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Five modification methods are adopted for wheat straw fibers (WSFs). +e effects of modification methods on the water ab-
sorbency of wheat straw fiber/wheat straw fiber cement-based composite (WSFCC) and the mechanical properties of WSFCC are
analyzed. +e crystallinity, chemical structure, and micromorphology of WSFs and WSFCC 28-day specimens are characterized
by XRD, FTIR, and SEM methods. +e results show that the water absorption of WSFs modified with sodium silicate solution,
pure acrylic acid emulsion, and silicone waterproof emulsion surface spraying is 10.67%, 5.18%, and 1.05% lower than that of
unmodified WSFs, respectively. Alkali modification is the ideal method for improving the strength of WSFCC. Establishing a
fitting formula of the relationship between water absorption ofWSFs and strength ofWSFCC specimens has important theoretical
and practical guiding significance for development and application of WSFCC.

1. Introduction

+e annual output of straw around the world has surpassed
2.9 billion tons. Of the 2.9 billion tons, 66% is returned
directly to the field or incinerated as living energy, 19% for
building materials or vegetable production covering mate-
rials, 12% as forage for herbivorous livestock, and 3% as raw
materials for handicraft making [1–3]. Waste straw is a
pollutant and contributor to climate change. +ere are three
major types of crop straw in China: rice, wheat, and corn.
Combined, they can reach more than 450 million tons
annually [4, 5]. About 30% of the crop straw is discarded
every year in China. +ese unused straws are burned in the
field or burned away. Straw incineration in open air not only
wastes valuable renewable natural resources but also causes
environmental pollution and poses great threats to traffic
safety of highways, railways, and civil aviation flights and
causes serious harm to human health and safety. It has
become a major social problem [6, 7]. +erefore, it has

become an urgent task for the scientific researchers in China
and the world to speed up the comprehensive utilization of
straw resources and realize the commercialization and
recycling of straw to improve the atmospheric environment.

It can be an effective way of using crop straw resources to
use them to prepare plant fiber cement-based composites
and make it possible for the plant fiber cement-based
composites to be widely applied in the construction sector,
especially in the sectors that have a large demand for thermal
insulating wall materials [8–10]. And how to make full use of
the lightweight, porous, thermal insulation, sound insu-
lation, and other characteristics of plant fibers in building
materials is the starting point of this effective way. Ren et al.
[11] developed a new type of straw block with wheat straw
fiber, sand, and cement as raw materials and applied it to the
wall of solar greenhouse. +e research shows that the
thermal-wet and bacteriostatic properties of the new type of
straw block are better than those of porous clay block.
Bederina et al. [12] used hot water, gasoline, varnish, and
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waste oil to treat barley straw to improve the performance of
lightweight composite concrete. +e results show that the
four treatments can significantly improve the tensile
strength of barley straw. +e straw treated with hot water,
gasoline, varnish, and waste oil has positive effects on im-
proving the flexural strength, less shrinkage, and density of
concrete. Hou et al. [13] studied the heat-moisture coupling
transmission of hollow concrete blocks filled with com-
pressed straw bricks. +e results show that filling com-
pressed straw bricks into hollow concrete block can hinder
heat transfer and improve moisture buffering performance
of multilayer wall.

+ere are still a series of problems in the process of
compounding straw fibers with cement-based materials. +e
biggest problem is still the poor compatibility between plant
fibers and cement-based materials. It is a bottleneck affecting
the popularization and application of plant fiber cement-
based composites at home and abroad [14, 15]. Plant fibers
with higher water absorbency will have an adverse effect on
cement-based composites. +ere are numerous polar hy-
droxyl groups in plant fibers, which enable plant fibers to have
high water absorbency. +e plant fibers with higher water
absorbency will cause problems with the physical and me-
chanical properties of plant fibers cement-based composites
[16–19] for the following reasons. (a) During the molding
process of plant fiber cement-based composites products,
plant fibers with high water absorption are likely to ag-
glomerate so as to make plant fiber cement-based composites
mixture difficult to mix evenly. +is would affect not only the
workability of mixture but also the performance of hardened
plant fiber cement-based composites. For plant fiber cement-
based composites mixture reaching the same consistency, the
amount of water for mixing increases. +e excessive water
evaporates or stays in concrete, forming capillary holes, pores
or bubbles, which reduces the effective section of hardened
plant fiber cement-based composites and tends to produce
stress concentration around these pores. (b) Plant fibers with
high water absorption are easy to inhale alkali solution in the
alkaline environment of cement hydration and cause cor-
rosion damage, which leads to the decrease or even loss of the
original properties of plant fibers. In addition, during the
process of absorbed water release, the sugar components in
plant fiber extracts block hydration and hardening of cement
[20]. (c) Plant fibers with high water absorption also have a
problem of dry shrinkage and wet expansion leading to
volume change of plant fibers, affecting the bond strength
between fibers and cement-based materials and reducing the
reinforcing, toughening, and anticracking of fibers.

