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Global awareness of environmental issues has resulted in the
emergence of sustainable and environmentally friendly green
materials, which are renewable resources based, recyclable,
and biodegradable. These green composite materials can
be polymer based or cement based. In the polymer based
green composites, natural fibres, such as hemp, flax, jute,
kenaf, and sisal, have been used to replace conventional
synthetic fibres. On the other hand, bioresins have been
derived from starch, vegetable oils, and protein to replace
petroleum based polymers. Cement based composites utilise
new binders, such as geopolymer and recycled aggregators.
The use of renewable and recycled resources reduces the need
for petrochemicals andminerals, resulting in reduced natural
resources depletion. Commercial products and applications
are now emerging for these green composites.

Green composites are regarded as the next generation of
sustainable composite materials, gaining significant attention
from both academia and industry. This special issue is just
a snapshot to present some of the latest progress in green
composites fabrication, characterisation, testing, and appli-
cations.

The special issue contains eight papers on polymer based
green composites, including hemp, flax, and sisal fibre rein-
forced composites, and polylactic acid and chitosan biopoly-
mers. It also contains five papers on cement based compos-
ites, including geopolymers from slag, fly ash, metakaolin,
and rice hush ash. There are also papers across these two
areas, which use oil palm shell and waste cellulose in cement
and concrete.

We hope the information provided in this special issue is
useful and offers stimulation to the newdevelopment of green
composite materials and the promotion of these materials to
industrial applications.

Hao Wang
Peter Schubel

Xiaosu Yi
Jin Zhu

Chad Ulven
Yiping Qiu
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Volume 2015, Article ID 487416, 1 page
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Sustainable wood floor (WFF), produced from natural plants, is a sort of novel green and ecofriendly composite floor, which has
been attracting more and more attention in the world. WFF also gives a solution of utilizations of agricultural wastes, such as
bamboo mats and hemp hurd. The additive limestone powder plays key role in the performance of flexible bamboo composite
floor, so, in this paper, the effects of limestone size and size distributions were investigated. The best particle size distributions of
limestone are 25wt% of 48 𝜇m, 25wt% of 106 𝜇m, and 50wt% of 160 𝜇m. The as-obtained WFF has good elasticity, good affinity,
and strong comfortableness as well as free formaldehyde release.

1. Introduction

With globally rapid development of industrialization and
urbanization, energy saving and greenhouse gas (GHG)
mitigation have become ones of the most extensive issues
[1–5]. Flexible wood fiber floor, prepared by special pro-
cessing technology using nature fibers (such as bamboo,
hemp, cotton, and other woods), PVC, limestone powders,
flexible agent, and raw materials, is one kind of new green
and environmental protection composite floors [6]. Natural
fibres can also be widely applied furniture veneer, integral
cupboard, and decorative materials [7, 8].

The natural fibre reinforced composites have competitive
advantages, such as (i) being green and ecofriendly: the prod-
ucts do not contain urea formaldehyde, phenolic aldehyde,
or aldehydes resin and are free of formaldehyde [9] and it
is also free of wastewater and exhaust gas release during
the manufacturing process; (ii) having excellent abrasive
resistance [10]: the wear-resisting revolution is as high as
300,000, comparedwith traditional floormaterials 13,000 and
the high-performance aggrandizement wood floor 20,000;
(iii) having higher quality and better elasticity [11]: this
product could become thinner, lighter, and stronger than

conventional materials, so that it enables the modern high
buildings weight-bearing and space saving [8] and due to
the good elastic recovery under heavy shock load, the work-
related injury can be dramatically reduced and, at the same
time, the elastic recovery may reduce the damage to the
floor; (iv) being waterproof, antiskid, antibacterial and [12–
14]: the natural fibres are easily modified and treated to
change their surface physical and chemical structure, so this
composite floor has excellent waterproof and antibacterial
properties and the flame retardant can reach the B1 level
of GB8624-1997 [15]; (v) being antistatic: due to the natural
characteristic of natural fibers and limestone, the floor can
be permanently antistatic [16]; (vi) being mute and noise
reducing [17]: WFF contains abundant wood fibers which
have good sound absorbability, so this composite could
be utilized to produce sound absorbing decorative board
[18].

During the development of wood fibre floor, the addition
of limestone is a must to enhance the mechanical properties
and improve other functional features. However, the impacts
of limestone particle size and the size distribution on the
performance of composite floor are still not clear. This paper
is the first to systematically investigate those impact factors.
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Table 1: The dimension of bamboo fibre.

Length, 𝜇m Width, 𝜇m Inner diameter, 𝜇m Length-width ratio
Average 89.84 36.60 29.42 2.45
Coefficient of variation 24% 13% 14% 27%

Table 2: Effects of limestone particle size and size distribution on the performance of wood composite floor.

Number Size/mesh (portion) MOR/MPa MOE/MPa Shock strength/MPa IB/MPa Density/g/cm3 TS/% Thermal expansion ratio/%
1 No limestone added 16.6 1396 10.9 2.98 1.18 1.55 1.83
2 48 (100) 18.7 1436 11.9 2.35 1.13 0.56 1.33
3 106 (100) 20.6 1723 13.6 1.98 0.98 0.78 1.16
4 160 (100) 28.3 1950 19.9 1.26 0.75 1.69 0.92

5
48 (25)
106 (25)
160 (50)

27.2 1679 13.6 1.68 0.72 1.56 0.98

6
48 (30)
106 (25)
160 (45)

23.5 1586 13.1 1.76 0.65 1.38 1.13

7
48 (35)
106 (25)
160 (40)

21.6 1532 12.5 1.81 0.61 1.33 1.21

2. Materials and Methods

2.1. Materials. Bamboo fiber (moisture 8%, ash less than 3%)
was obtained from Shandong Xincheng Wood Fiber Powder
Corporation (China). PVC was received from Qilu Petro-
chemical Company (China). Limestone powder (particle size
48𝜇m, 106 𝜇m, and 160 𝜇m) was supplied by Hebei Ling-
shou Tianhao Minerals Processing Factory. Vinyl chloride-
vinyl acetate copolymer (EVA-1) was purchased from Beijing
Hua’er Corporation. The polar fibre dimension is shown in
Table 1 and the fibre was used as received.

2.2. Equipment and Instruments. WFF was carried out by
using independent flexible bamboo fiber floor production
line; the mechanic properties were tested by WDT-5 tension
and compression spring tester; DMA242 was applied to
characterize the mechanical properties of materials as a
function of time and temperature.

2.3. Test Methodologies of Mechanical Properties. To test
modulus of rupture (MOR) and modulus of elasticity
(MOE), samples were prepared according to the standard of
GB/T9341-2000. Standard of ASTM D 256-06 was applied to
measure shock strength. Other properties such as the internal
bond (IB) strength, sample density, the thickness swelling
(TS) rate of water absorption, and the hold screw force
were carried out referring to the standard of GB-T 117718-
2009, GB/T1033.1-2008GB/T1034-1998, and GB 11718.9-1989,
respectively. The thickness swelling ratio was tested at 20∘C
for 24 hours.

2.4. Preparation of Wood Floor

2.4.1. Technological Process. See Figure 1.

2.4.2. Main Process Parameters and Facilities. Figure 2 shows
the main preparing process of wood floor and wooden
homogeneity hollow coiling molding. The main facilities
required in those process are listed as powder microwave
dryer, mixing agitator, kneading extruder, high sheeting open
miller, high calendaring and coating machine, oil pressure
cooling and shaping machine, traction and cutting machine,
mould press machine, edge cutter, and coater.

To prepare wood floor, wood powder was milled to 80–
120mesh in size and dried at 100∘C for 1 hour, with the
moisture being less than 8%. The dried powder then was
mixed with EVA-1, PVC, and limestone for 30min and cured
at 100–180∘C for 15–20min, 80–120∘C for 5–10min, 60–100∘C
for 3–5min, and 30–50∘C for 3–5min, respectively, followed
by edge cutting and polishing. In all samples preparation,
the ratio of bamboo fiber powder, limestone, PVC resin, and
accessories is 30 : 40 : 25 : 5.

3. Results and Discussion

The impacts of limestone particle size and size distribution on
the performance of wood fibre reinforced composite floor are
shown in Table 2 and Figure 3. All results are average values
tested three times. Table 2 shows that all features improved
after limestone particle was added to the composites. During
the manufacturing of flexible bamboo fiber composite floor,
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Figure 1: The strategy of wood composite panel preparation.
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Figure 2: Wood floor and wooden fiber homogeneity hollow coiling molding process.

the size of limestone and the size distribution play key role on
the mechanical properties of obtained composites. It is clear
from Figures 3(a), 3(b), and 3(c) that composites reinforced
with smaller sized limestone have lower modulus of rupture
(MOR) and modulus of elasticity (MOE), meanwhile, the
internal bonding (IB) strength shows decreasing trend with
the increase of limestone size. Because the smaller sized
powders have larger specific surface area (porosity), the
smaller sized limestone has better adhesion strength with
resin. As a result, its physical property is closer to plastic with
better flexibility.The larger sized limestone contributes higher
MOR and MOE to the composite.

To carry out better composite floor, different sized
limestone powder was mixed to reinforce composite
mats. When the ratio of different sized limestone powder
48𝜇m/106 𝜇m/160 𝜇m is 25/25/50, the obtained composite
mats have not only optimum MOR, MOE, and internal
bonding strength, but also better flexibility and enough

strength, which makes it a great potential in the application
as composite floor.

Figure 3(d) shows that the shock strength of WFF
increases with the increase of particle size.The shock strength
reaches the largest value when the limestone particle size
is 160 𝜇m. However, for the mixture limestone powder, the
content increase of large sized particle results in the decrease
of shock strength. Meanwhile, the high ratio of big sized
limestone powder leads to the density declining (Figure 3(e)).
This is because that with the increase of large sized powder
content/distribution, the number of pores and fibres in the
composite will increase so that the interface bonding strength
will decrease.

Figures 3(f) and 3(g) reveal the effects of limestone size
and size distribution on the TS and thermo expansion ratio.
They state that the increase of small sized powder ratio leads
to the increase of TS and thermal expansion rate of obtained
composites. The reason is that the smaller sized particle has
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Figure 3: Effects of limestone particle size and size distribution on (a) MOR; (b) MOE; (c) IB; (d) shock strength; (e) density; (f) TS; and (g)
thermo expansion rate.
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better combination dens which will decrease the swelling
ratio of water absorption. On the other hand, with the
increase of particle size (or large sized particle distribution),
the lattice distortion at the interfacial zone will become
harder because large limestone requires higher thermally
deforming; as a result, the thermal expansion becomes lower
[19].

4. Conclusions

The optimum features of flexible bamboo fiber compos-
ite floor prepared in this paper were tested as follows:
bending strength 28.3MPa, MOE 1950MPa, shock strength
19.9 KJ/m2, internal bonding strength 2.35MPa, TS 0.56%,
thermal expansion rate 0.92, and density 0.61 g/cm3.

The performance of wood composite floor was affected
by the limestone size and size distribution. Considering and
comparing all impact factors, the optimum limestone powder
size ratio is concluded as 48 𝜇m (25 portion), 106𝜇m (25
portion), and 160 𝜇m (50 portion).

The as-prepared wood composite floor material has
good elasticity, affinity, and strong comfortableness. This
composite was tested to match the China national standards
requirement for man-made floor materials and has potential
commercialization.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

The project was financially supported by Chinese State
Forestry Administration 948 Project, Natural Wood Rein-
forced Composite Key Technology Introduction (2011-4-11).

References

[1] B. Jiang, Z. Sun, and M. Liu, “China’s energy development
strategy under the low-carbon economy,” Energy, vol. 35, no. 11,
pp. 4257–4264, 2010.

[2] S. Luo and A. N. Netravali, “Interfacial and mechanical prop-
erties of environment-friendly “green” composites made from
pineapple fibers and poly(hydroxybutyrate-co-valerate) resin,”
Journal of Materials Science, vol. 34, no. 15, pp. 3709–3719, 1999.

[3] S. Luo and A. N. Netravali, “Mechanical and thermal properties
of environment-friendly “green” compositesmade frompineap-
ple leaf fibers and poly(hydroxybutyrate-co-valerate) resin,”
Polymer Composites, vol. 20, no. 3, pp. 367–378, 1999.

[4] S. Nam and A. N. Netravali, “Green composites. I. Physical
properties of ramie fibers for environment-friendly green com-
posites,” Fibers and Polymers, vol. 7, no. 4, pp. 372–379, 2006.

[5] Y. Wang, W. Ji, X. Yu et al., “The impact of urbanization on
the annual average temperature of the past 60 years in Beijing,”
Advances in Meteorology, vol. 2014, Article ID 374987, 9 pages,
2014.

[6] J. Holbery and D. Houston, “Natural-fiber-reinforced polymer
composites in automotive applications,” JOM, vol. 58, no. 11, pp.
80–86, 2006.

[7] U. L. Ahlstedt, E. Lussi, and S. A. Ryden, “Method of making
decorative laminated products such as tiles, panels or webs from
cellulosic materials,” US Patent 4,420,351, 1983.

[8] R. K. Cullen, M. M. Singh, and J. Summerscales, “Characterisa-
tion of natural fibre reinforcements and composites,” Journal of
Composites, vol. 2013, Article ID 416501, 4 pages, 2013.

[9] H. Kalaycioglu and G. Nemli, “Producing composite particle-
board from kenaf (Hibiscus cannabinus L.) stalks,” Industrial
Crops and Products, vol. 24, no. 2, pp. 177–180, 2006.

[10] M. Saxena, R. K. Morchhale, P. Asokan, and B. K. Prasad,
“Plant fiber industrial waste reinforced polymer composites
as a potential wood substitute material,” Journal of Composite
Materials, vol. 42, no. 4, pp. 367–384, 2008.

[11] I. S. Aji, S. M. Sapuan, E. S. Zainudin, and K. Abdan, “Kenaf
fibres as reinforcement for polymeric composites: a review,”
International Journal of Mechanical and Materials Engineering,
vol. 4, no. 3, pp. 239–248, 2009.

[12] M. Sain, S. H. Park, F. Suhara, and S. Law, “Flame retardant
and mechanical properties of natural fibre-PP composites
containing magnesium hydroxide,” Polymer Degradation and
Stability, vol. 83, no. 2, pp. 363–367, 2004.

[13] K. R. Cordell, “Waterproof fabric,” US Patent 6,274,520, 2001.
[14] W. L. Morrison, “Antimicrobial blended yarns and fabrics

comprised of naturally occurring fibers,” US Patent 3,959,556,
1976.

[15] W.-L. Tian, Y.-Q.Wu,W.-X. Peng, and Y.-C. Hu, “Study on low-
toxicity fire-retardant treated technology of wood,” in Proceed-
ings of the 3rd International Conference on Bioinformatics and
Biomedical Engineering (ICBBE ’09), pp. 1–5, Beijing, China,
June 2009.

[16] C. L. Kissel, “Antistatic textile compositions and sol/gel/poly-
mer compositions,” US Patent 5,004,563, 1991.

[17] H.-S. Yang, D.-J. Kim, and H.-J. Kim, “Rice straw-wood particle
composite for sound absorbing wooden construction materi-
als,” Bioresource Technology, vol. 86, no. 2, pp. 117–121, 2003.

[18] H. C. He and C. Chen, “Study on forming process of plant fiber
multilayer decorative board (I)- Effect of fiber content on the
properties,” Applied Mechanics and Materials, vol. 468, pp. 3–7,
2014.

[19] R. Arpón, J. M. Molina, R. A. Saravanan, C. Garćıa-Cordovilla,
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The renewable cationic polyelectrolyte chitosan (CH) and anionic nanomontmorillonite (MMT) layers were alternately deposited
on the surface of sisal fiber cellulose microcrystals (SFCM) via layer-by-layer (LBL) self-assembly method. The structure and
properties of the composites were characterized by zeta potential, thermal gravimetric analysis (TGA), X-ray diffraction (XRD),
field emission scanning electronmicroscopy (FESEM), Fourier transform infrared spectrometer (FTIR), microcalorimeter (MCC),
and so forth. The zeta potential results show that the cellulose microcrystalline surface charge reversed due to the adsorption
of CH and MMT nanoplatelets during multilayer deposition. MMT characteristic diffraction peaks appear in XRD patterns of
SFCM(CH/MMT)

5

and SFCM(CH/MMT)
10

composites. Additionally, FESEM reveals that the SFCM(CH/MMT)
10

surface is
covered with a layer of material containing Si, which has been verified by elemental analysis. TGA results show that the initial
decomposition (weight loss of 5%) temperature of SFCM(CH/MMT)

5

is increased by 4∘C compared to that of pure SFCM. On the
other hand, carbon residue percentage of SFCM(CH/MMT)

10

is 25.1%, higher than that of pure SFCM (5.4%) by 19.7%. Eventually,
it is testified by MCC measurement that CH/MMT coating can significantly reinforce the flame retardant performance of SFCM.

1. Introduction

Cellulose is the most abundant natural renewable resource
[1, 2] and has been recently concerned and developed as
raw material with the gradual depletion of oil resources and
increasing emphasis on environment-friendliness, green
materials, and sustainable development. However, these nat-
ural fibers have properties of facile thermal degradation and
flammability, which limit its application in many fields.
Hence, it is necessary to effectively modify cellulose to
improve the heat resistance and flame resistance of natural
fibers, especially polymer-based reinforced natural fiber com-
posite [3, 4].

Layer-by-layer self-assembly (LBL) is a rapidly developed
simple and versatile surface modification method in the 90s
of the last century [5, 6].This facile method can be performed

in mild reaction conditions, without limitations of the size
and shape of substrate, and it has other advantages: flexible
film composition and controllable thickness, stable film per-
formance, and so forth.Thanks to these properties,multilayer
films with different characteristics, such as hydrophobicity
[7, 8], controlled drug release [9, 10], chemical sensing [11, 12],
antibacterial property [13, 14], and flame resistance [15–17],
can be built through this method.

Montmorillonite (MMT) is typical layered silicate clay
consisting of two Si–O tetrahedrals and a layer of Al–O
octahedron amid them.Because partial Al3+ cationwithin the
octahedron are replaced byMg2+ and others, the surface neg-
ative charge amongmontmorillonite layers is excess, resulting
in the fact that Na+, Ca2+, and other cations are readily
absorbed onto montmorillonite layers to maintain the charge
balance itself.The unique layered structure and excellent heat
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resistance of MMTmake it widely used in the preparation of
brand-new high-performance polymer/clay nanocomposites
[18]. Compared with conventional filled polymers, MMT can
improve mechanical properties [19], gas barrier properties,
solvent resistance, and heat resistance of the polymer matrix
[20], and a potential flame retardant capacity [21] might be
existent.

In this study, a strategy of using sisal fiber cellulosemicro-
crystal (SFCM) as a substrate and alternately adsorbing pos-
itively charged polyelectrolyte chitosan (CH) and negatively
charged inorganic nanolayerMMT onto the surface of SFCM
via LBL technique has been proposed.The effect of CH/MMT
coating on the thermal performance and flame retardant
properties of SFCM was systematically investigated, aiming
at applying SFCM to high-performance composite materials.

2. Experimental

2.1. Materials. Sisal fibers were obtained from Guangxi
Sisal Company, China. Chitosan (medium viscosity of 200–
400mPa⋅S) was purchased from Aladdin Reagent Company.
SodiumMMT clay was provided by Zhejiang Fenghong New
Materials Co., Ltd., with an average size of 1180 nm. Acetic
acid (AR) with a hydrochloric acid (AR) and sulfuric acid
(AR)was obtained fromXilongChemical Co. Both deionized
water and sisal fiber microcrystalline cellulose (SFCM) were
homemade [22]; SFCM is a rod-like structure with a diameter
of about 10 𝜇m and a length of about 50–150 um.

2.2. Layer-by-Layer Self-Assembly Method. SFCM charging
process is as follows. SFCM was added to an aqueous H

2
SO
4

solution with a concentration of 45%, and the mixture was
then stirred under 50∘C for 2min before it was filtered and
washed for 4 times. The precipitation was dried at 50∘C.

MMT solution preparation is as follows. 5 g of montmo-
rillonite powderwas dissolved in 1000mLof distilledwater by
vigorous agitation. The suspension was placed at room tem-
perature for 24 h of swelling, and then it was processed with
ultrasonic sound generated from an ultrasonic cleaner for 3 h.
After centrifugation, at a rate of 8000 rad/min for 5min, with
a high speed centrifuge, the upper clear liquid was collected.
SFCMs were alternately adsorbed positively charged poly-
electrolyte chitosan (CH) and negatively charged inorganic
nanolayerMMTonto the surface of SFCMvia LBL technique,
as shown in Figure 1.

2.3. Preparation of SFCM(CH/MMT)n Composites. 0.5 g of
sulfuric acid-treated SFCM was thoroughly dispersed in
100mL of CH solution (0.2 wt%, containing 1 v/v% of acetic
acid), which was then magnetically stirred for 10min. After-
wards, wash and vacuum filtration were alternatively per-
formed for 4 times using 1 v/v% of acetic acid solution
(dissolved in deionized water). Then, the solid was dispersed
into 100mL of MMT solution (pH not adjusted) and then
magnetically stirred for 30min. After being washed in deion-
ized water for four times, sample was tested for zeta poten-
tial measurement. Similarly, SFCM(CH/MMT)n composite

MMT

SFCM

CH

Rinse and dry

Rinse and dry

SFCM(CH/MMT)
n

Figure 1: Layer-by-layer self-assembly process of SFCM(CH/
MMT)n.

materials (𝑛 = 1, 5, and 10, resp.) were prepared for the follow-
ing characterizations.

2.4. Characterization. X-ray diffraction (XRD) spectra were
taken on a Holland PANalytical X-Pert PRO X-ray diffrac-
tometer with Cu K𝛼 radiation from 3∘ ∼40∘. Zeta potential
was determined using a Zetasizer Nano ZS90 nanoparticle
size and zeta potential analyzer (Malvern Company, British).
Thermal gravimetric (TGA) test, for the weight loss curve
ranging from 50 to 700∘C, was conducted by a NETZSCH
STA-449C thermal gravimetric analyzer (NETZSCH Com-
pany, Germany) at a heating rate of 10∘C/min under the nitro-
gen. Fourier transformed infrared spectroscopy (FTIR) was
obtained using a NICOLETNEXUS 470 FT-IR spectrometer
(Perkin-Elmer Company, United States), and samples were
prepared using KBr for flaking. Field emission electron
microscopy (FESEM) was operated using a Hitachi S-4800
field emission scanning electron microscope provided by
Hitachi High-Technologies Corporation. Microscale com-
bustion calorimetry (MCC) was conducted using an MCC-
2 (Govmark, Farmingdale, NY) microscale combustion
calorimeter, and the sample was heated from 100 to 700∘C
with a heating rate of 1∘C/s under the nitrogen atmosphere,
and samples are decomposed anaerobically to release volatile
combustible gases under high temperatures, which can be
combusted in N

2
/O
2
(8 : 2) atmosphere.

3. Results and Discussion

3.1. Impact of CH/MMT Coating on SFCM Zeta Potential.
Zeta potential online monitoring can be used to characterize
the dynamic adsorption of chitosan andmontmorillonite sus-
pensions on SFCM surface. The residual CH andMMT solu-
tion would affect the zeta potential of the samples, so we can
confirm that the measurement of the zeta potential of SFCM/
(CH/MMT)n adsorption was acted after the samples have
been washed in deionized water for some time in order to
remove the residual of the CH or MMT.

Figure 2 shows that the adsorption of each CH/MMT
layer will turn the negative (or positive) potential into a
positive (or negative) one.This potential reverse indicates that
CH/MMT has been assembled to SFCM surface. Further, as
the number of adsorption layers increases, absolute amount
of the surface zeta charges becomes gradually smaller. This is
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Figure 2: Changes of zeta potential at alternative absorption steps
of CH and MMT.

probably because the MMT clay layer deposited on cellulose
surface formed a relatively flat deposition surface where there
are less nanotopological structures [23] compared with the
pure polymer electrolyte self-assembly, so that less polymer
chains will be deposited on this plane, resulting in the
declined absolute amount of surface zeta charges as above
mentioned.

3.2. Effect of CH/MMT Coating on SFCM Composite Crys-
tal Structure. For further describing the assembly of CH/
MMT coating on SFCM surface, XRD was carried out to
characterize pure MMT, SFCM, SFCM(CH/MMT)

5
, and

SFCM(CH/MMT)
10
. As shown in Figure 3, between small

angles 3∘ and 10∘, an MMT diffraction peak corresponding to
pure MMT at 2𝜃 = 6.8∘ occurs. According to the Bragg equa-
tion (2𝑑sin𝜃 = 𝑛𝜆), pure MMT interplanar spacing is 13.1 Å,
whereas an MMT diffraction peak of SFCM(CH/MMT)

5

and SFCM(CH/MMT)
10

appears where 2𝜃 = 4.8∘ and
5.0∘, which has not been observed in the pattern of pure
SFCM. Compared to pure MMT, MMT diffraction peak of
SFCM(CH/MMT)

5
and SFCM(CH/MMT)

10
is shifted to a

smaller angle. It is elucidated from the peak shift toward small
angle that the interplanar spacing of MMT in CH/MMT
nanocoating layer is larger than that in pure MMT. The
reason might be that CH amid MMT sheets or the peeling
of MMT layer during sonication process increases the dis-
tance between layers, which is consistent with Li et al.’s
report [24]. Exceptionally, peaks intensity corresponding to
SFCM(CH/MMT)

5
and SFCM(CH/MMT)

10
is much weaker

than the peak intensity of pureMMT.The reasonmight be the
following: the absorbed MMT has a low content and fewer
deposition layers, and thus the CH/MMT coating is so thin
that MMT layered structure, within the coating, cannot be
converted from amorphousness into ordered structure [15].

3.3. Influence of CH/MMT Coating on Thermal Properties
of SFCM. To clarify the impact of CH/MMT nanocoating
on thermal performance of SFCM, pure SFCM and
SFCM(CH/MMT)n composites (𝑛 = 1, 5, and 10) were tested
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Figure 3: X-ray diffraction patterns of pure MMT, pure SFCM,
SFCM(CH/MMT)

5

, and SFCM(CH/MMT)
10

.

by TGA analysis (Figure 4). Before 340∘C, TGA curves of
SFCM, before and after treatment, are almost the same. The
characteristic thermal parameters selected were the temper-
ature for 5% and 10% weight loss.The results are summarized
in Table 1. Table 1 shows that thermal properties of the treated
SFCM are slightly better than those of untreated SFCM.
At a weight loss of 10%, compared with pure SFCM, decom-
position temperatures of SFCM(CH/MMT)

1
, SFCM(CH/

MMT)
5
, and SFCM(CH/MMT)

10
composites are elevated by

3, 4, and 3∘C, respectively. On the other hand, between 340
and 700∘C, it is found that the char yield of coated SFCM(CH/
MMT)n is higher than that of pure SFCM.Moreover, as adso-
rption layers increase, char yield rises as well. At 700∘C, com-
pared with pure SFCM, char yields of SFCM(CH/MMT)

1
,

SFCM(CH/MMT)
5
, and SFCM(CH/MMT)

10
are increased

by 9.6%, 12.0%, and 19.7%, respectively. This increase may be
ascribed to the nanolayer of MMT that forms a sheet of
carbon residue covering the surface of cellulose during heat-
ing process, because of which heat was insulated, protecting
an amount of cellulose microcrystals from destruction.

3.4. Fourier Transform Infrared (FTIR) Analysis. Carbon resi-
due, after TGA test, of pure SFCM, SFCM(CH/MMT)

5
, and

SFCM(CH/MMT)
10

was subjected to FTIR testing. As it is
shown in Figure 5, for TGA residual carbon of
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Figure 4: TGA plots of SFCM coated with different number of
CH/MMT bilayers.

Table 1: TGA results for SFCM coated with different number of
CH/MMT bilayers.

Samples Temperature at
5 wt% loss (∘C)

Temperature at
10 wt% loss (∘C)

Residue
(wt%)

SFCM 299 312 5.4
SFCM(CH/MMT)1 302 315 15.0
SFCM(CH/MMT)5
SFCM(CH/MMT)10

303
300

316
315

17.4
25.1

SFCM(CH/MMT)
10
, stretching vibration peaks correspond-

ing to methyl and methylene on cellulose appeared at 2970
and 2925 cm−1 [25], while these peaks of pure SFCM and
SFCM(CH/MMT)

5
are almost negligible. This implies that,

with the increase of CH/MMT layers, cellulose microcrystals
was protected in the process of thermal degradation. In
addition, there is another peak at 1050 cm−1 for TG residual
carbon of SFCM(CH/MMT)

5
and SFCM(CH/MMT)

10
,

which may be Si–O–Si stretching vibration peak of MMT or
stretching vibration absorption peak of the cellulose C–C
skeleton, indicating that the TG residual carbon of
SFCM(CH/MMT)

10
might be composed of cellulose micro-

crystalline and MMT [26].

3.5. Morphology and Surface Element Analysis of SFCM
and SFCM(CH/MMT)

10
Composite. Field emission scanning

electron micrographs of pure SFCM (Figure 6(a)) and its
TGA carbon residue (Figure 6(c)) and SFCM(CH/MMT)

10

(Figure 6(b)) and its TGA carbon residue (Figure 6(d)) are
given. It can be observed that the surface of pure SFCM
is continuous cellulose structure with clear texture, clean
surface, and regular structure, whereas the cellulose surface is
coated with fold-like layers in Figure 6(b) and it is unable to
clearly see continuous and clear-textured cellulose skeleton.
For this reason, surface element analysis for pure SFCM and
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Figure 5: FTIR spectra of char residues of pure SFCM,
SFCM(CH/MMT)

5

, and SFCM(CH/MMT)
10

(charred in N
2

at 700∘C).

SFCM(CH/MMT)
10
samples was shown in Figures 7(a) and

7(b). Figure 7(a) verifies the presence of elements C and
O on the surface of pure SFCM without Si. However, in
Figure 7(b), besides C and O, Si, Mg, Al, and other elements
were also detected on the surface of SFCM(CH/MMT)

10
,

demonstrating that the fold layers in Figure 6(b) should be
MMT nanolayers.

Clear spiral contraction texture of pure SFCM can be
observed in Figure 6(c), and this is because of the severe
contraction of cellulose during heating process. On the other
hand, composite SFCM(CH/MMT)

10
surface shrinkage has

been significantly weakened, and thismay be due to a thermal
insulation coke layer which was formed during the heating
of CH/MMT coating. This layer has satisfying insulation
properties, inhibiting the heat from being transferred to the
internal cellulose, that is, a protective effect.

3.6. Impact of CH/MMT Coating on Flame Retardant Perfor-
mance of SFCM. To study the effect of CH/MMT on com-
bustion properties of pure SFCM, SFCM(CH/MMT)

5
, and

SFCM(CH/MMT)
10
, powder samples were tested through

microscale combustion calorimetry (MCC). The combus-
tion properties of the samples will be characterized on
the basis of the released heat, heat release rate, and other
parameters. In Figure 8 and Table 2, compared with pure
SFCM, both temperature of initial decomposition and heat
release rate of SFCM(CH/MMT)

5
and SFCM(CH/MMT)

10

were slightly decreased. Moreover, both total released heat
and maximum heat release rate of SFCM(CH/MMT)

5
and

SFCM(CH/MMT)
10

composites are lower than those of
pure SFCM, where the maximum heat release rate of
SFCM(CH/MMT)

10
is lower than that of pure cellulose by

47.5W/g, and the total released heat of SFCM(CH/MMT)
5

and SFCM(CH/MMT)
10
is lower than that of pure SFCM by

more than 21%.
It is concluded that the presence of CH/MMT coating

enhanced the flame retardant performance of SFCM to some
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Figure 7: Superficial elemental distribution of (a) pure SFCM and
(b) SFCM(CH/MMT)

10

.

extent. It is elucidated that MMT inorganic layer does not
react with the cellulose, soMMTmainly functions as a physi-
cal barrier on the surface of cellulose, during the combustion
process of SFCM(CH/MMT)n, of which flame retardant
effect is limited. Hence, in terms of flame retardant perfor-
mance, the composites cannot match with intumescent P–N
fire retardant that can react with cellulose [27], which has also
been confirmed by literatures related to retardant coating
fabricated by inorganic nanoparticles, such as SiO

2
[28] or

POSS [29].
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Figure 8: Heat release rate versus temperature for pure SFCM,
SFCM(CH/MMT)
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, and SFCM(CH/MMT)
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.

4. Conclusion

CH/MMT coating on the surface of SFCM was prepared by
LBL self-assembly method and our results reveal that the
assembly of CH/MMT coating could increase heat resistance
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Table 2: MCC results of pure SFCM, SFCM(CH/MMT)5, and
SFCM(CH/MMT)10.

Samples pkHRR
(∘C)

pkHRR
(W/g)

Total HR
(kJ/g)

SFCM
SFCM(CH/MMT)5
SFCM(CH/MMT)10

371.2
318.2
302.4

296.6
282.7
249.1

15.0
11.3
11.7

and flame retardancy of SFCM. TGA results demonstrate
that the thermal performance of treated SFCM is commonly
superior to that of untreated SFCM. With the increase of the
number of adsorbed layers, carbon residue increases. Mean-
while, MCC results indicate that the existence of CH/MMT
coating has significantly improved flame retardant capability
of SFCM.
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The increasing demand and consumption of cement have necessitated the use of slag, fly ash, rice husk ash (RHA), and so forth as a
supplement of cement in concrete construction.The aim of the study is to develop a zero-cement binder (Z-Cem) using slag, fly ash,
and RHA combined with chemical activator. NaOH, Ca(OH)

2

, and KOH were used in varying weights and molar concentrations.
Z-Cem was tested for its consistency, setting time, flow, compressive strength, XRD, SEM, and FTIR. The consistency and setting
time of the Z-Cem paste increase with increasing RHA content. The Z-Cem mortar requires more superplasticizer to maintain a
constant flow of 110 ± 5% compared with OPC. The compressive strength of the Z-Cem mortar is significantly influenced by the
amounts, types, and molar concentration of the activators. The Z-Cem mortar achieves a compressive strength of 42–44MPa at
28 days with 5% NaOH or at 2.5 molar concentrations. The FTIR results reveal that molecules in the Z-Cem mortar have a silica-
hydrate (Si-H) bond with sodium or other inorganic metals (i.e., sodium/calcium-silica-hydrate-alumina gel). Therefore, Z-Cem
could be developed using the aforementioned materials with the chemical activator.

1. Introduction

Cement and concrete are important materials for rapid
urbanization. Concrete is considered as one of the key ele-
ments in the social, economic, and infrastructural develop-
ment of human society. Ordinary Portland cement- (OPC-)
based concrete is one of the significant constructionmaterials
in the globe. Up to now, we are still dependent on cement
and concrete for the construction of many infrastructures
such as buildings, towers, roads, bridges, flyovers, tunnels,
industries, and river training works. Approximately 25 billion
tons of concrete are produced and consumed annually all
over the world. Cement consumption increased to 2.9 billion
tons globally in a year and is predicted to increase to 4
billion tons by 2020 [1]. An alternative technology for the
production of concrete without the use of cement does not
currently exist. OPC is an energy-intensivematerial after steel
and aluminum. OPC emits huge quantities of CO

2
gas to

the atmosphere, about 7% of global emission [2]. These phe-
nomena have necessitated the use of supplementary and/or

pozzolanic materials such as slag, fly ash (FA), and rice husk
ash (RHA) in cement and concrete manufacturing. However,
the use of pozzolanic materials, either natural, agricultural,
or industrial by-products, in the production of composite
cements has gained increasing interest because of various
ecological, economical, technical, and diversified product
quality reasons [3]. Sustainable concrete manufactured from
pozzolanic materials is one of the solutions recommended by
several researchers in the past few decades [2, 4, 5].

Pozzolans are fine materials that contain silica and/or
alumina. They do not exhibit any cementing properties
of their own, only in the presence of calcium oxide or
calcium hydroxide. Silica and alumina in pozzolans also
react and form cementitious materials [6]. Huge quantities
of pozzolanic materials are regularly produced as wastes in
every part of the world. All of these pozzolanic wastes are
usually discharged into ponds, rivers, and lagoons without
any commercial return. For instance, slag is a pozzolana
generated as industrial by-product from steel industries.
Approximately 100 million tons of slag is produced annually
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worldwide. However, only 35 million tons of slag is used and
the rest is disposed [2]. FA is another by-product generated
from coal-operated power stations. About 900 million tons
of FA is produced annually worldwide [5]. RHA is generated
as a waste from rice-processing mills. Approximately 110
million tons [7] of rice husk (about 20% of 550 million tons
of rice) and 16 million tons to 22 million tons of RHA are
produced globally. No potential and/or alternative uses have
been proposed for RHA. These wastes are not only account-
able for spending huge expenses for transportation and/or
removal but are also the cause of enormous environmental
pollutions.These pozzolanicmaterials contain a high amount
of silica and alumina in amorphous or crystal forms. Many
researchers have recommended the use of these pozzolans as
supplement of cement and as constituent of concrete because
of their engineering, technical, financial, and environmental
significance. The utilization of slag [8], FA [9], and RHA [10]
significantly improves the strength and durability of mortar
and concrete. A quaternary-blended cement was developed
by Lai [11] by using slag, palm oil fuel ash, RHA, and timber
ash with 66% OPC replacement, which was also used in
high-strength (100MPa to 120MPa), sustainable, and high-
performance concrete. Ehrenberg and Geiseler [12] reported
that in manufacturing blended cement, the inclusion of
slag and FA considerably reduces energy demand and CO

2

emission. Therefore, the use of pozzolans in cement and
concrete construction is a valuable and appropriate step
for solving or minimizing the important issues on CO

2

emission, sustainable concrete, environmental pollution, and
demand/consumption of cement.

Pozzolans were used as partial replacement of cement in
most of the past research. Some studies were conducted on
the production of geopolymer concrete [13–16]. Geopolymer
concrete is produced from aggregates with FA/slag that are
activated using highly concentrated sodium hydroxide with
sodium silicate (or potassium hydroxide with potassium
silicate).The curing process of geopolymer concrete is usually
performed at approximately 60∘C to 90∘C. Recently, Karim
et al. [17, 18] reported a preliminary investigation for the
development of an alternative cementitious binder by using
slag + FA [17] and slag + palm oil fuel ash + RHA with
only 5% sodium hydroxide [18] and calcium hydroxide by
weight of binder, separately. However, they did not investigate
the effects of types and contents (by weight and molar
concentration) of the activator and its different content on
the strength of the alternative cementitious binder. Con-
sidering all of these parameters, the current study inves-
tigates the possibility of developing a zero-cement binder
(Z-Cem) using slag, FA, and RHA through the mechanical
(i.e., grinding of materials) and chemical (using chemical
activators) activation technique. To activate these materials,
sodium hydroxide (NaOH), calcium hydroxide (Ca(OH)

2
),

and potassium hydroxide (KOH) were used by weight of Z-
Cem and by their molar concentrations.

