract)

He X, Wang D F.  Tensile property of corn stalk rind based
on analysis of fiber morphology. Transactions of the CSAE,
2015; 31(10): 92-98. (in Chinese with English abstract)

Song H Z, Zheng L W. Nan composite films based on
cellulose reinforced with nano-SiO,: Microstructure,
hydrophobicity, thermal stability, and mechanical properties.
Cellulose, 2013; 20(4): 1737-1746.

Gorecka D, Dziedzic K, Hes M. A characteristic of dietary
fiber in barley and buckwheat groats and its bile acid binding
capacity. Italian Journal of Food Science, 2014; 26(1):
103-108.

Jiang H, Zhang Y, Wang X F. Effect of lipases on the
surface properties of wheat straw.
Products, 2009; 30(2): 304-310.
Faix O. Classification of lignins from different botanical

1991,

Industrial Crops and

origins by FT-IR spectroscopy.
45(Supp 1): 21-27.

Herbette S, Bouchet B, Brunel N, Bonnin E, Cochard H,
Guillon F.

Holzforschung,

Immunolabelling of intervessel pits for
polysaccharides and lignin helps in understanding their
hydraulic properties in Populus tremula x alba. Annals of
Botany, 2015; 115(2): 189-199.

Wolfgang G. Comparing mechanical properties of normal
and compression wood in Norway Spruce: The role of lignin
in compression parallel to the grain. Holzforschung, 2002;
56:395-401.

Sun Y H, Yang X D, Yang Z J, Wang Q C, Men Y Z.
Difference in wettability of lotus leaves in typical states and
its mechanism analysis. Transactions of the CSAE, 2014;

30(13): 263-267. (in Chinese with English abstract)