Current literature on cement-based composites is in-
complete [21, 22]. Existing studies about plant fiber cement-
based composites have mainly focused on the reinforcement
and anticracking action of plant fibers. Little attention has
been paid to the water absorbency of plant fibers and the
mechanism of reducing water absorbency of plant fibers. In
this paper, the WSFs (wheat straw fibers) are modified with
various modification materials and techniques. +e modifi-
cations are based on previous studies [23–25] and applied to
Chinese high yieldWSFs.+e effects of different modification
methods on water absorbency of WSFs and water absorbency

and mechanical properties of wheat straw fiber cement-based
composites (WSFCCs) are studied. +e degree of crystalli-
zation, chemical compositions, and microstructure of WSFs
before and after modifications are characterized by the X-ray
diffractometer (XRD), Fourier-transform infrared spec-
trometer (FTIR), and scanning electron microscope (SEM).
+e influence mechanism of modification methods of WSFs
on water absorbency and mechanical properties of WSFCC is
clarified. Finally, the fitting relationship between water ab-
sorption of WSF and strength of WSFCC is established. +e
results of the study shall provide a theoretical and scientific
basis for optimizing the compatibility between WSFs and
WSFCC and effectively promoting the comprehensive utili-
zation of crop stalks all over the world.

2. Materials and Methods

2.1. Materials

2.1.1. Cement. Strength grade 42.5MPa common Portland
cement of Diamond Brand was manufactured by Yanjiao
New BuildingMaterials Inc., Sanhe city, Hebei Province.+e
chemical compositions of cement and mineral admixtures
are shown in Table 1.

2.1.2. Fly Ash. Class II fly ash was purchased from Beijing
Shijingshan Power Plant. And its performance fulfills the
requirements of Chinese national standard GB/T 50146-
2014 Technical Code for Application of Fly Ash Concrete. Its
chemical compositions are shown in Table 1.

2.1.3. Wheat Straw. Wheat straw was purchased from Ailun
Shipping Services Co., Ltd., Rizhao city, Shandong Province.
Wheat straw was processed into fibers by drying, crushing,
and sieving. +e 0.15–0.3mm fibers are used as raw material
for testing [25]. +e appearances of wheat straw and WSFs
are shown in Figure 1.+e bulk density and apparent density
of WSFs are 0.13 g/cm3 and 0.17 g/cm3, respectively. +e
chemical compositions of WSFs are shown in Table 2.

2.1.4. Sodium Silicate (Na2O·nSiO2) Solution. Sodium sili-
cate solution was manufactured by Beijing Yongfei Adhesive
Factory; it has a modulus of 3.1, Baume 40°, a density of
1.38 g/cm3, and a content of total solids 36.20%.

2.1.5. Pure Acrylic Polymer Emulsion. +e PRIMAL MAC-
261P acrylic polymer emulsion produced by American
Rohm &Haas company has a solid content of 50%, a density
of 1.04g/cm3, and a pH of 8.8. Silicone waterproof emulsion:
IE-6683 waterproof emulsion developed by American Dow
Corning Company is used. Its content of alkoxysilane and
polydimethylsiloxane active material is 40%, density is
1.01g /cm3, and pH is 6-8.

2.1.6. Sodium Hydroxide (NaOH). Sodium hydroxide was
purchased from Beijing Chemical Plant, AR; it has a content
of major ingredients ≥96.0%.
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2.1.7. Water. Drinking water fulfilled the Chinese National
Standards; its pH� 6.91 at 25°C.

2.2. Methods

2.2.1. Modification of WSFs. Physical and chemical methods
are used to modify the WSFs. +e physical method is to
spray three kinds of modifiers onto the surface of WSFs to
form a thin coat of correspondingmodifying substances.+e
modifiers are diluted sodium silicate solution (Na2O·nSiO2),
acrylic polymer emulsion, and silicone waterproof emulsion.
Spraying is performed in such a way that emulsion is
dampened without any overflow. After spraying, WSFs are
transferred into an electric blast oven and heated at 85± 1°C
for 24–30 h until drying completely, cooled to room tem-
perature, and then stored in sealed plastic bags for later
usage. +e chemical methods are dipping WSFs into two
kinds of modifiers, which are NaOH solution with a mass
density of 3% and water, respectively, at room temperature.
+e dipping time of NaOH solution is 4 h and water 10 h.
+en, WSFs are rinsed with water for 5–7 times until
squeezed fluid changes from brown to clear water. After
drying in an electric air-blowing drying oven at 85± 1°C for
24–30 h, the samples are cooled to room temperature and
stored in sealed plastic bags for later usage.

2.2.2. Water Absorption Test of WSFs. Based upon the
method of light aggregate concrete as specified in JGJ 51-2002,
5 g WSF sample is placed into a square-hole sieve with hole
size of 0.08mm. +en, the loaded sieve is immersed into a
basin; water surfacemust not exceed the height of sieve frame.
According to a certain time interval (measured every hour
before 6 hours and extended appropriately after 6 hours), the
square-hole sieve is taken out of basin to wipe its bottom and
frame with a wrung wet towel and absorb the moisture on the
surface of the fiber in the sieve. +en, WSFs are weighed with
an electronic scale and mass water absorption of fiber cal-
culated according to the below formula (1).+e average water
absorption within 24 h is taken as water absorption index.

wt �
mt − m0

m0
× 100%, (1)

where wt is the water absorption (%) of the sample when the
immersion time is t, mt is the mass (g) of the sample when
the immersion time is t, andm0 is the mass (g) of the sample
when dried to constant weight before the immersion.