2. Materials and Methodology

2.1. Materials. Ground granulated blast furnace slag, FA, and
RHA were used as raw materials. OPC type I was used to

compare the different properties of Z-Cem (i.e., physical,
chemical, binding, flow, compressive strength, morpholog-
ical, and microstructure). The slag was provided by a local
cement company. FAwas obtained fromKlang power station,
Selangor, Malaysia. RHA was produced using a special type
of furnace available at the concrete and structure laboratory
inUniversity KebangsaanMalaysia.The details of the furnace
were reported by Zain et al. [19]. Standard sandmanufactured
by Societe Nouvelle Du Littoral, France (certified by the
international organization of standardization) was used as
fine aggregate for the preparation of themortar. NaOH,KOH,
and Ca(OH)

2
flakes of analytical grade, which were used as

chemical activators, were obtained from Merck. Viscocrete
315 brand obtained from Sika Manufacturer was used as a
superplasticizer (SP) to increase and maintain a sufficient
flow for casting. The Viscocrete 315 is a high-range water
reducer based on polycarboxylate-ether (PCE). It is a low-
viscosity liquid that has been formulated by themanufacturer
for use as received. Drinking water that is available in the
concrete laboratory was used for the preparation of the
mortar and in curing purposes.

2.2. Tests on Materials. The physical and chemical properties
of the materials and those of Z-Cem were determined in dif-
ferent laboratories. The following tests and instruments were
used to examine several properties of materials: the fineness
of the materials was determined using an automatic Blaine
machine. The grain size of the materials was analyzed using
Malvern Mastersizer 2000. The amorphous or crystal phase
of the materials was examined using X-ray diffraction (XRD)
test. The chemical composition of materials was determined
using X-ray fluorescence (XRF) test with a Bruker brand
XRF machine. The morphological view and shape of the
particles of thematerials were examined by scanning electron
microscopy (SEM) analysis by using Supra 55 VP (ZEISS).

2.3. Preparation of Paste and Mortar Specimens. Table 1
presents five different mixing proportions of the raw mate-
rials (i.e., slag, FA, RHA, SP, activators, and sand) for the
development of Z-Cem. The fineness of Z-Cem was signif-
icantly improved by grinding RHA in a grinding machine.
However, slag and FA were used as received from the
industry. NaOH, KOH, and Ca(OH)

2
were used as chemical

activators. The water-to-binder ratio (W/B) was kept at 0.55
to obtain a reasonable flow for easily casting. The solution-
to-binder (S/B) ratio of the activator was kept as required to
maintain a constant flow of 110 ± 5% for the mortars. The
paste and mortar were mixed and prepared using a Hobart
mixing apparatus according to ASTM C305 specification
[20] via the two methods described below. The activators
were used by weight (%) of Z-Cem and by their molar
concentrations. Given that the same amount (%) of Ca(OH)

2
,

KOH, and NaOH produces different molar concentrations in
the same amount of water, we used them in the same molar
concentration.

2.3.1. Preparation of Mortar Using Activator by Weight. The
activators were used according to the weight of the Z-Cem
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Table 1: Materials used for the preparation of Z-Cem and OPC mortars (wt.%).

Binder Raw materials (%) SP Activators BSEN 196-1 ASTM C109
Slag FA RHA OPC W/B Sa/B S/B Sa/B

Z-Cem 1 60 40 0 0

According
to necessity

NaOH or
KOH or
Ca(OH)2

0.55 3.0
0.55
to
0.62

2.75
Z-Cem 2 55 35 10 0
Z-Cem 3 50 30 20 0
Z-Cem 4 40 30 30 0
Z-Cem 5 70 20 10 0
Cement 0 0 0 100 — — 0.50 3.0 0.50 2.75

binder (i.e., 2.5%, 5.0%, and 7.5%). The W/B, S/B, and sand-
to-binder (Sa/B) ratios are listed in Table 1. The required
activator was dissolved in water. Generally, Ca(OH)

2
dilutes

instantly, whereas KOH and NaOH need a little more time
to be diluted. The NaOH flakes were diluted within 60 ± 10
seconds. The Z-Cem mortars can be cast easily for a mini-
mum flow of 50%.Thus, to maintain a minimummortar flow
of 50% for easy casting, SP was used in various doses when
necessary. After dilution of the activator, all raw materials
(powder sample of Z-Cem, sand, chemical activator, water,
and SP) were mixed using a Hobart mixture machine based
on ASTM C305 [20] testing specification. Mortar prisms of
40mm × 40mm × 160mm in size were prepared according
to BS EN196-1 [21] testing procedure. Mortar specimens of
50 mm × 50 mm × 50 mm in size were also cast according to
ASTMC109 specification [22].Themortars were poured into
the moulds and were compacted using a mechanical shaking
table.

2.3.2. Preparation of Mortar Using Activator with Different
Molar Concentrations. The mortar was prepared using dif-
ferent molar concentrations of the activators. The activators
were produced at 1.0, 2.5, 5.0, and 7.5M before preparing the
Z-Cem mortar. Mortar cubes were cast according to ASTM
C109 [22] specification by using the required materials in
Table 1. The mortar was poured into the cube molds and was
uniformly compacted using a vibrator table. Finally, molds
of the Z-Cem mortars were opened after two days because
the specimens could collapse if immersed into water for less
than two days.Themortar specimens were then immersed in
a water tank at room temperature of 25 ± 2∘C for curing until
desired testing ages of 3, 7, 14, and 28 days.

2.4. Testing of Paste and Mortar. The consistency and setting
time of the pastes were determined according to ASTM C187
[23] and ASTM C191 [24] by using a Vicat apparatus. Mortar
flow spread test was performed using a flow table based on
the ASTM C1437 testing procedure [25]. The compressive
strength of the mortar was determined according to BS
EN196-1 [21] and ASTM C109 [22] testing procedures by
using a universal testing machine (unit test Sdn Bhd brand
with 1000 kN capacity). The mortar was also evaluated using
SEM and XRD analysis. To determine the types of chemical
bonding characteristics in the mortar, Fourier transform
infrared (FTIR) test was performed using a PerkinElmer
machine.

3. Results and Discussion

3.1. Properties of Materials. Various material properties such
as chemical composition, fineness, specific gravity, XRDanal-
ysis, SEM analysis, and strength are presented and discussed
below.

3.1.1. Chemical Composition. Table 2 presents the chemi-
cal properties of the materials. Among all materials, RHA
contains the highest amount of silica (87.55%). The loss on
ignition (LOI) is higher for FA but is less than 10%, as
mentioned in ASTM C618 [6]. The SO

3
content of these

materials is less than 4% based on the same standard, whereas
the SO

3
content is nearly 1% for Z-Cems. LOI falls within the

ASTM limit for all Z-Cem samples. Z-Cem has more than
double amounts of silica, three to four times of alumina, and
one-half to one-third part of the CaO content compared with
OPC. The sum of the major oxides (SiO

2
+ Al
2
O
3
+ Fe
2
O
3
)

of Z-Cems ranges between 50% and 70%, which is greater
than 50% (minimum) according to ASTM C618 for Class-C
pozzolan [6]. Thus, Z-Cem could be considered as Class-C
pozzolana.

3.1.2. Fineness. The particle sizes of the pozzolanic materials
and Z-Cem samples are also shown in Table 2. The average
particle sizes of slag, FA, RHA (ungrounded, UG), RHA
(grounded, G), and OPC are 14.87, 14.45, 8.80, 6.72, and
16.79 𝜇m, respectively.These results indicate that the slag, FA,
and RHA (G) have smaller particle sizes comparedwithOPC.
The materials have high specific surface areas (lower grain
size), except for FA. The slag has an extensively high specific
surface area of 1.155m2/cm3, which ismore than 1.5 times that
of OPC. All of the Z-Cem samples have an average particle
size of 10 ± 2 𝜇m. All of the Z-Cems also have fineness that
is 3.5 times greater than that of OPC. Z-Cems have specific
surface areas that are 2.5 times greater than that of the OPC
sample.

3.1.3. Microstructure of Materials. Figure 1 presents the SEM
images of the raw materials. The SEM image of the slag
shows square and diamond shapes, whereas the OPC sample
has box-type and stone-type shapes. FA, as received from
the industry, contains mostly spherical particles with rough
surfaces. The SEM image of RHA (UG) shows very porous
and spongy structures, which explain their high specific
surfaces.The particles of RHA (UG) are angular, cellular, and
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Table 2: Chemical and physical properties of the materials (wt.%).

(a) Chemical properties and oxide compositions (%)

Materials SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O P2O5 TiO2 MnO LOI
Slag 33.75 16.76 0.55 45.40 6.71 1.29 0.12 0.44 — — — 3.10
FA 58.95 20.24 5.18 3.04 0.52 0.48 0.14 1.32 0.65 1.08 0.12 3.16
RHA 87.55 0.39 0.20 1.03 0.67 0.57 0.05 2.85 1.31 0.02 0.07 3.14
OPC 20.94 4.63 4.46 67.17 2.53 2.98 0.04 0.15 — — — 1.29
∗Z-Cem 1 43.41 17.91 2.39 28.22 4.05 0.92 0.13 0.78 — — — 3.13
∗Z-Cem 2 47.59 16.12 2.12 25.92 3.78 0.89 0.13 0.98 — — — 3.12
∗Z-Cem 3 51.76 14.33 1.86 23.62 3.50 0.86 0.12 1.17 — — — 3.11
∗Z-Cem 4 57.23 12.73 1.82 19.22 2.93 0.80 0.11 1.41 — — — 3.11
∗Z-Cem 5 43.70 15.54 1.43 32.21 4.66 1.00 0.12 0.84 — — — 3.09
∗Calculated values.

(b) Physical properties

Specific gravity Grain size (𝜇m) Fineness (m2/gm) Specific surface area (m2/cm3) Pore volume (cm3/gm)
𝑑
10

𝑑
50

𝑑
90

Blaine BET
Slag 2.84 2.65 14.87 37.57 0.3935 1.98 1.155 0.00617
FA 2.42 3.27 14.45 64.33 0.3567 2.34 0.785 0.00444
RHA (UG) 1.96 1.99 8.80 38.75 0.5780 — 1.225 —
RHA (G) 2.09 1.66 6.72 29.20 0.6975 12.70 1.502 0.00674
OPC 3.15 3.34 16.79 47.37 0.2302 1.54 0.715 0.00312
Z-Cem 1 2.65 1.24 11.23 65.19 0.8529 — 1.83 —
Z-Cem 2 2.59 1.24 11.03 70.61 0.8507 — 1.87 —
Z-Cem 3 2.55 1.10 9.28 46.83 0.9309 — 2.03 —
Z-Cem 4 2.49 1.03 8.90 47.20 0.9503 — 2.09 —
Z-Cem 5 2.68 1.32 11.65 66.32 0.8326 — 1.80 —

spongy.The SEM image of grounded RHA (G) is presented in
Figure 1(d), which indicates that most plerospheres and large,
irregular-shaped particles of RHA samples were crushed into
smaller sizes after grinding. Therefore, Z-Cems produced
from these pozzolanic materials contain very irregularly
shaped particles with a porous cellular surface, which con-
sequently increases the fineness and surface area of Z-Cem.

3.1.4. Morphology of Materials. Figure 2 shows the XRD
patterns of the pozzolanic materials and OPC. RHA mainly
contains amorphous materials with a small quantity of
crystalline phase as cristobalite (high-temperature phase of
SiO
2
) and sylvite. The XRD pattern of the slag shows a

crystalline phase of amorphous silica. The XRD pattern of
FA shows that it is mainly composed of crystalline phases
such as quartz and mullite. Only a few small peaks could
be identified as crystalline silica, which is different from the
XRD patterns of the slag and RHA. The amorphous silica
present in these materials is responsible for the pozzolanic
activity. Similar observations have been reported by other
researchers [26, 27].

3.1.5. Strength Activity Index of Pozzolans. According to
ASTM C311, the strength activity index (SAI) is the ratio
between the compressive strength of a mortar containing
substitute materials 20% by mass of binder and the aver-
age compressive strength of a reference cement mortar at

a designated age [28]. The SAI of the raw materials (FA
and RHA) was determined according to this standard. Slag
activity index, which is defined as similar to the SAI, only
differs by 50% replacement of slag [29]. The compressive
strength of the mortar was determined according to ASTM
C109 [22]. The SAI of the materials was determined and the
results are presented in Table 3. The results show that the
SAI of slag is more than 100% for both 7 and 28 days. Thus,
slag is considered as grade 100 based on ASTM C989 [29]
classification. The SAI of FA mortars is just over 75% at 7
days; however, the value is over 88% at 28 days. Therefore,
FA is considered as class F according to ASTM C618 [6]
specification. The SAI of RHA (UG) is below 50% at 7 days
and more than 63% at 28 days. The SAI of RHA was low
because original and/or RHA (UG) were used in preparing
the testing mortar. Usually, the SAI of any pozzolans can be
improved by grinding or increasing their fineness, which can
easily be seen from Table 3. Thus, the SAI of RHA (G) is
much higher than that of RHA (UG) samples. Pozzolans can
be activated greatly by improving their fineness [10, 30, 31].

3.2. Consistency of Paste. According to ASTM C187, con-
sistency is defined as the amount of water required for
a paste to penetrate the Vicat testing needle (10mm in
diameter) by 10mm [23]. Table 4 provides the obtained
consistencies of OPC and Z-Cem pastes. Table 4 indicates
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(a) Slag (b) FA

(c) RHA (UG) (d) RHA (G)

(e) OPC

Figure 1: SEM images of the used materials.

Table 3: Strength activity index of pozzolans.

Materials Strength activity at 7 days Strength activity at 28 days
Activity index ASTM requirement Activity index ASTM requirement

Slag 100.44 95 for 120 grade 103.88 95 for 100 grade
FA 75.36 75 for Class F 88.07 75 for Class F
RHA 48.58 — 63.04 —
RHA (G) 86.76 — 101.61 —

that the consistency of OPC is 30.5%, whereas that of Z-Cem
pastes show increased values. Z-Cem pastes, as obtained
from the slag, FA, and RHA, show a higher consistency (or
more water demand) compared with OPC. The consistency
for Z-Cem pastes varies between 32.5% and 42.5%. The Z-
Cem paste possesses more consistency because of the porous
and spongy particles of RHA (Figures 1(c) and 1(d)), more
voids in the particles, and greater fineness of Z-Cem. Usually,

consistency increases for any blended paste of pozzolan with
OPC. Ganesan et al. [32] reported that the consistency of
RHA-blended pastes gradually increases with the addition
of RHA. A similar finding was also reported by Cheerarot
and Jaturapitakkul [33]. They claimed that the consistency of
FA-blended paste is higher than that of OPC. Therefore, the
greater consistency of the paste of Z-Cem (as produced from
the blended materials of slag, FA, and RHA) is rational.



6 Advances in Materials Science and Engineering

Table 4: Consistency and setting time of Z-Cem and OPC.

Binder Normal consistency (%)
Setting time (h:min) with 5% activators

Initial Final
Ca(OH)2 KOH NaOH Ca(OH)2 KOH NaOH

Z-Cem 1 32.5 5:45 1:50 0:21 8:10 3:40 1:30
Z-Cem 2 35.8 7:10 3:40 0:42 — — 2:20
Z-Cem 3 39.0 — — 0:50 — — 3:15
Z-Cem 4 42.5 — — 1:10 — — 3:40
Z-Cem 5 33.5 6:05 2:05 0:30 8:40 4:20 2:05
OPC 30.5 2:35 5:25
—: not determined exactly because setting time is more than 12 hours.

In
te

ns
ity

5 10 20 30 40 50 60 70

2𝜃 scale

RHA

Slag

OPC

FA

Figure 2: XRD patterns of the used materials.

3.3. Setting Time of Paste. The initial and final setting times
of OPC and Z-Cem pastes are presented in Table 4. The
setting time of Z-Cem is lesser when slag and FA are used
but increases when RHA is added to Z-Cems (for Z-Cem 2,
Z-Cem 3, Z-Cem 4, and Z-Cem 5). The initial setting time
of OPC pastes is 155min.The initial setting time of 30% RHA
(Z-Cem4) is the highest among all of the Z-Cembinders.The
final setting time also increases for Z-Cem 4.The final setting
times of Z-Cempastes arewithin theASTMC150 limit for the
final setting time of OPC (≤375min) [34]. An excess amount
of silica increases the strength of the cement but prolongs its
setting time. Larger quantities of alumina quicken the setting
time but weaken the cement [35]. For the same reasons,
among all of the Z-Cem pastes, Z-Cem 1 sets early because
of the larger amount of alumina and lesser amount of silica.
By contrast, Z-Cem 4 takes a longer time to set because it has
more silica content and less alumina (as shown in Table 2).
Although Z-Cems contain higher silica contents than that
of OPC, Z-Cems set earlier than OPC. The setting time of
Z-Cem is not only affected or controlled by its silica and
alumina contents but also by the amount/concentration of the
activator. Even though the same amount of activator was used
in all of the Z-Cem pastes, the concentration of the activator
was reduced for Z-Cem 2, Z-Cem 3, Z-Cem 4, and Z-Cem 5
becausemore amount of water was used (i.e., greater values of
normal consistency of Z-Cem 2, Z-Cem 3, Z-Cem 4, and Z-
Cem 5). Therefore, the setting times of Z-Cem 2, Z-Cem 3,

Z-Cem 4, and Z-Cem 5 gradually increase. The coarser
particle size of FA and the spongy particle size of RHA could
be the reasons for the longer setting time of the paste because
they absorb more amount of water (can be seen from the
normal consistency data), thereby resulting in the delay of
the hydration process. Usually, smaller-sized particles react
quickly than coarser particles.Thus, particles with a diameter
between 1 and 10 𝜇m will react within 1 day and 1 month,
respectively, whereas particles over 50 𝜇mwill not completely
react with the presence of sufficient amount of water [36].The
setting time of FA-blended paste increases compared with
that of OPC [37]. Among the activators, NaOH contributes to
the earlier setting of the Z-Cem because of its smaller cation
(Na+) compared with the other activators.

3.4. Flow of Mortar. Tables 5 and 6 show the measured flow
of the mortar in different Z-Cem mixes and OPC in which
the mortars were prepared according to BS EN196-1 [21] and
ASTM C109 [22] testing standards, respectively. The flow
value of themortars depends on various factors includingmix
proportion, fineness of Z-Cem, amount of used SP, and types
of activators. The flow value of the OPC mortar is over 80%
without SP. For the utilization of NaOH, the flow decreases
for Z-Cems 3 and 4 mortars, even though SP was added in
the mortars. Although 3.5% SP was used in Z-Cem 4, its
flow is less compared with those of other Z-Cems and OPC
mortars. The lesser flow rate of the Z-Cem mortar is due to
more water demand from slag, FA, and RHA, which were
used in preparing Z-Cem. To maintain a constant flow of
110 ± 5%, the highest amount of the activator’s solution and
SP are required with the use of NaOH, whereas Ca(OH)

2
and

KOH require less amount of solution. Similar observation has
been reported in the literatures for mortar [38] and paste [39]
prepared with potassium-based activators, which exhibits
greater flow compared with those prepared with sodium-
based activator. The lesser flow of mortar containing NaOH
may be caused by the following reasons:

(i) among the activators, NaOH has the smallest cation
(Na+), which may attract the molecules/constituents
of the binder and the mortar and, consequently,
reduce the flow of mortar;

(ii) the lower flow tendency and the higher water demand
are due to the porous and spongy nature of these
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Table 5: Flow and SP requirements for 0.55W/B ratio with Sa/B ratio of 3.0.

Binder SP (%) Flow (%) for using 5% activators by wt. of binder
Ca(OH)2 KOH NaOH

Z-Cem 1 1.0 79 78 73
Z-Cem 2 1.0 68 59 51
Z-Cem 3 2.5 62 58 48
Z-Cem 4 3.5 74 70 58
Z-Cem 5 1.0 80 76 71
OPC 0.0 81

Table 6: Activator’s solution and SP requirement to maintain constant flow (110 ± 5%).

Binder 2.5MCa(OH)2 solution 2.5MKOH solution 2.5MNaOH solution
B/S SP (%) Flow B/S SP (%) Flow B/S SP (%) Flow

Z-Cem 1 0.55 4.0 113 0.58 4.0 109 0.62 4.2 112
Z-Cem 2 0.55 4.2 111 0.58 4.2 108 0.62 4.3 106
Z-Cem 3 0.55 4.5 106 0.58 4.4 113 0.62 4.5 109
Z-Cem 4 0.55 4.7 110 0.58 4.6 108 0.62 4.8 105
Z-Cem 5 0.55 4.2 108 0.58 4.0 107 0.62 4.2 106
OPC Flow – 107, SP 0.0%

materials (particularly for RHA) and the higher fine-
ness or larger surface area; thus, more amount of
water is required. Several researchers have reported
that more amount of water is required to obtain the
desired consistency; a lower flow ability is common
among pozzolans [40, 41].

3.5. SP Requirement of Mortar. The amounts of SP are
presented in Tables 5 and 6. Table 5 indicates that the Z-
Cem mortar requires more SP. Moreover, SP requirement is
varied for different Z-Cem mortars. This result could be due
to the high fineness and porous surface of FA and RHA. In
the Z-Cem mortar, SP requirement is greatly influenced by
RHA content and the activators. For example, with NaOH,
Z-Cem 1 (60% slag, 40% FA, and 0% RHA) shows 73% flow
with 1% SP, whereas Z-Cem 4 (40% slag, 30% FA, and 30%
RHA) provides 58%flowwith 3.5% SP. Table 6 presents the SP
content required for the mortar prepared with 2.5M solution
tomaintain a constant flow of 110±5%, as specified in ASTM
C109 [22]. The results show that compared with KOH and
NaOH, Ca(OH)

2
produces a constant flow (110 ± 5%) with

less S/B and SP content for the same Z-Cem mortar (i.e.,
Ca(OH)

2
requires less amount of solution and SP). Thus,

the flow of the Z-Cem mortar is also greatly influenced by
different activators. Among the three activators, Ca(OH)

2

possesses the highest flow ability. Given the application of
molar-concentrated solution, SP requirement also increases
within creasing RHA content (i.e., Z-Cem 2 to Z-Cem 5).
Pozzolanic materials require greater amount of SP [41, 42].

3.6. Compressive Strength of Mortar. The compressive
strengths of Z-Cem mortars are significantly influenced by
the amount, type, and concentrations of activators, as dis-
cussed below.

3.6.1. Strength of Mortar as Influenced by Amount of Acti-
vators. To investigate the effect of the amount of activators
(by weight of binder) on the strength of the mortar, Z-Cem
4 with three different activators was used because this mix
gives the best compressive strength (Table 7). Mortar cubes
were cast according to ASTM C109 [22]. Figure 3 presents
the compressive strengths of the mortar with different acti-
vator contents. The figure demonstrates that when the same
amount of activators was used, the strength of the Z-Cem
mortar is less with Ca(OH)

2
, whereas KOH and NaOH give

better results.The rate of strength development of the Z-Cem
mortar with KOH is slow compared with those of Ca(OH)

2

and NaOH at early ages, up to 7 days. It could be expected
that there would be a retardation of reaction kinetics due to
the utilization of potassium-based activator [38].

Due to the wide range of factors affecting the mechanical
strength of the alkali activated binders and/or geopolymer,
and the physical and chemical differences of the materials
(slag, fly ash, metakaolin, and activators) and curing temper-
ature used in the different researches, it is difficult to make
direct comparison between strengths and other properties
reported by the various authors. However, considering the
relationship between the strength with molarity of activators
and the types of activators, obtained results of this study
have been compared with the others research findings in the
relevant sections.

Figure 3 shows that Z-Cem achieves lesser strength at
lower doses of activators (2.5%). A lower amount (2.5%) may
not be sufficient to activate all of the molecules of Z-Cem.
Besides, no significant effects on the strength development
are observed with the addition of higher amount (7.5%) of
Ca(OH)

2
and NaOH. The strengths of the mortars were

almost the same for doses of 5.0% and 7.5% of the activators.
However, at a dose of 7.5%, KOH imparted the highest
strength to the Z-Cem mortar at 28 days but shows reduced
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Table 7: Strength of mortar as influenced by types of activators.

Mortar Activators (5% by weight) Compressive strength (MPa) at different ages
3 days 7 days 14 days 28 days

Z-Cem 1
Ca(OH)2 — 2.61 6.59 18.10
KOH — 4.66 5.45 20.26
NaOH 9.21 13.25 18.12 22.12

Z-Cem 2
Ca(OH)2 — 2.38 5.60 6.10
KOH — 3.32 6.20 26.35
NaOH 10.24 14.65 20.12 28.32

Z-Cem 3
Ca(OH)2 — 5.22 10.42 13.35
KOH — 15.20 22.55 30.60
NaOH 12.12 16.22 21.23 33.12

Z-Cem 4
Ca(OH)2 — 5.50 13.76 20.65
KOH — 9.53 19.10 27.46
NaOH 13.87 20.12 34.15 42.24

Z-Cem 5
Ca(OH)2 — 6.30 12.70 14.90
KOH — 12.40 28.21 30.52
NaOH 10.12 14.12 26.13 30.22

OPC — 24.94 30.32 35.08 44.08
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Figure 3: Compressive strength of mortar (Z-Cem 4) as influenced by amount of activators.

strength at 90 days. The strength of the mortar remains the
same or decreases, which is most probably due to the excess
amounts of activators that did not participate in the chemical
reaction or weak intrabonds that have formed between them.
These weak bonds may collapse at prolonged periods of time.

3.6.2. Strength of Mortar as Influenced by Types of Activators.
To investigate the effect of different types of activators on
the strength of the Z-Cem mortar, mortar prisms were cast

according to BS EN196-1 [21] standard. Table 7 presents
the compressive strengths of Z-Cem mortars with different
activators at various ages of mortar. Although 7.5% KOH
imparts the best strength to the Z-Cemmortar, it develops the
strength of themortar very slowly at an earlier age.Therefore,
activators were used by 5% weight of binder because this
percentage of activators (NaOHandCa(OH)

2
) imparts better

strength to the Z-Cem mortar (Figure 3). Table 7 shows that
the strength development of the Z-Cem mortar is slow at
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Figure 4: Strength of mortar (Z-Cem 4) for different concentrations of activators.

an early age (3 days), particularly for Ca(OH)
2
and KOH,

but it is considerable for the same amount of NaOH (5%
weight of binder). Z-Cem 4 achieves the highest compressive
strength (42.24MPa at 28 days) with NaOH. The strength
development of Z-Cem mortars with NaOH is similar to
that of OPC, in which a reasonable strength is achieved at
early and later ages. The Z-Cem 1 mortar has lesser strength
compared with the OPC mortar. The compressive strengths
of the Z-Cem 4 mortar at 3 and 7 days are greater than those
specified in ASTM C150 (the minimum strength of OPC
type I cement is 12.0 and 19.0MPa at days 3 and 7, resp.)
[34]. The Z-Cem mortars achieve considerable strengths
because of greater fineness, which is an important property
in increasing the strength of the mortar and the chemical
action of activators. The grinding technique of slag and RHA
could be demonstrated as a kind of mechanical activation
for Z-Cem. Thus, grinding and the particle size of pozzolans
are vital factors in increasing the strength of the mortar.
Kiattikomol et al. [43] reported that a mortar with 20% OPC
replacement had greater strength with higher fineness of FA.
A comparable strength was found in other studies where
greater finenesswas observed in groundedRHA.OPCmortar
and concrete with finer RHA were reported to have better
strengths [10, 31, 44]. However, in the present study, the
strength of the Z-Cem 1 (without RHA) mortar is less but
increases with the presence of RHA (for Z-Cem 2, Z-Cem
3, Z-Cem 4, and Z-Cem 5). RHA might function as another
activator for Z-Cem. Therefore, the developed strength of Z-
Cem may be due to the following combined reasons:

(i) better strength which was observed because of the
presence of more silica in Z-Cem. Thus, Z-Cem 4
achieves the highest compressive strength because of
its greater silica and lesser alumina contents [35] that

can be seen from the oxide composition of Z-Cem
(Table 2);

(ii) the chemical cross-linking action of RHA;

(iii) the grinding effects of materials that lead to the
increase in surface area or greater fineness of Z-Cem;

(iv) effect of the binary or ternary blends of pozzolans
in Z-Cem, because Joshi and Kadu [45] reported
that FA-based geopolymer concrete (activated by
12M–14M NaOH solution) achieves a compressive
strength of 14MPa due to heat curing at 75∘C for
24 hours. Ravikumar et al. [46] also found that FA-
based geopolymer concrete (activated by 8M NaOH
solution) achieves a compressive strength of 29MPa
due to heat curing at 75∘C for 48 hours;

(v) chemical action of NaOH, Ca(OH)
2
, and KOH.

The strength development rate of the Z-Cem mortar is faster
with NaOH, followed by Ca(OH)

2
and KOH at an early age

of up to 14 days. Thus, NaOH contributes to gain strength
quickly which is similar argument as reported by Oh et al.
[16] and Fernandez-Jimenez et al. [47]. This result may
be due to the following reasons: (i) among the activators,
NaOH has the smallest cation (Na+), which may attract
the molecules/constituents of the binder and the mortar,
and consequently increase the intrabond of molecules in the
mortar. To obtain better strength, a similar argument was
reported by Pimraksa et al. [48] where they utilized NaOH.
Rodŕıguez et al. [38] have reported that mortars produced
with sodium-based activator present higher strength than
those with potassium-based activator. Table 7 also indicates
that with the same amount of the activator (5% by weight),
NaOH contributes to the development of the highest strength
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Z-Cem 1 Z-Cem 2

Z-Cem 3 Z-Cem 4

Z-Cem 5 OPC

Figure 5: SEM images of OPC and Z-Cem mortars at 28 days of curing age.

of mortar among the activators. Therefore, to obtain a rea-
sonable strength of the Z-Cem mortar, the use of grounded
pozzolans with NaOH activator is the best technique.

3.6.3. Effects of Concentration of Activator onMortar Strength.
To investigate the effects of the concentration of activators
on the strength of the mortar, Z-Cem 4 was considered
because it has the highest compressive strength. Mortar
cubes were prepared according to ASTM C109 [22]. The
compressive strengths of those specimens are presented
in Figure 4. The figure shows that strength of mortar is
influenced significantly by the concentration of activators
which is similar conclusion reported by other researchers
[46, 49]. However, the strength of the mortar is less when
Ca(OH)

2
is used with different concentrations. By contrast,

the strength of the Z-Cem mortar is better with different
molar concentrations ofKOHandNaOH.The rate of strength

development of the Z-Cemmortar is slow forKOHcompared
with those of Ca(OH)

2
and NaOH at early ages, up to 7

days and concentrations of 1.0 and 2.5M. Rodŕıguez et al.
[38] claimed that a retardation of reaction kinetics occurs
due to the utilization of potassium-based activator. The
higher concentrated solutions (over 5.0M concentrations) of
activators are insignificant in increasing the strength of the
Z-Cem mortar, even though the strength of the mortar was
reduced for 5.0 and 7.5M activators. This result may be due
to following causes:

(i) a lower concentration (1.0M) may not be sufficient to
activate all of the molecules of Z-Cem;

(ii) for a higher molarity (5.0 and 7.5M), excess amounts
of activators remain without forming weak intra-
bonds inside the Z-Cem mortar. Residual activators
or weak bonds of activators may collapse when the
mortar is immersed in water for curing. As a result,



Advances in Materials Science and Engineering 11

the strength of the mortar remains the same or
decreases.

The Z-Cem mortar achieves the highest strength with 2.5M
activators. Therefore, based on experimental results, NaOH
contributes in developing the highest strength of the Z-Cem
mortar with 2.5M solutions at all ages.

The strength of the mortar was determined using two
testing methods (ASTM C109 and BS EN196-1). These two
differentmethodswere used to observe the effect of fixedW/B
ratio and fixed flow on the strength of the Z-Cem mortar.
Thus, the flow of the mortar was also determined using
those methods. For a particular Z-Cem, no significant or
remarkable strength variation is observed because of the fixed
W/B ratio and flow. No more specific reasons are available
to determine strength of mortar by using the two testing
methods.

3.7. SEM Observation of Mortar. The SEM images of OPC
and Z-Cem mortars at 28 days of curing are presented
in Figure 5. SEM images of Z-Cem exhibit honeycomb
type heterogeneous gel structure with embedded varying
morphologies associated with hollow cavities, the same as
geopolymer structure. A similar argument has been reported
by Rodŕıguez et al. [38] for the alkali activated binder. In
Figure 5, large differences in the microstructures of OPC and
Z-Cem mortars are observed. The microstructures of the Z-
Cem mortars change from large pores and/or honey combs
to homogeneous small pores because of the increase in RHA
content. Z-Cem 1 does not contain RHA, whereas Z-Cem 2,
Z-Cem 3, Z-Cem4, and Z-Cem 5 contain 10%, 20%, 30%, and
10%RHA, respectively.With the increase in RHA content, the
pores in Z-Cem are reduced and confined. Spherical shape of
FA particles (Figure 1(b)) could be another reason to densify
themicrostructure of Z-Cemmortars.Therefore, the strength
development of the Z-Cem mortars is not only dependent
on the chemical activator but also related to the amount of
RHA and FAwhich contribute to the increase in silica content
(Table 2). Fine particles of RHA, slag, and spherical particles
of FA fill the small pores of Z-Cem and consequently increase
the density of the mortar, which also leads to the increase in
the compressive strength of the Z-Cemmortar.The existence
of ettringite is observed in the SEM image of OPC, whereas
ettringite is absent in the SEM images of the Z-Cemmortars,
it contains sponge-type gel structure. Therefore, the strength
development processes of Z-Cem andOPCmortars are likely
not similar.

3.8. XRD Analysis of Mortar. Figure 6 presents the XRD
patterns of the OPC and Z-Cemmortars at 28 days of curing.
TheZ-Cemmortars containmainly crystallinematerials with
a small quantity of amorphous phase. The XRD patterns of
the Z-Cem mortars also indicate that the mortars mainly
contain silica in different forms. The Z-Cem mortars show
peaks of silica, quartz, and syngenite at angles of 21∘, 27∘,
and 38∘ at 2𝜃. Aluminum sulfate hydrate and albite peaks
are observed in the Z-Cem 1 and 4 mortars at angles of 24∘
and 28∘, respectively, at 2𝜃. By contrast, the peak of calcite is
observed in the OPC samples at angles of 28∘ at 2𝜃. Ca(OH)
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Figure 6: XRD pattern of the mortars at 28 days of curing age.

peaks are found in the OPC samples at angles of 18∘, 34∘, and
51∘ at 2𝜃.Therefore, the peaks of OPC and Z-Cemmortars are
alike throughout the analyzed angles with little dissimilarity.

3.9. FTIR Analysis of Mortar. To identify the chemical bonds
in the molecules, FTIR analysis was performed in OPC and
Z-Cem mortars. Figure 7 presents the results of the FTIR
analysis. The characteristic bands were observed in Z-Cem
1 at wavelengths of 3958, 3822, 3724, 3625, 3478, 3371, 3103,
2996, 2750, 2663, 2452, 2367, 2275, 2159, 1949, 1818, 1454,
1366, 1118, 1029, 851, 648, and 420 cm−1. Whereas OPC shows
characteristic bands at wavelengths of 3942 3827, 3703, 3618,
3463, 3274, 3177, 2972, 2751, 2654, 2557, 2450, 2357, 2133,
1938, 1816, 1516, 1437, 1295, 1218, 1117, 1020, 873, 646, 566, and
414 cm−1. Almost the same wavelengths were observed for Z-
Cem 3, 4, and 5mortars.The band at 3822 cm−1 or 3625 cm−1
may be due to the presence of calcium hydroxide. The band
near 3625, 3478, and 3371 cm−1 (3300 cm−1 to 3640 cm−1)
has been reported to be mainly due to the hydrogen bond
vibration in either H-OH or Si-OH groups [50, 51]. The
absorption at bandnear 1600 cm−1maybe due to the presence
of free water molecules, which indicates that water molecules
are freely absorbed in the cement pores or are attached on
the surface of calcium silicate hydrate (C-S-H).The band near
1440 cm−1 ismost probably due to the presence of a carbonate
(CO
3

2−) group. The broad band ranging from 950 cm−1 to
1200 cm−1 is due to the existence of aC-S-H structure (band at
3450 and 1600 cm−1 represent C-S-H). The band at 984 cm−1
may be due to the presence of a Si-O bond (i.e., sodium
metasilicate (Na

2
SiO
3
⋅5H
2
O)) [52]. Bands at approximately

880 cm−1 are due to the presence of calcite. The bands at
648 cm−1may be due toAl-O vibrations of aluminatemineral
components. The bands near 420 cm−1 may be due to the
existence of a Si-O bond. Similar observations have also
been reported in past studies [50, 51]. Therefore, most of the
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Figure 7: FTIR data of OPC and Z-Cem mortars.

molecules in the Z-Cemmortar are observed to have a silica-
hydrate (Si-H) bond with sodium or other inorganic metals
(i.e., sodium/calcium-silica-hydrate-alumina gel).

4. Conclusions

Based on the overall test results, the following conclusions are
drawn from this study.

(i) Slag and FA contain moderate amounts of SiO
2
,

whereas RHA has a high percentage of SiO
2
. Z-Cem

(combination of slag, FA, and RHA) contains over
50%major oxides (SiO

2
+Al
2
O
3
+Fe
2
O
3
). As a result,

Z-Cem functions as a binder with the presence of
chemical activators such asNaOH, KOH, or Ca(OH)

2

at an ambient temperature.
(ii) Slag, FA, and RHA could be used as Z-Cem binders

with the presence of a chemical activator provided
that these materials should be processed properly
while maintaining a high fineness value (combined
Blaine fineness should be more than 8000 cm2/gm).

(iii) Z-Cem shows a reasonable consistency and setting
time. The initial and final setting times of Z-Cem 4
(slag 40%, FA 30%, and RHA 30%) with 5% NaOH
are 70 and 220min., respectively.The flow value of the
mortar of Z-Cem is satisfactory with the presence of
SP.

(iv) The strength of the Z-Cem mortars is significantly
influenced by the amount, molar concentration, and
type of activators. When the same amount or molar
concentration of activators is used, NaOH contributes
in achieving the highest strength of the Z-Cem
mortar, except 7.5% KOH.

(v) The mortar of Z-Cem 4 with NaOH has the highest
strength. A minimum of 2.5% and/or 1.0M solution
of NaOH is required to obtain reasonable strength,
which is more than 25MPa at 28 days. NaOH could
be used by 5% weight of binder or 2.5M solution to
obtain better and acceptable strength of more than
42MPa at 28 days. The utilization of an activator of
more than 5% by weight of binder or over 5.0M is

insignificant to increase the strength of the Z-Cem
mortar.

(vi) The FTIR results reveal that molecules in the Z-Cem
mortar are connected and linked with a silica-hydrate
(Si-H) bond with sodium or other inorganic metals
(i.e., sodium/calcium-silica-hydrate-alumina gel).