2.2.3. Crystallinity Analysis of WSFs. A Shimadzu XRD-
7000 X-ray diffractometer (XRD) is utilized with a working
voltage of 40 kV and a working current of 30mA. Con-
tinuous scanning is performed with a scanning range of 10 to

Table 1: Chemical composition of cement and mineral admixture (wt.%).

Type of materials CaO SiO2 Al2O3 Fe2O3 TiO2 MgO SO3 Na2O Ignition loss
Cement 62.38 25.52 6.15 3.27 0.57 1.54 1.65 0.21 2.87
Fly ash 1.93 54.88 32.12 4.28 — 1.45 1.46 — 3.82

(a) (b)

Figure 1: Appearance of wheat straw and wheat straw fiber. (a)Wheat straw. (b) Wheat straw fiber (particle size 0.3mm).

Table 2: Chemical composition of wheat straw fibers (wt.%).

Item Moisture
content

Ash
content Holocellulose Cellulose Pentosan Lignin Pectin

Extracts of different solutions
Hot
water

Cold
water

Alcohol
benzene

1%
NaOH

Wheat
straw 4.69 11.19 66.68 42.10 22.41 17.53 0.31 16.85 14.32 11.23 58.97

Note. Measuring was based upon the detection methods of GB/T2677 regarding the relevant ingredients of paper-making raw materials. Holocellulose refers
to the total amounts of cellulose and hemicellulose in plant fiber raw materials.
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80 degrees, a length of 0.02 degrees/step, and a speed of 2
degrees/min. PMGR software is utilized for data collection
and Jade 5.0 for data analyzing and processing. +e crys-
tallinity (CI) of WSFs is expressed by relative crystallinity
proposed by Zhou et al. [10, 14]. +e higher the degree of CI,
the greater the degree of crystallization for natural cellulose.
+e formula for calculating CI is provided below:

CI �
I002 − Iam

I002
× 100%, (2)

where I002—maximal diffraction intensity of 002 plane and
Iam—diffraction intensity of 2θ≈18°, i.e., diffraction inten-
sity of amorphous region.

2.2.4. Molecular Structure Analysis of WSFs. Manufactured
by German Bruker Inc, Tensor 27 Fourier-transform in-
frared spectrometer (FTIR) is utilized. For each sample, the
scanning wave numbers range from 400 cm− 1 to 4000 cm− 1,
the scanning times are 32, and the resolution is 4 cm− 1. +e
samples are prepared by the KBr pressing method.

2.2.5. Microscopic Morphology Analysis of WSFs and
WSFCC. +e microstructure of WSFs and WSFCC are ob-
served by ZEISS SIGMA FE-SEMs for high quality imaging
and advanced analytical microscopy. When WSFs are ob-
served, the test voltage is 2 kV. Prior to observations, the
specimens are dried at 75°C and treated for 30 seconds with
gold spray.WhenWSFCC is observed, the test voltage is 5 kV.
WSFCC specimens are 28-day-old samples which are the
same as those in the water absorption test (Section 2.2.6).
Prior to testing, the specimens are dried at 85°C, squashed into
2mm cubes, and sprayed for 30 s.

2.2.6. Water Absorption Test of WSFCC. It is performed in
accordance with GB/T17671-1999 Method of Testing Ce-
ments-Determination of Strength (ISO Method). +e con-
sistency test of mixture is performed according to the GB/
T1346-2011 Testing Methods for Water Requirement of
Normal Consistency, Setting Time, and Soundness of
Portland Cements. +e consistency of mixture is controlled
at 30± 3mm while mixing and water consumption are
adjusted according to the consistency value. Proportion
(mass ratio): cement : fly ash : straw fibers : water� 1 : 0. 11 :
0. 17 : 0.54. +e specimen size is of 40 mm ×

40mm× 160mm. After 7 days of standard curing, the
specimens are immediately placed indoors (20± 5°C,
RH≥ 50%) and cured to 28 days of age. +e specimens are
dried to constant weight at 85± 1°C and weighed. +en, the
specimens are put into the water tank. +e gap between the
specimens should be at least 5mm. +e water level is about
2 cm above the surface of the specimens. +e specimens are
taken out of the water tank at a certain time interval, and the
surface moisture of the specimens is wiped off with a wrung
wet towel. After weighing, the specimens are put back into
the water tank, and the water absorption rate of the spec-
imens changed with time within 48 hours is measured. +e
average water absorption of triplicate specimens is taken as

water absorption for each group, and the water absorption is
calculated by the same formula (1).

2.2.7. Mechanical Property Test of WSFCC. +e same
specimen as the water absorption test (Section 2.2.6) is used
for the mechanical performance test of WSFCC. A 300kN
electronic universal testing machine (CDT305, Shenzhen,
China) is utilized for testing the flexural and compressive
strength of specimens. A group of triplicate specimens is
taken out of each type of WSFCC at each age for strength
test. Each group of specimens is initially subjected to a
flexural test of three test pieces, and six broken blocks after
the flexural test are used for a compressive strength test.

3. Results and Discussion

In order to express the experiment conveniently, the pro-
cessing methods ofWSFs and the performance tests ofWSFs
andWSFCC are sorted and coded.+emeaning of test serial
number and test code is shown in Table 3.

3.1. Effect of Modification Methods on Water Absorption of
WSFs. +emagnitude of water absorbency is dictated by the
level of water absorption.+e test results of water absorption
of WSFs before and after modifications are shown in
Figure 2.

For unmodified MS1, the value of water absorption is as
high as 583.2% due to a large concentration of polar groups
of hydrophilic hydroxyls (-OH) on its surface. And the
values of spraying-modified MS2, MS3, and MS4, at 62.2%,
30.2%, and 6.1%, are lower than those of unmodified
counterparts. For impregnation-modifiedMS5 andMS6, the
values of 143.3% and 240.6% are higher than those of un-
modified WSFs, respectively. MS2 has the lowest value. +is
is mainly because a layer of Na2O·nSiO2 wrapped on the
surface ofWSFs reacts with CO2 in the air to form silicic acid
gel, which gradually dries and hardens. +e hardening rate
accelerates while drying. Silica gel might plug pores and
form a layer of hard shell on wheat straw fiber surfaces which
would increase the surface density and reduce water ab-
sorption (refer to the below reaction formula in (3)).

Na2O · nSiO2 + CO2 + mH2O � Na2CO3 + nSiO2 · mH2O
(3)

MS3 has a low value of water absorption since modifying
acrylic emulsion is composed of microparticles adhering to
the surface of porous materials with an excellent film-
forming property. With excellent hydrolysis and alkali re-
sistance, formed film could effectively reduce the water
absorption of WSFs. +e water absorption of MS4 is lower
than that of MS1 since silicone emulsion here is water-
soluble with 40% active content. As a mixture of particles of
different sizes, active constituents could fill various pores
and demonstrate excellent profiles of spreadability with
long-term hydrophobicity. +us, it is ideal for permeable
waterproof treatment of surfaces with porous structure.
After water modification, inorganic salts, sugars, alkaloids,
tannin, pigments, and polysaccharides (e.g. mucus, starch,
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and pectin) in MS5 are leached away by water. Furthermore,
a reduction of esters (wax layer) on its surface causes a
partial peeling of original texture [26]. After alkali modifi-
cation, waxy surface of MS6 becomes partially hydrolyzed
into higher fatty acids and alcohols so that greater wettability
and higher water absorption ensue. Also, under alkaline
conditions, the contents of hemicellulose and lignin will be
hydrolyzed and dissolved into resin and glucuronic acid,
which can result in loose porous structures [27] and increase
MS6 water absorption.

3.2. Effect of Modification Methods on Crystallinity of WSFs.
+e degree of cellulose crystallinity index (CI) is applied to
WSFs to examine the internal structure of the cellulose. CI is
defined as the total mass/volume percentage of crystalline in
cellulose. CI reflects some inherent properties of cellulose
materials. In other words, the higher the crystallinity, the
greater the levels of hardness and specific gravity and the
lower the degrees of water absorption, swelling, and
chemical reactivity. +us, CI might be used for elucidating
the relationship between internal structures and properties
of WSFs. XRD spectrogram before and after modifications is
shown in Figure 3. +e XRD spectrum is fitted by MDI Jade
5.0 software, and CI is calculated according to formula (2).
CI obtained is shown in Figure 4 [28–30].

As shown in Figure 3, WSFs are known to contain a large
amount of natural cellulose, holocellulose, lignin, and other
components (refer to Table 2). Except for few crystalline
components with high diffraction intensity and sharp peaks,

most components have wide and diffuse diffraction peaks
with low degree of crystallization. Also, there is no distinct
boundary between amorphous and crystalline regions, and
the transition zone between them was gradual. +e resulting
spectrum is basically an amorphous diffraction peak and it
belonged to type I spectrum of cellulose.

Figure 4 shows the CI data. As illustrated, the lowest CI is
MJ1 (56.36%), and the highest one is MJ5 (78.57%). As
compared with MJ1, the CIs of several modified WSFs have
an increment range of 13.47% to 39.41%. A higher CI in-
dicates that water absorption of modified fibers is lower than
that of unmodified counterparts. +e increase in the

Table 3: +e meanings of test serial number and test code.

Method of fiber
treatment

Raw fiber
untreated

Sodium silicate
solution spraying

Pure acrylic polymer
emulsion spraying

Organosilicon waterproof
emulsion spraying

Water
dipping

Lye
dipping

Serial number 1 or (a) 2 or (b) 3 or (c) 4 or (d) 5 or (e) 6 or (f )
Test code: MS, wheat straw fiber water absorption test; MJ, wheat straw fiber crystallinity test; MG, wheat straw fiber FTIR test; MSC, WSFCC water
absorption test; MQ, WSFCC mechanical property test.
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crystallinity of MJ2 is because when Na2O.nSiO2 hardens on
the fiber surface, it makes some structure of cellulose and
hemicellulose more brittle and hard. And a higher CI of MJ3
is correlated with its composition of hard monomers in pure
acrylic emulsion covering surface or permeating through
internal pores of fibers. As a result, a higher conversion
temperature of emulsion glass renders emulsion film more
brittle and harder [28]. For MJ4, a higher CI might be
explained by Si-CH3 of silicone emulsion reacting with -OH
on cellulose surface to form crystal structures. Regarding
impregnation-modified MJ5/MJ6, for removing the anti-
coagulant components of extracts, hemicellulose and lignin
are partially dissolved so that both cellulose content and CI
are increased. Regarding the changes of crystalline structure,
it indicates that water absorption of MJ5/MJ6 decreases, but
because of physical destruction of internal and external
structures after removing extracts, water absorption levels of
both fibers are higher than those of others (refer to Figure 2).