(vii) The test results ensure that Z-Cemcould be developed
using locally available slag, FA, and RHA combined
with the chemical activator. If slag, FA, and RHA are
used as supplement for cement, the demandof cement
should be reduced. Therefore, these materials can be
consumed properly as Z-Cem binders that could also
be used as sustainable binders in the near future.
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Composites of nanostructure zinc oxide (nano-ZnO) and bamboo charcoal (BC) were successfully prepared via impregnation-
precipitation method. The products were characterized by XRD, SEM, and EDS. Rhodamine B (RhB) and acid fuchsin (AF) were
selected as the organic dyes of photocatalysis degradation under the irradiation of ultraviolet light (UV). The influence of particle
size of BC, irradiation time, pH value of the solution, and additive amount of H

2

O
2

on removal of the dyes has been studied.
The results show that smaller particle size of BC in the composites has a better removal effect. The composites possess the highest
removal capacity for RhB and AF under the conditions of pH = 2 and pH = 5.4, respectively. The optimum additive amount of
H
2

O
2

for 5mL RhB and AF was 0.050mL and 0.1mL, with a removal rate of 93% and 99%, respectively.

1. Introduction

Nano-ZnO is considered to be one of the most promising
highly active photochemical catalysts for its advantages such
as high efficiency, energy saving, cleaning, nontoxicity, and
no secondary pollution [1]. In the past few years, the study
on its preparation method and catalytic performance has
been one of the hot areas of research activities [2–4]. The
photocatalysis mechanism is that, under irradiation of light,
ZnO is emitted to produce a large number of electron-hole
pairs in which the electrons have strong reducibility and
the holes have strong oxidizability. Due to the oxidation of
OH- and H

2
Omolecules by the holes, highly active hydroxyl

free radicals (∙OH) with strong oxidizability generate. Sub-
sequently, organics are oxidized by ∙OH and ultimately
degraded into CO

2
, H
2
O, and other nontoxic inorganic small

molecules [5]. At present, photocatalysis applications of ZnO
concentrated on the sewage treatment and removal of interior
organic contaminants [6, 7]. Most of the organics in the water
can be oxidized and removed, including chloroform, carbon
tetrachloride, and trichloroethylene, which are difficult to
eliminate through traditional water treatment methods. In
addition, heavy metal ions in the water can also be reduced

by the electrons in the conduction band without affecting
the beneficial mineral elements for human beings [8–10].
However, actual applications of powdery nanometer oxide
photocatalysts are limited due to some disadvantages such
as low light utility efficiency, difficulties in separation, and
recovery [11]. Further researches will focus on development
of novel nano-ZnO material which is easier to commercially
produce accompanied with lower energy consumption and
higher photocatalytic activity.

Bamboo charcoal (BC) prepared from pyrolysis of bam-
boo presents a porous structure with a surface area of
360m2/g and even 1000m2/g if further treated, which is 2–
5 times higher than that of the ordinary carbon [12]. Owing
to the specific structure characteristics, BC exhibits strong
adsorption performance to many kinds of contamination in
air and water, and thus it can be applied in air purification,
sewage filtering, and food preservation as a new functional
material [13–15]. However, BC is unsuitable to be used alone
as an adsorbent because of the secondary pollution caused by
the incomplete removal of pollutants. Besides, its adsorption
performance will decrease gradually as time goes on.

With synergistic reaction of absorption of BC and
catalytic degradation of nanophotocatalysts, study of
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nanomodified BC is believed to make good sense [16].
Chuang et al. [17], Zhou et al. [18], and Zhang et al. [19]
have reported that nano-TiO

2
modified BC has a good

photocatalysis performance to lots of organic pollutants.
However, as one of the most common semiconductor
photocatalysts as TiO

2
, researches on nano-ZnO modified

BC are very few. In fact, ZnO has a better photocatalysis
performance than TiO

2
under specific conditions [20–22].

As an efficient photocatalyst, ZnO would likely replace TiO
2

in the future owing to the same band-gap energy, similar
photocatalytic mechanism, and lower cost [23]. Our previous
research showed that ZnO/BC composites prepared via
impregnation-precipitation method have a good removal
rate of methylene blue by more than 95% [24]. Rhodamine-B
(RhB) and acid fuchsin (AF) are commonly used organic
dyes in industry of spin printing and dyeing and biomedicine
study. Due to the high concentration in the effluents and
the higher stability of these modern synthetic dyes, the
conventional biological treatment methods are ineffective for
the complete removal and degradation, which are harmful to
the environment and hazardous to human health. Therefore,
the further study on the removal of another two basic organic
dyes, RhB and AF, was carried out.

2. Materials and Experiments

2.1. Reagents and Materials. In this paper, the following
chemicals were used: zinc oxide (ZnO, AR, ShanTou West
Long Chemical Co., Ltd.); polyethylene glycol-6000 (PEG-
6000, CP, Shantou West Long Chemical Co., Ltd.); sodium
hydroxide (NaOH, AR, Guangdong Guanghua Chemical
Factory Co., Ltd.); absolute ethyl alcohol (C

2
H
5
OH, AR,

TianjinDamaoChemical Reagent Factory); bamboo charcoal
(BC, Jiangmen Jinrong Household Products Co., Ltd.);
rhodamine B (RhB, AR, Tianjin Institute of Chemical
Reagents); acid fuchsin (AR, Shanghai SSS Reagent Co., Ltd.);
hydrochloric acid (HCl, 36–38%, AR, ShanTou West Long
Chemical Co., Ltd.); and hydrogen peroxide (H

2
O
2
, 30%, AR,

ShanTou West Long Chemical Co., Ltd.). Distilled water was
used throughout the experiments.

2.2.Modification of BC by ZnONanoparticles. BC ismodified
by nano-ZnO via impregnation-precipitation method [25].
That is, BC as a carrier is soaked in soluble zinc salt solution
for a period of time so that Zn2+ can be absorbed on the
surface of BC adequately. Then NaOH as the precipitation
agent is added into the solution to form precipitation with
the absorbed Zn2+. Under the heating conditions, nano-ZnO
generated and loaded on surface of BC.

In a typical experiment, BC was ground into powder and
sieved to various particle sizes: 250–550𝜇m, 120–250𝜇m, 75–
120𝜇m, and less than 75𝜇m. 0.5 g as-prepared BC powder
was dispersed in 30mLmixed solution containing 0.2 g PEG-
6000 and 0.086 g ZnSO

4
⋅7H
2
O with distilled water as a

solvent and stirred for 4 h. Then 20mL NaOH (0.03mol/L)
was added dropwise into above mixture and kept on stirring
for 8 h. Next, the mixture was kept at 80∘C for 50min. After
cooling, the products were filtered and washed repeatedly
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Figure 1: XRD pattern of the nano-ZnO/BC composites.

with distilled water until pH = 7. The final composites were
obtained by drying at 80∘C for 12 h.

2.3. Characterizations. The XRD patterns were recorded via
X-ray diffractometer (Netherlands PANalytical Company).
The SEM images were acquired on JSM-6380LV scanning
electron microscope (NEC Electronics Corporation). Ele-
mental analysis was taken by an OIMS energy dispersive
X-ray spectroscopy and UV-VIS was tested on UV-3600
ultraviolet-visible spectrophotometer (Shimadzu Corpora-
tion) at a range of 200 nm to 800 nm.

2.4. Removal of the Organic Dyes by Nano-ZnO/BC Compos-
ites. 2mg/L RhB and 20mg/L AF solution were prepared
firstly. Then 0.1 g nano-ZnO/BC composites were added into
5mL as-prepared organic dyes and the formed suspension
system was irradiated by UV (𝜆 = 254 nm). After spe-
cific time, the liquid phase was separated by centrifuging
(10000 r/min) and the absorbance was detected by UV-VIS.

According to Lambert-Beer’s law [26], the removal rate of
the dyes is calculated by the following formula:

Removal rate (%) =
𝐶
0
− 𝐶

𝐶
0

× 100% =
𝐴
0
− 𝐴

𝐴
0

× 100%.

(1)

In this formula,𝐶
0
and𝐶 are defined as the initial concen-

tration of the dyes and the concentration after photocatalysis
reaction. 𝐴

0
and 𝐴 are defined as the initial absorbance and

the absorbance after photocatalysis reaction.

3. Results and Discussions

3.1. Structure Analysis. Figure 1 shows the XRD patterns of
the ZnO/BC composites. Two broad peaks appearing around
24∘ and 43∘ indicate the typical peaks of amorphous carbon
with noncrystalline structures. Typical characteristic peaks
of ZnO can be observed on the diffraction patterns, which
correspond to the (100), (002), (101), (102), (110), (103), (112),
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Figure 2: SEM images (a), (b) and EDS spectrum (c) of the nano-ZnO/BC composites.

and (004) planes in the reference PDF card (JCPDS 89-0511).
The XRD result suggests that BC is a typical amorphous
carbon and ZnO is assigned to hexagonal zincite structure.

3.2. Morphology and Component Analysis. The SEM images
and the EDS analysis of the composites are shown in Figure 2.
Figure 2(a) illustrates that BC presents a typical honeycomb
structure with a large number of macropores with the
diameter of 1–15 𝜇m on the cross section. Figure 2(b) reveals
that ZnO particles aremostly less than 50 nm in diameter and
some are aggregated because of the high surface energy. The
EDS result in Figure 2(c) shows that, besides Cu introduced
by sample stage, O and Zn are mainly detected and the
calculated atom ratio is close to 1 : 1. A small amount of S may
derive from BC.

3.3. Photodegradation Studies of the Organic Dyes

3.3.1. Effect of Particle Size of BC. Table 1 presents the influ-
ence of particle size of BC on the removal of the organic
dyes under UV for 15min. The removal rates of RhB and AF
increase by 41.49% and 25.20% when the particle size of BC
decreases from 250–550 𝜇m to ≤75 𝜇m.The reason should be
attributed to the stronger adsorption of the smaller particle
with larger specific surface area. But if particle size is too
small, preparation time will be longer and separation of the
liquid-solid phase would bemore difficult. So the particle size
should be controlled to a specific region according to actual
requirement.

Table 1: Influence of particle size of BC on removal of the organic
dyes.

Particle size/𝜇m Removal rate of
RhB/%

Removal rate of
AF/%

250–550 43.46 61.60
120–250 54.32 73.76
75–120 55.79 81.56
≤75 84.95 86.80

3.3.2. Effect of Time. The influence of irradiation time of UV
on the removal of the organic dyes is shown in Figure 3. It
can be seen that the removal rate increases rapidly in the
beginning and becomes stable after 60min, which is because
the concentration of the dyes falls down over time and the
diffusion layer thickness surrounding the adsorbent particles
decreases [27].

3.3.3. Effect of pH Value. Figure 4 shows the influence of the
pH value of the solution on the removal of the organic dyes
under UV for 15min. The pH value was adjusted by HCl
and NaOH. It is clear that the removal rate of two organic
dyes is affected greatly by pH value. At lower pH value, the
removal rate of RhB is higher than that under neutral and
alkaline condition. It should be noted that when the pH value
is 2.0, the removal rate reaches to 65% after only 15min
photocatalysis reaction. However, strong acid condition plays
an opposite role in the removal of AF compared with RhB.
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Figure 3: Influence of irradiation time of UV on the removal of the organic dyes by nano-ZnO/BC composites with different particle size of
BC: (a) RhB, (b) AF.
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Figure 4: Influence of pH value on removal of the organic dyes by nano-ZnO/BC composites with different particle size of BC: (a) RhB, (b)
AF.

The removal rate of AF improves much as the pH value
increases. Therefore, pH value has different influences on
removal of different organic dyes, for it affects not only the
surface properties of ZnO but also the dissociation of dye
molecules and the formation of hydroxyl radicals [28].

3.3.4. Effect of Additive Amount of H
2
O
2
. Figure 5 shows

the influence of additive amount of H
2
O
2
on the removal

of the organic dyes under UV for 15min. A considerable
improvement of the removal rate can be observed due to
an increase of ∙OH in the solution after a small amount of
H
2
O
2
is added. For RhB, the removal rate reaches a relatively

high level when the amount of H
2
O
2
is 0.05mL. However, as

concentration increases continuously, the removal rate begins
to decrease. The reason may be that excess H

2
O
2
acts as a

hole or ∙OH scavenger or reacts with ZnO and forms peroxo
compounds, which are detrimental to the photocatalysis
action [29]. For AF, the removal rate increases significantly
when the additive amount of H

2
O
2
is less than 0.1mL. It

should be emphasized that when the particle size of BC is
less than 75 𝜇m, the removal rate of AF is close to 100% by
the addition of only a little H

2
O
2
solution. Therefore, more

H
2
O
2
is not necessarily better to assure a higher removal

rate. To avoid waste, the optimum amount of H
2
O
2
in this

experiment is 0.05mL and 0.1mL for 5mL RhB and 5mL
AF.
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Figure 5: Influence of additive amount of H
2

O
2

on removal of the organic dyes by nano-ZnO/BC composites with different particle size of
BC: (a) RhB, (b) AF.

4. Conclusions

Nano-ZnO/BC composites were prepared via impregnation-
precipitation method. The impact factors such as particle
size of BC, irradiation time, pH value of solution, and
additive amount of H

2
O
2
on the photocatalysis properties

of the composites are discussed. The results show that the
as-prepared ZnO/BC composites are assigned to wurtzite of
hexagonal crystal structure. Smaller particle size of BC shows
better removal effect on the dyes. The removal rate of RhB
is much higher under strong acid condition but it is better
for removal of AF under weak acid condition. In addition,
a certain amount of H

2
O
2
contributes to the removal of the

dyes for the enhanced oxidation of solution.
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Bioenzymes are organic degradable materials, currently introduced as soil improvement additives. In this experimental study, three
types of bioenzymes from three different countries were used to improveUniversiti KebangsaanMalaysia (UKM) soil. UKMsoil has
properties quite similar to soils recommended as suitable by bioenzyme suppliers. The effect of the three bioenzymes on Atterberg
limits, compaction characteristics, and unconfined compressive strength was studied. Controlled untreated and treated samples for
two dosages at curing times up to threemonthswere prepared and tested after completion of the curing period. Some results showed
little improvement in compaction characteristics, and unconfined compressive strength, but no notable improvement was noticed
in Atterberg limits. X-ray diffraction (XRD), X-ray fluorescence (XRF), and field emission scanning electron microscopy (FESEM)
tests were conducted for untreated and treated soil samples after two months of curing. XRD and XRF did not show any change
in mineralogy and chemical composition between controlled untreated samples and samples treated with the three bioenzymes.
However, the FESEM images revealed a denser packing of particles for soil samples treated with two of the bioenzymes.

1. Introduction

In the construction industry, maintaining a balance between
performance and cost, while at the same time satisfying
environmental regulations, has become a challenge for build-
ing material manufacturers, design engineers, and contrac-
tors. This challenge has led to identification and use of
new construction materials and techniques. Geotechnical
engineering projects are closely related to economic and
environmental issues; therefore, improving sustainability of
materials used in these projects may help in attaining overall
sustainable development [1]. Unfortunately, planning and
design phases of these projects are dictated by financial inter-
ests and are even more affected by lack of knowledge about
the effect of the geotechnical process on the environment
[2]. Manufacturing of readily used construction materials,
such as cement and lime, has a deteriorating effect on the
environment; the production of cement and lime is energy
demanding, and production of only one ton of cement emits
around one ton of CO

2
[3].

Recently, bioenzymes have been introduced for soil sta-
bilization, especially in highway projects. They are organic
materials, which are supplied as a concentrated liquid. It is
claimed by bioenzyme manufacturers that their products are
effective, environmentally friendly (nontoxic), cost-effective,
and convenient to use. They are generally extracted by the
fermentation of vegetables and sugar canes; thus they are
degradable; that is, they easily break down and dissolve with
time.They are supplied in liquid form and are easily soluble in
water, which is used for soil compaction. This saves time and
costs normally consumed by the mixing of traditional solid
stabilizers with soil. Kestler [4] suggested that most of the
information about enzymes is provided by enzyme suppliers,
and, therefore, independent testing information is not readily
available. Additionally, enzymes are often reformulated; all
of these factors call for product-specific testing before the
selection of an enzyme for a project.

Enzymes are biological catalysts present in all living
organisms. They are obtained from plants and animals,
including microorganisms, by extraction using suitable
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solvent. Kestler [4] suggested that enzymes are proprietary
of their supplier; unless they provide the composition, it
is very difficult to determine the precise composition and
stabilization mechanism. He also recommended that some
commercial enzymes, for example, Bio Cat 300-1, EMC
SQUARED, PermaZyme 11-X, TerraZyme, and UBIX No.
0010, should contain protein molecules which react with soil
molecules to bind the soil particles together, thus decreasing
the affection of soils for moisture.

Scholen [5] proposed that enzymes increase the rate of
chemical reaction, which occurs at a much slower speed in
the absence of enzymes, without becoming a component
of the final product. Enzymes combine with big organic
molecules to generate a reactant mediator, which swaps
ions with the clay structure and breaks up the clay lattice.
As a result, this produces a covering effect, which blocks
further absorption of water and loss in density. This reaction
regenerates the enzymes again, which sets out and reacts
yet again. The enzymes are absorbed by the clay lattice and
are afterwards freed upon exchange with metals cations.
They have a significant role in the behaviour of the clay
lattice, first causing them to get bigger and then to stiffen.
Rauch et al. [6], through different chemical and physical
tests, endorsed the hypothesis proposed by Scholen [5] that
states that enzymes unite with the large organic molecules
and adhere to clay surfaces, thus jamming potential cation
exchange sites and preventing absorption of moisture and
subsequent swelling. Resulting ionized water forms linkages
among packed particles to provide a binding effect.

Enzymemanufacturers and suppliers claim that enzymes,
when used in soil stabilization, can enhance the wetting
and bonding properties of the soil particles. The enzymes
make the soil more workable, which can be compacted more
heavily. Furthermore, the enzymes enhance the chemical
bonding of soil particles, which aids in combining them.
Thus, a more durable soil structure is built that is more
resistant to weathering, traffic, and water infiltration.

Strength tests have shown a considerable increase in
strength for soils treated with bioenzymes [7, 8]. Lacuoture
and Gonzalez [9] studied the effect of the TerraZyme soil
stabilizer product on subbase and subgrade soils. Variation
in properties and progressive improvement were observed,
but no significant improvement was reported during the early
days. Hitam et al. [10] also studied the effect of TerraZyme on
plantation roads through field observations. He noticed that
the roads, which had serious problems due to monsoons in
the past, remained intact after two monsoon seasons.

Soil treated with PermaZyme 11-X showed verymodest or
no improvement in stiffness, freeze-thaw, leaching, and wet-
dry tests [11]. Compaction,Atterberg limits, and strength tests
revealed little or no improvement for the soils stabilized with
PermaZyme 11-X and EarthZyme [12]. PermaZyme 11-X was
also used to treat six single source and three blended soils
to conduct Atterberg limits, density, strength, and 𝑅-value
tests; the overall reduction in the plasticity index and increase
in strength were recorded [13]. Rauch et al. [6] conducted
experimental studies of three liquid stabilizers including
one enzyme. Two natural soils and three reference clays,
bentonite, illite, and kaolinite, were treated with this enzyme,

and different tests were conducted. Overall, no noticeable
improvement was observed.

Soil investigation practices are sometimes criticized for
the extensive time needed and high cost involved. However,
larger losses can be saved, which may arise if proper soil
investigation prior to field application is bypassed. If a
stabilizer is not effective in controlled laboratory conditions,
then it is likely that it cannot produce the desired results in
the field. As discussed previously, the experimental studies
conducted to evaluate enzyme’s suitability as a soil stabilizer
have revealed dissimilar results.Thus, this experimental study
was aimed at evaluating the suitability of three commercial
enzymes. The experimental studies conducted thus far used
optimum moisture content (OMC) of untreated soil to
prepare soil samples treated with enzymes. However, in this
study, the effect of enzymes on compaction characteristics
was examined. For this purpose, a revised protocol for sample
preparation was adopted as recommended by Rauch et al.
[6]. Samples were cured for an extended time period of 12
weeks to observe the progressive improvement due to enzyme
activity. Instead of using one enzyme to check suitability
against different types of soil, in this study, one suitable
(presumably) soil was selected to evaluate the improvement
by three different enzymes. This study was not restricted to
mechanical testing of untreated and treated samples, butXRD
andXRF tests were conducted to check any chemical reaction
in the treated soil samples. FESEM images were taken to
closely investigate the texture of untreated and treated soil
samples. Untreated controlled samples were prepared and
cured along with treated samples to account for gain in
strength due to aging and moisture loss, if any.

2. Test Materials

2.1. Bioenzymes. Three types of bioenzymes, DZ-1X (Boron
Innovations Pvt., Ltd., India), EarthZyme (Cypher Environ-
mental Ltd., Canada), and TerraZyme (Nature Plus, Inc.,
USA), were selected for this study and designated as E-
I, E-II, and E-III, respectively. EarthZyme and TerraZyme
suppliers provided the material safety data sheet (MSDS),
whereas the supplier of DZ-1X did not provideMSDS, though
several requests were made. However, some of the properties
of the DZ-1X enzyme were determined in the laboratory,
and the information contained in MSDS for EarthZyme and
TerraZyme is presented in Table 1. The main ingredients of
two enzymes (E-II and E-III) are nonionic surfactant and
carbohydrates. E-II contained carbohydrates (polysaccha-
rides, oligosaccharides, disaccharides, andmonosaccharides)
and E-III consisted of fermented vegetable extract. Two
dosages were used for all three enzymes: first, single dose
(recommended by the supplier) and, second, double dose,
that is, two times the recommended dosage, are denoted as
D1 and D2, respectively.

Different suppliers often express the recommended appli-
cation rates by using different terminology and units. How-
ever, it would be advantageous to define the following terms,
which were suggested by Rauch et al. [14].
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Table 1: Physical and chemical properties of enzymes.

Item DZ-1X EarthZyme TerraZyme
Water — 21.06% >50%
Alcohols, C12–C16, ethoxylated — — <30%
Fermented vegetable extract — — <20%
Nonionic surfactants — 55% —
Polysaccharides — 2% —
Oligosaccharides — 3% —
Disaccharides — 5% —
Monosaccharide — 8% —
Lactic acid — 3.5% —
Potassium as the chloride — 1.2% —
Aluminum as the sulphate — 0.04% —
Magnesium as the sulphate — 1.2% —
Total — 100% —
Specific gravity 1.0 1.0 to 1.1 1.0 to 1.1
pH (neat)1 4.5 3 to 6 2.8 to 3.5
Boiling point >100∘C >100∘C >100∘C
Ultimate biodegradability — DOC2 reduction >90% after 28 days —
Composition — A blend of fermented carbohydrates, inorganic salts, and surfactants —
1Concentrated enzyme. 2Dissolved organic content.

Table 2: Recommended dosages, dilution ratios, and diluted application ratios of bioenzymes.

Stabilizer E-I (DZ-1X) E-II (EarthZyme) E-III (TerraZyme)
Suppliers recommended dosage 1 liter per 4.2m3 1 liter per 33m3 1 liter per 25m3

Equivalent dilution mass ratio (DMR) 5/1000 1/1000 1/1000

Equivalent application mass ratio (AMR)∗ 1/7500 1/58900 1/44600

Diluted application ratios∗ 27mL per kg of soil 17mL per kg of soil 22mL per kg of soil
∗Maximum dry density of soil was taken for these calculations, that is, 1785 kg/m3.

(i) Dilution mass ratio (DMR) is the mass ratio of a con-
centrated chemical product to water, used to express
the product dilution in water prior to soil application.

(ii) Application mass ratio (AMR) is the mass ratio
of a concentrated chemical product to oven-dried
material in the treated soil.

In addition, because the recommended doses by the suppliers
were very low, the enzymeswere diluted inwater prior to their
application. Suppliers recommended doses, DMR, AMR, and
diluted application ratios are given in Table 2.

2.2. Test Soil. The selected soil was taken from within the
campus of Universiti Kebangsaan Malaysia in Bangi, Selan-
gor, Malaysia. Therefore, it is abbreviated as UKM soil. It is a
residual soil classified as CL, using a plasticity chart. The soil
for all the tests was collected at once to reduce the chances of
heterogeneity while preparing soil samples.

3. Sample Preparation and Tests

Rauch et al. [6] developed a protocol to prepare soil samples
treated with liquid stabilizers. They devised this protocol
after consulting a number of industry representatives and

the Texas Department of Transportation. After the comple-
tion of their studies, this protocol was further modified to
determine any change in compaction characteristics brought
by liquid stabilizer. The thirteen-step, modified protocol was
named “Revised Protocol for Preparing Soil Test Specimens”
and is presented here in brief.

AMR was calculated from the dosage recommended by
the product supplier, and concentrated stabilizer product was
diluted to the recommended DMR. The soil was mixed with
initial moisture content 𝑤

𝑜
:

𝑤
𝑜
= OWC − AMR

DMR
+ 1%. (i)

Next, the premoistened soil was allowed to mellow (standing
time recommended by ASTM D698-7 to allow the moisture
to be absorbed thoroughly by the soil particles) for the mini-
mum of 16 h under sealed conditions. The diluted stabilizer
required to attain the recommended AMR in the treated
sample was then measured and mixed with the soil samples
to achieve a homogeneous mixture.Themixture was allowed
to stand for 1 h, again in a sealed condition.The soil was then
compacted with the specified compaction method, and the
compacted soil was extruded from the mould, sealed, and
placed in a moist curing room. The compacted soil sample
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was cured for the desired curing period, and the sample was
then trimmed to the required size for testing; the moisture
content was determined by means of sample trimmings or
with the whole sample. Finally, if the moisture content was
not within the permitted range, the sample was prepared
again.

To explain the abovementioned procedure, consider the
determination of MDD and OMC for E-I-D1 (sample pre-
pared with a single dosage of enzyme DZ-1X). Four samples
(2 kg each) of oven-dried soil were taken. Moisture loss
during sample preparation was estimated as 1%; therefore,
the first trial was made with a moisture content of 2% less
than the OMC for untreated (UT) soil, that is, 15%. The
volume of the diluted enzyme solution (5mL in 1 litre of
water) for a single dosage (D1) was calculated (54mL for
2 kg). Thus, 246mL (0.15 × 2000mL − 54mL) was added
in 2 kg of soil, and the soil was allowed to mellow for 16 h.
After themellowing period, 54mLof diluted enzyme solution
was added in the soil, and, again, the soil was mellowed
for 1 h before compaction. Similarly, the other three samples
were prepared with moisture contents of 16, 17, and 18%, and
MDD and OMC were calculated for two dosages of all three
enzymes.

Three geotechnical tests, that is, Atterberg limits, com-
paction, and unconfined compression strength (UCS), were
conducted in this study. The Standard Test Methods for
Laboratory Compaction Characteristics of Soil Using Stan-
dard Effort (ASTM D 698) was conducted to evaluate any
changes brought by enzymes in compaction characteristics,
that is, maximumdry density (MDD) and optimummoisture
content. For UCS and Atterberg limits tests, initial curing
periods of 7, 28, and 56 days were intended. However, it
was later decided to cure the samples for 28, 56, and 84
days because no improvement was observed in UCS after
7 days for all of the enzymes and the two dosages used.
For each curing time, one Proctor sample (dia. 101.6mm,
height 116.4mm) was prepared, cured, and trimmed into
three samples (dia. 38mm, height 76–95mm) just before the
unconfined compressive strength test. Three samples were
tested, and an average value of the three was recorded. After
the test, the whole sample was used for moisture content
determination. In total, three untreated (UT) and 18 treated
(E series) samples were prepared. Atterberg limits (plastic
limit and liquid limit) of the samples were determined after
56 days of curing.

4. Results and Discussion

4.1. UKM Soil Properties. The indices and other properties of
UKM soil are shown in Table 3. Kabir and Taha [15] and M.
R. Taha and O. M. E. Taha [16] used the residual soil from
Universiti of Kebangsaan Malaysia in their experimental
studies. The values of Kabir and Taha [15] were 18.8%, 23%,
15.8%, and 1.781 gm/cm3 and those of M. R. Taha and O. M.
E. Taha [16] were 16.96%, 18%, 14.29%, and 1.839 gm/cm3 for
the plasticity index, clay fraction, optimummoisture content,
and maximum dry density (MDD), respectively. There were
minor differences among these values, but, overall, the results
are comparable.

Table 3: Characteristics of UKM soil.

Characteristics Value/description
Plasticity index1 (PI) 19.5%
Liquid limit1 (LL) 42.3%
Clay fraction2 29.6%
Soil classification3 CL
Optimum moisture content (OMC)4 16%
Maximum dry density (MDD)4 1.785 gm/cm3

pH 4.05
1“Standard Test Methods for Liquid Limit, Plastic Limit, and Plasticity Index
of Soils,” ASTM D 4318.
2“Standard Test Method for Particle-Size Analysis of Soils,” ASTM D 422.
3“Plasticity chart,” ASTM D 2487.
4“Standard Test Methods for Laboratory Compaction Characteristics of Soil
Using Standard Effort,” ASTM D 698.

According to Kestler [4], enzymes may work suitably for
soils containing 12–24% clay fraction with a plasticity index
between 8 and 35. UKM soil almost falls into this category.
Thus, it was assumed that the UKM soil is quite fitting for
enzyme functioning.

4.2. Compaction Test. Compaction characteristics of UKM
soil (untreated) were determined using the standard com-
paction effort (ASTM D698), and the same procedure was
used to identify any change in compaction characteristics due
to enzymes. During the preparation of untreated and treated
soil samples, an increment of 1%moisture content was chosen
so that precise compaction characteristics could be deter-
mined. Three important factors that affect the compaction of
soil are moisture content, soil type, and compaction effort.
For a given soil, as the compaction effort is improved, the
MDD is increased and OMC is decreased. The bell-shaped
curves with single peak, which were achieved in this study,
are typical of clayey soils with liquid limits between 30 and
70 as observed by Lee and Suedkamp [17] in their studies of
compaction curves of different soils. The compaction curves
for untreated and treated samples for the two dosages are
shown in Figures 1 and 2. The OMC and MDD for untreated
soil were 16% and 1.785 gm/cm3, whereas those for samples
treated with a single dose of three enzymes were 16.1%
and 1.788 gm/cm3, 16% and 1.787 gm/cm3, and 16.2% and
1.786 gm/cm3 for E-I, E-II, and E-III, respectively. Similarly,
for double dosage, no reduction in OMC was observed,
but modest improvement was noted in the increase of the
maximum dry density.

The two enzymes E-II and E-III (chemical composition
of DZ-1X was not provided by the supplier, but during
the dilution of DZ-1X, foaming was formed, showing its
surfactant-like behavior) contained nonionic surfactants, yet
improvement in compaction was not observed. The reason
for this performance could be a very low quantity dose of
the enzymes.Therefore, all the treated samples were prepared
with optimum moisture content of the control untreated soil
samples.The average dry densities of all untreated and treated
samples are given in Figure 3. The maximum increase in
dry density was observed in samples treated with a double
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Figure 1: Compaction curves for untreated (UT) soil samples and
soil treated with single dosage of the three different enzymes.
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Figure 2: Compaction curves for untreated (UT) soil samples and
soil treated with double dosage of the three different enzymes.

dose of enzyme E-I, and even this increase was only 3%.
This increase can be attributed to the high application rate
of enzyme E-I. In their study, Rauch et al. [14] examined
the effect of the enzyme on compaction characteristics of
three reference clays (kaolinite, illite, and montmorillonite)
and two native Texas clays (from Bryan andMesquite, Texas)
but found no improvement in the dry density. They used
the OMC of untreated soils to prepare soil samples treated
with the enzyme. They then suggested that the compaction
characteristics (OMC and MDD) for treated soils should be
determined separately. Milburn and Parsons [11] conducted
compaction tests on ML and SM soils. The moisture content
for the treated soil samples was kept at 1% less than the
optimum moisture content, but only 4% and 1% increases in
dry density were found for ML and SM soils, respectively.

The moisture content determined at the time of com-
paction and moisture content at the time of testing (UCS)
for all the prepared samples are given in Table 4. In moisture
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Figure 3: Average maximum dry density for untreated (UT) and
treated (E series) samples.
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Figure 4: Plasticity indices for untreated (UT) and treated (E series)
samples.

contents at the time of sample preparation and after, the
curing was compared, and, in all samples, the difference
remained within 1%. There could be two reasons for this
moisture conservation: the samples were cured in a bigger
sized and were trimmed to the required size at the time of
testing and no chemical reaction took place that possibly
could have changed the moisture content.

4.3. Atterberg Limits Test. Liquid limit and plastic limit were
determined after 56 days of curing. Marasteanu et al. [8]
recommended an extended period of curing up to four
months. Additionally, considerable improvement in treated
soil is generally required to be reflected consistently through
Atterberg limits tests. Thus, curing periods of 56 days and 84
days were chosen. No noteworthy improvement was found
after 56 days. Furthermore, the UCS results for the 84-
day cured sample did not show substantial improvement;
therefore, Atterberg limits for 84 days were not determined.
The plasticity indices for untreated and treated samples for
two doses are given in Figure 4. It showed marginal change
from the untreated samples. It is indicated in the ASTM
(1998) that determinations of plastic and liquid limits of
a certain soil, even by a single operator, can vary by 2.6
and 2.4, respectively. Therefore, the difference in plasticity
indices may be attributed to the routine inconsistency which
is encountered in the laboratory.
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Table 4: Moisture content of prepared samples.

Sr. number Enzyme & dosage One month Two months Three months
𝑤
𝑜

1

𝑤
𝑓

2

𝑤
𝑜

𝑤
𝑓

𝑤
𝑜

𝑤
𝑓

1 UT 16.0 15.7 15.9 15.8 15.7 15.1
2 E-I-D1 15.3 15.2 16.2 16.0 15.9 15.9
3 E-I-D2 16.0 15.8 16.2 16.1 15.9 15.5
4 E-II-D1 16.5 16.1 16.1 15.9 16.3 16.2
5 E-II-D2 16.4 16.2 16.1 15.7 16.3 16.2
6 E-III-D1 15.7 15.6 16.1 15.9 16.4 16.0
7 E-III-D2 16.7 16.6 16.1 16.1 16.1 15.8
1Moisture content in % at the time of compaction.
2Moisture content in % at the time of UCS test.

Mgangira [12] performed Atterberg limits tests on two
soils treated with two enzymes (PermaZyme 11-X and Earth-
Zyme) after 28 days of curing, and no significant improve-
ment was observed. Similarly, Rauch et al. [14] also found no
decrease in plasticity indices for the five soils they tested, as
mentioned previously.

4.4. Unconfined Compressive Strength Test. TheStandard Test
Method for Unconfined Compressive Strength of Cohesive
Soil (ASTM D 2166) was used to evaluate the ultimate
compressive strength of untreated and treated soil samples.
Untreated control samples were also prepared and cured for
three curing periods. After the curing period, the sample was
unsealed and trimmed into three samples of the required size,
and all three samples were weighed before testing. The three
samples were then tested on a strain controlled machine, and
the average of the three ultimate compressive stresses was
taken as the final value. The tested samples were then placed
in an oven for moisture content determination.

The results are shown in Figures 5 and 6.The results of E-I
for two doses showed no improvement, whereas, for enzymes
E-II and E-III, there was little improvement. The maximum
increase in strength was recorded for E-III-D2, which was
17%. It is evident that the results were generally moderate,
or the improvement was, in individual cases, without any
persistent pattern.

Controlled untreated samples were prepared to account
for any strength gain due to thixotropy or aging. Some of
the clayey soils were reported to reduce their unconfined
compression strength when tested after remoulding without
any change in moisture content. The main reason behind
this loss was the destruction of clay particle structure, which
developed from the original sedimentation process. However,
when remoulded samples are held for some time, keeping
the moisture content unchanged, they may gradually gain
strength [18].

Unconfined compression tests on different soils treated
with PermaZyme 11-Xwere also carried out by Peng et al. [19].
The treated samples were cured in two different conditions,
that is, sealed and air-dry. No improvement was recorded for
soil samples cured in a sealed condition, whereas amaximum
of 10% gain in strength was observed for soil samples cured
in an air-dry condition. However, Venkatasubramanian and
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Figure 5: Variations in UCS for untreated (UT) and treated (single
dosage) soil samples.
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Table 5: Comparison of XRF results for untreated (UT) soil samples and soils treated with three enzymes.

Formula UT E-I-D2 E-II-D2 E-III-D2
Concentration (%) Concentration (%) Concentration (%) Concentration (%)

SiO2 49.07 51.42 46.17 48.74
Al2O3 28.89 29.84 30.35 29.80
Fe2O3 9.07 9.20 9.78 9.70
TiO2 1.59 1.55 1.60 1.61
K2O 0.48 0.55 0.57 0.57
MgO 0.40 0.44 0.45 0.44
ZrO2 0.14 0.16 0.12 0.14
SO3 0.08 0.12 0.08 0.09
V2O5 0.04 0.04 0.04 0.04
CaO 0.03 0.04 0.08 0.07
Cr2O3 0.01 0.01 0.02 0.01

Dhinakaran [20] used three soils with clay content of 20,
12.5, and 8% with PIs of 6,5 and 6, respectively. Increases in
unconfined compression strength went to 200% and 400%
after 2 weeks and 4 weeks, respectively, and were recorded
for the enzyme treated soils. Amaximum increase of 450% in
unconfined compression strength was recorded by Shankar
et al. [21] when a lateritic soil (LL = 45 and PI = 10) was
treated with 4 times the recommended dosage by the enzyme
supplier TerraZyme. Part of this substantial improvement
could have been due to moisture loss because the moisture
content at the time of the sample preparation and testing was
not mentioned in these two studies.

4.5. XRD, XRF, and FESEM. Willie and Norman [22] sug-
gested that the XRD technique for identification of soil
mineralogy is used a great deal and is considered one of the
most dominant techniques used for mineral identification in
soils and rocks. XRD, XRF, and FESEM tests were conducted
for untreated (UT) and treated (E series) soil samples after
56 days of curing. The XRD results for the untreated (UT)
soil and soil samples treated with three enzymes are given
in Figure 7. The peaks were matched with different possible
compounds present in the soil. The matching revealed SiO

2
,

Al
2
O
3
, and Fe

2
O
3
as the threemain ingredients (compounds)

ofUKMsoil as verified by the chemical composition obtained
from XRF test results for the untreated and the three treated
soils as given in Table 5. The XRD results of the untreated
and the three treated soil samples are stacked for comparison.
It was evident that no chemical change took place to alter
the chemical composition of the soil treated by any of the
three enzymes.This conclusion is further verified by the XRF
results, which showed no variation in chemical composition
in any of the three treated soil samples. However, by looking
at FESEM images in Figure 8, it can be observed that the
particles for E-II-D2 and E-III-D2 samples were more closely
packed and agglomerated than the untreated (UT) and E-I-
D2 samples. The voids or pores can be seen as shadows in
Figure 8 due to looseness of particles in untreated (UT) and
treated samples (E-I-D1), with boundaries marked in lines.
These results are consistent with the hypothesis suggested
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Figure 7: Comparison of XRD results for untreated (UT) soil
samples and soils treated with three enzymes.

by Scholen [17] and Rauch at el. [16], which states that the
enzymes combine with organic molecules, which then sur-
round the clay minerals, nullifying the negative charge on the
clay surface and lessening the clay’s affinity for water.

5. Conclusions

In this experimental study, the effects of three enzymes on
Atterberg limits, compaction characteristics, and unconfined
compressive strength were evaluated. A Standard Proctor test
was carried out to examine any change in optimummoisture
content andmaximum dry density with two doses of all three
enzymes. The same test was conducted to prepare control
untreated soil samples and soil samples treated with two
doses of three enzymes for three curing periods (28, 56,
and 84 days). The Atterberg limits test was carried out on
untreated and treated soil samples after 56 days of curing.
XRD, XRF, and FESEM were conducted to identify if any
chemical change had occurred.
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(a) (b)

(c) (d)

Figure 8: FESEM results: (a) UT, (b) E-I-D2, (c) E-II-D2, and (d) E-III-D2.

It was found that the three enzymes did not produce any
comprehensible improvement in the three tests conducted,
that is, Atterberg limits, compaction, and unconfined com-
pression tests. Little improvement, in some cases, could be
related to the hypothesis that the enzymes did not produce
any chemical change, and they only prevented moisture
absorption to bring the particles closer. Therefore, when
selecting an invalidated stabilizer, it is imperative to check
its suitability before using it on larger scale. It is hoped that
this study will be beneficial for designers, contractors, and
constructors when choosing bioenzymes as a soil stabilizer.
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Recently, a composite material made from natural fibers and biodegradable resin, “green composite,” is attracting attention as an
alternative composite material for the replacement of glass fiber-reinforced plastics. Plant-based natural fibers such as kenaf and
flax have already been used as composite reinforcement materials because they are more environmentally friendly and costless
fibers than artificial fibers. A problem of using natural fibers is the fiber waviness, which affects the tensile properties. Fiber
waviness is fluctuation in the fiber orientation that is inherent in the sliver morphology of plant-based natural fibers.This study was
conducted to clarify the relation between quantified parameters of fiber waviness and a composite’s tensile strength. First, the fiber
orientation angles on a flax-sliver-reinforced composite were measured.Then the angle distribution was quantified through spatial
autocorrelation analysis methods: Local Moran’s 𝐼 and Local Geary’s 𝑐. Finally, the relation between the resultant tensile strength
and quantified parameters was discussed.

1. Introduction

Strong demand for the use of composite materials is increas-
ing today because high strength and stiffness, as well as low
density, are needed to reduce energy consumption in aviation
and automotive transport industries. The use of artificial
fiber-reinforced composite materials, such as glass fiber-
reinforced plastics (GFRP) and carbon fiber-reinforced plas-
tics (CFRP), is effective to meet these demands, but disposal
difficulties that arise after their use have surfaced as an envi-
ronmental problem.Therefore,many researchers have strived
to develop biodegradable renewable composite materials
and various production methods for the materials that will
widen their practical availability [1–5]. Plant-based natural
fibers, such as flax, hemp, ramie, jute, kenaf, curaua, and
bamboo, are expected for use as the composite reinforcement
materials, but these are often used as short fibers, as seen in
injection-molded products. Long fibers are generally known
to exhibit load-bearing potential in a matrix material as com-
pared to short fibers. Before spinning process, plant-based

natural fibers are often supplied as long fibers called “slivers.”
When this form is successfully preparedwith resin, slivers can
be applied as a semifinished composite material in prepregs
[5, 6]. One of the problems in preparing slivers is their
fiber waviness, which is fluctuation in the fiber orientation
inherent in plant-based natural fibers as well as synthetic
fibers. Such waviness often engenders a decrease in the
mechanical properties of the composites. It was pointed out in
themodel proposed byHsiao andDaniel [7] that the decrease
in elastic properties of a unidirectional carbon/epoxy com-
posite resulted from the fiber waviness. Karami and Garnich
[8] used a finite element micromechanical model to predict
the effects of periodic and localized fiber waviness on carbon
fiber reinforcement. In these papers, however, the fiber wavi-
ness was assumed as a deterministic shape such as a sine
curve. In order to take the stochastic wavy effect of sliver
into account, Ren et al. [9, 10] quantified the fibre orienta-
tion fluctuation in curaua-sliver- and flax-sliver-reinforced
composite through one-dimensional and two-dimensional
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Figure 1: Flax sliver.

autocorrelations between fiber orientation angles on the
composite surface. The quantified parameter expressing the
degree of the fluctuation, called the “area ratio,”was correlated
with the composite tensile strength. However, the use of
autocorrelations was intended to evaluate the quality of fiber
orientation but not to express the degree of local disorder
in fiber orientation. In general, stiffness is insensible for
structural defects, but strength is sensible.Therefore, the local
disorder in fiber orientation is of great interest for quantifica-
tion through some statistical or stochastic analytical method.
It is also expected that the quantified parameter shall play a
role as a key indicator during quality inspection for produced
prepregs.

Thus, the purpose of this study is to examine the effects
of the fiber waviness on the tensile strength of a flax-sliver-
reinforced composite (in-plane tensile modulus). Resin-
pasted flax slivers were first compression molded, and then
fiber orientation angles were measured on the surfaces of the
resultant composite laminates. To quantify the degree of the
disorder in fiber orientation, the measurement results were
analyzed by Local Moran’s 𝐼 and Local Geary’s 𝑐 [11], which
are measures of the representative spatial autocorrelation
analyses. Quantification by the “area ratio” was optimized
by seeking an appropriate threshold level of the measures,
correlated closely with tensile strength data.

2. Experimental

2.1. Summary of Experimental Method. Since the present
experimental results are based on the previous paper [10], in
this section the experimental method is briefly introduced as
follows.

Materials. Flax slivers, one of the representative natural
fibers, were used as reinforcement as shown in Figure 1. The
slivers were supplied from Teikoku Sen-i Co., Ltd., Japan.
Biodegradable thermoplastic resin was used as the matrix,
which was supplied fromMiyoshi Oil and Fat Co., Ltd., Japan
(product name: Randy PL-1000). The resin was supplied
in a water emulsion containing microorder fine particles
of approximately 5.0 𝜇m diameter. The Randy PL-1000 is
made from plant-derived biodegradable resins. In this sense,

Figure 2: Resin-pasted sliver (preform).

the resultant composite is a “fully green composite.” Typical
physical and mechanical properties of these constituents are
shown in Table 1.

Molding Process. First, the fibers on the front side were closed
with resin and dried for 24 hours. Subsequently, another side
(back side) was done with the same process as the front side.
The thickness was 0.4 to 0.6mm, of which the range was
enough to exhibit nearly the same fiber orientation at the sur-
face and inside. Such resin-pasted slivers are called preforms
or prepregs. Figure 2 shows the photograph of the preform.
At each process, the weight was measured for calculation of
the fiber content. After finishing preparation of the preforms,
we cut them to 100mm × 100mm and put two pieces into
the mold. The mold was set at 150∘C for 40min, and then
the hydraulic press was set at 3MPa pressure. The temper-
ature was reduced to room temperature at pressure of 3MPa
for 24 hours. The fiber volume fractions 𝑉

𝑓
of all fabricated

composites were calculated using the following equation:

𝑉
𝑓
= 1 −
𝑊 −𝑊

𝑓

𝜌
𝑚
𝑉
, (1)

where 𝑊 is the fabricated composite weight, 𝑊
𝑓
is the flax

fibre weight in the composite, 𝑉 is the fabricated composite
volume, and 𝜌

𝑚
is the biodegradable resin density.

Two methods were used to fabricate the composites:
sheet lamination method (SLM) and direct method (DM). In
DM, the resin was pasted directly for the as-supplied slivers.
This method is more appropriate for mass production than
SLM, but products fabricated using DM include numerous
disordered parts in the fiber orientation. In SLM, the sliver
was combed carefully to form unidirectionally oriented fibers
before resin pasting.

Tensile Tests. Tensile specimens were cut to 15mm width
fromDMand SLMcomposite laminates of 100mm× 100mm
square, and then aluminum plates (15mm × 15mm) were
attached with epoxy adhesive to both ends of all composite
specimens for tensile testing. To prevent stress concentration
near aluminum plates during tensile testing, their edges were
shaved to 45∘. A strain gage was attached on the center of
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Table 1: Properties of the fibers and matrix [12, 13].

Material Density (Mg/m3) Fiber width (𝜇m) Tensile strength (MPa) Fracture strain (%) Young’s modulus (GPa)
Randy PL-1000 1.20 — 32.5 — 3.8
Flax fiber 1.50 10–30 600–1100 1.5–2.4 40–100
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Figure 3: Measurement of fiber orientation angles on a flax-sliver-reinforced composite laminate.

specimens to measure uniaxial strain. Tensile tests were car-
ried out using an Instron-type testing machine (Autograph
IS-500; ShimadzuCorp.) with cross-head speed of 1mm/min.

Angle Measurements. Fiber orientation angles are important
data for determining the strength and stiffness of a composite
with fiber waviness. In this measurement, the 𝑥-axis is the
longitudinal direction and 𝑦-axis is the transverse direction.
Specimens were divided into a small size as 1mm for Δ𝑥 and
Δ𝑦, which consist of 50 unit composites along the 𝑥-axis and
one unit composite divided into 15 segments along the 𝑦-
axis, as shown in Figure 3(a). The fiber orientation angle to
the 𝑥-axis was measured in each segment of both sides, as
shown in Figure 3(b). The total segments were 750 for each
side. Image analysis software (Asahi Kasei Corp., Japan) was
used for angle measurements.

2.2. Spatial Autocorrelation Analysis. In this study, two repre-
sentative spatial autocorrelation analyses, LocalMoran’s 𝐼 and
Local Geary’s 𝑐 [11], were used to define the degree of local
disorder of fiber orientation on tensile strength.

2.2.1. Local Moran’s 𝐼. Moran’s 𝐼 was created by Moran [11]
as a typical tool of spatial autocorrelation to analyze the
deviation from the average. Local Moran’s 𝐼 is given as

𝐼 (𝜃
𝑖
) =

(𝜃
𝑖
− 𝜃)

(1/𝑛)∑
𝑛

𝑖=1

(𝜃
𝑖
− 𝜃)
2

𝑛

∑

𝑗=1,𝑗 ̸=𝑖

𝑤
𝑖𝑗
(𝑑) (𝜃

𝑗
− 𝜃) , (2)

where 𝑤
𝑖𝑗
(𝑑) is the weight function of the pair samples in

distance 𝑑 between the pair points, 𝑖th and 𝑗th locations,
given as

𝑤
𝑖𝑗
(𝑑) = {(𝑥

𝑖
− 𝑥
𝑗
)
2

+ (𝑦
𝑖
− 𝑦
𝑗
)
2

}

−1/2

, (3)

where𝑥
𝑖
is 𝑖th position of the𝑥-axis and the range is 1–50mm.

Also, 𝑦
𝑖
is the 𝑖th position of the 𝑦-axis, and the range is 1–

15mm. 𝜃
𝑖
and 𝜃
𝑗
are the angle data at the 𝑖th and 𝑗th positions,

respectively. 𝜃 is the average angle. Hereinafter, LocalMoran’s
𝐼 is denoted as LM-𝐼. LM-𝐼 varies between −1 and +1. If
LM-𝐼 approaches +1, then the angle at this location is more
largely far from the average, but similar to the neighbor’s
angles in their deviation from the average. On the other
hand, if LM-𝐼 tends to approach −1, then the angle at this
location is also higher or lower than the average. But, the sign
is different from the neighbor angles. When LM-𝐼 tends to
approach 0, the angle at this location is similar to the average.
Theoretically, when LM-𝐼 is eithermuch higher or lower than
0, then the fiber orientation angle is significantly different
from the average. Consequently, such LM-𝐼 points, if gath-
ered locally, could form a large disordered area in fiber
orientation.

2.2.2. Local Geary’s 𝑐. LocalGeary’s 𝑐 is another typical spatial
autocorrelation to analyze a deviation from the surroundings.
Local Geary’s 𝑐 is shown as

𝑐 (𝜃
𝑖
) =

1

(1/𝑛)∑
𝑛

𝑖=1

(𝜃
𝑖
− 𝜃)
2

𝑛

∑

𝑗=1,𝑗 ̸=𝑖

𝑤
𝑖𝑗
(𝑑) (𝜃

𝑖
− 𝜃
𝑗
)
2

. (4)

Local Geary’s 𝑐 is hereinafter denoted as LG-𝑐. LG-𝑐 varies
between 0 and 1. When LG-𝑐 tends to approach 0, the angle
at this location is similar to the neighbor angles. In contrast,
when LG-𝑐 tends to approach 1, the angle at this location dif-
fers from the sign of neighbor angles or is much higher than
the neighbor’s angles in absolute value. Consequently, such
points can be disordered parts in fiber orientation.

2.3. Calculation of Area Ratio. To quantify the degree of local
disorder in fiber orientation, we defined the “area ratio”which
can be obtained from the contour maps of LM-𝐼 and LG-𝑐.
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Table 2: Fiber orientation angles and mechanical properties of flax-sliver-reinforced green composites [10].

Production
method

Specimens Tensile strength and
(standard deviation)

(MPa)

Young’s
modulus
(GPa)

Sample
number

Fiber volume
fraction

Side A (lower angle) Side B (higher angle)
Avg. angle (∘) S.D. of angles (∘) Avg. angle (∘) S.D. of angles (∘)

SLM — 0.72 0 — 0 — 238 40.5

DM

<1> 0.55 1.99 3.54 3.30 4.28 132 22.7
<2> 0.55 2.62 5.22 4.19 4.03 224 26.7
<3> 0.55 5.14 4.06 5.55 3.18 158 29.6
<4> 0.55 3.05 3.22 8.76 4.18 211 27.6
<5> 0.65 1.74 3.73 2.85 2.66 158 23.3
<6> 0.65 2.10 2.62 3.07 3.48 203 26.4
<7> 0.65 1.61 2.33 2.20 2.32 153 27.5
<8> 0.65 2.08 3.47 3.76 2.95 170 28.0
<9> 0.65 1.45 3.72 5.26 4.77 173 26.8
<10> 0.65 0.76 3.50 4.55 3.90 168 28.8
Avg. 0.61 2.35 3.50 4.35 3.60 175 (28.81) 26.8

The number of SLM specimens was seven. Avg.: Average, S.D.: Standard deviation.

In this quantification, we used two image analysis programs;
first “Graph R221” was used for replotting the above contour
maps to binary images (black and white areas), and next “Azo
R235” was used to calculate the area ratios of the black (risky
areas) andwhite (nonrisky areas).Themeaning of “risky area”
is described in the next section.

3. Results and Discussion

3.1. Tensile Properties and Fiber Orientation Angle. Table 2
shows results of tensile tests.The fiber volume fraction of DM
specimens is lower than that of SLM specimens because of the
fiber waviness. It was confirmed from the anglemeasurement
that DM specimens scattered in a wide range from positive
twenty degrees to negative twenty degrees. Typical contour
maps of fiber orientation angles are shown in Figures 4(a) and
4(b), in which the standard deviations are largely different.
The former specimen has a relatively large positive angle
distribution in the upper left-side part. On the other hand,
the latter shows a uniform angle distribution. As known
from Table 2, any tensile strength and Young’s modulus of
DM specimens are lower than those of SLM specimens. It
is considered that such degradation is caused by the fiber
waviness, as well as the lower fiber volume fraction.

As described in earlier papers [9, 10], theYoung’smodulus
was well correlated with the average fiber orientation angle,
which is recognized as an average property of fiber waviness.
On the other hand, tensile strength was not correlated with
it, because tensile strength is a mechanical property sensitive
to local structural defects. It was concluded in the paper [10],
however, that the degree of increase in tensile strength was
correlated with the area ratio of well-oriented fibers, which
was analyzed from two-dimensional autocorrelation between
two arbitrary regions of 7 × 15 segments. When the area
ratio was larger, the tensile strength tended to be higher. But
this area ratio did not express the degree of local disorder

in fiber orientation. In the next section, thus, we focus on
quantification of the degree of local disorder.

3.2. Spatial Analysis. The contour maps of LM-𝐼 and LG-𝑐
are shown in Figures 5 and 6, in which the specimens are the
same as those of Figure 4. In Figure 5, the large positive value
segments are in nearly the same positions with the high angle
distribution in absolute value in Figure 4. In comparisonwith
the fractured specimens, we confirmed that the crack line
tended to pass the positions of high coefficient of two meth-
ods. Thus, we call such positions the “risky area”. In many
specimens, the risky areas of both LM-𝐼 and LG-𝑐 included
one part of the crack line.

The segments with larger LM-𝐼 in absolute value would
be loaded in shear and would suffer from premature damage,
because many average angles in the specimens are relatively
close to 0∘, which are loaded in tension. If such premature
damage is accumulated in the specimen, then it would cause
premature tensile fracture, leading to low tensile strength.
Therefore, the aggregate of such segments is risky from the
viewpoint of materials reliability engineering. As shown in
Figure 5, the scale of positive LM-𝐼 is large and that of
negative LM-𝐼 is small.This is because a bunch of wavy fibers
is larger in scale than the segment size, and its angles are
measured as the same sign on the segments next to each other.
In contrast, the segments with opposite signs in neighbors,
which show negative LM-𝐼, are only a few and are not major
in scale.The scale of high LG-𝑐 values in Figure 6 is also small,
as compared to that of positive LM-𝐼 values in Figure 5. One
reason is the same as the cause of negative value scale in LM-𝐼.
Another is considered such that, even if the neighbors have
the same sign, then LG-𝑐 can approach unity on the condition
that there is a large difference between their angles. But,
the scale could not extend more than a single segment size,
because of awavy flow structure of sliver. In this case, also, the
segment with larger angle in absolute value would be loaded
in shear.Thus, although there is a difference in scale, the areas
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Figure 4: Contour map of fiber orientation angle distribution.
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Figure 5: Contour maps of Local Moran’s 𝐼 distribution.

1
4
7
9

12
15

1 11 21 30 40 50

1
.
0
0

0
.
9
5

0
.
9
0

0
.
8
5

0
.
8
0

0
.
7
5

0
.
7
0

0
.
6
5

0
.
6
0

0
.
5
5

0
.
5
0

0
.
4
5

0
.
4
0

0
.
3
5

0
.
3
0

0
.
2
5

0
.
2
0

0
.
1
5

0
.
1
0

0
.
0
5

0
.
0
0

(mm)

(a) Specimen number 1A

1
4
7
9

12
15

1 11 21 30 40 50

1
.
0
0

0
.
9
5

0
.
9
0

0
.
8
5

0
.
8
0

0
.
7
5

0
.
7
0

0
.
6
5

0
.
6
0

0
.
5
5

0
.
5
0

0
.
4
5

0
.
4
0

0
.
3
5

0
.
3
0

0
.
2
5

0
.
2
0

0
.
1
5

0
.
1
0

0
.
0
5

0
.
0
0

(mm)

(b) Specimen number 7A

Figure 6: Contour maps of Local Geary’s 𝑐 distribution.

with large positive LM-𝐼, negative LM-𝐼, and large LG-𝑐 are
equivalent to disordered parts in fiber orientation andmay be
correlated with tensile strength.

3.3. Area Ratio. Figure 7 shows LM-𝐼 binary images of
specimens 1A and 7A, in which the areas consisting of
LM-𝐼 higher than 0.65 or lower than −0.15 were temporarily
selected. The numerical values, 0.65 and −0.15, are so-called
threshold levels, which divide the areas into white and black.
In Figure 7, the percentage of black area ratio was 6.80%
(positive side = 4.80%, negative side = 2.00%) for specimen 1A
and 3.47% (positive side = 0.67%, negative side = 2.80%) for
specimen 7A. In these samples, the range of negative values

was designated more widely than that of positive value,
because the segments with negative LM-𝐼 values are not so
major but present the possibility of causing premature dam-
age in shear, as mentioned in Section 3.2. Thus, wide range
negative values and high positive values correspond to risky
areas.

Regarding binary images of LG-𝑐, the same samples
as Figure 7 are shown in Figure 8. For these images, LG-𝑐
areas higher than 0.35 were selected. The value of 0.35 is a
temporal threshold level. The percentages of black area ratio
were 12.80% for specimen 1A and 5.33% for specimen 7A,
respectively. As is easily known, when the threshold levels of
LM-𝐼 and LG-𝑐 are changed, the area ratios accordingly
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Figure 7: Binary images of Local Moran’s 𝐼 distribution (threshold levels: positive LM-𝐼 = 0.65 and negative LM-𝐼 = −0.15).
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Figure 8: Binary images of Local Geary’s 𝑐 distribution (threshold level: LG-𝑐 = 0.35).

change.We consider that, if appropriate threshold level(s) are
given, then some optimal area ratio correlated with tensile
strength exists for each specimen. This is because the ratio
of segments suffering from shear damages during tensile
loading should be related closely with the area ratio. In the
next section, thus, the relation between area ratio and tensile
strength is investigated.

3.4. Relation between Area Ratio and Tensile Strength. To
investigate the correlation between the area ratio and tensile
strength, normalized tensile strength data were plotted as a
function of area ratio, as shown in Figures 9 and 10, where
each tensile strength value was normalized at the same fiber
volume fraction. That is to say, the tensile strengths were
normalized by dividing the measured strength by the fiber
volume fraction 𝑉

𝑓
and then multiplying it by 0.72, corre-

sponding to 𝑉
𝑓
of SLM specimen. In Figure 9, it appears that

the normalized strength is correlated with the area ratio. The
correlation coefficient in Figure 9 was calculated as −0.618
when setting the threshold levels at 0.65 (positive LM-𝐼) and
−0.15 (negative LM-𝐼). The value of −0.618 is not so strong
but presents an intermediate strong correlation. This means
that if many segments in a specimen are distributed with
LM-𝐼 values higher or lower than the above threshold levels,
its tensile strength tends to be lowered. It also means that a
rough value of tensile strength can be estimated through the
least-squares regression line between area ratio and tensile
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Figure 9: Area ratio dependence on normalized tensile strength
(threshold levels: positive LM-𝐼 = 0.65 and negative LM-𝐼 = −0.15).

strength. In contrast, the correlation coefficient between the
area ratio and tensile strength in Figure 10 was only −0.117,
when choosing 0.35 as a threshold level. The value of −0.117
signifies weak correlation. This result implies that 0.35 is
not appropriate as a threshold level or that Local Geary’s 𝑐
does not match correlation with tensile strength. To find the
optimal threshold levels of LM-𝐼 and LG-𝑐, the negative
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Figure 12: Correlation coefficients between LG-𝑐 area ratio and
normalized tensile strength versus threshold level.

threshold level of LM-𝐼 was assigned in the range of −0.01 to
−0.3, and the threshold level of LG-𝑐was in the range of 0.1 to
0.60. For LM-𝐼, the positive threshold level was also chosen
as 0.69, 0.75, or 0.77.

The results are shown in Figures 11 and 12. Figure 11 shows
that the optimal threshold levels of LM-𝐼 are 0.69 at the
positive level and −0.10 at the negative level, and that of LG-𝑐
is 0.36. At the former optimal threshold levels, the correlation
coefficient between the area ratio and tensile strength was
−0.832. On the other hand, the highest correlation coefficient
in Figure 12 was only −0.14 even at the optimal threshold
level. The value of −0.832 denotes a strong negative corre-
lation between the area ratio and tensile strength. In other
words, tensile strength can be estimated to some degree using
the least-squares regression line when setting the optimal
threshold levels of LM-𝐼. It is also expected that the present
procedure is applied as an effective screening method for
extracting low-quality prepregs at quality inspection.

4. Conclusions

This study clarified the effect of fiber waviness on the
tensile strength of a flax-sliver-reinforced biodegradable resin
matrix composite material.The fiber waviness was quantified
using Local Moran’s 𝐼 and Local Geary’s 𝑐, each of which
can express the degree of disorder in fiber orientation.
Results show that Local Moran’s 𝐼 is correlated well with
tensile strength of the composite specimenswhen appropriate
threshold levels are selected.On the other hand, Local Geary’s
𝑐 is not well correlated with tensile strength exists for each
specimen. Normally, finite element analysis is a well-known
as a method for elucidating the mechanical behavior of com-
posite materials, such as stress and strain distributions. Fur-
thermore, finite element analysis is often extended to the frac-
ture process simulation to predict strength properties. How-
ever, the method needs to use several math models to ascer-
tain the solution that takes time and the advanced knowledge
for understanding. However, this study using the spatial
autocorrelation analysis has fewer equations and does not
take a long time for the program code development.Thus, we
conclude that the method proposed in this study is an
effective tool for rough prediction of the tensile strength of
natural-fiber-sliver-based composite materials.
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Mechanical properties (tensile, flexural, and impact) of ground hemp fibre polypropylene composites were investigated. Ground
alkali-treated hemp fibre and noil hemp fibres with various initial fibre lengths were utilized to reinforce polypropylene matrix.
Firstly, the microstructural and tensile characterizations of the two types of fibres were characterized using scanning electron
microscope (SEM), Fourier transform infrared analysis (FTIR), and Dynamic Mechanical Analyser (DMA). Then, the fibres were
ground into different lengths of 0.2, 0.5, 1, and 2mm; composites containing 40wt% short hemp fibre and 5wt% maleic anhydride
grafted polypropylene (MAPP) were fabricated by means of a twin screw extruder and an injection moulding machine. Finally,
influence of hemp fibre type and initial hemp fibre length on tensile property of the composites were investigated. The results
revealed that addition of either noil hemp fibre or normal treated hemp fibre into the pure polypropylene matrix increased the
tensile strength almost twice and stiffness of the composites more than three times. Although noil hemp fibre composite indicated
slightly lowermechanical properties than the normal alkali-treated fibre composites, the difference was not significant.The analysis
of the results provided the optimum initial fibre length (powder) of 0.2mm hemp polypropylene composite. The results can be
extended to different types of natural fibres.

1. Introduction

Biocomposites refer to composites that combine natural
fibres, such as kenaf, jute, hemp, and sisal, with either bio-
degradable or nonbiodegradable polymers. Investigations on
the use of natural fibres as reinforcement have introduced
further applications for fibre reinforced thermoplastics in
automotive and construction industries. Hemp fibre is a
sustainable resource and also has shown a promising specific
tensile strength to be used as reinforcement in composites for
many applications [1].

Many attempts have been carried out to investigate the
influence of fibre content on tensile strength and modulus
of elasticity of different natural fibre reinforced polymer
composites [1–3]. In general, the increase in fibre content
improves tensile strengths and modulus of elasticity of

the natural fibre reinforced polymer composites up to a
peak value, which then decrease rapidly [1]. However, the
tensile strength of the composites might be far below their
potential values due to the poor interfacial adhesion between
hydrophilic lignocellulosic fibres and the hydrophobic poly-
mer matrix. A strong fibre/matrix bonding is essential for
transferring the stress from the matrix to the fibres, thus
taking full advantage of the natural fibres as load bearing
reinforcements in the composite.

Over the past decades, many researchers have studied
the effect of various compatibilizers to improve the fibre
adhesion and dispersion in the composites such as maleic
anhydride grafted polyolefins [4], isocyanates [5] and silanes
[5, 6], and maleic anhydride grafted polyethylene octene
elastomer (MAgPOE) [4, 7]. Compatibilizers can modify the
interface by interacting with both the fibre and the matrix,
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forming a bridge between the components and consequently
enhancing the interface bonding. Among the studied com-
patibilizers,maleic anhydride grafted polypropylene (MAPP)
is the most commonly used coupling agent to strengthen
the natural fibre/matrix interfacial adhesion. Referring to
the literature, the optimum tensile properties were observed
after adding 3–5wt% of MAPP to the natural fibre reinforced
plastic composites [1, 4].

Injection moulding can be used to produce high quality
complex parts, which is evident from the mass of plastic
parts with complex shapes used in the construction, furni-
ture, appliance, and automotive industries. Short fibres are
normally used in injection moulding. Noil hemp fibre is a
by-product of textile hemp fibre industries. In comparison
with the hemp fibres, noil fibres are more thermally resistant
because they are highly degummed and they have lower
pectin content.They will be referred as noil fibre in this paper
to recognise it from normal hemp fibre.They are too short to
be used for fabric production but have the potential to be used
as the reinforcements in injection-moulded thermoplastic
composites [8].

Fibre length strongly affects mechanical properties of the
composite. Surface area, which is a factor of fibre length
and diameter, provides the interface to transmit the stresses
from the matrix to the fibres under an applied load [9].
However, during the processing of the short fibre plastic
composites, the natural fibres undergo breakage and also fibre
agglomeration which reduce the reinforcing efficiency of the
fibres. Our previous work revealed that hemp fibre with an
average length of 1.5 cm is shortened to less than 200𝜇mafter
fabrication of composite [10–12]. Thus, the current project
attempted to use the powdered fibres, which might reduce
the fibre agglomeration and might result in higher tensile
properties of hemp fibre composites ultimately. Also, this
paper aimed to assess whether noil hemp fibre is suitable
alternative for the normal hemp fibre or not.

2. Experimental

2.1. Raw Materials. Noil fibres and normal hemp fibres
(Figure 1) were supplied by China-Hemp Industrial Invest-
ments and Holding Co. Ltd. A M800E polypropylene
(Sinopec Shanghai petrochemical Co. Ltd., China) with melt
flow index of 8.0 ± 1.5 g/10min being used as the matrix.
MAPP withMA content of 1.0 wt% (Bondyram1001, Polyram
Ram-On Industries, Israel) was used as the compatibilizer to
the resin mix.

2.2. Fibre Treatments. Only normal hemp fibres were
immersed in hydroxide solutionswith concentration of 5wt%
at ambient temperature holding for 3 hours. After treatment,
fibres were washed several times with 40∘Cwater until its PH
reached to 7.Then they were oven-dried for 24 hours at 80∘C.

2.3. Fibre Characterizations Methods. Surfaces of untreated
and treated normal hempfibre and also noil fibreswere exam-
ined by scanning electron microscope (JEOL 7800F SEM)
operated at 5 kV. Samples were mounted onto aluminium

stubs with carbon tape and then sputter coated with platinum
in 120 seconds to make them conductive prior to SEM
observation.

Fourier transform infrared analysis was examined using
ThermoNicolet FTIR Spectrometer model Nexus which uses
a Perking-Elmer spectrometer and the standard KBr pellet
technique. Approximately 3mg hemp fibres was crushed into
fine particles and mixed with about 15mg KBr and then
pressed into a pellet for FTIR measurement. Effects of fibre
treatment on chemical composition of hemp fibres were
investigated.

A DMA Q800 V5.1 Dynamic Mechanical Analyser was
used at ambient temperature to investigate the tensile prop-
erties of noil hemp fibres according to ASTMD 3822-01. Noil
hemp fibres were separated and thenmounted on cardboards
with 7, 12, and 20mm holes as gauge lengths.

Fibres were observed under a MOTIC SMZ-168 series
stereo zoom microscope equipped with a CC12 Soft Imaging
System to measure diameter of the fibres (average of 5
randomly measured diameters). The mounted fibres were
then placed in the holders of the DMA Q800 V5.1 Dynamic
Mechanical Analyser testing machine and the supporting
sides of the mounting cards were cut. The fibres were then
tensile tested to failure at rate of 10mm/min.

2.4. Composite Fabrication. Then both noil fibres and treated
normal hemp fibres were ground into 0.2, 0.5, 1, and 2mm
and dried at 80∘C for 24 h. In order to make hemp fibre
powder, hemp fibres were first chopped into snippets by a
cutter mill (Pulverisette 15), and then variable-speed rotor
mill (Pulverisette 14) was applied to further ground the
fibrousmaterials into powder.Thepowder sizewas controlled
by the passing times of hemp fibres through the rotor mill.

The 40wt% ground fibre, 5 wt% MAPP, and polypropy-
lene were compounded in a EuroLab 16XL twin-screw
extruder operated at 100 revolutions per minute (rpm). The
extruder barrel consisted of six heating zones, which were set
at 180∘C. After cooling in air, the extruded composite mate-
rial was granulated in an industrial granulator to produce
composite pellets with a length around 5mm.The composite
pellets were then dried at 80∘C for 3 h before being injection
moulded into tensile test specimens.

2.5. Composite Tensile Testing. The tensile strength of the
specimens were evaluated using a MTS RT/10 (10 KN Capac-
ity) according to the ASTMD638-91 standard at the specified
loading rate of 10mm/min. The composite specimens were
tested to failure and the average value of 10 tensile-tested
specimens was reported for each sample.

2.6. Composite Flexural Testing. Three-point flexural testing
of the pure polypropylene and normal hemp fibre polypropy-
lene composites were carried out by means of the 10 KNMTS
testing machine according to the ISO 178 at a loading rate of
5mm/min.The average of 5 specimens with cross sections of
4mm × 10mm was reported for each sample. The span set at
approximately 16 times of the thickness.
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Figure 1: (a) As-received noil hemp bundles, (b) ground noil hemp fibres, (c) untreated normal hemp fibre, and (d) ground treated hemp
fibres.

2.7. Composite Impact Testing. To investigate the impact
performance of the composites, an unnotchedCharpy impact
strength test was carried out according to ASTM-D256,
using an Instron Dynatup impact tester. Impact test was
used to characterize the impact performance of composites
with varying original fibre length. Sample dimensions were
160mm × 10mm × 4mm for impact testing. A total of 5
specimens were used to determine the impact properties of
the composites.

3. Results and Discussion

3.1. Chemical Structure of the Fibres. FTIR allows studying the
influence of chemical treatment on variations of hemp fibre
composition. Infrared spectrums of untreated and treated
hemp and noil hemp fibres are plotted in Figure 2. Table 1 also
summarizes themajor peaks observed in the FTIR spectrums
along with their possible sources.

As can be seen in Figure 2, one of the most noticeable
changes generated by alkali treatment is the disappearance
of the peak at 1732 cm−1. Referring to [13, 14], this can
be attributed to the C=O carbonyl stretching in carboxylic
groups that mostly occur in the branched chain hemicellu-
loses and also in esterified and carboxylic groups in pectin.
Therefore, disappearance of the mentioned peak indicates to
removal of pectin and hemicellulose from surface of the fibre.

Untreated hemp 

Treated hemp 

Noil hemp fibre

fibre

fibre

4500 4000 3500 3000 2500 2000 1500 1000 500 0

3370

2920

2850

1732

1640

1423

1373

1317

1155
1040

896

670

1246

1505

Figure 2: Infrared spectrums of untreated and treated hemp and
noil hemp fibres.

The peak located at 1505 cm−1 which is originated from
lignin can be seen in the spectrums before and after alkali
treatment. Nevertheless, another peak associated to the lignin
(peak at 1246 cm−1) was broadened after alkali treatment. It
seems that alkali can remove the lignin partially from the
hemp fibre’s surface.

There is a blunt peak in the FTIR spectrums of the
untreated fibre in the region of 3250–3550 cm−1. This peak is
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Table 1: The major peaks observed in the FTIR spectrums and their possible source [18–21].

Wave number (cm−1) Vibration Sources
670 C–OH out-of-plane bending Cellulose

896 COC, CCO, and CCH deformation and
stretching Cellulose

1040 C–C, C–OH, C–H ring, and side group
vibrations Cellulose and hemicellulose

1155 C–O–C asymmetrical stretching Cellulose and hemicellulose
1246 C–O aryl group Lignin
1317 CH2 rocking vibration Cellulose
1373 In-the-plane CH bending Cellulose and hemicellulose
1423 HCH and OCH in-plane bending vibration Pectin, lignin, hemicelluloses, and calcium pectates
1505 C=C aromatic symmetrical stretching Lignin
1640 OH bending of absorbed water Water

1732 C=O stretching
Esterified and carboxylic groups

Xylans (hemicelluloses)
Pectin

2850 CH2 symmetrical stretching Wax
2920 C–H symmetrical stretching Cellulose
3370 O–H linked shearing Polysaccharides

associated to the stretching vibration of hydrogen bonding of
the hydroxyl group. It is not sharp due to interfering contri-
butions from a variety of stretching modes in the amorphous
regions [14]. However, after removal of amorphous materials
(hemicellulose, pectin, and lignin), the peak becomes sharp at
3370 cm−1. Besides, there is another sharp peak in the FTIR
spectrum of the untreated fibres around 1640 cm−1, which is
associated to the OH bending of absorbed water. This peak
broadened after alkali treatment. Thus, treating the fibres
reduced the moisture absorbance of the fibres by removal of
hydrophilic lignocellulosicmaterials which include accessible
hydroxyl groups.

It is worth mentioning that FTIR spectrum of the noil
hemp fibre is so much similar to that of the treated fibre.
Noil hemp fibre contains almost the same type of chemical
components as the treated hemp fibres. Noil fibres can be
used as reinforcement in the short fibre composites without
applying further treatments to remove the lignocellulosic
amorphous materials.

3.2. FibreMorphology Analysis. Themorphology of the fibres
was studied by scanning electron microscope (SEM). SEM
micrographs of the fibre surfaces can be seen from Figure 3
to Figure 6. Figure 3 reveals the SEM micrographs of an
untreated hemp bundle whose surface is covered by the
gummy polysaccharides of lignin, pectin, and hemicellulose.
These materials are completely/partially removed after alkali
treatment as seen in Figure 4. Removal of the lignin, pectin,
and hemicellulose alters the morphology of the hemp fibre.
The fibres can partially/completely be separated to elemen-
tary fibres after alkali treatment. The separation lines which
showbundles of continuous elementary fibre can be viewed in
Figure 4. In comparison with the untreated fibre, the treated
fibres are clean but rough. The roughness enhances mechan-
ical interlocking bonding mechanisms between fibre and the

matrix, and the clean surfaces are supposed to create stronger
bonding between OH groups of the fibre and the matrix.
This observation clearly indicated that alkali treatments could
remove the hemicellulose and lignin coverings from the fibre
surfaces. Figure 5 shows the SEM micrographs of the noil
hemp fibre and Figure 6 presents the kink band observed in
noil hemp fibres.

As can be seen in Figures 5 and 6, the fibre surfaces are
completely clean of gummy polysaccharides. Its cleanness
implies that the noil hemp fibres are already separated to
elementary fibres (microfibers) during degumming processes
in textile industry. Thus, in correlation with FTIR analysis,
it does not require to remove the noncellulosic materials
(pectin, lignin, and hemicellulose).

Two main types of defects, which are naturally expected
to be found in the cell walls of the natural fibres, are known
as kink bands andmicrocracks. Figure 6 shows the kink band
observed in SEMmicrographs of noil hempfibres. At the kink
band regions, the angle of the microfibrils relative to the fibre
axis differs from the angle of the surround cell wall, which
corresponds to the change of crystalline orientation. It has
been reported that the kink bands result in a lower strength
and they are the most likely area to break during tensile tests
of fibres [15, 16].

Figure 7 shows SEM micrographs of noil hemp fibres
includingmicrocracks in fibre cell wall along the fibre length.
Microcracks lead to stress concentrations when fibres are
loaded as reinforcements in composites. Not only do these
defects cause variability in fibre properties but they also con-
siderably reduce fibre strength. More defects (microcracks)
are observed in noil fibres.Thus, it is expected that noil hemp
fibres have a lower tensile strength than normal hemp fibres.