3.3. Effect of Modification Methods on Chemical Structure of
WSFs. Water absorbency of WSFs is affected by their
chemical structures. +e changes of functional groups of
WSFs before and after modifications are explored by FTIR
(refer to Figure 5) [31–35].

For unmodified MG1, the positions of major absorption
peaks and corresponding functional groups are as follows:
3408 cm− 1 is the stretching vibration of cellulose intermo-
lecular-associated hydroxyl (-OH), 2918 cm− 1 is the C-H
stretching vibration of saturated alkyl groups of cellulose
and hemicellulose, 1734 cm− 1 is the stretching vibration of
C�O on acetyl group and carboxyl group in hemicellulose,
1633 cm− 1 and 1512 cm− 1 are the C�C stretching vibration
absorption peaks of benzene ring skeleton in lignin, 1250
cm− 1 is the C-O stretching vibration in lignin benzene
hydroxyl group, 1055 cm− 1 is the bending vibration of -OH
and stretching vibration of C-O in saccharide cellulose, and
897 cm− 1 is the characteristic peak of β-D glucoside.

Figure 5 shows some differences between MG1 and
MG2. +e absorption peak value of MG2 at 3408 cm− 1 of
MG1 rises slightly. However, the peak shape is narrow,
indicating that MG2 fibers close part of the hydroxyl group
of cellulose after modification with Na2O·nSiO2 and makes
their water absorption lower than that of MG1. +e ab-
sorption peaks of MG2 disappear at the positions corre-
sponding to 1734 cm− 1 and 1250 cm− 1 of MG1, indicating
that the compounds, which are formed through a reaction of
Si-O-Si with some ingredients of WSFs, block partially
functional groups of hemicellulose and lignin and result in
the lower contents of hemicellulose and lignin and the
higher crystallinity. +is is consistent with the testing results
of Figure 4. Also, the peak value of MG2 decreases at the
position of 1055 cm− 1 of MG1, hinting that the content of
polysaccharide and the water absorption are reduced.

In Figure 5, there are some differences amongMG3,MG4,
and MG1. -OH stretching vibration peaks of MG3 and MG4
at the positions corresponding to 3408 cm− 1 ofMG1 decrease,
indicating a reduction of associated hydroxyl groups. +e
absorption peak of MG3 at 1734 cm− 1 corresponding to MG1

is a C�O characteristic stretching vibration peak from cel-
lulose carboxyl groups. Also, it is due to a C�O characteristic
stretching vibration peak of pure acrylic polymer. +erefore,
the peak value of MG3 at 1734 cm− 1 rises markedly.+e Si-O-
C characteristic band in MG4 organosiloxane approximates
1043 cm− 1 and it is basically covered by a peak spectrum value
at 1055 cm− 1. Furthermore, absorption peaks at MG3 and
MG4 corresponding to MG1 at 2918 cm− 1− 897 cm− 1 are
weakened somewhat, indicating that pure acrylic and wa-
terproof emulsions block most functional groups of hemi-
cellulose and lignin, resulting in a relatively lower content of
hemicellulose and lignin with a higher crystallinity and a
lower water absorption.

Also, in Figure 5, the data of MG5 are compared with
MG1. A higher peak value of MG5 at 3408 cm− 1 of MG1
indicates that -OH content is associated with cellulose hy-
drogen bond and the water absorption of MG5 is increased
somewhat after modification. +e intensity of most absorp-
tion peaks with a MG1 wavenumber under 2918 cm− 1 in-
creases in varying degrees, indicating that the contents of
hemicellulose and lignin are risen with partial dissolving of
some simple carbohydrates. As compared with MG1, MG5
shows that water absorption of water-modified WSFs be-
comes enhanced through the changes of chemical structures
of functional groups. Physically, molecular chains of hemi-
cellulose and lignin and surface pores are damaged with the
removal of extracts during water modification. Ultimately,
water absorption of fiber is increased and its increment is
often greater than that of chemical structure changes.