3.3. Strength of the Fibres. The tensile properties of sin-
gle hemp fibres were evaluated for all investigating fibres.
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Figure 3: SEM micrographs of an untreated hemp bundle (the surface is covered by the gummy polysaccharides).

Figure 4: SEM micrographs of a treated hemp fibre.

Figures 8(a) and 8(b) represent the typical stress-strain curves
of single noil hemp fibre and the average tensile strength val-
ues of untreated, treated, and noil hemp fibres, respectively.
It can be seen that the stress versus strain curves were almost
linear until fracture of the fibre. Figure 8(b) shows that the
tensile strength of the 5wt% alkali treated fibre is almost 40%
higher than that of the untreated fibre.The increase in tensile
strength of treated fibre was due to removal of cementing
materials which resulted in lower cross section of fibres in
single fibre tensile testing. On the other hand, the noil hemp
fibres introduced 33% lower tensile strength compared with
the alkali treated fibre. The transversal cross section of hemp
is not cylindrical and there are many defects that exist along
fibres length. Thus, this massive deviation is inevitable in
studying characteristics of hemp fibres. Although standard
deviation of the data is high, it can be concluded that tensile
strength of noil hemp fibres are significantly lower than those
of normal hempfibres. It is believed that stress concentrations
around microcracks can act as the sites for the initiation of
fibre matrix debonding, for the formation of microcracks in
the matrix or for fracture of the hemp fibre.

3.4. Tensile Properties. The tensile strengths of the pure
polypropylene and their composites with 40wt% fibre con-
tent with various initial fibre length are illustrated in Figure 9
and Table 2. It can be seen that the addition of 40wt% noil
hemp fibre with initial length of 0.2mm into the pure PP

increased the tensile strength of the samples from 16.9MPa
to 32.8MPa.

In addition, it can be noted in Figure 9 that as the initial
fibre length increased, the tensile strength of the samples
decreased gradually. However, the difference between com-
posites with 0.2mm and 0.5mm is insignificant. It implies
the fact that feeding of longer fibres in compounding and
injectionmouldingmachines cannot only improve the tensile
properties of the composites but also can degrade the prop-
erties, probably due to the formation of fibre agglomerations
and consequently heterogeneous dispersion of the fibres.

Young’s modulus (GPa) of the samples followed the same
trend (Figure 10). It increased from 1GPa for pure PP to 3.6
for GPa composite with 0.2mm long fibres.Then it decreased
gradually as the fibre length increased.

Referring to Figure 8, the average tensile strength of
the noil hemp fibre was approximately 175MPa lower than
that of the treated normal hemp fibres. However, there is
no significant difference in tensile strength values between
treated hemp and noil fibres composites.

3.5. Flexural Properties. Typical flexural stress-strain curves
for noil hemp fibre composites are presented in Figure 11.
It can be seen that the curves show initially linear portion,
followed by a nonlinear region prior to themaximumflexural
stress. Once the maximum stress is reached, the stress
decreases just slightly until the fracture happens.



6 Advances in Materials Science and Engineering

Figure 5: SEM micrographs of the noil hemp fibre (elementary fibres are already separated).

Figure 6: SEM micrographs of noil hemp fibres presenting the kink band clearly observed in noil hemp fibres.

Figure 7: SEM micrographs of noil hemp fibres presenting the microcracks.

Table 2: Tensile properties of the noil hemp fibre and hemp fibre composites with varying initial fibre lengths.

Fibre length (mm) Noil hemp fibre Hemp fibre
Tensile strength (MPa) Young’s modulus (GPa) Tensile strength (MPa) Young’s modulus (GPa)

0.20 32.85 ± 0.67 3.57 ± 029 33.61 ± 1.35 3.77 ± 0.31
0.50 31.83 ± 1.96 3.29 ± 029 32.86 ± 0.36 3.38 ± 0.67
1.00 27.90 ± 2.76 3.03 ± 0.07 31.53 ± 2.23 3.55 ± 0.88
2.00 31.18 ± 2.47 3.32 ± 0.30 29.64 ± 1.78 3.03 ± 052
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Figure 8: (a) Typical stress-strain curves of single noil hemp fibre at gauge length of 12mm and (b) tensile strength of the untreated, alkali
treated, and noil hemp fibres at the same gauge length.
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Figure 9: The influence of the initial fibre length on tensile
strength of the noil (white) and treated hemp (red) fibre reinforced
polypropylene composites.

The average flexural strength and flexural modulus of
the noil hemp fibre polypropylene (NH/PP) and hemp fibre
polypropylene (H/PP) composites as a function of initial fibre
length are shown and presented in Table 3 and Figures 12 and
13. As can be seen in Figure 12, the flexural strength increased
with addition of 40wt% short fibres into the pure polypropy-
lene.The average flexural strength increased with addition of
0.2mm short fibres from 12.4 for pure polypropylene to 55.65
for NH/PP and 51.19 for H/PP. Likewise, the flexural modulus
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Figure 10: The influence of the initial fibre length on Young’s
modulus of the noil (white) and treated hemp (red) fibre reinforced
polypropylene composites.

of the composites raised from approximately 0.5 GPa for
polypropylene to higher than 3GPa for the composites with
fibre length of 0.2mm (Figure 13). Similar to tensile strength
and Young’s modulus findings, the flexural strength and
flexural modulus of both composites were declined as fibres
longer than 0.2mm were used to fabricate the composites.

3.6. Impact Strength. It has been concluded so far that rein-
forcing fibres with initial length of 0.2mm can provide
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Table 3: Flexural properties of composites with different fibre lengths.

Fibre length (mm) Noil hemp fibre composite Hemp fibre composite
Flexural strength (MPa) Flexural modulus (GPa) Flexural strength (MPa) Flexural modulus (GPa)

0.20 55.65 ± 0.98 3.31 ± 0.14 51.19 ± 4.21 3.11 ± 0.22
0.50 53.25 ± 4.11 3.04 ± 0.07 51.18 ± 5.01 3.06 ± 0.13
1.00 44.05 ± 4.00 2.76 ± 0.37 39.63 ± 0.95 1.95 ± 0.16
2.00 39.91 ± 6.77 2.14 ± 0.43 40.26 ± 4.01 2.32 ± 0.27
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Figure 11: Flexural stress-strain curves for 40wt% noil hemp fibre
composite with initial fibre length of 2mm.

0

10

20

30

40

50

60

70

Fl
ex

ur
al

 st
re

ng
th

 (M
Pa

)

Initial fibre length (mm)

N/PP
H/PP

0 (PP) 0.2 0.5 1 2

Figure 12: The influence of the initial fibre length on flexural
strength of the noil (white) and treated hemp (red) fibre reinforced
polypropylene composites.

the optimum tensile and flexural properties among all com-
posites. To extend the results, the effect of fibre lengths on
impact toughness of the composite samples has been also
investigated using impact tests. The impact toughness of a
composite is the amount of energy it can absorb through plas-
tic deformation before fracture. Therefore, study on impact
properties of the composites can be of great importance when
the reinforcing fibres are very short, as short fibres create
stress concentration sites in the matrix, which might reduce
impact toughness of the materials.
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Figure 13: The influence of the initial fibre length on flexural
modulus of the noil (white) and treated hemp (red) fibre reinforced
polypropylene composites.

Typical impact force-time and impact energy-time curves
are shown in Figure 14. The Energy-time curve, shown in
Figure 14, was plotted using the calculation of the total area
under the force-time curve.Then, the amount of total energy
requires to damage the composite can be extracted using
the energy-time curve. Belingardi et al. [17] introduced the
damage degree (DD) to account for damage accumulation. It
was defined as the ratio between the absorbed energy 𝐸

𝑎
and

the impact energy 𝐸
𝑖
(𝐸
𝑎
/𝐸
𝑖
).

Once the impact energy (𝐸
𝑖
) is high enough, the com-

posite failure eventually can happen. In a case, the speci-
men does not completely fail; the projectile bounces back
from the specimen. The energy created when the projectile
bounces back is known as rebounded energy (𝐸

𝑟
). When

the specimen completely fails, the projectile is not rebound
and the rebound energy (𝐸

𝑟
) is zero. In this case, complete

failure of the specimen happens and DD value becomes
1. The impact force (𝐹

𝑚
), maximum impact energy (𝐸

𝑚
),

absorbed energy (𝐸
𝑎
), and rebounded energy (𝐸

𝑟
) of the

specimens were extracted from corresponding impact force-
time and impact energy-time curves of the composites and
then summarised in Tables 4 and 5. Moreover, the changes in
peak load, rebounded energy, and damage degree as function
of initial fibre length are presented in Figures 15 and 16.

A comparison between the pure PP sample and the
composites shows that the 𝐸

𝑟
and DD of the pure PP is

higher and lower, respectively. In other words, addition of
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Table 4: Impact properties of polypropylene sample.

𝐹
𝑚

(N) 𝐸
𝑚

(J) 𝐸
𝑎

(J) 𝐸
𝑟

(J) DD
PP sample 118.50 ± 0.75 3.05 ± 0.43 2.41 ± 0.52 0.64 ± 0.12 0.79 ± 0.08

Table 5: Impact properties of composites with different fibre lengths.

Fibre length
(mm)

Noil hemp fibre composite Hemp fibre composite
𝐹
𝑚

(N) 𝐸
𝑚

(J) 𝐸
𝑎

(J) 𝐸
𝑟

(J) DD 𝐹
𝑚

(N) 𝐸
𝑚

(J) 𝐸
𝑎

(J) 𝐸
𝑟

(J) DD

0.2 191.70 ± 8.6 2.99 ± 0.22 2.57 ± 0.21 0.42 ± 0.02 0.86 ± 0.01 175.50 ± 2.20 2.71 ± 0.01 2.25 ± 0.04 0.46 ± 0.04 0.83 ± 0.01
0.5 177.24 ± 3.16 2.80 ± 0.17 2.43 ± 0.12 0.37 ± 0.01 0.87 ± 0.01 173.30 ± 3.12 2.64 ± 0.08 2.24 ± 0.07 0.40 ± 0.01 0.85 ± 0.01
1 164.40 ± 2.31 2.64 ± 0.25 2.32 ± 0.26 0.32 ± 0.08 0.88 ± 0.02 173.67 ± 3.83 2.75 ± 0.13 2.37 ± 0.12 0.38 ± 0.01 0.86 ± 0.00
2 150.00 ± 5.65 2.45 ± 0.63 2.30 ± 0.51 0.15 ± 0.06 0.94 ± 0.01 159.65 ± 4.55 2.38 ± 0.06 2.11 ± 0.18 0.34 ± 0.06 0.86 ± 0.02
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Figure 14: Load and energy history curves of a Noil hemp fibre
polypropylene composite specimen reinforced with 0.2mm Noil
fibres.
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fibres/fillers in the pure reduces the impact properties as
expected.

From Figure 15, it can be observed that as fibre length
increased the peak load of the composites reduced. Peak
load, also known as impact Load, corresponds to the onset of
material damage or complete failure. Therefore, the compos-
ite with 0.2mm initial fibre showed better impact resistance
among all other samples.

During impact, compressive, shear, and tensile loadings
are applied on the composite samples simultaneously. As
aforementioned, fibre agglomerations are more likely to
form in composites with longer fibres. Then fibres are not
properly wet up in agglomeration sites and crack can be
initiated from fibre/matrix interface in the agglomeration
sites. As a result, poor dispersion of fibres reduces composite
impact resistance during compression, shear, and tensile by
reduction of interface bonding between the fibre and matrix
in agglomeration sites.

Likewise, Figure 16(a) shows the higher 𝐸
𝑟
values for

composites with shorter initial fibres. It indicates that better
fibre dispersion and subsequently strong interfaces in the
composites with shorter fibres prevented the impactor from
penetrating the samples and thus more rebounded energy
was observed. Also, the lower DD values as shown in
Figure 16(b) indicated that the extent of impact damage was
less on composites with shorter fibres. Both noil hemp fibre
composites and hemp fibre composites provided almost the
same values of impact energy at different initial fibre length.
However, as Figure 16(b) shows, the damage degree (DD)
values of the noil hemp fibres composites are significantly
higher than those of normal hemp fibre due to the fibre
weakness (defects/cracks) caused by the degumming process.
The impact results gained here are in correlation with their
tensile and flexural properties as discussed earlier.

To summarize, the impact test results show that increase
in initial fibre length of the composites decreases the maxi-
mum load and rebounded energy but increases the damage
degree (DD) of the composites. In addition, noil hemp fibres
composite represents lower impact properties than hemp
fibre composites.
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Figure 16: Effect of initial fibre length on impact properties of noil hemp fibre and treated hemp fibre composites (a) impact energy and (b)
damage degree.

4. Conclusion

In this paper, noil fibre and normal treated and untreated
hemp fibre were characterized. Also, the influence of ini-
tial fibre length on mechanical properties of ground fibre
polypropylene composites was studied. The following can be
concluded.

Alkali treatment of normal hemp fibres could remove
cementing materials (pectin, hemicellulose, and lignin) par-
tial/completely from surface of the fibres.

Noil hemp fibre contains almost the same type of chem-
ical components and morphology as 5wt% alkali treated
hemp fibres contain. Therefore, noil hemp fibres do not
require any chemical treatments to remove the lignocellulosic
amorphous materials.

The noil hemp fibres delivered lower tensile properties
than treated hemp fibres due to the cellulose degradations
(fibre defects) because of overdegumming happens in textile
processing. The ground fibres are still capable of reinforcing
the polypropylene matrices.

Hemp and noil hemp powder (fillers) with original length
of 0.2mm resulted in highest tensile, flexural, and impact
properties of the composites due to better dispersion of the
fillers and more homogenous structure of the composites.
However, as the initial fibre length increased, the tensile, flex-
ural, and impact strength of the samples decreased slightly.
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Blend of chitosan and spinach extract has been successfully prepared using acetic acid as a solvent medium to produce chitosan-
spinach films. The conductivity measurements showed that chitosan-spinach films for all ratios of 95 : 5, 90 : 10, 85 : 15, and 80 : 20
had better conductivity than the chitosan film.The optical band gap reduced with the addition of the spinach extract into chitosan.
Chitosan-spinach filmwith the ratio of 85 : 15 gave the best electrical properties in this work with the conductivity of 3.41 × 10−6 S/m
and optical band gap of 2.839 eV. SEM-EDX spectra showed the existence of potassium, phosphorus, sulphur, iron, and oxygen in
chitosan-spinach films. AFM image showed that the surface morphology of the films became rougher as the spinach incorporated
into chitosan. The minerals which exist in spinach extract play a role in enhancing electrical properties of chitosan film.

1. Introduction

Chitosan, a linear 𝛽-linked polysaccharide, has long been
marked as one of the most promising biopolymers. This
biopolymer exhibits excellent characteristics including good
chemical inertness, highmechanical strength, biodegradabil-
ity, biocompatibility, high-quality film forming properties,
and low cost [1]. Chitosan has been widely studied in various
fields which include sensors, biomedical, food processing
industries, and more. The broad application of chitosan
biopolymer becomes one of the main reasons for the inten-
sive investigation and development of these materials [1–4].
Chitosan is a unique material that is well suited for biological
microdevices due to its ability to be selectivity deposited
and its high density of amine groups, which provide active
bonding sites [5], and it has the ability to retain its natural
properties even after being processed into film [6]. However,
the chitosan itself has a low conductivity valuewhich limits its
electronic applications. Therefore, composites or blends have
been attempted by incorporating a conducting material into
chitosan to combine the good process ability of the chitosan

matrix and electrical conductivity of the conductivematerials
[1].

The chitosan-spinach films were expected to have better
conductivity than the chitosan film because spinach contains
minerals such as potassium, phosphorus, and iron (ferre-
doxin) [7]. Potassium (K) plays a critical role in adjusting the
electronic properties of conductivematerials [8]. Phosphorus
(P) has beenmostly used for doping. It has been reported that
there is a proportionality relation between the conductivity
and the doping concentration of phosphorus [9]. Spinach also
contains ferredoxin which was represented as [2Fe–2S]2+.
Ferredoxin is iron-sulfur proteins that function as electron
carriers in many metabolic processes. The Fe (III) ions in
[2Fe–2S]2+ are bridged by two sulfides and the tetrahedral
coordination of each iron completed by cysteine residues.
One electron reduction of the [2Fe–2S]2+ cluster occurs
at one of the iron atoms to give the reduced [2Fe–2S]2+
cluster. In the oxidized state, both iron atoms are in a similar
chemical state, which appears from the chemical shift and
quadrupole splitting to be high-spin Fe3+. In the reduced state
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the iron atoms are different and the molecule appears to
contain one high-spin Fe2+ and one high-spin Fe3+ [10]. It
was believed that the incorporation of spinach into chitosan
matrix is able to improve the electrical properties of chitosan
films by reducing the band gap of the films since the amine
group in chitosan has the ability to bind cationic and anionic
forms of noble and transition metal ions [11]. As far as
we know, there is no reported study on the electrical con-
ductivity, optical band gap, and microstructure of chitosan-
spinach films. Therefore, the success of using the spinach
to improve the chitosan film characteristics in this study
has made spinach able to function as a novel conductive
additive with several advantages including being nontoxic,
environmentally friendly, reproducible resource, abundant in
nature, and cheap.

In this study, chitosan-spinach solution was prepared
and coated on the glass substrate by spin coating. Chitosan-
spinach films were fabricated to study the conductivity,
band gap energy, and microstructure of the films. Two-
point probe method was used to test the conductivity and
UV-visible spectrometer was utilized to determine the band
gap energy, while Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), and atomic
force microscopy (AFM) were employed to characterize the
prepared films.

2. Experimental

2.1. Materials. Chitosan from crab shell (degree of deacetyla-
tion 75–85%, medium molecular weight) and methanol with
purity of 99.98% were purchased from Sigma Aldrich Ltd.
Meanwhile, acetic acid with purity of 99% purchased from
Merck was used in this research. Red spinach was chosen as
a biomaterial to be blended with chitosan. The red spinach
was cleaned, cut, dried, and squeezed for spinach preparation
purpose.Then,methanol, acetic acid, and distilledwater were
used for spinach extraction.

2.2. Preparation of Chitosan-Spinach Films. A solution gel
of 1.75 wt.% chitosan was prepared by dissolving chitosan
into 2% acetic acid solution with rotation speed of 300 rpm
for 24 h. After being cleaned, cut, dried, and squeezed,
red spinach juice was poured into the mixture solution of
methanol, acetic acid, and deionised water with the ratio
10 : 4 : 1 : 5 followed by magnetic stirring with rotation speed
of 350 rpm for 1 h. Then, the chitosan solution was mixed
with spinach extract and stirred for 2 h.There are five distinct
concentration solutions which were prepared using chitosan
and spinach extract. One solution was made of pure chitosan
as control, while the other four solutions were blends of
chitosan and spinach extract with the spinach extract to
chitosan ratios of 5/95, 10/90, 15/85, and 20/80, respectively.
The chitosan and chitosan-spinach films were fabricated by
using spin coating technique. In this work, rotation speed of
100 rpm and spin time of 30 seconds were used to coat the
chitosan and chitosan-spinach films on the glass substrate.
Finally the films were annealed at 105∘C to remove the
excessive water molecules in the films.

2.3. Characterizations. There were several instruments that
have been used in this research. Spin coater (WS-650 Mz-
23 NPP Laurell) was used to coat the chitosan and chitosan-
spinach solution onto the glass substrate. Vacuum oven was
used for annealing purpose. Meanwhile the thickness of the
films was measured using 3D-Profiler (Pemtron Hawk 3D).
FTIR spectra measurements were conducted by a Perkin
Elmer RX1 FTIR spectrometer. The surface morphology of
chitosan and chitosan-spinach films was examined by using
a Jeol JSM-6460LA scanning electron microscopy (SEM) at
an accelerating voltage of 5 kV. The surface roughness of the
films was investigated by atomic force microscopy (AFM)
(Nanoscope IV/Multimode, Digital Instruments) equipped
with a 100 𝜇m scanner operated in tappingmode. Conductiv-
ity of the chitosan and chitosan-spinach filmswas determined
using the two-point probe method. The output current (𝐼)
wasmeasured for different input voltage (𝑉) ranging from0V
to 20V with the increment of 1 V. The resistance (𝑅) and the
conductance (𝐺) were obtained by using Ohm’s Law [12]:

𝑅 =
Δ𝑉

Δ𝐼
,

𝐺 =
1

𝑅
.

(1)

Thus, the resistivity of the films was calculated by using

𝜌 = 𝑅 ×
𝑎

𝑡
, (2)

where 𝜌 is the resistivity (Ω⋅m) of the film, 𝑅 is the resistance
of the film (Ω), 𝑎 is the surface area of the film (m2), and 𝑡
is the thickness of the film (m). Finally, after the value of the
resistivity is obtained, the conductivity of the sample can be
calculated using (3) where 𝜎 is the conductivity:

𝜎 =
1

𝜌
. (3)

The optical band gap was studied using UV-Vis spectrometer
(Perkin Elmer UV-Vis spectrometer Lambda 35). Generally,
the band gap energy (Eg) in the semiconductor is determined
by the Tauc equation [12] as described in

[𝛼ℎV]2/𝑛 = 𝐾 (ℎV − Eg) , (4)

where 𝑛 represent the nature of transition,𝐾 is constant, and
ℎV is the energy of photon. Meanwhile, the energy of photon
can be calculated using

ℎV =
ℎ𝑐

𝜆
, (5)

where ℎ is the plank constant (6.626 × 10−34m2 kg/s), 𝑐 is the
speed of light (3 × 108m/s), and 𝜆 is the wavelength (m).

The absorption coefficient 𝛼(V) at various wavelength
was calculated from absorbance (𝐴) and thickness (𝑡) of the
sample using

𝛼 (V) =
2.303 × 𝐴 (V)
𝑡
. (6)
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Figure 1: UV-Vis spectra of chitosan and chitosan-spinach blend
films.

3. Results and Discussion

3.1. Optical Band Gap and Conductivity of Chitosan-Spinach
Films. Figure 1 illustrates the UV-Vis spectra of chitosan film
and chitosan-spinach film. The lower wavelength band is
associated with the 𝜋 𝜋∗ transition of the conjugated ring
systems [1, 13]. Basically, the interaction is said to be strong
if the wavelength is lower [13]. In this work, the absorptions
occurred at the band with lower wavelength ranging from
350 nm to 300 nm that indicated there was a strong inter-
action between chitosan and spinach. It was found that the
absorption (𝐴) of the film increased with increasing spinach
content. However, the absorption decreasedwith the addition
of 20% of spinach in chitosan. This result is in line with the
data of SEM-EDX that, in general, the minerals content in
spinach started to decrease when 20% of spinach is blended
with the chitosan. It is because, at that concentration, themin-
erals have tendency to agglomerate and hence increase the
particle-particle interaction of minerals. The agglomeration
of the film is the factor that contributes to increment in band
gap energy (reduction on the absorption) [11]. Thus, it can be
concluded that the threshold or the optimumratio of chitosan
and spinach which shows the strongest interaction is 85 : 15.
The absorption value (𝐴) was used to calculate the optical
band gap energy using Tauc equation (4).

Table 1 shows electrical conductivity values of chi-
tosan film and chitosan-spinach blend film. In general,
the chitosan-spinach films have higher conductivity than
chitosan film. The chitosan-spinach film with the ratio 15 : 85
has the highest conductivity of 3.41 × 10−6 S/m. However, the
conductivity value reduced to 3.25 × 10−6 S/m when 20% of
spinach was blended with the chitosan due to agglomeration.
The band gap energy became smaller prior to addition of
spinach into chitosan as shown in Table 1. The chitosan-
spinach film with the ratio 15 : 85 has the smallest band gap
energy which is 2.839 eV. However, the band gap energy
seems to be increased to 3.807 eV when 20% of spinach was
incorporated into chitosan. Thus it can be concluded that
the optimum ratio of spinach that can be incorporated into
chitosan is 15%.

The changes in the electrical properties of chitosan-
spinach films are attributed to the electron movement

Table 1: Thickness, conductivity, and band gap energy of chitosan
and chitosan-spinach blend films.

Chitosan : spinach
ratio

Thickness
(𝜇m)

Conductivity
(S/m)

Band gap
(eV)

100 : 0 48.954 4.2 × 10−7 4.133
95 : 5 48.821 1.76 × 10−6 4.125
90 : 10 49.045 2.54 × 10−6 4.118
85 : 15 48.630 3.41 × 10−6 2.839
80 : 20 49.023 3.25 × 10−6 3.807
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Figure 2: Infrared spectra of (a) chitosan film, (b) spinach extract,
and (c) chitosan-spinach blend film.

within the chitosan-spinach films. Chitosan has amino
(NH
2
) and hydroxyl (OH) groups. These functional groups

provide active bonding sites to interact with the metals
complexes [14]. SEM-EDX micrographs of chitosan-spinach
films (Figure 3) show the existence of potassium, phosphorus,
iron, sulphur, and oxygen in these films. The existence of
potassium, phosphorus, and ferredoxin contributes to the
enhancement in output voltage or current because the ions
create extra free electrons and pathway for electron transfer.
The potassium ion is necessary for redox reaction of electron
carrier. Potassium ion also has a rapid electron transfer rate
and, as a dopant, it has a tendency to enhance the conductivity
of the host materials [15]. As a dopant, phosphorus can
increase surface electronic density and enhance the ability
of adsorbed oxygen. Phosphorus is able to reduce the resis-
tance of host materials [16]. One electron reduction of the
ferredoxin cluster occurs at one of the iron atoms to give
the reduced [2Fe–2S]+. The reduced electrons then become
the free electrons that move randomly in chitosan-spinach
film under the certain supplied voltage.Therefore, the higher
percentage of spinach extract in the blend films caused the
presence of free electrons much more and, in turn, enhanced
the conductivity of the blend films.

3.2. Fourier Transform Infrared Spectroscopy (FTIR). The
FTIR spectrum of the chitosan film is shown in Figure 2(a).
In the spectrum of chitosan, the band at 3271 cm−1 is due to
–OH vibration [17]. This band is quite broad and has covered
characteristic –NH band for chitosan at 1641 cm−1 and band
at 1554 cm−1 belonging to –NH

2
bending.Thebandoccurring

at 1377 cm−1 is ascribed to the C–OH vibration of the alcohol
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Figure 3: SEM (EDX) micrographs of (a) chitosan film, (b) chitosan-spinach blend film (95 : 5), (c) chitosan-spinach blend film (90 : 10), (d)
chitosan-spinach blend film (85 : 15), and (e) chitosan-spinach blend film (80 : 20).

groups in the chitosan and the band around 2919 cm−1 is
ascribed to the C–H stretchingmode in the chitosan [18].The
absorption band at 1152 cm−1 due to antisymmetric stretch-
ing of C–O–C bridge and the 1062 cm−1 skeletal vibration
involving theC–O stretching is characteristic of its saccharide
structure [19].

The FTIR spectra of spinach can be seen in Figure 2(b).
In the spectrum of spinach, the iron sulphides do not
provide clear absorption bands at lower wavenumber in

the infrared spectrum.Thepresence of asymmetric stretching
of carboxylate (C=O)

2
at 1642 cm−1 is typical of amino acid,

a weak band at 1402 cm−1 characteristic of ammonium ion
NH
4

+, and band at 1113 cm−1 indicating the presence of
sulfate. The band occurring at 2123 cm−1 is ascribed to the
existence of ferredoxin [Fe–S] [20]. The band occurring at
3307 cm−1 is due to –OH vibration and the band around
2844 cm−1 is ascribed to the C–H stretching mode in the
spinach.
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It can be seen from the FTIR spectra (Figure 2(c)) that the
blend film has the characteristic bands of both chitosan and
spinach ferredoxin.The 3285 cm−1, 2918 cm−1, 1561 cm−1, and
1022 cm−1 bands are characteristics of the –OH vibration, C–
H stretching, –NH

2
bending, and skeletal vibration involving

the C–O stretching present in chitosan. The spectrum of
the NH

2
group overlapped with the O–H group was shifted

from 3271 cm−1 (chitosan film) to 3285 cm−1 (chitosan-
spinach film). Besides that, the free amine group observed at
1641 cm−1 (chitosan film) disappears. These two phenomena
indicate that NH

2
and OH groups take part in complex

formation with ferredoxin [21, 22]. The band occurring at
2000 cm−1 is ascribed to the existence of ferredoxin [Fe–S]
in the blend. The Fe–S stretching is seen around 2123 cm−1
in the spectra of spinach. However, the band has shifted to
lowerwavenumber in the blend, that is, 2000 cm−1.This result
indicates larger interaction between spinach ferredoxin and
chitosan.Theoretically, chitosan has a free amine group in its
molecular structure. On the other hand, ferredoxin which is
linked with sulfur consists of Fe3+ where it can reduce to Fe2+
by interacting with the free amine group in chitosan [23].The
complex formation induces the increment of conductivity
since it creates an extra pathway for the electrons to flow,
which is consistent with data of conductivity and band gap
as depicted in Table 1.

3.3. Scanning Electron Microscope (SEM). The SEM-EDX
micrographs obtained from chitosan film and chitosan-
spinach film are presented in Figure 3.The SEM-EDXmicro-
graph of the chitosan film (Figure 3(a)) shows the existence of
oxygen whereas SEM-EDX micrographs of chitosan-spinach
films (Figures 3(b)–3(e)) show the existence of potassium,
phosphorus, iron, sulphur, and oxygen.The potassium, phos-
phorus, iron, and sulphur contents increase as the amount of
spinach increases as shown in Figures 3(b), 3(c), and 3(d).
The mass of potassium is 0.11%, 22.01%, and 25.09% for
spinach contents of 5%, 10%, and 15%, respectively; however
the mass of potassium decreased to 23.71 when 20% of
spinach content was blended with the chitosan. The mass of
phosphorus is 0.26%, 4.32%, 9.33%, and 12.77% for spinach
content of 5%, 10%, 15%, and 20%, respectively. The iron
mass increment is almost the same with the potassium;
the mass increased up to 15% and decreased when 20% of
spinach content was blended with the chitosan. Meanwhile,
the sulphur content also increased as the spinach content
increased. The amount of sulphur in percentage is 0.13%,
0.34%, and 0.52% for spinach content of 5%, 10%, and 15%,
respectively. However the amount of this component reduced
at spinach content of 20% (Figure 3(e)) where the sulphur
content drops to 0.14%. In general, the minerals content
started to decrease when 20% of spinach is blended with the
chitosan because, at that concentration, the minerals have
tendency to agglomerate and hence increase the particle-
particle interaction of minerals as we can see in Figure 4(e).

Figure 4 describes the morphology of the chitosan film
and chitosan-spinach blend film. It appears that morphology
has some influence on the electrical conductivity of the films
[1]. Chitosan as in Figure 4(a) shows a homogenous surface.

This result is consistent with the previous work which has
been done before [17]. The presence of a nonhomogeneous
structure in Figures 4(b), 4(c), 4(d), and 4(e) serves as an
evidence for the interaction between chitosan and spinach
extract which indicates that chitosan and metals content in
spinach form complexes. The compact surface of the films
affects the electrical properties of the films since the compact
surface enhances the pathways for electron transfer. Besides
that, the compact surface indicated that the films were well
deposited onto the substrate. The strong bond of the films
and substrate is very important to avoid swelling of the
films; besides the suitable annealing temperature (105∘C) is
important parameter to remove the water molecules which
exist in the films and to make the films surface compact.
The uneven surface of blend films is because the interaction
between the chitosan and metals content in spinach forms
complexes. There are no significant changes in the surface
morphology when 5% of spinach was incorporated in chi-
tosan (Figure 4(b)). The morphology of the film started to
change via addition of 10% of spinach where it becomes
rougher as shown in Figure 4(c). Figure 4(d) shows the chi-
tosan and spinach extract form almost uniform surface when
15% of spinach was blended with chitosan. It indicates that
spinach extract disperses well within the chitosan and they
have good interaction. However, the chitosan-spinach film
started to agglomeratewhen 20% spinach extractwas blended
with chitosan as shown in Figure 4(e). The agglomeration of
the film is the factor that contributes to increment in band gap
energy and reduction in the conductivity value [24]. Thus, it
can be concluded that the optimum ratio of spinach that can
be incorporated into chitosan is 15%.

3.4. Atomic ForceMicroscope (AFM). Thesurfaces of the films
were mapped by atomic force microscopy (AFM) with the
aim of observing the differences in the film surface associated
with the interaction between spinach extract and chitosan.
The roughness of the films was determined by the value of
RMS and Ra value from AFM data where higher RMS and
Ra value indicate that the film surface is getting rougher
[25]. Figure 5 shows 3D image of chitosan and chitosan-
spinach films. The chitosan film presents a flat homogeneous
surface exhibiting a very low dispersion in the roughness
profile which is 0.372 nm. It is consistent with the result from
previous work done by Li [26, 27]. It can be observed that
the chitosan-spinach films display a rough surface in Figures
4(b), 4(c), 4(d), and 4(e).The roughness of the films increases
with increasing spinach extract content as indicated by the
RMS values starting from 1.413 nm, 4.848 nm, 12.980 nm, and
36.250 nm for spinach extract content of 5%, 10%, 15%, and
20%, respectively, as listed in Table 2. The roughness of the
films can be explained through the difference between the
minimum and maximum peaks on AFM image of the film
surface. The axis in Figure 5 clearly illustrates that the height
of peaks increases with the increasing of spinach extract
concentration. This can be associated with the interaction
between the chitosan and spinach extract which indicates that
chitosan and metals content in spinach form complexes.
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(a) (b)

(c) (d)

(e)

Figure 4: SEM images of (a) chitosan film, (b) chitosan-spinach blend film (95 : 5), (c) chitosan-spinach blend film (90 : 10), (d) chitosan-
spinach blend film (85 : 15), and (e) chitosan-spinach blend film (80 : 20).

Table 2: Surface analysis data of the chitosan film and chitosan-
spinach blend film.

Chitosan : spinach 100 : 0 95 : 5 90 : 10 85 : 15 80 : 20
Rms (nm) 0.372 1.413 4.848 12.980 36.250
Ra (nm) 0.235 1.022 3.747 10.200 20.391

4. Conclusion

The chitosan film properties have been successfully improved
by blending chitosan with spinach extract. The existence of
potassium, phosphorus, and ferredoxin in spinach resulted

in the optical band gap of chitosan-spinach films becoming
narrower than chitosan film. As a result, the electrical
conductivity of chitosan-spinach films was higher compared
to chitosan film. Besides that, the presence of a nonhomo-
geneous structure served as an evidence for the interaction
between chitosan and spinach which indicates that chitosan
and metals content in spinach form complexes. Therefore,
spinach has been proven as a new effective conductive
additive for the purpose of improving the electrical properties
of chitosan film wherein the chitosan-spinach film with the
ratio of 85 : 15 has been found as the best ratio to fabricate the
blend films.
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Figure 5: AFM (3D) images of (a) chitosan film, (b) chitosan-spinach blend film (95 : 5), (c) chitosan-spinach blend film (90 : 10), (d) chitosan-
spinach blend film (85 : 15), and (e) chitosan-spinach blend film (80 : 20).
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trochemical synthesis and characterization of polypyrrole/chi-
tosan composite on platinum electrode: its electrochemical and
thermal behaviors,” Carbohydrate Polymers, vol. 79, no. 4, pp.
908–913, 2010.

[18] Y. A. Ismail, S. R. Shin, K. M. Shin et al., “Electrochemical
actuation in chitosan/polyaniline microfibers for artificial mus-
cles fabricated using an in situ polymerization,” Sensors and
Actuators, B: Chemical, vol. 129, no. 2, pp. 834–840, 2008.

[19] S. J. Kim, S. R. Shin, S. M. Lee, I. Y. Kim, and S. I. Kim,
“Electromechanical properties of hydrogels based on chitosan
and poly(hydroxyethyl methacrylate) in NaCl solution,” Smart
Materials and Structures, vol. 13, no. 5, pp. 1036–1039, 2004.

[20] M. R. M. Chaves, K. T. Valsaraj, R. D. DeLaune, R. P.
Gambrell, and P. M. Buchler, “Modification of mackinawite
with L-cysteine: synthesis, characterization, and implications to
mercury immobilization in sediment,” in Sediment Transport,
chapter 16, University of Sao Paulo, Sao Paulo, Brazil, 2008.

[21] X. Wang, Y. Du, L. Fan, H. Liu, and Y. Hu, “Chitosan-metal
complexes as antimicrobial agent: Synthesis, characterization
and Structure-activity study,” Polymer Bulletin, vol. 55, no. 1-2,
pp. 105–113, 2005.

[22] H. T. Boey, W. L. Tan, N. H. H. A. Bakar, M. A. Bakar, and
J. Ismail, “Formation and morphology of colloidal chitosan-
stabilized copper sulphides,” Journal of Physical Science, vol. 18,
no. 1, pp. 87–101, 2007.

[23] S. Gao, J. Fan, S. Sun et al., “Di/mono-nuclear iron(i)/(ii) com-
plexes as functional models for the 2Fe

2

S subunit and distal Fe
moiety of the active site of [FeFe] hydrogenases: protonations,
molecular structures and electrochemical properties,” Dalton
Transactions, vol. 41, no. 39, pp. 12064–12074, 2012.

[24] N. N. Mobarak, A. Ahmad, M. P. Abdullah, N. Ramli, and
M. Y. A. Rahman, “Conductivity enhancement via chemical
modification of chitosan based green polymer electrolyte,”
Electrochimica Acta, vol. 92, pp. 161–167, 2013.

[25] A. P. P. Praxedes, A. J. C. da Silva, R. C. da Silva et al., “Effects of
UV irradiation on the wettability of chitosan films containing
dansyl derivatives,” Journal of Colloid and Interface Science, vol.
376, no. 1, pp. 255–261, 2012.

[26] J. Li, S. Zivanovic, P. M. Davidson, and K. Kit, “Production
and characterization of thick, thin and ultra-thin chitosan/PEO
films,” Carbohydrate Polymers, vol. 83, no. 2, pp. 375–382, 2011.

[27] W. H. Nosal, D. W. Thompson, L. Yan, S. Sarkar, A. Subrama-
nian, and J. A. Woollam, “Infrared optical properties and AFM
of spin-cast chitosan films chemically modified with 1,2 Epoxy-
3-phenoxy-propane,” Colloids and Surfaces B: Biointerfaces, vol.
46, no. 1, pp. 26–31, 2005.