In Figure 5, the data of MG6 are compared with MG1.
+e peak value of MG6 becomes narrow and tall at
3408 cm− 1. It hints at the increase of -OH association with
cellulose hydrogen bond. It might be due to the actions of
NaOH hydrolyzing waxy surface into fatty acids and alco-
hols and dissolving partially hemicellulose and lignin.
Furthermore, metal hydration ions could enter cellulose,
interact with hydrogen bond in cellulose chain, and destroy
some crystalline regions so as to increase water absorption.
Furthermore, the absorption peaks of MG6 disappear at
1734 cm− 1 and 1512 cm− 1 of MG1, indicating that the NaOH
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solution dissolves partially hemicellulose and lignin, de-
pleting their contents, enhancing the crystallinity [36], and
ultimately lowering water absorption. As compared with
water modifying, with the removal of alkali extracts, the
damage caused to hemicellulose and lignin molecular chains
is greater than that of the water-modified fibers, and surface
pores and defects of the fibers are more exposed (Figure 6).
+us, higher water absorption of physical destruction plays a
leading role.

3.4. Effect of Modification Methods on the Microstructure of
WSFs. Because of the differences in the microstructure of
WSFs, the water absorption of WSFs, mechanical properties,
and the pore structure of WSFCC change. SEM graphs of
WSFs before and after modifications are shown in Figure 6.

As seen from Figure 6(a), both inner and outer surfaces
of unmodified WSFs have tilted lamellar substances. Outer
epidermis is formed keratinous layer due to mineralization
and suppository. +e existence of keratinous layer hinders
the permeation of slurry and admixture solutions through
the outer surface of wheat straw [37, 38] and ultimately
affects the bond between WSFs and WSFCCs. Composed of
parenchymal cells, inner surface is apt to deform and
fracture so that numerous holes and cracks are abundant in
cell wall. No keratinous layer exists on inner surface and its
roughness is better than that of outer surface. It permits
cement slurry and all kinds of admixture solutions to diffuse,
permeate, and wet. Overall, water absorption of unmodified
WSFs is higher due to the presence of pores and defects on
inner and outer surfaces, cell cavity inside fibers, and porous
structure formed by gaps between the cells.

Benefits to the treatment are shown in Figures 6(b)–6(d).
Most of the open pores and cracks on the surface of the three
types of fibers modified by spray coating are blocked by the
film layer of the modifier, and the upwarped lamellar brittle
substances become the block and rod-shaped bodies inte-
grated with the fibers. Higher surface compactness could
impede moisture permeation, obviously reducing water ab-
sorption duringmixing, improving water and alkali resistance
in cement-based materials, facilitating the interfacial effect
between fiber surfaces and cement-based materials, and en-
abling adhesion between fibers and cement-based materials.

As shown in Figures 6(e) and 6(f ), the surfaces are
damaged. +e image shows the increase of surface
roughness of chemical-modified fibers, the separation of
cell wall bundles, the abscission of some tissues, the
formation of many cavities, and the exposure of inner
fibers, which was consistent with Vo and Navard’s find-
ings [39]. Molecular chains of hemicellulose and lignin are
disrupted to some extent during the dissolving of extracts.
Also, the inner and outer surfaces are seriously damaged.
+e inner and outer surfaces of alkali-modified fibers in
Figure 6(f ) are more damaged than those of water-
modified counterparts in Figure 6(e). Fiber bundles are
separated and fibers are refined (refer to illustration).
With the exposure of numerous pores and defects, water
absorption of two impregnation-modified fibers increases
significantly.

3.5. Effect of Modification Methods on Water Absorption of
WSFCC. Water absorption of WSFCC is shown in Figure 7.
Water absorption is correlated with the structure, porosity, and
pore characteristics of WSFCC. Under identical material and
molding conditions, water absorption of a composite is closely
correlated with the water absorption of modified WSFs.

Some notable differences in absorption are evident among
the different subjects in Figure 7.Water absorption ofWSFCC
basically rises with elapsing time and water absorption of each
specimen increases rather quickly within 2 h. +e specimens
with low water absorption are MSC2 and MSC6 at 9.10% and
10.82% at 0.5 h, respectively. And those with high water ab-
sorption are MSC4 and MSC3 at 31.33% and 27.01% at 0.5 h,
respectively. After 3 h, the water absorption of specimens
gradually slows down. After 5 h, MSC6 has the lowest water
absorption, followed by MSC2; the value of water absorption
of the two is 23.22% and 29.34% at 48 h, respectively, and
MSC5 has the highest water absorption, followed by MSC1;
the value of water absorption of the two is 41.66% and 41.01%
at 48 h, respectively. Besides MSC6, the temporal change of
water absorption is basically identical to that ofWSFs after 5 h.
As shown in Figure 2, alkali-modified MS6 has the highest
water absorption while alkali-modifiedWSFCC has the lowest
level (Figure 7) because alkaloids hydrolyze esters on the outer
surface ofWSFs and breach the protection of keratinous layer.
+e destruction of inner and outer surfaces results in higher
water absorption. Also, alkali modification weakens the ad-
hesion between fiber bundles. During drying, the fibers are
separated and become smaller and finer. Subsequent vibration
molding enables more uniform compact blending forWSFCC
mixture with individual finer fibers. With the decrease of the
connecting pore size and porosity, there is the lower water
absorption of hardened WSFCC.

3.6. Effect of Modification Methods on Strength of WSFCC.
+e results of flexural and compressive strength tests of
unmodified versus modified WSFCC at different ages are
shown in Figure 8.