Research Article
Composites Based Green Poly(L-Lactic Acid) and Dioctyl
Phthalate: Preparation and Performance

Yan-Hua Cai,1,2 Li-Sha Zhao,1 and Yan-Hua Zhang1

1Chongqing Key Laboratory of Environmental Materials & Remediation Technologies, Chongqing University of Arts and Sciences,
Chongqing 402160, China
2School of Materials and Chemical Engineering, Chongqing University of Arts and Sciences, Yongchuan, Chongqing 402160, China

Correspondence should be addressed to Yan-Hua Cai; caiyh651@aliyun.com

Received 12 October 2014; Revised 30 January 2015; Accepted 6 February 2015

Academic Editor: P. J. Schubel

Copyright © 2015 Yan-Hua Cai et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The effects of dioctyl phthalate (DOP) on performances of poly(L-lactic acid) (PLLA) were investigated in detail using optical
depolarizer, X-ray diffraction, melt index instrument, and electronic tensile tester. Crystallization performance showed that the
half time of overall PLLA crystallization t

1/2

decreased with increasing of crystallization temperature (80∘C to 105∘C), but the
t
1/2

of PLLA/DOP composites firstly decreased and then increased, and t
1/2

of PLLA/DOP exhibited minimum value at 85∘C.
Compared to neat PLLA, 20%DOPmade the t

1/2

decrease from 7258.3 s to 265.4 s. X-ray diffraction experiment further confirmed
that DOP could accelerate the crystallization of PLLA.The fluidity of PLLA/DOP composites indicated that the melt mass flow rate
firstly decreased and then greatly increased with increasing of DOP content.Themechanical performance showed that DOP could
improve the general mechanical performance, and the elongation at break of PLLA/25%DOP was about 30 times longer than that
of neat PLLA.

1. Introduction

Dioctyl phthalate (DOP) as a conventional additive in the
world has obtained broader attention due to its cheaper
cost and more advanced plasticization ability. Thus, viscous
DOP was widely used to improve the plasticization ability
for polymer materials [1–3]. In addition, the presence of
DOP also influences the crystallization and stability of the
polymers [4, 5]. Some literatures reported that the addition
of DOP could decrease the degree of crystallization of the
polymers, resulting from the increasing of macromolecule
moving ability. For examples, Baltieri et al. [6] reported
the influence of DOP on thermal properties of poly(3-
hydroxybutyrate). Experiment dates analysis indicated that
DOP exhibited a good effect on the thermal properties of
poly(3-hydroxybutyrate), and DOPmade the glass transition
temperature, melt point, and the degree of crystallinity
decrease. Similarly, the results fromHuang and his colleagues
also confirmed that addition of DOP could make the degree
of crystallization of PVC decrease [7].

Compared to other thermoplastic polymers, poly(L-lactic
acid) (PLLA) produced from renewable sources has become
the most important biomass thermoplastic polymers mate-
rials, because of its excellent lower energy consumption,
biodegradation ability, processability, and biocompatibility
[8, 9]. Nowadays, PLLA and its composites have been
applied to more and more fields to be as substitution of
the traditional polymer such PP, PE, and PVC. However,
it is necessary to further improve the performance of
materials based PLLA to wide application., PLLA still has
especially some disadvantages such as slow crystallization
rate and poor dimensional stability to restrict the wider
range application in daily life. Thus, many technologies
and methods were used by researcher to improve the per-
formance of PLLA. Fan et al. [10] reported that a novel
organic compound N, N-bis(benzoyl)sebacic acid dihy-
drazide was synthesized to be as a nucleating agent for
PLLA to improve the degree of crystallinity, the experiment
results showed that N, N-bis(benzoyl)sebacic acid dihy-
drazide could enhance the crystallization rate and thermal
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stability of PLLA. 1.5% N, N-bis(benzoyl)sebacic acid dihy-
drazide made the half time of overall PLLA crystallization
decrease from 33.76min to 2.36min at 110∘C. Similarly,
Wang and his colleagues [11] also synthesized a series of
1,3,5-trialkyl-benzenetricarboxylamides to use as nucleating
agents of PLA, and compared to the neat PLLA, 1,3,5-trialkyl-
benzenetricarboxylamides made PLA exhibit a very short
half time of over all crystallization in a wide region 5 from
90∘C to 130∘C.

PLLA and DOP including ester group may improve
the miscibility of PLLA and DOP. On the other hand, it
is fact that DOP was used mainly for PVC plasticization
[1, 12]. Thus, the investigations are of very importance to
investigate the effect of DOP on PLLA. In this paper, DOP
was introduced into PLLA matrix to fabricate composites,
and the crystallization behavior, fluidity, and mechanical
performance were investigated in detail.

2. Experiment

2.1. Materials. PLLA (2002D) was purchased from Nature
Works LLC (USA). DOP (analytical grade) was purchased
from Beijing Chemical Reagents Company (Beijing, China).

2.2. Preparation of PLLA/DOPComposites. Firstly, PLLAwas
dried overnight at 35∘C under vacuum, then the blending
of PLLA and DOP was carried out using a counter-rotating
mixer, and the similar operation process was reported in our
previous work [13].

2.3. Test

2.3.1. X-Ray Diffraction (XRD). XRD of PLLA/DOP com-
posites with different heating treatment was performed on a
diffractometer using Cu𝐾

𝛼
radiation (wavelength, 1.54 Å) in

the range of 2𝜃 = 10–60∘ with scanning rate of 2∘/min.

2.3.2. Crystallization Measurement. Crystallization behavior
of PLLA/DOP composites was investigated by optical depo-
larizer from 80∘C to 105∘C.

2.3.3. Melt Index. The fluidity of melting PLLA/DOP com-
posites was measured by melt index instrument, and the
measurement temperature was 180∘C; load is 10 Kg.

2.3.4. Mechanical Performance Measurement. Mechanical
performance measurement was performed on a M-4010
electronic tensile tester at the speed of 50mm/min at room
temperature.

3. Results and Discussion

3.1. Isothermal Crystallization Behavior. Usually, the different
crystallization behavior of PLLAwith additive would directly
affect the physical performance of PLLA, and the reason
is that slow crystallization rate of the neat PLLA makes
the molding process of materials based on PLLA become
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Figure 1: The 𝑡
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temperature 𝑇
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.

difficult. On the other hand, the addition of the additive
often can improve the crystallization properties of PLLA.
In this study, we firstly investigate the effect of DOP on
crystallization behavior of PLLA using optical depolarizer
and XRD.

Figure 1 shows the effect of crystallization temperature
and DOP content on crystallization of PLLA. As shown in
Figure 1, the half time of overall PLLA crystallization 𝑡

1/2

is very long in the region from 80∘C to 105∘C; the reason
is that low crystallization temperature makes the movement
ability of PLLA become difficulty, though low crystallization
temperature easily makes PLLA aggregate to be nucleation,
resulting in PLLA molecular chain not achieving regular
arrangement. However, it is very clear that DOP significantly
affects the crystallization of PLLA, and the addition of DOP
can accelerate the crystallization of PLLA and makes the 𝑡

1/2

decrease. On the other hand, the 𝑡
1/2

of PLLA continuously
decreases with increasing of crystallization temperature,
which indicates that crystallization temperature is also one of
the most important factors for crystallization of PLLA. How-
ever, the trend of PLLA/DOP composites is different from
neat PLLA. With increasing of crystallization temperature,
the 𝑡
1/2

of PLLA/DOP composites firstly decreases and then
increases. And the 𝑡

1/2
has the minimum value at 85∘C. In

addition, the 𝑡
1/2

of PLLA/DOP composites decreases in the
region from 80∘C to 90∘Cwith increasing of DOP content. In
contrast, the 𝑡

1/2
increases in the region from 95∘C to 105∘C,

indicating very complicated effect of DOP on crystallization
of PLLA. Compared to neat PLLA, 20%DOP makes the 𝑡

1/2

have the minimum value in 85∘C, and the 𝑡
1/2

decreases from
7258.3 s to 265.4 s. That is to say, the 𝑡

1/2
for neat PLLA is

about 27 times longer than that of PLLA with 20%DOP.
XRD analysis of PLLA/DOP samples was carried out to

further confirm the enhancement of DOP on crystallization
of PLLA. Figure 2 shows the XRD curves of PLLA/DOP
without heat treatment. It is observed that the diffraction
peaks of PLLA and PLLA/DOP samples are very wide, which
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Figure 2: XRD curves of PLLA and PLLA/DOP samples.

indicates the most of PLLA matrix is noncrystal. Moreover,
the diffraction peak of neat PLLA is sharper than that of
PLLA/DOP; the possible reason is that the addition of DOP
increases the plasticity of PLLA and makes PLLA form more
noncrystal.

However, the XRD curve of PLLA/DOP samples after
heat treatment is completely different from that of PLLA
at room temperature. Figure 3 is the XRD curves of neat
PLLA and PLLA/DOP samples after heat treatment. It is
observed from Figure 3 that the diffraction peak of neat
PLLA is still very wide after isothermal crystallization for
4min at 85∘C, indicating the poor crystallization ability of
neat PLLA. And the PLLA/DOP samples exhibit very strong
diffraction peaks after the same heat treatment, resulting
from formingmore PLLAcrystal.This result further confirms
that DOP can accelerate the crystallization of PLLA; on the
other hand, this result is consistent with the aforementioned
isothermal crystallization results. As seen in Figure 3, the
strongest diffraction peak of PLLA/DOP samples at 2𝜃 =
16.6
∘ due to diffraction from (110) planes and other peaks at

2𝜃 = 14.7
∘, 19.0∘, and 22.2∘ occurring from the (010) plane,

(203) plane, and (205) plane, respectively [14]. In addition, the
intensity of diffraction peak increases with increase of DOP
content, but 25%DOPmakes the intensity of diffraction peak
slightly decrease; this result also indicates effect of DOP on
crystallization of PLLA is very complicated.

With increasing of crystallization time, as to the neat
PLLA, the diffraction peak appears and the intensity of
diffraction peak is very weak (see Figure 4). But the intensity
of diffraction peak of PLLA/DOP samples is very strong,
what is more, the intensity of diffraction peak of PLLA/DOP
hardly change except for PLLA/15%DOP, indicating the
PLLA/20%DOP and PLLA/25%DOP exhibit the maximum
degree of crystallization after heat treatment for 8min at
85∘C. And the intensity of diffraction peak of PLLA/15%DOP
also achieves the maximum after further increasing crys-
tallization time (see Figure 5). However, the intensity of
diffraction peak of neat PLLA still increases, resulting from
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Figure 3: XRD curves of PLLA and PLLA/DOP samples for 4min
at 85∘C.
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Figure 4: XRD curves of PLLA and PLLA/DOP samples for 8min
at 85∘C.

increasing crystal of neat PLLA, which also further confirms
that the crystallization ability of neat PLLA is very poor.

3.2. Fluidity and Mechanical Performance. As mentioned
above, the addition of DOP would change the movement
ability of PLLA molecular chain. Thus, there is no doubt that
the addition of DOP also would affect the fluidity of PLLA.
Figure 6 shows the effect of DOP on the melt mass flow
rate (MFR) of PLLA. With increasing of DOP content, the
MFR firstly decreases and then greatly increases. The reason
may be that a small amount of DOP only slightly improves
the movement ability of PLLA molecular chain, resulting in
twine of macromolecule segment and affecting the fluidity of
PLLA.However, upon a large loadDOP, themovement ability
and the plasticization ability of macromolecule segment
significantly increase and the MFR also increases during
process of PLLA. Overall, the addition of DOP can effectively
improve the fluidity of PLLA.

Mechanical performance is the most important index to
measure plasticization ability of additive. Table 1 shows the
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influence of DOP on the mechanical performance of PLLA.
With increasing of DOP content, the tensile strength of PLLA
decreases, and the elongation at break of PLLA increases;
the results are similar to the effect of DOP on mechanical
properties of other thermoplastic polymers [3]. It is obvious
fromTable 1 that the tensile strength of PLLA is about 2 times
than that of PLLA/25%DOP, and the elongation at break of
PLLA/25%DOP is about 30 times than that of PLLA. In a
word, to some extent plasticizerDOP can improve the general
mechanical performance.

4. Conclusion

PLLA/DOP composites were fabricatedby melt blending
technology, and the physical performances of PLLA/DOP
composites were investigated. The crystallization behavior
indicated that the introduction of DOP could significantly
increase the crystallization rate of PLLA through optical

Table 1: Mechanical properties of PLLA and PLLA/DOP samples.

Sample Tensile strength (MPa) Elongation at break (%)
PLLA 47.6 ± 2.4 5.2 ± 0.63
PLLA/10%DOP 40.6 ± 1.1 6.98 ± 0.56
PLLA/15%DOP 35 ± 1.9 12.18 ± 0.81
PLLA/20%DOP 27.4 ± 0.9 38.99 ± 0.85
PLLA/25%DOP 20.8 ± 1.5 155.98 ± 1.75

depolarizer and XRD.The melt index and mechanical exper-
iment showed DOP can effectively improve the fluidity and
the general mechanical performance of PLLA. In a word,
the PLLA/DOP composites may be a promising application
polymer material.
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This study suggested the optimum conditions for the stable dispersion of cellulose microparticles in PAN spinning dope, which
was prepared for spinning the fiber. Many research studies have investigated methods for preparing a variety of carbon fiber
precursors in an attempt to control their characteristics according to the applications. In order to prepare PAN fiber that contains
fine cellulose particles, it is important to create a uniformly dispersed spinning dope. Minimization of the cellulose particle size
was subjected to heat treatment at various temperatures in order to reduce the cohesive force from the hydrogen bonds between
the cellulose molecules. Carbonized cellulose microparticles were obtained for efficient dispersion using the physical method and
the sedimentation method. Several instrumental analyses were conducted to study the characteristics of the particles and solutions
with SEM, FT-IR, XRD, and a particle size analyzer. From the results, the dispersion of the PAN spinning dope with a chemical
treatment was superior to the milling method followed by heat treatment. In this study, heat-treating cellulose microparticles at
400∘C was found to be the most effective method.

1. Introduction

A carbon fiber is a type of fiber that contains over 90%
carbon and it can be prepared by heat treatment of an
organic fiber as a precursor. Carbon fiber applications are
extended to the aerospace, defense, energy, ship-building,
vehicle-manufacturing, sports, and leisure fields because of
thematerial’s excellent properties, including specific strength,
specific modulus, and thermal stability. Recently, emerging
energy saving and global warming issues have led to the
acceleration of the application of lightweight materials, such
as carbon fiber. Use of this fiber is especially promising in
the aircraft industry because it is lightweight, has less volume
change, and is stable under high temperatures and chemical
attacks while retaining high strength and high modulus.

Carbon fiber is categorized into three groups based on
the starting material: rayon-based carbon fiber, pitch-based
carbon fiber, and PAN-based carbon fiber [1–4]. Rayon-based
carbon fiber has good thermal properties and high modulus.
The processing costs for pitch-based carbon fiber are afford-
able, which makes its use advantageous to manufacturers.

PAN-based carbon fiber is used inmany kinds of composites,
due to its high strength. Process development studies have
been widely conducted because high performance carbon
fiber can be obtained via stabilization and the carbonization
process [5–7]. After the carbonization process of the well-
controlled stabilization of PAN-based carbon fiber, that
material’s tensile and shear strength would be improved so
that it can be applied to the composite material.

Due to the need formaterials having excellentmechanical
and thermal properties, various researches have been con-
sistently developed into hybrid technology of carbon fiber
materials. For example, carbon fiber, which has relatively
high thermal conductivity and low thermal insulation, had
limitations for use in rocket engine nozzle and nuclear
reactor applications. These applications require materials
that simultaneously feature high strength, lightweight, and
insulation properties. To address these points, there is a
need to develop a new type of carbon fiber. Recently, a
high performance carbon fiber composite with inorganic
nanofibers and cellulose nanoparticles has been reported [8].
Based on the results of thermal conductivities of carbon fiber
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with various precursors, the thermal conductivity of rayon-
based carbon fiber, heat-treated at 1500K, was 20.5% lower
than that of PAN-based carbon fiber heat-treated at 1600K.
The thermal conductivity of rayon-based carbon fiber, heat-
treated at 2500K, was also found to be 16.7% lower than that
of pitch-based carbon fiber, heat-treated at 2700K [9]. Using
this result, a study on lowering the thermal conductivity using
a composite of PAN-based carbon fiber and microcellulose
particles has been conducted [10].

In this study, the preparation, including dispersion of the
cellulose particles, was investigated for PAN-based carbon
composite fiber with cellulose particles in order to reduce
the thermal conductivity of the composite fiber without
decreasing its elasticity. The most important process for
manufacturing a composite fiber is the dispersion of fine
cellulose particles in the PAN dough. In this current study,
the chemical method and the physical method were applied
to enhance the dispersion. In the physical method, the size
of the cellulose particles is reduced by heat treatment and
mechanical milling. Finally, a PAN-based composite carbon
fiber with cellulose particles can be produced. This result
reveals the possibility of composite fiber preparation that
will yield tailor-made properties. Further researches related
to the analysis of the thermal properties and mechanical
properties of composite carbon fiber are needed, and these
will be conducted through ongoing research studies.

2. Experimental Methods

2.1. Materials. Thepolyacrylonitrile (PAN) precursor used as
raw material for the carbon fiber was provided by Bluestar
FibresCo., Ltd., China, as 12 Kfits, Single Towuncrimped car-
bon fiber. Commercial-grade dimethylsulphoxide (DMSO)
with a purity of 99% was used as the solvent for making the
PAN dope. It was obtained from Samcheon Co., Ltd., a local
supplier. Cellulose microcrystalline particles with an average
Mw. of ∼80,000 and bulk density of 0.6 g/mL at 25∘C were
purchased from Sigma Aldrich Co., Ltd., USA.

2.2. Preparation of Cellulose Particles for Dispersion. Due
to the large aspect ratio of the cellulose particles and the
hydrogen bond between the molecules, it was difficult to
disperse them in the PAN dope. To improve this dispersion
and to increase its stability, the chemical treatment method
and the physical treatment method were applied.

2.2.1. Chemical Treatment. Chemical treatment was per-
formed using the following steps. Cellulose microcrystalline
particles were added by 10wt% into the DMSO solution
containing 0.5 wt% LiCl. After stirring and swelling for 12 h
at 70∘C, bonding could be eliminated by sonication. The
samples were washed with deionized water several times and
then dried for 12 h at 100∘C in the vacuum dry oven.

2.2.2. Physical Treatment. The cellulose particles for dis-
persion were prepared by mechanical milling after heat
treatment. The heat treatment conditions were 300∘C, 350∘C,
400∘C, and 1,200∘C. Detailed heat treatment conditions are

Table 1: Heat treatment conditions of the cellulose particles.

Sample Condition Heating rate Soaking Atmosphere

Cel 00 Chemical
treatment

Cel 30 300∘C 300∘C/3 hr 4 hr Air

Cel 35 350∘C 350∘C/3 hr
30min 4 hr Air

Cel 40 400∘C 400∘C/4 hr 4 hr Air

Cel 40/120 1,200∘C 400∘C/4 hr →
1,200∘C/4 hr 4 hr, 2 hr Air, N2

Cellulose powder

Washed cellulose

Stabilized
cellulose powder

Carbonized
cellulose powder

Separating
fine particles

Dispersion
in DMSO

∙ Purifying with ethanol
∙ Drying

∙ Drying

∙ Heat treatment in the air

∙ Ball milling with ethanol
∙ Sedimentation

∙ N
2

condition

Figure 1: Preparation of the cellulose dispersed PAN dope.

shown in Table 1. In the case of heat treatment at 1,200∘C,
the cellulose particles heat-treated at 400∘C were used for
the 2nd heat treatment at 1,200∘C in N

2
. The manufacturing

process for the PAN dope that contained cellulose particles
consisted of three steps. In the first step, the cellulose particles
underwent heat treatment. In the second step, the particles
were dispersed. In the final step the stable DMSO solution
was made. The detailed process used to prepare the PAN
dope containing the dispersed cellulose particles is shown in
Figure 1.

The heat-treated cellulose particles were ball milled with
zirconia balls (3mm in diameter) in a jar with ethanol for
48 h. Before and after the milling, the size of the heat-treated
particles was checked. The shape of the particles in the
carbon fiber was determined by examining the fibers that
were flattened by high pressure (more than 10-ton load) using
an optical microscope (Optiphot 150, Nikon, Japan).

2.3. Preparation of the PAN-Carbon Fiber Having Cellulose
Microparticles. In order to prepare a PAN dope containing
heat-treated cellulose particles for spinning, the dispersion
of cellulose particles should be stabilized in the dope by size
reduction, a process that includes milling the particles and
selecting microparticles by collecting 30% of the cellulose
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Table 2: PAN-DMSO dope containing heat-treated cellulose particles.

Sample PAN (wt%) DMSO (wt%) Cellulose condition Additional contents (wt%)
Cel 30 (1.0) 17.82 82 Heat-treated at 300∘C 0.18 (1.0 wt% based on PAN)
Cel 35 (1.0) 17.82 82 Heat-treated at 350∘C 0.18 (1.0 wt% based on PAN)
Cel 40 (1.0) 17.82 82 Heat-treated at 400∘C 0.18 (1.0 wt% based on PAN)
Cel 40 (1.5) 17.73 82 Heat-treated at 400∘C 0.27 (1.5 wt% based on PAN)
Cel 40 (2.0) 17.64 82 Heat-treated at 400∘C 0.36 (2.0 wt% based on PAN)
Cel 40/120 (1.0) 17.82 82 Heat-treated at 1,200∘C 0.18 (1.0 wt% based on PAN)
Cel 40/120 (1.5) 17.73 82 Heat-treated at 1,200∘C 0.27 (1.5 wt% based on PAN)
Cel 40/120 (2.0) 17.64 82 Heat-treated at 1,200∘C 0.36 (2.0 wt% based on PAN)

particles from supernatant fluid of the settled dope. Average
particle size was measured using the particle size analyzer.

The spinning dope was prepared using various process
parameters, such as cellulose heat treatment conditions and
the amount of cellulose in the composite fiber. Detailed
conditions for the dope are shown in Table 2. Slurry, which
includes ground cellulose particles, was dried in the dry
oven for 24 h at 90∘C. These dried particles were dispersed
in the DMSO with a homogenizer for 2 h. To classify the
small particles, floating particles in the mass cylinder were
selected in the equivalent sedimentation condition for the
samples. The net weight of the cellulose that was used could
be calculated from the remaining cellulose particles, which
were found at the bottom of the cylinder. The final spinning
dope,mixedwith carbonized cellulose, DMSO, and PAN,was
prepared as shown in Figure 2.

2.4. Characterizations
2.4.1. Thermal Analysis. The starting and ending point of the
thermal decomposition of the cellulose due to heat treatment
conditions were confirmed by the TG/DTA results (TA,
TGA/SDTA 851e, Mettler-Toledo) with N

2
atmosphere.

2.4.2. Morphology Observation. The microstructure of the
cellulose particles was observed by a scanning electron
microscope (SEM) (FE-SEM, XL30, Philips). The size and
morphology changes could be compared with the treatment
conditions.

2.4.3. Chemical Structure Analysis. The chemical structure of
the heat-treated cellulose particles was examined by Fourier
transformation infrared spectroscopy (FT-IR) (Magna IR550,
Scinco). The spectra could be obtained from proper molecu-
lar vibrations in the range of 500 cm−1–4000 cm−1.

2.4.4. Crystal Structure Analysis. The crystal structures of the
carbonized cellulose were observed using an X-ray diffrac-
tometer (XRD) (D8 Discovery, Bruker) with the variations
of the heat treatment temperature. The measurement was
conducted in the range of 2𝜃 = 10∘C–60∘C.

2.4.5. Particle Size Analysis. The particle size of the car-
bonized cellulose was obtained by particle size analyzer (LS
13 320, Beckman Coulter, Inc., USA).

PAN fiber

Carbonized cellulosed powder

Spinning dope

Air jet wet spinning

Winding

PAN: 18wt%

Drawing: 6.5∼9.5 times

DMSO: 82wt%

Figure 2: Preparation process of the PAN fiber containing car-
bonized cellulose particles.

3. Results and Discussion

3.1. Cellulose Particles. Heat treatment was conducted in
order to comprehend the thermal properties of the cellulose
and to investigate the optimum treatment condition for
the cellulose particles. The first step of this study involved
preparing the dope with proper cellulose particles to spin the
PAN fiber with stable dispersion. Because the stabilization
and carbonization process is essential for preparing PAN-
based carbon fiber [11, 12], the heat-treating temperatures
were chosen from the range of the stabilization temperatures
for carbon fiber. The range for the optimum heat treatment
condition was established based on the following thermal
analysis results.

The results of the thermal decomposition of the cellulose
examined by TG/DTA are shown in Figure 3.The weight loss
of 5-6% until 100∘C, which was shown in region “a,” was
attributed to the evaporation of the physisorbed water. The
main weight loss of the cellulose occurred in temperature
range “b,” about 260–350∘C, due to the breakdown of the
anhydrous glucose bond by the pyrolysis. It arose from
the evaporation of water vapor, tar, OH, CO, and CO

2
in
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Figure 3: TG and DTA curves of the cellulose particles.

the decomposition process of levoglucosan from the debond-
ing of the glycosidic unit. The weight loss occurred con-
tinuously, via the breakdown of anhydrous cellulose, with
elevating temperature until the temperature reached 400∘C.
This result was similar to the results reported by Brunner
[13] and Fengel and Wegener [14]. By way of explanation,
the thermal decomposition of cellulose occurred because the
side groups (H, OH) were removed and were disintegrated
as small molecules of the carbonyl compound by chain
scission from the ring opening reaction as the temperature
increased [15]. The maximum rate of decomposition was
found at 335∘C, via the DTA results. After that tempera-
ture, the decomposition rate was decreased linearly. In this
experiment, the final weight loss was 87%. Even though the
weight decreased continuously as the temperature reached
400∘C, the rate of loss was lower. These phenomena could be
explained by the thermal decomposition of additives as the
result of FT-IR experiments. The final product of cellulose
through heat treatment was amorphous carbon.

3.2. Morphology of Cellulose
3.2.1. Particle Size and Distribution. In order to spin the
PAN dope containing the cellulose particles, the size of the
cellulose particle should be reduced by ball milling in order
to enable the particles to pass through the spinning nozzle
(50𝜇m in diameter). Moreover, the cellulose particle size
should be smaller than the final fiber diameter of the PAN, in
the range of 4–15 𝜇m. The particle size and size distribution
were decided by the results of the particle size analysis, as
shown in Figure 4. The measured data are shown in Table 3
where the average particle size and the distribution of the
Cel 40 particle samplewere 4.71 𝜇mand 3.88 𝜇m, respectively,
showing the smallest value in this study. As shown in Figure 3,
the cellulose particles were initially decomposed in the range
of 260∘C–350∘C. When the temperature exceeded 400∘C,
the thermal decomposition was terminated and most of the
hydrogen bonded organic substance was removed. Finally,
the cellulose particles were converted to amorphous carbon
with a weak bond, making it easier for the particles to be
ground due to the highest milling efficiency at a condition
of Cel 40.

Table 3: Particle size analysis of the cellulose particles after heat
treatment and milling.

Sample Mean size
(𝜇m)

Standard
deviation
(𝜇m)

Maximum size at
interest region

(𝜇m)
Cel 30 14.52 12.02 2.80
Cel 35 11.41 9.25 2.70
Cel 40 4.71 3.88 2.50
Cel 40/120 5.14 7.10 2.10
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Figure 4: Typical result of the particle size analysis (Cel 40).

This explanation could be supported by the FT-IR results,
which revealed that Cel 40 was the intermediate product of
the carbon structure. The average particle size of Cel 40/120
sample, which was the Cel 40 cellulose sample treated at
1,200∘C, was 5.14𝜇m. During the carbonization process at
1,200∘C, the carbon structure was formed with weight loss
and the bonding force was simultaneously increased.

As previously mentioned, in this experiment the fine cel-
lulose particles were obtained by the sedimentation method.
Although the settling rate of the particles in the dope was
different between the samples, the average particle size of
the acquired cellulose particles, which are identified as the
“maximumsize at interest region” inTable 3, showed a similar
size ranging from 2.8𝜇m to 2.1 𝜇m.

3.2.2.Morphologies of the Cellulose Particles. Thestudy exam-
ining the dispersion of cellulose particles in the dope was
conducted using chemical treatment and physical treatment
methods. At first, the chemical method using LiCl as an
additive could be expected to result in cellulose swelling and
dissolving [16]. Figure 5 shows the morphologies of (a) the
original cellulose particles and (b) the chemically treated
cellulose particles. The shape of the cellulose is a linear chain
made ofD-glucose, which is related to its structure depending
on (C

6
H
10
O
5
)
𝑛
where 𝑛 is the number ranging from 100 to

10,000. Chemical treatments, which consisted of ultrasonic
treatments followedby surface treatment using LiCl, removed
the binding substance between the microfibrils by dissolving
the glycosidic bond. The acidic-hydrolysis reaction would
affect the dissolution.There seemed to be some limitations in
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(a) (b)

Figure 5: SEM micrographs (×5,000) of the cellulose powders with chemical treatment. (a) Untreated cellulose powders. (b) Dispersed
cellulose powders with LiCl.

size reduction for the chemicalmethod because of the linkage
between the microfibril chains due to the hydrogen bonding
that took place during the washing process with the water
that was used to eliminate the Li+ ions. This made it difficult
to separate the particles from each other when the sample
was dried in the air. Finally, the cellulose particles treated
chemically were too large to spin through the nozzle when
they were mixed in the spinning dope.

The second method used for the dispersion of cellulose
particles was a milling process after heat treatment. The
heat-treated and milled cellulose particles were added as an
additive before preparing the spinning dope. Temperatures
of 300∘C, 350∘C, 400∘C, and 1,200∘Cwere selected as the heat
treatment conditions for achieving the optimum condition of
dispersion.

After heat treatment, morphological changes could be
observed in the microstructure, as shown in Figure 6. From
the SEM photographs it can be seen that the content of
the microdebris was reduced and the overall size became
smaller as the heat treatment temperature increased. The
size reduction of the cellulose particles was caused by the
breakdown of anhydrous glucose bonding due to pyrolysis
over 240∘C (until the temperature reached 400∘C).

It could be suspected that the moisture was physically
absorbed and the fine fibrils at the surface were thermally
decomposed in the course of the heat treatment for tem-
peratures up to 300∘C. For Cel 40 and Cel 35, most of the
particles under 10𝜇m in diameter could be compared to the
particle size of Cel 30, which showed a diameter of about
20𝜇m. In the range of 260∘C–350∘C, which was described in
Section 3.1, a decrease in the particle size was consistent with
the results of thermal gravimetric analysis, which showed a
weight reduction because the anhydrous glucose ring was
destroyed.

Even though the particle sizes of the Cel 40 sample and
the Cel 35 sample were similar, there were differences in the
surface shape. The surface of the Cel 40 sample was uneven,
whereas the surface of the Cel 35 sample was relatively
smooth. This could be explained by the fact that the organic
substance that was left in a small amount until the tempera-
ture reached 350∘C was removed when the temperature was
around 400∘C, due to thermal decomposition. ForCel 40/120,
the particle size increased.The growth in the layered structure

of the carbon residue, which had been formed in the previous
step, was thought to be due to the aromatization when the
temperature was over 400∘C.

3.2.3. Dispersion of Cellulose Particles. Figure 7 represents
the flattened shape of the spun PAN fibers that contained
carbonized cellulose observed by the optical microscope.
The black spots, which are the carbonized cellulose particles,
could be observed when the spun fiber flattened at a pressure
of 20,000 psi on a mirror-like polished metal plate. This
was closely related to the morphology and properties of
the carbonized cellulose particle size shown in Figure 6 and
Table 3, but cellulose microparticles under the micrometer
level could not be observed due to the limitations of the
opticalmicroscope.The carbonized cellulose at a temperature
over 400∘C could be observed in black; however, the cellulose
particles were represented by particles that were slightly dark
brown when the heat treatment temperature was lower, as
shown in Figures 7(a) and 7(b).

The dispersion with the heat treatment of 400∘C and
400∘C/1,200∘C indicated a small difference in the fiber; thus,
it can be concluded that excellent dispersion was achieved at
those conditions. Figures 7(a) and 7(b) show that the particles
were agglomerated slightly. Therefore, the dispersion of the
cellulose particles in the dope was better when the heat
treatment temperature was higher. These results came from
the decomposition of the organic substance in the cellulose
at a high temperature, which leads to weak binding of the
cellulose particles, enabling them to break easily.

3.3. Chemical Structure of Cellulose. The changes in the
chemical structure of cellulose with the heat treatment were
analyzed by FT-IR spectra, as shown in Figure 8. All the
samples revealed the O-H stretching absorbing band in
3,400 cm−1. For theCel 00 sample, the absorbing band related
to the C-H stretching of the cellulose could be observed
at 2,900 cm−1. Many absorbing bands related to cellulose
were found, such as a C=O vibration band at 1,635 cm−1, a
CH
2
bending band at 1,426 cm−1 [17], and a stretch band of

C-O-C asymmetry at 1,106 cm−1 [18].The result of the C-O-C
stretching band at 898 cm−1 in this sample meant that there
was a small amorphous form in the cellulose structure [17].
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(a) (b)

(c) (d)

(e)

Figure 6: SEM micrographs (×3,000) of the heat-treated cellulose particles. (a) Cel 00. (b) Cel 30. (c) Cel 35. (d) Cel 40. (e) Cel 40/120.

In the case of the Cel 35 sample, the characteristic cellulose
peaks, such as 2,900 cm−1 and 890 cm−1–1,500 cm−1, disap-
peared and the sample showed the absorbing of levoglucosan
[19]. The final heat-treated sample of Cel 40 revealed the
disappearance of the cellulose peaks and the levoglucosan
peak, and the sample showed only a weak peak at 1,635 cm−1
related to C=O vibration.

3.4. Crystal Structure of Cellulose. The crystal structure
changes of the cellulose particles based on heat treatment
condition are displayed in Figure 9. As shown, the results of
the untreated cellulose particles agreed with crystal structure
of JCPDS 03-0289 (natural cellulose). A maximum peak of
(002) appeared at 2𝜃 = 22.8, similar to other results reported
by Wang et al. [20]. As the heat treatment temperature
increased over 350∘C (Cel 40), the characteristic peaks of

cellulose disappeared and then the structure showed an
amorphous state. This result could be explained by the
decomposition reaction of the side group, as shown in
Figure 3.When the temperature increased up to 400∘C, broad
peaks could be observed over 2𝜃 = 20–25 and 2𝜃 = 40–45 in
Cel 40/120, related to the graphite crystal structure.The result
was coincident with the FT-IR results (Figure 8) and the TGA
results (Figure 3).

4. Conclusions

The effects of cellulose particles on PAN dope have been
studied. In order to achieve a stable and fine-dispersed state
for PAN dope, chemical treatment and physical treatment
were performed on the cellulose particles. The physical
treatment included a milling process followed by a heat
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(a) (b)

(c) (d)

Figure 7: Optical micrographs (×400) of the spun fiber with cellulose particles at various heat treatment conditions. (a) Cel 30 particles. (b)
Cel 35 particles. (c) Cel 40 particles. (d) Cel 40/120 particles.
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Figure 8: The FT-IR spectra of the heat-treated cellulose particles.

treatment process for carbonization of the cellulose. Finally,
the following conclusions were obtained.

(1) Thermal/mechanical process has a better effect for
preparing fine cellulose particles than the chemical
treatment process in this study.

(2) The condition of heat treatment at 400∘C in the air
revealed the best properties for particle size (average
4.71 𝜇m) and size distribution (3.88 𝜇m). The final
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Figure 9: The XRD curves of the cellulose particles based on the
heat treatment conditions.

particle size was selected in the range of 2.1𝜇m–
2.8 𝜇m using the sedimentation method.

(3) Based on the results obtained from examining the dis-
persion characteristics of spun fiber with carbonized
cellulose, the condition of carbonization at 400∘C
revealed relatively good dispersion of the cellulose
particles in the dope.
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This paper presents the effects of low volume fraction (𝑉
𝑓

) of polyvinyl alcohol (PVA) fibers on the mechanical properties of oil
palm shell (OPS) high strength lightweight concrete mixtures. The slump, density, compressive strength, splitting tensile strength,
flexural strength, andmodulus of elasticity under various curing conditions have beenmeasured and evaluated.The results indicate
that an increase in PVA fibers decreases the workability of the concrete and decreases the density slightly. The 28-day compressive
strength of oil palm shell fiber-reinforced concrete (OPSFRC) high strength lightweight concrete (HSLWC) subject to continuous
moist curing was within the range of 43–49MPa. The average modulus of elasticity (𝐸) value is found to be 16.1 GPa for all mixes,
which is higher than that reported in previous studies and is within the range of normal weight concrete. Hence, the findings of
this study revealed that the PVA fibers can be used as an alternative material to enhance the properties of OPS HSLWC for building
and construction applications.

1. Introduction

Concrete is the most widely used construction material in
civil engineering projects worldwide. Huge quantities of dif-
ferent types of concrete have been produced annually. From
the various kinds of concrete, lightweight concrete (LWC)
is one of the most interesting subjects for researchers. LWC
is used extensively by the building construction industry
as nonstructural wall panels, partitions, light tiles, bricks,
and architectural exterior finishing. Since their mechanical
properties are considerably lower than those for normal
weight concrete, the structural use of LWC is limited as
load-bearing structural members. In order to use LWC for
structural purposes, the material must be engineered to pro-
vide adequate strength, ductility, or a combination of both.
Hence, the amount of lightweight aggregate concrete (LWAC)
is increasing, and research and development are ongoing
worldwide to develop new techniques and materials as well

as investigating the engineering properties of such materials.
Recently, a high strength lightweight aggregate concrete
(HSLWAC) achieved a compressive strength in the range of
40–100MPa by using several types of LWAs [1–4]. However,
an increase in concrete strength results in brittleness of the
concrete during compression and tension [5–7], specifically
in the case of LWAC [6]. By advancement in fiber-reinforced
cementitious composites, lightweight cement composites
reinforced with a small amount of discontinuous (steel,
polypropylene, and nylon) fibers may prove themselves as
favourable construction materials. However, the main disad-
vantage of adding steel fibers into OPSLWC in a fresh state is
its significant reduction in slump value and increased density
[8]. Chen and Liu [7] have intensively studied the effect by
using 1% of volume content of polypropylene fibers (length:
15mm, aspect ratio: 150) on LWC. Based on their findings,
the addition of polypropylene fibers into LWCmixtures using
expanded clay resulted in a reduction of slump values of
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about 20.8%. Furthermore, the addition of polypropylene and
nylon insignificantly increased the mechanical properties of
OPS concrete, particularly for the tensile strength [9]. A new
method that can be adopted to resolve the brittle texture of
LWAC is to combine the PVA fibers with heat-treated OPS
concrete to enhance its mechanical properties.

Themost popular method of LWC production is through
the use of LWAs [10], which may be either natural or
manufactured. The LWA can be natural aggregates such as
pumice, scoria, and those of volcanic origin whereas artificial
aggregates include expanded blast-furnace slag, vermiculite,
and clinker aggregates [11]. Another type of natural LWA is
agricultural resource OPS. It has known that there are large
amounts of agricultural residue in countries where the oil
palm industry is dominant such as Malaysia, Indonesia, and
Nigeria.Malaysia is one of theworld leaders in the production
and export of palm oil [12]. The production of OPS has
estimated that over 4 million tonnes are produced annually
in this country alone [13]. The densities of OPS are within
the range of most typical structural LWAs [14–16]. Structural
LWC is typically defined as concrete with an oven-dry density
less than 2000 kg/m3 [17, 18].The 28-day oven-dry density for
the crushedOPSmixes range between 1871–1876 kg/m3 [4]. It
has reported that the mechanical properties of OPS concrete
are lower than other types of LWAC [10]. Recently, Yew et al.
[4] reported that the different species and age categories of
OPS coarse aggregates show the most significant impact on
the performance of HSLWC compared to previous studies.

Most of the research on OPS lightweight concrete has
focused on the investigation of their engineering properties as
there is inadequate information concerning the enhancement
of its low mechanical properties. Despite there have many
advantages of incorporating steel fibers into OPS LWC.
However, steel fibers pose several drawbacks; in particular,
theworkability of fresh concrete is reduced, and the dead load
of the composite is increased [8]. To the authors’ knowledge,
no studies have been conducted regarding the properties of
OPS concrete that incorporate PVA fibers. Therefore, this
study focuses on investigating the effects of various low𝑉

𝑓
of

polyvinyl alcohol (PVA) fibers on the mechanical properties
of LWAC subject to different curing conditions.

2. Materials and Methods

2.1. Materials

2.1.1. Cement. The cement used in this study is ASTM
type I ordinary Portland cement (OPC) [19] with a specific
gravity of 3.14 g/cm3. The Blaine’s specific surface area for
this cement is 3510 cm2/g. The chemical compositions and
physical properties of OPC are tabulated in Table 1.

2.1.2. Water and Superplasticizer (SP). Potable water is used
for all mixes. The SP used in this study is polycarboxylic
ether (PCE) supplied by BASF, which complies with ASTM
C494/C494M-13. The amount of SP for all mixes is kept
constant, with a value 1.5% of cement weight in order to
facilitate workability of the concrete.

Table 1: Chemical composition and physical properties of OPC.

Chemical composition (%)
SiO2 21.28
Fe2O3 3.36
CaO 64.64
MgO 2.06
Al2O3 5.60
SO3 2.14

Physical properties
LOI 0.64
Specific gravity 3.14
Blain specific surface area (cm2/g) 3510

(a) (b)

Figure 1: Original dura (a) and tenera (b) OPS aggregates.

2.1.3. Aggregates. Local mining sand is used as fine aggre-
gates, having a specific gravity, fineness modulus, water
absorption, and maximum grain size of 2.67 g/cm3, 2.71,
0.95%, and 4.75mm, respectively.

Figure 1 shows the different species of original dura and
tenera OPS waste from a local crude palm oil producing
mill. In this study, the OPS aggregates used are dura species.
The original dura OPS was washed and sieved using a
12.5mm sieve. The OPS aggregates retained in the sieve were
collected and then crushed using a stone-crushing machine
in the laboratory as shown in Figure 2. The crushed OPS
aggregates were sieved using a 9.5mm sieve to remove OPS
aggregates with sizes greater than 9.5mm (Figure 3). It has
ben reported that the maximum size of OPS changes from
original (12.5mm) to crushed (9.5mm). The broken edges
of dura OPS are rough and spiky improved the physical
bond between the aggregates and hydrated cement paste and
yields higher compressive strength [4]. Furthermore, theOPS
aggregates were heat treated at 60∘C over a period of 0.5 h
using a temperature-controlled laboratory oven. Once cooled
to room temperature, they were weighed under dry room
conditions and immersed in water for 24 h. Yew et al. [20]
found thatOPS aggregates were subjected to heat treatment at
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Figure 2: Stone-crushing machine for OPS aggregates.

this temperature setting and duration of the period improved
the performance of OPS properties without compromising
the strength of the OPSC. Due to the high water absorption
of OPS, it was subsequently air dried in the laboratory to
attain a saturated surface dry (SSD) condition before mixing.
The difference in quality of the crushed OPS surface between
heat treatment and without heat treatment condition was
reported by Yew et al. [20] and shown in Figure 4. The
physical properties of the OPS used are shown in Table 2.

2.1.4. Fibers. A photograph of the polyvinyl alcohol (PVA)
fibers is shown in Figure 5 and their physical properties are
listed in Table 3.

2.2. Mix Proportions. Themix proportions used in this study
have been shown in Table 4. The amount of volume fraction
(𝑉
𝑓
) of fibers added to the concrete mix typically ranges

between 0.1 and 3.0% [21]. However, fibers with an extremely
high 𝑉

𝑓
tend to “ball” in the mix and create workability

problems. Hence, a low volume fraction (≤0.5%) for the PVA
fibers is used in this study.The volume fractions of PVA fibers
in the OPS concrete are 0, 0.125, 0.25, 0.375, and 0.5%. The
dosages of water and superplasticizer are kept constant for all
mixes.

2.3. Test Methods and Curing Regimes. The procedure
adopted for mixing the fiber-reinforced concrete involves
the following steps. The sand and OPS are first poured into
a concrete mixer and dry mixed for 1min. Following this,
the cement is spread and dry mixed for 1min, after which
the specified amount of fibers is distributed and mixed for
3min in the mix. This is followed by the addition of water
and superplasticizer with a mixing time of 5min. Slump test
is carried out on the mixture prior to sample casting. The
concrete specimens are cast onto oiled moulds and a poker
vibrator is used to eliminate the amount of air bubbles in
the mix. For each mixture, 18 cubes (100 × 100 × 100mm)

Table 2: Physical properties of crushed-heat treatment dura OPS
aggregates.

Physical property OPS OPS∗

Maximum size (mm) 9.5 9.5
Specific gravity (saturated surface dry) 1.35 1.31
Compacted bulk density (kg/m3) 632 628
Water absorption (24 h) (%) 23.8 21.0
Aggregate impact value (%) 2.38 2.36
∗Dried OPS.

Table 3: Physical properties of polyvinyl alcohol fibers.

Parameter Polyvinyl alcohol
Length 30mm
Filament diameter 660 microns
Specific gravity 1.3
Tensile strength 800MPa
Flexural strength 23GPa
Melting point 225∘C
Colour Yellow
Water absorption <1% by weight
Alkali resistance Excellent

Table 4: Mix proportions (kg/m3).

Mix code Cement Water Sand OPS Fiber volume
(%)

V0 530 155 920 340 0
V0.125 530 155 920 340 0.125
V0.250 530 155 920 340 0.250
V0.375 530 155 920 340 0.375
V0.500 530 155 920 340 0.500

are used to determine the compressive strength at 1, 3, 7, 28,
and 90 days. In addition, two cylinders (diameter: 150mm,
height: 300mm), three cylinders (diameter: 100mm, height:
200mm), and three prisms (100mm× 100mm× 500mm) are
used to determine the modulus of elasticity, indirect tensile
strength, and flexural strength, respectively, on the 28th day.
The specimens are demoulded approximately 24 hours after
casting.

The specimens are cured under three types of curing
conditions in order to determine the effects of curing envi-
ronment on the 28-day compressive strength ofOPS concrete,
as listed below.

CC: the specimens are cured in water at 23±3∘C until the
time of testing.

14C: the specimens are cured in water for 13 days after
demoulding and then being air-cured in laboratory environ-
ment with a relative humidity (RH %) of 60 ± 15 and a
temperature of 28 ± 3∘C.
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(a) (b)

Figure 3: Crushed dura (a) and tenera (b) OPS coarse aggregates.

(a)

(b)

Figure 4: Images (left) and microscopic images (right) of crushed OPS aggregates: (a) with heat treatment and (b) without heat treatment.

Figure 5: Photograph of polyvinyl alcohol fibers.

AC: the specimens are stored under laboratory environ-
ment after demoulding.

3. Results and Discussion

3.1. Workability and Slump of Fiber-Reinforced Concrete.
Slump tests are carried out to determine the consistency of
fresh concrete. The use of fibers is well known to influence
the workability and flow ability of plain concrete intrinsically
[21, 22]. The slump of fresh OPS concrete decreases due to an
increase in volume fraction of the PVA fibers. The quantity
of water and SP is kept constant for all mixes in this study.
The addition of fibers into the mixtures from 0 to 0.125, 0.25,
0.375, and 0.5% decreases the workability by 5.0, 7.5, 22.5,
and 40.0%, respectively. Noushini et al. [23] reported that the
addition of monofilament PVA fibers into the mixtures from
0 to 0.5% reduced the slump at about 20%. Figure 6 shows that
there is a linear relationship between the PVA fiber volume
fraction and slump for OPS concrete.
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slump.

The declining trend in slump value is attributed to the
fact that the addition of fibers creates a network structure in
the concrete, which restraints the mixture from segregation
and flow. It can be ascertained that the fibers will absorb
more of the cement paste in order to “wrap around.” This
phenomenon is due to the high content and large surface
area of the fibers, and an increase in viscosity of the mixture
promotes a decrease in slump [24]. However, a number of
studies have attempted to overcome the segregation problem
by adding superplasticizers and using optimum proportions
of aggregates and sand into the concrete mixtures to achieve
high workability and flow ability [25–28]. Campione et al.
[29] reported that good workability has been achieved for
pumice and expanded clay LWAC reinforced with steel fibers
by adding 1.5% superplasticizer of the cement weight. In
general, the use of a low dosage of fibers is recommended to
ensure good workability for fiber-reinforced concrete [30].

3.2. Hardened Density. Steel fibers are the most commonly
used fibers for improving themechanical properties of LWAC
amongst the various types of fibers [31]. The relationship
between steel fiber volume fraction and density of Shafigh
et al. [8] shows that the density increases with an increase
in fiber volume fraction. However, the low specific gravity
of PVA fibers provides a lower density fiber-reinforced LWC
with higher strength.

Three types of densities, namely, demoulded density, 28-
day air-dry density, and oven-dry density, are measured
for all mixes. The density of the concrete mixes decreases
slightly with an increase in fiber volume fraction, which is
attributed to the low specific gravity of the PVA fibers [32].
The 28-day air-dry density of the V0.5 mix is found to be
approximately 1939 kg/m3, which indicates that the density
falls within the range of those for structural lightweight
concrete even though the volume fraction of PVA fibers is
only 0.5%. The relationship between the demoulded, air-dry
and oven-dry densities with respect to the volume fraction of
PVA fibers is illustrated in Figure 7. The 28-days air-dry and
oven-dry densities range from 1939 to 1970 kg/m3 and 1914
to 1941 kg/m3, respectively, for various volume fractions. It is
found that increasing the volume fraction from 0 to 0.125,
0.25, 0.375, and 0.5% decreases the demoulded density, air
dry density, and oven-dry density slightly by 0.2, 0.6, 1.0, and
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Figure 7: Relationship between PVA fiber volume fraction and
densities.

1.3% at 1-day age, 0.4, 0.6, 1.2, and 1.6% at 28-days age and
0.3, 0.6, 1.0, and 1.4% at 28-days age, respectively. Although
the addition of the very low specific gravity PVA into heat-
treated OPS concrete produced an insignificant change in
density. However, their contribution to the density cannot be
ignored. Itmight be attributed to PVA tend to displacemortar
in concrete as the diameter of PVA is 0.66mm. Furthermore,
it has been reported that there is a marginal reduction in
density without alterations in mechanical properties when
polypropylene (PP) fibers are added into OPSFRC [9, 33].
Hence, there is substantial cost savings by providing less dead
load for LWC in this study.

3.3. Compressive Strength

3.3.1. Continuous Moist Curing. The effects of PP fibers (𝐿 =
15mm and 𝐷 = 0.10mm) on the properties of LWAC have
been much researched amongst the various types of fibers.
It has been reported that PP fibers result in a decrease in
compressive strength of LWAC [24]. It can be seen that the
compressive strength of concrete increases for all ages with
an increase in PVAfiber volume fraction (Table 5). Increasing
the PVAfiber volume fraction from0 to 0.125, 0.25, 0.375, and
0.50% increases the compressive strength by roughly 0.9, 6.2,
8.7, and 13.1% at 28-days age and 0.6, 8.0, 10.0, and 18.9% at 90-
days age, respectively. Comparison between the compressive
strength of the fiber-reinforced concrete during the former
and latter ages indicates that the rate of compressive strength
development increases from the former to latter ages and is
particularlymore pronounced for concretemixes with higher
PVA fiber content. This trend can be clearly observed from
the percentages of the 28-day compressive strength (shown
within the parentheses) for each age in Table 5. It can be seen
that the percentage of compressive strength at 3 days and 7
days decreases with an increase in PVA fiber volume fraction
whereas the value increases at 90-day age. This trend is
attributed to the higher rate of compressive strength gained at
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Table 5: Development of compressive strength of lightweight OPS FRC under continuous moist curing.

Mix code Compressive strength (MPa)a

1 d 3 d 7 d 28 d 90 d

V0 29.32 (68%) 33.04 (77%) 39.48 (92%) 42.89 43.29 (101%)
(0.61) (0.33) (0.48) (0.49) (0.67)

V0.125 28.81 (67%) 32.61 (75%) 39.70 (91%) 43.29 43.54 (101%)
(0.83) (0.97) (0.62) (0.73) (0.89)

V0.250 28.95 (64%) 34.60 (76%) 39.92 (88%) 45.56 46.77 (103%)
(0.90) (0.97) (0.81) (0.86) (0.78)

V0.375 29.65 (64%) 35.88 (77%) 41.95 (90%) 46.62 47.60 (102%)
(0.83) (0.95) (0.75) (0.87) (0.95)

V0.500 30.66 (63%) 37.58 (77%) 43.75 (90%) 48.51 51.48 (106%)
(0.88) (0.80) (0.81) (1.22) (0.66)

aThe data in parentheses are percentages of 28-day compressive strength.
Note: the standard deviations (in MPa) of the corresponding mechanical properties are shown in the bracket (below).

latter ages, and the rate is particularly significant for the 0.5%
PVA fiber volume fraction. The relative strength between the
control and PVA fiber volume fraction from 0 to 0.125, 0.25,
0.375, and 0.50% increases the compressive strength at about
0.9, 0.6, 2.7, 2.1, and 6.1% at 90-day age as compared to 28-day
age. It is apparent that PVA fiber volume fraction up to 0.25%,
the performance of PVA fibers in the OPS concrete increases
at latter ages, which is possibly due to the improvement of
PVA fiber-mortar interfaces [34].

Shafigh et al. [8] have shown the possibility of producing
grade 40 strength OPS concrete at the age of 28 days.
Based on the findings of this study, it can be deduced
that the production of grade 40 OPS concrete with lower
cement content is possible [35], even with a low volume
fraction of PVAfibers, relative to previous studies. In practical
applications of concrete, the early-age compressive strength
test can be used in replacement of the 28 days or other latter
ages for the purpose of routine quality control. In this study,
two equations are generated to predict the performance of
the concrete in latter ages. By using new (1) at the early age
compressive strength test, changes in concrete properties can
be detected at an early stage and the appropriate corrective
actions can be taken to improve concrete quality [36]:

𝐹
28
= 1.35𝐹

7
− 9.94,

𝐹
90
= 1.40𝐹

28
− 16.9.

(1)

3.3.2. Effect of Curing Condition. Figure 8 illustrates the 28-
days compressive strength of specimens subject to three
curing conditions, namely, continuous curing (CC), 14-
days moist curing (14C) and no curing in the laboratory
environment (AC). It can be seen that the order of strength for
the concrete is CC> 14C>AC.The loss in 28-day compressive
strength of the specimens consisting of 0, 0.125, 0.25, 0.375,
and 0.5% PVA fiber volume fraction is 14.9, 14.7, 13.7, 10.8, and
9.6%, respectively, under AC curing. The values decrease to
5.4, 6.4, 6.8, 8.3, and 5.4%, respectively, when the specimens
are cured over a short period (14C).

The results show that the behaviour of OPS concrete
containing PVA fibers up to 0.5% by volume under nocuring
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Figure 8: Relationship between PVA fiber volume fraction and
compressive strength under different curing conditions on the 28th
day.

regimes is almost similar to that of OPS concrete under
CC condition. However, OPS concrete with a PVA fiber
volume fraction exceeding 0.375% exhibits lower strength
loss under AC curing as compared to CC and 14C. This
observation shows that although the strength ofOPS concrete
appears to be sensitive to poor curing [8], the sensitivity of
compressive strength loss decreases by incorporating PVA
fibers with a volume fraction exceeding 0.375%. This is due
to the possibility that when the PVA fiber content is high
(particularly a volume fraction of 0.5%), the fibers arrest
the development and number of original shrinkage cracks.
Therefore, it can be deduced PVA fibers offer an additional
benefit, whereby the sensitivity of OPS concrete is reduced
under poor curing environments. Furthermore, it can be
observed from Figure 7 that the 28-day compressive strength
of OPS concrete increases linearly with an increase in PVA
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fibers volume fraction. A prominent feature of this figure is
that the slope of the straight line for AC specimens is the
steepest (slope = 1.942), whereas the slope for CC and 14C
specimens is nearly equal with a value of 1.457 and 1.285,
respectively. This shows the positive effect of incorporating
PVA fibers into OPS concrete even in poor curing conditions.

3.3.3. Strain at Peak Stress. Figure 9 shows the stress-strain
curves of sample at 28-day continuously moist curing for V0,
V0.125, V0.25, V0.375, and V0.5 mixes under compression.
The stress-strain curves of most LWACs for both normal and
high strength levels are typically linear to levels approaching
90% or higher of the failure strength [31, 37, 38]. It is usually
30 to 45% for a normal weight concrete (NWC) [31]. This
shows that LWACs aremore brittle thanNWCs, which causes
its explosive fracture after peak load [39]. One of the disad-
vantages that prevented its use in concrete structures is due
to the brittle nature of LWC. Therefore, the possible solution
is to use PVA fibers to enhance the brittleness of LWC.

From the results, the strain at peak stress (𝜀) of the V0,
V0.125, V0.25, V0.375, andV0.5mixesmeasured in this study
varies from 0.0029 to 0.0045. The 𝜀 value of the V0 and
V0.125 mixes is of similar value of approximately 0.0030.
However, when the inclusion of PVA fiber is up to 0.25–
0.5%, the 𝜀 value increased about 41, 52, and 55%, which is
significant. It could be noted that the PVA fiber up to 0.25%
reinforced OPSLWA shows different behavior to plain OPSC.
This phenomenon might be attributed to arresting of cracks
by PVA fibers which contribute to very large deformations
before total uncontrollable collapse. It has been shown that,
in contrast to many types of structural lightweight aggregate
concretes, plain OPS concrete is a ductile material [40]. In
addition, it was found that the addition of steel fiber into
OPS concrete increases the strain capacity and improves its
ductility performance [8]. However, themain disadvantage of
adding steel fibers into OPSLWC is its significant increment
in density compared with PVA fibers. Such improvement in
the ductility performance of OPS concrete can be observed in

OPS concrete containing PVA. It is clear that by adding PVA
to the OPS concrete the strain of the concrete corresponding
to the peak stress increases significantly. Increasing in the
strain capacity of concrete results in an increase in the area of
the stress-strain diagram and energy absorption capacity and
also changed the concrete into a more ductile material. The
stress-strain relationship for uniaxial compression of OPSC
and PVA fiber-reinforced OPSC is shown in Figure 9. It has
been reported that the improvement in resistance to cracking
due to restrained shrinkage is of the advantages of greater
strain capacity of a concrete [41]. Furthermore, it should be
noted that the 𝜀 value of NWC with normal strength is in the
range of 0.0015 to 0.002 [42]. Shafigh et al. had shown that
when 0.5 and 1% volume fraction of the steel fiber is added
to an OPS concrete, its 𝜀 value increases about 20 and 35%,
respectively [8].

3.4. Splitting Tensile Strength. Fiber-reinforced concrete and
polymer concrete have been developed over the years in order
to improve the tensile strength of concrete [43]. It has been
reported that the addition of fibers provides a significant
increase in splitting tensile strength of LWAC and semi-
LWAC concrete [43–45]. Figure 10 shows the 28-day splitting
tensile strength increases from 2.88 to 3.74MPa when the
fiber content is increased from 0 to 0.5%.The rate of increase
for V0.125, V0.25, V0.375, and V0.5 mixes is determined to
be 9.4, 11.1, 19.8, and 29.9%, respectively, which indicates a
considerable improvement in the splitting tensile strength of
the OPS concrete, even in the presence of low fiber content.

It has also been reported that the 28-days splitting tensile
strength of OPS concrete under moist curing is within the
range of 1.9–2.41MPa [46, 47], which is approximately 6–10%
of the corresponding cube compressive strength. Chen and
Liu [24] investigated the effect of three types of fibers on the
properties of expanded clay HSLWAC, in which the amount
of each type of fibers is 1%.They reported that PP fibers result
in a slight reduction in splitting tensile strength of about 2%.
In this study, the splitting tensile strength for OPS concrete
is determined to be 6.7%, which falls within the range of
6.7–7.7%, of the compressive strength. This shows that the
PVA fibers obviously enhance the tensile to compressive
strength ratio. Figure 10 shows the relationship between the
splitting tensile strength and PVA fiber volume fraction. It
is clear that the splitting tensile strength increases with an
increase in PVA fiber content. The relationship between the
two parameters is found to be parabolic, whereby 𝐹

𝑡
=

(0.0171)𝑉
2

𝑓

+ (0.0991)𝑉
𝑓
+ 2.798 and the 𝑅2 value is 0.97. 𝐹

𝑡

and𝑉
𝑓
represent the splitting tensile strength (MPa) and fiber

volume fraction (%), respectively. Furthermore, Figure 11
shows a parabolic correlation with a strong correlation (𝑅2 =
0.97) between fiber volume (%) and the splitting tensile
strength to compressive strength.

An equation has been proposed to correlate splitting
tensile strength of OPSFRC by Yap et al. [9] by incorporating
PP and nylon fibers as shown in

𝑓
𝑡
= 0.52√𝑓cu, (2)
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Figure 11: Relationship between PVA fiber volume fraction and the
splitting tensile strength to compressive strength ratio.

where 𝑓
𝑡
and 𝑓cu represent the splitting tensile and cube

compressive strengths in MPa, respectively.
A new equation to correlate splitting tensile strength

and compressive strength of OPSFRC is proposed in (3),
whereby a higher coefficient of correlation is produced
(accuracy = ±10%). An accurate prediction of tensile strength
of the concrete imperative in mitigating cracking problems
minimizes the failure of concrete in tension and increases
shear strength prediction as shown below

𝑓
𝑡
= 0.49√𝑓cu. (3)

3.5. Flexural Strength. The relationship between PVA volume
fraction and flexural strength is shown in Figure 12. It can be
seen that the 28-day flexural strength increases from 4.17 to
5.49MPa, ranging from9.7 to 11.3%of the 28-day compressive
strength when the fiber content is increased from 0 to 0.5%.
This range is higher than the findings of previous studies
which focused on OPS LWAC [46, 48] and expanded clay
LWA [49].

In comparison to mix V0, the rate of increase of flexural
strength is obtained to be 9, 26, 28, and 32% forV0.125, V0.25,
V0.375, andV0.5mixes, respectively.These rates indicate that
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Figure 12: Relationship between PVA fiber volume fraction and
flexural strength.

an increase in the PVA fiber volume fraction up to 0.25%
exhibits a nearly similar effect on the increase in flexural
strength (Figure 12). This phenomenon might be attributed
to fiber clogging within the 0.25% volume fraction which
causes more pores resulting in the similar effect on the
increase in flexural strength. However, a significant increase
in flexural strength is attained with a higher fiber volume
fraction of 0.5% as compared to OPS concrete. Shi et al. [50]
discovered that the addition of a small amount of fibers does
not influence the flexural strength of lightweight concrete;
however, the ductility is significantly improved.They believed
that this may be due to the lower tensile strength of PP fibers
as well as the weaker bonds between PP fibers and the cement
matrix compared to PVA fibers.

A relationship between the flexural strength and cube
compressive strength for OPS concrete has been proposed by
Alengaram et al. [46], as given by the following equation:

𝑓
𝑟
= 0.3

3√𝑓2cu. (4)

Lo et al. [49] proposed the following equation for LWAC
made with expanded clay aggregates:

𝑓
𝑟
= 0.69√𝑓cu. (5)

Furthermore, the equation for LWAC made with a combina-
tion of expanded shale and clay aggregate, for cube strengths,
ranging from 20 to 60MPa [51] is follows:

𝑓
𝑟
= 0.46

3√𝑓2cu. (6)

A new equation has also been proposed to correlate
flexural strength to compressive strength ofOPSLWAC in this
study. Equation (7) is suggested for OPSFRC with different
volume fraction of PVA fibers to predict the flexural strength
within ±14%:

𝑓
𝑟
= 0.39

3√𝑓2cu, (7)

where 𝑓
𝑟
, 𝑓
𝑡
, and 𝑓cu represent the flexural, splitting tensile,

and cube compressive strength, respectively, with units in
MPa.
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Table 6: Measured and estimated flexural strength.

Mix code 28-day compressive
strength (MPa)

Measured flexural
strength (MPa)

Estimated flexural strength (MPa)
Equation (5) by
Alengaram et al.

[46]

Equation (6) by
Lo et al. [49]

Equation (7) by
CEB/FIP [51]

Equation (7) in
this study

V0 42.89 4.17 3.47 4.33 5.32 4.78
V0.125 43.29 4.54 3.61 4.46 5.54 4.81
V0.250 45.56 5.24 3.63 4.47 5.56 4.97
V0.375 46.62 5.34 3.79 4.62 5.81 5.05
V0.500 48.51 5.49 3.79 4.63 5.82 5.19

Table 6 shows the estimated flexural strength using the
four (2)–(5) as given. From the estimated flexural strength
values, it can be seen that (7) is generally acceptable to predict
the flexural strength of OPS concrete. It can be deduced from
the results that the flexural strength of OPS concrete with and
without fibers is comparable to artificial LWA with expanded
shale and clay aggregates.

3.6. Modulus of Elasticity. In this study, the value of static
modulus of elasticity (𝐸) is 15.3, 15.6, 16.3, 16.4, and 16.9GPa
for mixes V0, V0.125, V0.25, V0.375, and V0.5, respectively.
These values indicate that the addition of PVA to OPS
concrete has a significant effect on the (𝐸) value. This
phenomenon might be attributed to the heat treatment on
OPS enhancing the dimensional stability and surface quality
of OPS which improve the adhesion between the aggregate
and the cement matrix. In addition, the MOE of OPSFRC
was found to be dependent on the fiber volume. It might be
due to the fact the addition of fibers contributed to crack
bridging which enhances the MOE of OPSFRC. Yap et al.
[9] reported that the combined effect of both silica fume and
fibers (PP and nylon) enhanced the MOE of OPSFRC, even
higher compared to OPSC with crushed OPS. However, in
the present study, the combined effect of both heat-treated
crushed duraOPS and PVA fibers reduced the strain induced
under compression loadings and eventually improved the
MOE of OPSFRC significantly compared to previous studies.

In a previous study, the (𝐸) value of OPS concrete with
total cementitious materials (cement/fly ash/silica fume) is
reported to be 11 GPa, whereas the compressive strength
is approximately 38MPa [35]. The (𝐸) value of mix V0 is
roughly 39% higher than this value.The use of duraOPSwith
heat-treated and PVA fibers has a significant effect on the
compressive strength due to the enhanced adhesion between
the OPS and PVA fibers with the cement matrix. Hence, it
can be deduced that it is possible to attain a higher average
(𝐸) value of 16.1 GPa for OPSFRC.

It has been reported by CEB/FIP that the (𝐸) value of
structural lightweight concrete ranges between 10 and 24GPa
[51]. Swamy and Lambert [52] reported (𝐸) values within
the range of 15–22GPa for LWAC made with pulverized fuel
ash (PFA) aggregates. Mehta and Monteiro [53] reported
that the (𝐸) value is 10 and 14GPa for 20 and 40MPa com-
pressive strength LWC containing expanded clay aggregates,
respectively. For normal weight concrete, the (𝐸) values range

from 14 to 41GPa [54]. Thus, it can be deduced that the (𝐸)
value measured for the concrete in this study falls within the
range of normal weight and artificial lightweight aggregate
concrete.

4. Conclusion

Based on the experimental results of this study, it can be found
that the addition of PVA fibers enhanced the mechanical
properties of concrete. The workability of fiber-reinforced
concrete decreases by increasing the volume fraction of PVA
fibers. A maximum reduction of 40% has been determined
for OPS concrete with 0.5% PVA fiber content. Furthermore,
the addition of PVAfibers with low specific gravity to theOPS
mixtures reduces the density of the concrete. However, PVA
fibers that contribute to the marginal reduction in density
cannot be ignored.The compressive strength of OPS concrete
has increased for all ages with an increase in PVA fibers.
The effect of PVA on compressive strength of lightweight
concrete has been shown more prominent at latter ages
due to better fiber/matrix interface adhesion. The 28-day
compressive strength of PVA fiber-reinforced OPS concrete
is found to be within 43–49MPa. The addition of PVA fiber
up to 0.375% had a positive effect on the compressive strength
loss under no curing (AC) condition. Therefore, it can be
deduced that PVA fibers can be used to reduce the sensitivity
of OPS concrete in poor curing environments. The inclusion
of PVA fiber to OPS concrete increases the strain capacity
corresponding to peak stress, which causes OPS concrete
to become more ductile. The addition of PVA fibers also
enhances the splitting tensile and flexural strengths signifi-
cantly up to 30 and 32%, respectively, compared to the control
concrete. The inclusion of PVA fibers into OPS concrete
has a significant effect on the modulus of elasticity. The (𝐸)
value measured in this study is 16.1 GPa, which is higher
compared to previous studies. Hence, it can be concluded that
PVA fiber-reinforced OPS LWC showed the possibility and
accepted performance for potential application in producing
green composite concrete structures.
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The investigation concerns the use of the optimum mix proportion of two locally available pozzolanic waste materials, namely,
ground granulated blast furnace slag (GGBS) and palm oil fuel ash (POFA), together with metakaolin (MK) as binders. In addition,
another local waste material, manufactured sand (M-sand), was used as a replacement for conventional sand in the development
of green geopolymer mortar. Twenty-four mortar mixtures were designed with varying binder contents and alkaline activators.
The oven dry curing was also kept consistent for all the mix proportions at a temperature of 65∘C for 24 hours. The highest 28-day
compressive strength of about 48MPa was obtained for the mortar containing 20% of MK, 35% of GGBS, and 45% of POFA. The
increment of MK beyond 20% leads to reduction of the compressive strength.TheGGBS replacement beyond 35% also reduced the
compressive strength. The entire specimen achieved average 80% of the 28-day strength at the age of 3 days. The density decreased
with the increase of POFA percentage. The finding of this research by using the combination of MK, GGBS, and POFA as binders
to wholly replace conventional ordinary Portland cement would lead to alternate eco-friendly geopolymer matrix.

1. Introduction

The utilization of waste materials or industrial by-products,
such as fly ash (FA), metakaolin (MK), silica fume (SF),
ground granulated blast furnace slag (GGBS), rich husk ash
(RHA), and palm oil fuel ash (POFA), as binders in the
development of geopolymer concrete is gaining momentum
[1–3] due to the overuse of virgin materials in the production
of ordinary Portland cement (OPC). The use of OPC has
resulted in a high volume of carbon dioxide (CO

2
) emissions,

as the construction industries cannot replace the use of
OPC entirely with the other cementitious materials due to
the huge demand for concrete. The extraction of natural
deposits in the production of cement and concrete has led
to an ecological imbalance due to the continuous depletion
of natural resources. The present annual consumption of 2.9
billion tons of cement globally could increase to 4 billion

tons by 2020 [4]. The estimated value of CO
2
emission in

the production of 1 ton OPC is about 0.6 tons [5].The cement
industry is responsible for approximately 5% of global CO

2

emissions and it is likely to reach 6% annually by 2015 [6].
The ratio of clinker to cement is themain fact uponwhich

the CO
2
emissions per ton of cement depend. Normally

this ratio varies from 0.5 to 0.95 [7]. The CaO share in
clinker amounts to 64–67%. The rest consists of silicon
oxides, iron oxides, and aluminium oxides. On the other
hand, the production of industrial by-products and other
waste materials, such as FA, GGBS, RHA, SF, POFA, andMK,
continues to rise and the waste disposal of these materials in
an environmentally friendlymanner is becoming a challenge.
The use of these wastematerials in the production of concrete
could reduce the greenhouse gas emissions [8]. Geopolymers
are usually reported to be much more sustainable than
Portland cement, in terms of reduced production energy
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Figure 1: Geopolymer terminology [11].

necessity, lower CO
2
emissions comparing with the OPC

concrete; Turner and Collins (2013) [9] have pointed out only
9% less CO

2
emission from geopolymer concrete production

considering curing as well as FA, sodium silicate, and sodium
hydroxide production. The emission of CO

2
from geopoly-

mer concrete may control considering emissions during cur-
ing as well as production of FA, sodium silicate, and sodium
hydroxide. Geopolymers are a class of synthetic alkali-
activated alumina silicate inorganic polymers (AIPs) featur-
ing a predominantly X-ray amorphous three-dimensional
network [10]. Glukhovsky carried out the maiden work on
alkali-activated alumina silicate materials in the 1950s, which
consisted of mixed alkalis with a burnt mixture of kaolinite,
limestone, and dolomite. Later, binders other than cement
could be produced by the reaction between alkaline solution
and sourcematerials that are rich in silica (SiO

2
) and alumina

(Al
2
O
3
). Davidovits was the pioneer in introducing the

term known as geopolymer and [11] further categorized the
geopolymer structure based on the ratio of Si/Al (Figure 1).

Duxson et al. [12] proposed another model for the mech-
anism of geopolymerisation (Figure 2), which consisted of
(a) dissolution, (b) speciation equilibrium, (c) gelation, (d)
reorganization, and (e) polymerization and hardening. The
type of alkaline activator plays an important role in the
geopolymerisation process and has a significant effect on the
mechanical strength of the geopolymer.

Provis and van Deventer (2009) pointed out the reality
of the geopolymer gel structure and the Davidovits sialate
nomenclature implies certain aspects of the geopolymer gel
structure which do not correspond to reality [14]. Provis
(2014) has recently presented latest definition of the geopoly-
mer structure. Provis [15] reported that geopolymers are pro-
duced through the reaction of an aluminosilicate, normally
supplied in powder form as an industrial by-product or other
inexpensive material, with an alkaline activator, which is

Dissolution
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Gelation

Reorganization

Polymerization

Aluminosilicate source

Aluminate and silicate
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2
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H
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OH−
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and hardening

Figure 2: Geopolymerisation-conceptual model [12].

usually a concentrated aqueous solution of alkali hydroxide,
silicate, carbonate, or sulfate.

The commonly used alkaline activators in current times
are combinations of sodium hydroxide solution (NaOH)
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and sodium silicate solution (Na
2
SiO
3
) with different

Na
2
SiO
3
/NaOH mass ratios [16]. Geopolymers can be pro-

gressed through a series of several distinct reaction processes
from initial pozzolanic activation to final microstructure
development, which is very similar to zeolites. The rate of
strength development and the chemical reaction of geopoly-
mer concrete are influenced by several factors based on
the chemical composition of the source materials, alkaline
activators, and curing conditions [17].

Due to the pure alumina silicate content of metakaolin
(MK), it was used in the early development of geopolymers
and has continued to be used as a raw material. MK is
obtained by the calcination of kaolinitic clay at a temperature
ranging between 500∘C and 800∘C, and, of course, it is
a pozzolanic material. The comparison between OPC and
MK shows that the latter is environmentally friendly as its
production requires a much lower calcining temperature
and emits 80–90% less CO

2
than the former [18]. MK is

a good source of Al
2
O
3
and SiO

2
and is highly reactive

with alkaline activators and produces a higher degree of
geopolymerization. MK is a better material for geopolymers
because it has a higher amorphous phase content and
smaller sized particles, the compressive strength of MK-
based geopolymers increases with an increase of alumina
content by up to 20% [19]. Islam et al. [13] reported that with
the increase of GGBS content in the matrix containing FA
and POFA the compressive strength of geopolymer mortar
could be increased. The addition of calcium from other
sources in geopolymer based on metakaolin improved its
mechanical strength [20]. Depolymerised siliceous structures
with raw materials, such as GGBS, exhibit higher dissolution
rates under high alkalinity conditions compared with raw
materials composed of laminar structures such as MK.
Therefore, blending these components can contribute to an
improvement in the stability of the system, and, potentially,
also to the durability, when compared to the binders prepared
from a single raw material.

Malaysia is one of the largest producers of POFA. There
are nearly 200 palm oil mills operating in Malaysia, which
produce about 100 tons of POFA annually. In addition,
although due to the increased plantation of palm oil trees
this production rate is likely to increase [21], this material has
no market value and is simply dumped into ponds/lagoons
[22], which causes environmental pollution. However, recent
research [23, 24] has paved the way for the development of
sustainable material using POFA and related waste materials
from the palm oil industry. Such development has become
more significant as a number of studies have identified it
as being rich in silica. Alengaram et al. [23] reported that
the compressive strength of concrete can improve with the
increase in sand content coupled with a reduction in OPS
content. POFA is a cementitious material that could be used
with recycled aggregate concrete that could result in a higher
compressive strength than that of recycled aggregate concrete
without POFA [25].

For centuries, river or mining sand was used as fine
aggregate even though river sand is a nonrenewable natural
resource. The exploitation of river sand endangers the stabil-
ity of riverbanks and creates environmental problems, such

as flooding and the reduction of ground water level. Thus,
the urgency to find an alternate to natural sand is vital. Cai
[26] suggested the use of alternative materials for river sand,
such as manufactured sand (M-sand), industrial by-products
(some forms of slag, bottom ash), and recycled aggregates.
Among these, the use of manufactured sand is gaining
momentum [26]. M-sand, which is a by-product of quarry
dust (QD), is obtained by centrifuging it using a technology
known as the vertical shaft impact (VSI). QD, which is the by-
product of rock crushing, contains angular and flaky edged
particles. Hence, the process of VSI technology produces
particle sizes with greater integrity and a more isometric
shape.M-sand fines contribute to an increase in paste volume
[27] and the shape and texture of M-sand lead to improved
strength due to better interlocking between the particles.

During the last two decades, there have been a number
of researchers who focused their efforts to utilize geopolymer
concrete due to the wide range of potential applications [8,
9, 15]. The effect of single and binary combination of binders
amongMK, GGBS, and POFA has been reported by previous
researchers [28–30]. Islam et al. [13] reported the highest
compressive strength of about 66MPa by using 70% GGBS
with 30% POFA. However, the use of large amount of GGBS
leads to workability and setting time problems. Sahana [31]
reported that the inclusion of GGBS at different replacement
levels below 40% increases the setting time of mortar, but
beyond this level, the setting time decreases and this could
lead to loss of workability and casting of concrete; Deb et al.
[32] described that the workability decreased with the high
content of GGBS due to accelerated reaction of the calcium
and the angular shape of GGBS. Islam et al. [13] also used 12-
molarity sodium hydroxide solution to obtain the maximum
compressive strength; however the effect of higher molarity
was not investigated.