+e flexural strength and compressive strength ofWSFCC
specimens increase with advancing age. Except for MQ4 of
silicone waterproof emulsion modified fiber specimen, the
other four modified fibers have higher flexural and com-
pressive strength than that of unmodified MQ1. +e flexural
strength and compressive strength of alkali-modified MQ6
are the highest at both early and late stages and much higher
than those of other modified fibers. +is result agrees with
Taallah and Guettala’s studies [40]. +e 7-day flexural
strength and compressive strength of MQ6 are 1.40MPa and
2.64MPa, the 28-day flexural and compressive strengths are
1.87MPa and 3.90MPa, and the 56-day flexural and com-
pressive strengths are 2.43MPa and 5.31MPa, respectively.
+e higher strength is shown by Na2O·nSiO2- modified MQ2
and pure acrylic emulsion-modified MQ3. +e flexural
strength and compressive strength of water-modified MQ5
are also higher than those of MQ1. Except for 28-day flexural
strength, the strength of MQ4 is lower than that of MQ1. It
indicates that the strengthening effect of MQ4 is unsatis-
factory as it is in Sood and Dwivedi’s study [41].
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+e results in Figure 8 are attributed to water absorption
ofWSFs and compatibility betweenWSFs and cement-based
materials.

+e water absorption of WSF has influence on the
flexural strength and compressive strength of WSFCC. +e
level of water absorption is high for MQ1. At the same
consistency, water consumption of WSFCC mixture in-
creases. Upon hardening of cement-based materials, large
pores are formed where stagnant water on fiber surface
results in lower strength of WSFCC. Also, WSFs with higher
water absorption are associated with wet swelling and drying
shrinkage. And volume change of WSFs might affect the
bond strength between fibers and cement-based materials.
+us, MQ1 does not have a high strength. However, water
absorption of MQ2/MQ3 is lower than that of MQ1. So,
when keeping the fluidity of WSFCC mixtures basically
unchanged, water consumption needed for mixing is less.
AfterWSFCC hardening, the amount of evaporated water or

bleeding decreases, the capillary channels and pores formed
reduce, the useful cross section of WSFCC to resist load
increases, and the bond strength between fibers and cement
matrix is enhanced. +us, the strength of WSFCC is
improved.

+e compatibility between fiber and cement-based
materials also has influence on the flexural strength and
compressive strength ofWSFCC.+e strength of MQ1 is not
high because of blocking effect of extracts [42]. +e com-
patibility between fibers and cement-based materials is in-
creased by the coating due to the reduced extraction of MQ2
and MQ3. MQ5 and MQ6 have improved the compatibility
between fibers and cement-based materials due to the re-
moval of extracts. For MQ5, removing extracts is not as
complete as that of MQ6, so the strength of MQ5 is sig-
nificantly lower than that of MQ6.

Other influences for an increase of flexural and com-
pressive strength of WSFCC are clear. Except for 28 d

(a) (b)

(c) (d)

(e) (f )

Figure 6: SEM graphs of wheat straw fibers (1000x).
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flexural strength, the strength of MQ4 is lower than that of
MQ1. Silane emulsion modifier of WSFs has retarded the
hydration reaction of cement-based materials, lowering the
compressive strength of WSFCC [43]. In addition, the silane
molecular hydrophobic coating decreases water absorption
of WSFs during WSFCC mixing. Also, it weakens the bond
strength between WSFs and hardens cement-based mate-
rials, resulting in lower strength of WSFCC.

In conclusion, the most recommended fiber modifica-
tion method for obtaining a satisfactory strength of WSFCC
is alkali, followed by Na2O·nSiO2 and pure acrylic emulsion.

3.7. Effect of Modification Methods on Micromorphology of
WSFCC. SEM micromorphological graphs of WSFCC

specimens mixing with unmodified or modified WSFs are
shown in Figure 9.

As shown in Figure 9(a), the strength of unmodified
WSFCC is quite low. +e voids between WSFs and cement-
based materials are quite large, and interfacial bonding
strength is rather poor. +ey are due to the influence of
keratinous surface of unmodified WSFs and wet expansion
and drying shrinkage. Dissolving extracts in alkaline solution
results in looser structures with numerous pores and cracks.

As seen in Figures 9(b)–9(d), compactness of hydrates
and interfacial effects between fiber surface and cement-
based materials of three specimens improve greatly as
compared with Figure 9(a). Because of the higher surface
compactness of sprayed fibers, the release of extracts and the
water absorption are reduced.
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Figure 8: Strength of wheat straw fiber cement-based materials. (a) Flexural strength. (b) Compressive strength.
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In Figures 9(b) and 9(c), cohesiveness improves obvi-
ously between fibers and cement-based materials. Affected
by siloxane hydrophobicity of WSFs, as shown in
Figure 9(d), interfacial bond strength between fibers and
cement-based materials is weakened. Also, the composition
of silane emulsion on the fiber surface affects the hydration
degree of cement-based materials to a certain extent, so the
hydration product has poor integrity and high porosity, and
the strength of this specimen is not ideal.

As shown in Figures 9(e) and 9(f), the compactness of
hydrates and interfacial bond properties between fibers and
cement-based materials improve greatly as compared with
Figure 9(a). +is is due to weakened anticoagulation of fiber
extracts on hydration of cement-based materials and greater
surface roughness of water-modified and alkali-modified
fibers. Especially in Figure 9(f), due to thorough removal of
extracts of alkali-modified WSFs and fining effect of fibers,

the compactness of hydrate structure of this specimen is the
highest among WSFCC specimens. +e interfacial bond is
quite strong between fibers and cement-based materials.

In summary, regarding the structure and compactness of
hydrates, alkali-modified fiber WSFCC specimens have the
best mechanical properties, followed by Na2O·nSiO2-mod-
ified fiber WSFCC specimens and pure acrylic emulsion-
modified fiber WSFCC specimens. It is consistent with the
previous findings of Sections 3.5 and 3.6 on water absorption
and strength analysis of WSFCC specimens.

3.8.Discussion. In order to further explore the effect of water
absorption of WSFs on the mechanical properties of
WSFCC, a polynomial fitting curve is established between
the water absorption of WSFs (Figure 2) and the strength of
WSFCC specimens (Figure 8), as shown in Figure 10.

(a) (b)

(c) (d)

(e) (f )

Figure 9: SEM graphs of WSFCC (1000x).
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+e relationship between the water absorption of WSFs
and the strength of WSFCC specimens can be found in
Figure 10. When the water absorption of wheat straw fiber is
less than 630%, this section corresponds to the water ab-
sorption of the WSFs modified by untreated and physical
methods. +e strength of WSFCC decreases with the in-
crease of water absorption ofWSF.+is is related to the extra

water used in the WSFCC mixtures to reach the same
consistency because of the fibers absorbing more water.
Also, the fibers modified by the spraying methods would
inevitably dissolve the extracts in the alkaline hydration
solution of cement and have a certain retarding effect on
cement. When the water absorption of WSFs exceeds 630%,
this section corresponds to the water absorption of wheat
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Figure 10: Fitting curves of water absorption of wheat straw fiber versus strength of WSFCC specimen.

Advances in Materials Science and Engineering 11



straw fiber modified by the chemical impregnation method.
+e strength of WSFCC increases with the increase of water
absorption of WSFs, which indicates WSF with high water
absorption also has a favorable side to the physical and
mechanical properties of WSFCC. It is mainly attributed to
extract removing, fiber refining, and surface roughening
after impregnation, as well as to the contribution of fiber
“internal curing” to the strength of the specimens. +e straw
fibers with high water absorption release the water absorbed
by the fiber body during the hydration process of the ce-
ment-based material in the later stage. Because of this, the
cement-based material is fully hydrated; the hydration
product is increased; the drying shrinkage of specimens is
reduced; the strength of WSFCC is increased to some extent
[44–46].

As indicated in Figure 10, regression coefficient R2 in-
creases with advancing age of WSFCC specimen (specimen
strength increases). Also, R2 of all three ages of 7 d, 28 d, and
56 d surpasses 0.93. +is indicates that with higher specimen
strength, there is a greater fitting accuracy between water
absorption of WSFs and WSFCC specimen strength, and
both are closely related. +us, the strength of WSFCC
specimens at different ages may be estimated from water
absorption of WSFs under the premise of considering the
modification method. +is fitting formula may offer a
theoretical and practical guide for the large-scale develop-
ment and application of WSFCC.

4. Conclusion

+e water absorption, crystallinity, chemical structures, and
micromorphology of WSFs before and after modifications
are analyzed. Water absorption, mechanical properties, and
micromorphology of WSFCC specimens are characterized.
+e effects of WSF modification methods on water ab-
sorption and mechanical properties of WSFCCs are
expounded from various angles. +e major points are
summarized as follows:

(1) Water absorption of water/alkali-modified WSFs is
143.3% and 240.6% higher than that of unmodified
counterparts, respectively. After modifying theWSFs
with sodium silicate solution, pure acrylic emulsion,
and silicone waterproof emulsion, water absorption
of WSFs is 62.2%, 30.2%, and 6.1% lower than that of
unmodified counterparts, respectively.

(2) Crystallinity of unmodified WSF is the lowest at
56.36%. As compared with unmodified counterparts,
modifiedWSF demonstrates an incremental range of
crystallinity from 13.47% to 39.41%.

(3) Water absorption of the three WSFs modified with
spraying declines largely through reducing -OH
bonding with cellulose, increasing the crystallinity of
the fibers or increasing the compactness of the fiber
surface. Due to greater association of -OH hydrogen
bond of cellulose and damaged chains of hemicel-
lulose and lignin, bundle structure of cell wall be-
comes loosened, tissue destruction occurs, and more
pores and defects are formed on the surface of two

WSFs modified by impregnation. +us, there is
significantly higher water absorption of the fibers
modified by chemical methods.

(4) Except for alkali-modified WSFCC specimens,
change pattern in water absorption of other modified
WSFCC specimens after 5 h is basically identical to
that of WSFs.

(5) +e optimal modifying method for greater strength
of WSFCC in a decreasing order is alkali, Na2O·n-
SiO2, and pure acrylic emulsion.

(6) As for modification methods, an excellent correla-
tion exists between water absorption of WSFs and
strength of WSFCC specimens.
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