Thus these research questions, such as the loss of work-
ability and early setting due to high GGBS content, have to
be addressed. In order to address this issue, an attempt has
beenmade through this research work tominimize the use of
GGBS content within 20–45%; and at the same time to ensure
the required compressive strength, POFA and MK were used
along with GGBS. Therefore, the research focus of this work
is to utilize ternary binders and at the same time to optimize
the local waste material, POFA as binder. Utilization of 45%
of POFA along with 35% and 20% of GGBS and MK, respec-
tively, was experimented and themain flaw of lowworkability
was investigated.The use of hydroxide solution with 12 and 14
molarities on the compressive strength was also carried out.

The variables investigated in the research are different
percentages of binder, sand, and two molarities of alkali
activators to obtain maximum compressive strength. In this
study M-sand was used as fine aggregate for the replacement
of conventional mining sand. The other parameters, such as
M-sand and water contents, were kept constant. The flow
ability, oven dry density, and compressive strength at different
ages of cube specimens were tested and reported in this
investigation. A total of 24 mixes were prepared to obtain the
optimum mix that could be used for further works.
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2. Experimental Programme

2.1. Materials

2.1.1. Metakaolin. Metakaolin (MK) is an industrial by-
product material, it has significant potential in the devel-
opment of concrete composites, and it is a highly reactive
pozzolanic admixture. MK is manufactured from a natural
geological mineral that often contains impurities and incon-
sistent Si : Al atomic ratios. The chemical composition of
MK and the physical properties are given in Tables 1 and 2,
respectively. It can be seen from the chemical composition
that MK contains 90% silica and alumina. The physical
properties show that MK has a specific gravity and specific
surface area of 2.5 and 2.16m2/gm, respectively. The particle
size distribution of MK is shown in Figure 3, which shows
that MK is much finer than GGBS or POFA.

2.1.2. Ground Granulated Blast Furnace Slag. Ground granu-
lated blast furnace slag (GGBS) was used as one of the source
materials to produce a cementless binder.GGBSwas collected
from YTL Cement Marketing Sdn Bhd, Malaysia. GGBS has
both cementitious and pozzolanic properties and is different
from other supplementary cementitious materials. GGBS
develops its own hydraulic reaction when mixed with water.
GGBS is off-white in colour. The combination of calcium,
silicates, and alumina comprising about 90% of GGBS shows
that it satisfies the requirements of a pozzolanic material.
Table 1 shows the chemical composition of GGBS, and its
physical properties are given in Table 2. The specific gravity
is 2.89 g/cm3 and specific surface area is 2.36m2/gm. The
particle size distribution of GGBS is shown in Figure 3.

2.1.3. Palm Oil Fuel Ash. Palm oil fuel ash (POFA) is a
waste material; it is obtained from palm oil mill boilers by

Table 1: The raw materials (MK, GGBS, and POFA) chemical com-
position (wt %).

Chemical composition MK GGBS POFA
CaO 0.04 45.83 4.34
SiO2 52.68 32.52 63.41
Al2O3 42.42 13.7 5.55
MgO 0.12 3.27 3.74
Na2O 0.07 0.25 0.16
SO3 0.05 1.8 0.91
P2O5 0.4 0.04 3.78
K2O 0.34 0.48 6.33
TiO2 1.46 0.73 0.33
MnO 0.08 0.35 0.17
Fe2O3 2.01 0.76 4.19
SrO 0.03 0.08 0.02
Cl — 0.02 0.45
CuO — — 6.54
LOI — 0.6 6.2

Table 2: Materials physical properties.

Properties Materials
MK GGBS POFA M-sand

Specific gravity 2.5 2.89 2.2 2.78
Specific surface
area (m2/gm) 2.16 2.36 1.65 —

Colour Off-white Off-white Dark —

the burning of palm oil husk and shell as fuel. However,
this ash has pozzolanic properties that play an active role in
making strong and durable concrete by the replacement of
cement. Raw POFA was collected from the local palm oil
industry, Malaysia. The incompletely combusted fibres and
kernel shells were separated by using a 300 𝜇m sieve. Before
that, they were dried in an oven for at least 24 h at 100∘C
to remove the moisture. The POFA was then ground in a
ball mill to obtain particle sizes of about 10 𝜇m. Forty mild
steel rods of 10mm diameter and 400mm length were placed
in the rotating drum to grind approximately 10 kg of POFA
one time before being sieved through 300 𝜇m. To obtain the
desired level of fineness (>66%), the grinding of POFA was
carried out for 30,000 cycles over 16 h. The mass of natural
pozzolan passing a 45 𝜇m wet sieve should be at least 86%
based on ASTM: C618-12a. The POFA was greyish in colour.
The physical properties of POFA are shown in Table 2. Its
particle size distribution is shown in Figure 3. The fineness
of POFA was found to be 88.7%. Table 1 shows the chemical
analysis of POFA. The chemical analysis suggests that, in
general, this POFA satisfies the requirement to be considered
pozzolanic and may be grouped between Class C and Class F
pozzolana, as specified in ASTM C618-92a.l. Figure 4 shows
the palm fruits and the raw POFA in factory.
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(a) (b)

Figure 4: Palm fruits (left) and raw palm oil fuel ash (right).

2.1.4. Manufactured Sand (M-Sand). M-sand was collected
from the local industry in Malaysia. The shape and texture of
M-sand particles could lead to improvements in the strength
of concrete due to better interlocking between particles. The
physical properties of M-sand are shown in Table 2. The
fine aggregate is separated into three grades based on the
percentage passing through standard sieves according to BS
882-1992. M-sand falls into the category of grade C sand.The
packing ability of M-sand’s finer particles enables the mortar
to achieve higher packing density, which could enhance the
durability of the concrete. Figure 6 shows that theM-sand has
a wide range of particles (metakaolin (MK), palm oil fuel ash
(POFA), ground granulated blast furnace slag (GGBS), and
manufactured sand (M-sand) are shown in Figure 5).

2.1.5. Alkaline Activators. Sodium hydroxide, silicate, car-
bonate, and sulphate are the commonly used activators
and one of the most common and effective activators are
sodium silicate. For the development of geopolymerisation
in geopolymer materials, the main contribution of silicate
ions is through alkali activation. An activator’s efficiency
depends on certain factors, such as the type of activator,
dosage, ambient temperature, and water to FA (W/FA) ratio.
The NaOH was of commercial grade in pellet form (5mm),
with a specific gravity of 2.13 and 97% purity. Na

2
SiO
3
in

liquid form with a density of about 1.5 gm/mL at 20∘C, a
modulus ratio of 2.5 (SiO

2
/Na
2
O, SiO

2
= 30% and Na

2
O =

12%, water = 57% by mass), and specific gravity of 1.5 was
used alongwithNaOHas an alkali activator according to [33].
Two different molarities (namely, 12M and 14M) were used
by using sodium hydroxide solution to obtain the optimum
strength. For instance, NaOH solution with a concentration
of 12M consists of 12 × 40 = 480 g of NaOH solids per litre
of the solution, where 40 is the molecular weight of NaOH.
The mass of NaOH solids was measured as 361 g per kg of
NaOH solution of 12M concentration [34]. The reaction was
exothermic, so the solution was made to cool down before
use. The ratio of Na

2
SiO
3
aq/NaOH was kept constant at 2.5

for all the mixtures.

2.1.6. Water. Potable water with a pH value of 6 and free
from impurities and chemical contaminants was used in all

the mixes. The water to binder ratio of 0.25 was used for all
the mixes.

2.2. Specimen Preparation and Curing

2.2.1. Mixing Procedure and Casting. A total of 24 mixes
were prepared.Themix proportions of all the concrete mixes
are shown in Tables 3 and 7. By varying the MK, POFA,
GGBS, and activator contents, the mixtures were prepared.
To investigate the effect of the binders, the M-sand and water
contents were kept constant. The ratio of binder to sand
content was kept at 1 : 2 in all the mixes. In order to mix the
ternary binders of MK, POFA, and GGBS along with sand,
these materials were mixed in dry condition in a bowl mixer
at a low rate of speed for about 5min. The alkali activator
solutionwas then slowly added into themix for another 5min
and the mode of speed was then changed from slow to high.
Then, additional water was added to the mix to increase the
workability and homogeneity of the mortar. The mortar was
then cast in 50mm cube moulds and poured in three phases
with appropriate compaction. A total of 12 specimens were
cast for eachmix proportion. To remove the entrained air and
bubbles the samples were vibrated with standard compaction
using a rod and vibrating table. A comparison between Islam
et al. [13] and the present research work on mixing and
casting time shows that the former required finishing the
casting within 7min, while the duration could be extended
to 10min in the present research. Another salient point in the
comparison is the total binder content; the present research
has total binder content of about 760 kg/m3 compared to
460 kg/m3 used by Islam et al. [13]. Thus, the use of such
high volume of binder with large quantity of GGBS would
have reduced the setting time drastically [31]. Hence, the
proposedmixing time with different speed of mixer is crucial
in balancing the mix and workability.

2.2.2. Curing Regime. Immediately after casting, the spec-
imens along with the moulds were covered using plastic
film to reduce water loss during curing in an oven for
24 h at 65∘C. Subsequently, the specimens were taken out
of the oven and kept at ambient condition with an average
temperature and humidity of 28∘C and 70%, respectively,
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(a) (b)

(c) (d)

Figure 5: (a) Metakaolin (MK), (b) palm oil fuel ash (POFA), (c) ground granulated blast furnace slag (GGBS), and (d) manufactured sand
(M-sand).
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Figure 6: The particle size distribution of M-sand [13].

until testing day. This procedure was adopted from the
method suggested by Hardjito and Rangan [34]. To gain
high early strength geopolymers with acceptable physical and
mechanical properties, the optimumgeopolymer oven curing
temperature was between 60∘C and 65∘C [35]. Therefore,

the selection of 65∘C was justified as the 50mm cubes have
high surface to volume ratio and are more susceptible to
curing heat and to moisture loss.

2.2.3. Compressive Strength. The compressive strength test
was done using an ELE Auto Compressive Testing Machine
in accordance with ASTM: C109/C109M-13.The compressive
strength of the specimens was tested after 3, 7, 14, and 28 days.
Each day’s compressive strength value was determined as the
average of three specimens. The compressive strength of the
specimen was determined by dividing the maximum load
carried by the specimen during the test by the average cross-
sectional area. The failure mode of the specimens is shown
in Figure 7(a) and that was found satisfactory as specified in
BS EN 12390-3:2002 (Figure 7(b)). Compressive strength =
Failure load/Cross-sectional area.

2.2.4. Flow Test. The flow test was done according to the
ASTM C230 standard [36]. The used apparatus comprised a
flow table, flow mould, tamper, trowel, and measuring tape.
The flow test can give an indication as to the consistency,
filling ability, and workability of the mortar.
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Table 3: Mix design for development of compressive strength of geopolymer mortar.

Mortar designation Mix proportion (%) MK content GGBS content POFA content Compressive strength (MPa)
MK/GGBS/POFA (kg/m3) (kg/m3) (kg/m3) 3-day 28-day

M1 5/35/60 38.3 268.3 460 18.88 23.5
M2 10/30/1960 76.7 230 460 33.89 39.2
M3 10/35/55 76.7 268.3 421.7 21.91 30.34
M4 10/45/45 76.7 345 345 36.59 40.85
M5 15/20/65 115 153.3 498.3 31.01 38.57
M6 15/35/50 115 268.3 383.3 22.14 32.47
M7 15/40/45 115 306.7 345 35.51 40.24
M8 20/20/60 153.3 153.3 460 25.18 33.65
M9 20/25/55 153.3 191.7 421.7 37.15 41.05
M10 20/28/52 153.3 214.7 398.7 32.92 37.78
M11 20/30/50 153.3 230 383.3 36.46 42.19
M12 20/35/45 153.3 268.3 345 43.2 48
M13 20/40/40 153.3 306.7 306.7 34.93 41.62
M14 20/45/35 153.3 345 268.3 33.85 40.92
M15 25/30/45 191.7 230 345 35.86 41.43
M16 25/35/40 191.7 268.3 306.7 33.45 37.23
M17 30/40/30 230 306.7 230 33.5 39.6
M18 30/35/35 230 268.3 268.3 32.95 40.73
Note: MK: metakaolin; GGBS: ground granulated blast furnace slag; POFA: palm oil fuel ash.

(a) (b)

Figure 7: (a) Failure mode of cubes. (b) Satisfactory failures of BSEN 12390-3:2002.

3. Results and Discussion

3.1. Flow. The flow of mortar is shown in Figure 8, while
the flow values are shown in Table 4. A lower flow ability
of the mortar was observed for mix M5, which could be
due to the higher percentage of POFA. POFA decreases the
flow tendency because of the porous and spongy nature of
the microstructure (Figure 9) [2] of these materials and an
increased fineness or surface area. Figure 11 and Table 4 show
that the flow percentage increased in mixes M16, M17, and
M18,which could be attributed to a decrease in the percentage
of POFA (Table 3) in the mortars. It is also observed in
Figure 11 that the flow percentage increased with the increase
in the MK percentage in the mortars because MK has a
much finer particle size than POFA and GGBS and requires
less water to obtain a flow [37]. Workability in geopolymer
depends on the viscous properties of the binder matrix. Si
playsmajor role in producing viscosity [13].The percentage of
SiO
2
is not somuch different betweenmixesM1 andM18; that

is why the flow has no significant differences between each of
the mixtures.

3.2. Oven Dry Density (ODD). The oven dry density (ODD)
was taken for all specimens after oven-drying at a temper-
ature of 65∘C for a period of 24-h. Figure 10 and Table 4
show the 3-day oven dry density (ODD) of the specimens
with different replacement levels of MK, GGBS, and POFA.
The ODD of the mortar varied between 1639 kg/m3 and
2181 kg/m3. The spherical particles of all the materials, com-
pared to the crushed particles in a wet state, could produce
a higher packing density, resulting in lower water retention
in the spherical case, and, consequently, lower water demand
[38]. Thus, the use of a high percentage of GGBS with
spherical particles produced the highest ODD of 2181 kg/m3
among all the mixes. The POFA, due to its agglomerated and
crushed shape and increasing interparticle friction particles,
cannot easily roll over one another. Therefore, this highlights
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Table 4: Flow of mortar and 3-day average oven dry density (ODD) (kg/m3) of mortar for all mixes.

Mix number
M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 M13 M14 M15 M16 M17 M18

Flow (%) 61 62 64 67 60 67 67 68 69 72 71 72 70 73 75 76 79 78
Density (kg/m3) 1874 1789 1870 2115 1639 1896 2007 1691 1739 1756 1821 1914 2067 2181 1833 1943 2089 1961

Figure 8: Flow of mortar.

2𝜇m

Figure 9: Field emission scanning electron microscopy (FESEM)
images of POFA [2].

the need for more evaporable water in mixes with high
POFA content in order to obtain a workable mix. Hence,
the use of a higher dosage of POFA decreases the specimen
density [2]. The use of 65% of POFA in mix 5 shows the
lowest ODDof 1639 kg/m3. Another factor that influences the
density is the ability of finer particles to fill the voids within
the mortar. Figure 3 shows that POFA has relatively coarser
particles within a narrow range compared to that of GGBS
and MK. Thus, a high percentage of GGBS (mix 14) with
finer particles enhances its density by about 25% compared
to mortar with a high percentage of POFA (mix 5). Khatib
and Wild [39] reported that the threshold value for pastes
decreased with the increase in MK content. The ODD of the
mortar decreased slightly by about 2.2% in the first few weeks
but remained almost constant thereafter. Figure 11 shows the
reduction in density for all mixes (mix 14).

3.3. Compressive Strength Development. The development of
the compressive strength of hardened geopolymer mortar
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Figure 10: 3-day average density (kg/m3) for all mixes.
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is the basic indicator of the performance of alternative
source materials, since it provides a fundamental description
concerning the quality of geopolymerization products. The
development of compressive strength at the ages of 3, 7,
14, and 28 days is shown in Figure 12. As indicated in the
methodology, the specimens were cured at 65∘C for 24-h.
Curing at an elevated temperature allows a reduction in the
time of heat treatment to achieve high strength [40]. It can
be observed from Figure 12 that mix M1, which contained
5% MK, 35% GGBS, and 60% POFA and was cured at
65∘C for 24-h, produced the lowest compressive strength.
However, an increase in the MK from 5% to 10% and
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Figure 12: Compressive strength development ofmortar at different
ages with varying binder content ratios.

subsequent decrease in POFA in mix M3 showed an increase
in the compressive strength. It can be seen that this trend
continued until theMKwas increased to 20%. It was observed
that with up to 20% replacement of MK by POFA the highest
compressive strength of about 48MPa could be obtained.
With any further increase in the MK content beyond 20%,
the strength decreased, as seen from the mixes M16 and
M18, which had 25% and 30% of MK, respectively. A similar
trend was observed for mixes with an increase in both the
GGBS and POFA contents.Thus, it can be concluded thatmix
M12 with 20% MK, 35% GGBS, and 45% POFA with high
SiO
2
and Al

2
O
3
contents produced the highest compressive

strength. It is evident that POFA contained fewer amounts
of Al
2
O
3
and Ca, when mixed with GGBS, which enhanced

the compressive strength. From the results, it is also observed
that up to 45% of the binders could be replaced by POFA
to achieve a compressive strength of 48MPa. However, an
increase of POFA beyond 45% had a negative effect on the
compressive strength. Thus, the amount of Ca and Al

2
O
3

had a significant influence on the compressive strength of
the mortar [41]. From Figure 12, it can also be seen that the
compressive strength curve is steep at the age of 3 days with a
slight drop at 7 days, which may be because the Si/Al ratio
varies during the geopolymerization process [42]. Table 5

Table 5:The percentage (%) increase in the compressive strength at
3, 7, and 14 days compared with the 28-day strength.

Mortar
designation

Increase of compressive strength (%)
3-day (%) 7-day (%) 14-day (%)

M1 80 85 90
M2 87 90 96
M3 72 78 91
M4 90 93 97
M5 80 84 89
M6 68 73 85
M7 88 93 97
M8 75 81 88
M9 91 94 100
M10 87 90 98
M11 86 88 93
M12 90 94 97
M13 84 87 94
M14 83 91 96
M15 87 87 95
M16 90 96 100
M17 85 89 96
M18 81 81 86

shows the increase in the compressive strength at 3, 7, and
14 days compared to 28 days expressed as a percentage. It can
be seen from a comparison of the 3-day test results with the
28-day strength that most of the specimens achieved about
80% of the 28-day strength. Correspondingly, the 7-day and
14-day strengths were 87% and 94%, respectively, of the 28-
day strength (Figure 15).

3.4. Analysis of Chemical Composition on the Development of
Strength. The parameters, such as curing temperature, water
content, alkali concentration, initial solids content, silicate
and aluminate ratio, pH, and the type of activators used,
influence the rate of polymerization [13]. The comparison
of the major oxide composition of the three materials,
that is, MK, GGBS, and POFA, is shown in Table 6. As
explained in Section 3.3, the mixesM1 andM12 produced the
lowest and the highest compressive strengths, respectively.
It can be seen from Table that the SiO

2
content was found

to be higher in mix M12 compared to the other mixes,
for which the ratio of Si/Al for mix M12 was 3.26. In
contrast, the Si/Al ratio for M1 was found to be 5.12. The
initial Si/Al ratio will not be constant all the way through
the geopolymerization process. During different stages of
geopolymerization the Si/Al ratio increases [42].The trend of
compressive strength development is affected by the change
in the Si/Al ratio in the original particles, the reactive ones,
and the reacted product during the reaction process [43].
Geopolymerization was almost complete after 7 days and
that the strength gain beyond this period was found to be
insignificant. Lime (CaO) plays a very important role as it
controls the strength and soundness, whereas excess CaO
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Table 6: The major chemical components of mortar.

Chemical
components

Mortar designation
M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 M13 M14 M15 M16 M17 M18

CaO 18.68 16.42 18.5 22.65 12.09 18.32 20.39 11.91 13.99 15.23 16.06 18.14 20.21 22.28 15.88 17.95 19.85 17.77

SiO2 52.01 52.97 51.43 48.34 55.48 50.84 49.3 54.89 53.35 52.42 51.8 50.26 48.71 47.17 51.22 49.67 47.54 49.09

Al2O3 10.16 11.5 11.91 12.73 12.44 13.66 14.07 14.19 14.6 14.84 15.01 15.42 15.82 16.23 16.76 17.17 19.33 18.92

MgO 3.44 3.32 3.3 3.25 3.23 3.16 3.14 3.09 3.07 3.05 3.04 3.02 3 2.97 2.9 2.88 2.72 2.74

Fe2O3 2.81 2.81 2.63 2.29 2.97 2.46 2.29 2.79 2.62 2.52 2.45 2.28 2.11 1.94 2.27 2.1 1.75 1.92

Na2O 0.2 0.2 0.21 0.22 0.2 0.21 0.22 0.21 0.21 0.22 0.22 0.22 0.23 0.23 0.22 0.23 0.24 0.24

K2O 4.07 4.14 3.85 3.26 4.51 3.63 3.34 4.29 4 3.83 3.71 3.42 3.12 2.83 3.49 3.2 2.69 2.98

SiO2/Al2O3 5.12 4.61 4.32 3.8 4.46 3.72 3.5 3.87 3.65 3.53 3.45 3.26 3.08 2.91 3.06 2.89 2.46 2.59

content makes the material unsound and causes expansion
and disintegration. An excessive quantity of lime (CaO) is
considered for the hardeningmechanism ofmortar [44]. Mix
M4 contained the highest percentage of CaO among all the
mixes but produced the lowest compressive strength of about
37MPa. The formation of Ca compounds in geopolymers
is greatly dependent on the pH and Si/Al ratio. The SiO

2

content provides greater strength, but, at the same time, it
extends the setting time [13]. Although mix M5 contained
the highest percentage of SiO

2
among all the mixes, the

Si/Al ratio was quite high (4.45). Further, mixes M5 and M1
contained high percentages of K

2
O and MgO, respectively,

which are harmful ingredients in cement. Mixes M17 and
M1 contained the highest percentage of Na

2
O and MgO. If

the amount of Na
2
O and K

2
O exceeds 1%, it leads to the

failure of concrete and if the content of MgO exceeds 5%,
it causes cracks in the hardened concrete. Further, the Al
component tends to dissolve easier than the Si components,
which enables a higher rate of condensation between the
silicate and aluminate species than the condensation between
just the silicate species [45].

3.5. Effect of Metakaolin on the Compressive Strength. In
general, MK is a poorly crystallized white powder with a
specific surface of 12,000m2/kg (Table 2) and an average
particle size between 1.5 and 2.5 𝜇m [46]. MK is effective
at reducing the rate of diffusion of the Cl− and Na+ ions
in mortar and also the rate of water absorption [47]. The
effect of MK content on the compressive strength is shown
in Figure 13. The results of Wild et al. [48] derived the
maximum compressive strength possible at the different
percentage replacements of MK. The use of 20% MK with
45% of POFA and 35% of GGBS in mix M12 produced
the highest strength of about 48MPa. The mixes M1, M3,
and M6 that contained 5%, 10%, and 15% MK with 35%
GGBS and different amounts of POFA produced about 51%,
37%, and 32% lower compressive strength than mix M12.
This is because M12 contained more Al

2
O
3
compared to

the other mixes. Al plays an important role, as, to a large
degree, it controls the properties of geopolymers, and the
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Figure 13: Effect of MK on compressive strength mixed with 45%
POFA and 35% GGBS.

absolute amount of available Al throughout the reaction
affects the final compressive strength [49]. Similarly, for
mixes M7 and M14, which contained 15% MK, 40% GGBS,
and 45% POFA and 20% MK, 45% GGBS, and 35% POFA,
respectively, the compressive strength decreased by 16% and
15% compared to mix M12. MK grains are not fully dissolved
during the geopolymerization process as the reaction takes
place on the surface layer of the solid particles [50]. The
reaction rate is then mainly controlled by diffusion of the
hydroxide and silicate ions through the primary geopolymer
gel, which is mainly affected by the curing temperature at
the early stage of the reaction. In the case of increasing the
percentage of MK, the compressive strength also reduced
compared tomixM12.The inclusion of a small amount ofMK
inGGBS-rich alkali silicate-activated binders produces stable
Al-substituted calcium silicate hydrate (C–S–H) gels and
promotes enhanced workability. A low activator content does
not provide sufficient alkalinity to promote the dissolution
of MK to produce a highly stable coexisting geopolymer
gel. Therefore, a large proportion of MK needs activator
content with very high concentration that will affect the
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rate of polymerization. Thus, the inclusion of MK after
20% reduces the compressive strength. Mixes M16 and M18,
which contained 25% MK, 35% GGBS, and 40% POFA and
30%MK, 35% GGBS, and 35% POFA, showed a reduction in
the compressive strength by about 22% and 15% compared to
M12. According to Austell [51] the rate of water absorption of
mortar is halved by replacing 20% of MK. So, mix M12 with
20% MK, 35% GGBS, and 45% POFA produced the highest
compressive strength and is considered the optimum mix to
develop geopolymermortarwith a compressive cube strength
of 40MPa. Wild et al. [52] reported that increasing the
specific surface of MK from 12,000 to 15,000m2/kg reduces
the age at which the maximum strength enhancement occurs
in MK mortar. The effect of MK on the compressive strength
at 28 days with 35% GGBS and 45% POFA is shown in
Figure 13. One of the reasons for mixing MK with GGBS in
this study is to provide better control of the setting time.
GGBS binders have a tendency to set extremely rapidly and
the addition of a small amount of MK can retard setting to
provide a more convenient period of workability.

3.6. Effect of GGBS on the Compressive Strength. GGBS plays
an important role for compressive strength development. A
higher concentration ofGGBS results in a higher compressive
strength of geopolymer concrete [53]. GGBS contains higher
CaO, and, as a result, it is a good potential source of solubleCa
in the mixture. The compressive strength of mortar is shown
in Figure 12.Mix numberM12, with 35%GGBS, produced the
highest strength, while a further decrease in the GGBS con-
tent reduced the compressive strength. M11 (30% GGBS with
20%MK, 50%POFA) andM9 (25%GGBSwith 20%MK, 55%
POFA) showed a decrease in strength of about 12% and 14%
with respect to M12. Yunsheng et al. [54] also reported that
the addition of GGBS leads to a considerable increase in the
compressive strength but only when the GGBS replacement
percentage exceeds 30%. GGBS is a latent hydraulic product,
which can be activated by suitable activators, and, without
activation, the development of the strength of the GGBS is
extremely slow and the development of the slag necessitates
a pHP12 [44]. Mix M13 contained 40% GGBS with 20%
MK, 40% POFA, while mix M12 contained 35% GGBS with
20% MK, 45% POFA. A comparison between mixes M12
and M13 showed that the former with 40% GGBS produced
13% lower compressive strength compared to the mix with
35% GGBS and that mix M14 with 45% GGBS showed that
the reduction is 15%. Therefore, if the percentage of GGBS
exceeds 35%, then the compressive strength also reduces.This
might be because the GGBS undergoes a slower hydration
process; therefore at higher GGBS replacement levels, the
hydration process becomes increasingly slower, which leads
to a reduction in the compressive strength [55]. Another rea-
son is that the quantity of soluble Ca depends on the volume
of GGBS present in the mixture, which has a direct effect on
the compressive strength. Figure 14 shows the effect of GGBS
on the compressive strength with POFA and 20%MK.

3.7. Effect of POFA on the Compressive Strength. POFA, which
is also a by-product from thermal power plants, contains
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Figure 14: Effect of GGBS on compressive strength mixed with
POFA and 20% fixed MK.

high amounts of Si and Al oxides in the amorphous state
and is considered to be a pozzolanic material [56]. The high
fineness of POFA produces a greater pozzolanic reaction and
acts as a filler in the voids and thus increases the compressive
strength of the concrete [21]. Figure 16 shows the effect of
varying POFA contents on the compressive strength with
MK varying from 5% to 30% with nonvarying GGBS at
35%. The compressive strengths of mixes M1 and M3, which
contained 60% POFA and 55% POFA, respectively, produced
about 51% and 37% lower compressive strength thanmixM12.
Mix M12 with 45% of POFA, 35% of GGBS, and 20% MK
produced the highest strength of 48MPa. Ariffin et al. [57]
opined that due to its low content of Al

2
O
3
it 0produces low

compressive strength; the use of high POFA content could
be attributed to the incomplete geopolymerization, because
Al
2
O
3
tends to dissolve at a higher rate during the early stage

of geopolymerization. The comparison between mixes M12
and M13 showed that the former with 40% POFA produced
13% lower compressive strength compared to the mix with
45% POFA. Then, from the comparison between mixes M12
and M14 (35% POFA), the strength reduced by about 15% for
the latter.

The particles of the POFA with cohesive characteristics
could not be mixed properly, and, hence, the strength devel-
opment was poor. Tonnayopas et al. [58] explained that the
low early compressive strength is due to the slow pozzolanic
activity of POFA. Figure 14 shows the 28 days’ compressive
strength of all mixes.

3.8. Effect of Curing. All the specimens were covered with
plastic wrapping and cured in an oven at 65∘C for 24 h, as
stated in the methodology; the results for the compressive
strengths are shown in Figure 12. The average difference
between the 14- and 28-day compressive strength for the
mixes was about 10%, and, between the 7- and 14-day
strengths, it was 8%. This shows that the rate of the geopoly-
merization is accelerated by elevated temperature at the early
stage [59]. Kusbiantoro et al. [60] reported that compared to
the other curingmethods—ambient and external exposure—
the oven-cured geopolymer concrete at 65∘C exhibited supe-
rior mechanical properties. They reasoned that this could
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Figure 16: Effect of POFA on compressive strength mixed with MK
and 35% fixed GGBS.

be attributed to the oven curing as the suitable condition to
accelerate the dissolution and polycondensation of alumina
silicate gel in the geopolymer framework. Furthermore,
geopolymer concrete could achieve high early compressive
strength when oven-cured, instead of undergoing ambient
curing [61]. Hence, all the mixes, M1 to M18, gathered
maximum strength within 3 days, as shown in Table 5.

3.9. Alkaline Solution to Binder Ratio by Mass on Compressive
Strength Analysis. The solution to binder ratio was kept
constant at 0.5 for all the mixtures, as stated in Table 4.
Abdullah et al. [62] reported that the ratio of S/B of 0.5 by
mass produces higher compressive strength compared to the
ratio of 0.67. Sathonsaowaphak et al. [63] found a very low
compressive strength of 8MPa for the mix with the AK/B
ratio of 0.325 by mass; however, they reported that the high
compressive strengths were in the range of 42 to 52MPa, as
the ratios of S/B by mass varied between 0.429 and 0.709.
Thus, the use of a solution to binder ratio of 0.5 for all the
mixtures produced acceptable compressive strength.

3.10. Effect of Molarity of Alkaline Activated Solution (NaOH
Solution) on the Compressive Strength. Table 7 shows the
effect of molarity of alkaline activated solution on the com-
pressive strength.

The compressive strength of mix M4 with 14 molarities
produced 17% higher than the mix M4A with 12 molarities.
Other parameters except the molarity, such as binder, sand,
and water, were kept constant for both the mixes. The use
of high molarity based alkaline solution increases the com-
pressive strength because of the release of silica and alumina
[64]. FromFigure 17 it was also found that themixesM9,M12,
andM16with 14molarities show higher compressive strength
than the mixes M9A, M12A, and M16A with 12 molarities.
All the parameters are same, respectively, except the molarity
(NaOH solution). NaOH solution with high concentration
increases the geopolymerization reaction [43].

4. Conclusions

This research into optimizing the use of MK, GGBS, and
POFA as binders in the production of geopolymer mortars
produced significant conclusions. Twenty-four geopolymer
mortar mixtures incorporating sustainable binders—MK,
GGBS, and POFA—were prepared. The cube compressive
strength of the mortars was investigated up to a period of 28
days to study the feasibility of the replacement with GGBS
and POFA in MK-based geopolymer mortar. Based on the
tests conducted, the following conclusions were drawn:

(i) The compressive strength of the geopolymer mortar
increased with the MK content up to 20%, while
further replacement of MK showed a significant
reduction in the strength.

(ii) Mix M12, with the addition of GGBS up to 35%,
POFA up to 45% with 20%MK, produced the highest
strength among the mixes.

(iii) It is possible to improve the compressive strength of
the geopolymer mortars at the early ages by introduc-
ing initial heating at 65∘C for 24 h after demoulding.
Improvements are more significant at 3 days.

(iv) In most of the specimens, 90% of the compressive
strength of the geopolymer mortar was achieved at
the age of 7 days.

(v) POFA produces a cohesive mix, in which the density
of mortar decreases with the increase in the percent-
age of POFA, resulting in a decrease in density of
approximately 12%.

(vi) The finer particles of GGBS produce a dense mix;
hence, the partial substitution of GGBS in the mortar
should be maintained at 35%.

(vii) The compressive strength increases with the increases
of molarity of sodium hydroxide solution.

(viii) It can also be concluded that the combinedmaximum
volumes of MK, GGBS, and POFA can be used
for the development of a sustainable construction
material to replace OPC for the production of eco-
environmentally friendly geopolymer mortars.
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Table 7: Comparison of the compressive strength between different molarities.

Mortar designation Binder mix proportion M-sand Alkali activator Compressive strength (MPa)
MK/GGBS/POFA (%) (kg/m3) molarity 3-day 28-day

M4 10/45/45 1532 14 36.6 40.85
M6 15/35/50 1532 14 22.15 32.5
M9 20/25/55 1532 14 37.15 41
M12 20/35/45 1532 14 43.15 48
M16 25/35/40 1532 14 33.4 37.5
M18 30/35/35 1532 14 34 40.8
M4A 10/45/45 1532 12 30.8 34.1
M6A 15/35/50 1532 12 17.2 25.8
M9A 20/25/55 1532 12 32.5 37
M12A 20/35/45 1532 12 36 41.5
M16A 25/35/40 1532 12 27.6 33
M18A 30/35/35 1532 12 31.1 35.6
Note: MK: metakaolin; GGBS: ground granulated blast furnace slag; POFA: palm oil fuel ash.
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Figure 17: Effect of molarity in compressive strength.

This research work was focused on the development of
the compressive strength of geopolymer mortar produced
by different proportion of three pozzolanic materials and
activated by two concentrated alkaline solutions. The test
results were analysed based on the chemical compositions.
Geopolymerization process could be affected by the particle
size and reactivity rate of the binding materials, curing
condition, and casting process. This could be recommended
for further research work on the microstructural analysis
for the proposed binding materials with different particle
size and various curing conditions. Since water/binder ratio
is an important factor and affects significantly the devel-
opment of compressive strength for different proportion of
binder/aggregate in concrete and mortar, mix design with
different type and volume of aggregate could be carried on
for optimization.
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The development of the packaging industry has promoted indiscriminately the use of disposable packing as Tetra Pak, which after
a very short useful life turns into garbage, helping to spoil the environment. One of the known processes that can be used for
achievement of the compatibility between waste materials and the environment is the gamma radiation, which had proved to be a
good tool for modification of physicochemical properties of materials. The aim of this work is to study the effects of waste cellulose
fromTetra Pak packing and gamma radiation on themechanical properties of cement concrete. Concrete specimenswere elaborated
with waste cellulose at concentrations of 3, 5, and 7wt% and irradiated at 200, 250, and 300 kGy of gamma dose. The results show
highest improvement on the mechanical properties for concrete with 3wt% of waste cellulose and irradiated at 300 kGy; such
improvements were related with the surface morphology of fracture zones of cement concrete observed by SEMmicroscopy.

1. Introduction

Due to the increment of awareness on environment, the use
of waste materials is an attractive area of opportunity. Solid
wastes are classified by their chemical nature as organic and
inorganic; recovery of them has been under study for a long
time. Use of waste in building materials, road construction,
and pavement are beneficial because it reduces environmen-
tal pollution and solves the waste disposal problems [1, 2].
Such waste materials should show an effective recycling
or reuse [3]. Several improvements have been reported for
incorporating waste of recycled polymers, for example, in the
case of asphalt pavement or in road performances [4–6].

Among waste materials are those containing cellulose
as Tetra Pak packages; such packing is made up of three
raw materials: paper (about 75%), low density polyethylene
(about 20%), and aluminum (about 5%). Aseptic pack-
ages are recycled through a simple, well-established process

called hydropulping. In this process, the cellulosic fibers are
separated from thin layers of polyethylene and aluminum.
Early study on Tetra Pak garbage showed recovery of their
components, being cardboard 63wt%, polyethylene 30wt%,
and aluminum 7wt% [7].

Degradation of cellulose or lingocellulosic materials pro-
duced huge number of water soluble or insoluble oxygenated
compounds.Thewater content of aqueous phases is high, and
it contains some valuable chemicals; one of them is phenolic
compounds. It is convenient to mention that high-quality
cellulosic fibers are used in the production of paper products
such as tissue and paper towels and fine writing paper.

Some investigations are concerned with the use of cel-
lulosic materials as fillers in composite materials. Most of
the waste from the paper industry is known as paper sludge
(PS) which is burnt and becomes PS ash. This is used as a
soil improvement material and cement raw material. PS ash
increased the strength of extremely stiff concrete; moreover,
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it has high water absorption [8, 9]. Different composite
materials have been produced by incorporating cellulosic
materials for improvement of mechanical properties: (a)
bending behavior is improved by incorporating cellulose
fibers from waste paper; (b) toughness and tensile behavior
of thin-sheet cement products are improved by adding fibers
of recycled waste paper; (c) shore hardness (SH) values are
increased as the resin concentration increases in composites
elaborated with Tetra Pak and resin materials; and (d) maxi-
mum of strengthening is achieved for cement matrixes when
adding plant-fibers and man-made cellulose fibers (from 8 to
10wt%); the costs are reduced with this substitution [4, 5, 9,
10].

The mechanical improvements when using cellulose
fibers are due mainly to their mechanical properties that
include amodulus of elasticity up to 40GPa.Moreover, fibers
can be further subdivided by hydrolysis followed by mechan-
ical disintegration into microfibrils with an elastic modulus
up to 70GPa. Such fibers are produced commercially by the
pulp and paper industry [10].

With the exception of cotton, the main components of
natural fibers are cellulose, hemicellulose and lignin, and,
in minor concentration pectin, waxes and water soluble
substances [10]. Linear cellulosemolecules are linked laterally
by hydrogen bonds to form linear bundles, giving rise to a
crystalline structure. The degree of crystallinity of cellulose
is one of the most important structural parameters; the
rigidity of cellulose fibers increases, but flexibility decreases
with increasing ratio of crystalline to amorphous regions.
Therefore, the crystalline structure of cellulose is one impor-
tant parameter for evaluating the physical and mechanical
properties [11, 12].

The use of gamma radiation as a mechanism for reaction
initiation and accelerator of the polymerization of amonomer
in a ceramic matrix can bring considerable advantages. One
of the most important objectives is to obtain higher adhesion
between fibers and the matrix [13–18]. The first investi-
gations focused on the influence of gamma radiation on
lignocellulose materials, in terms of increasing the solubility
of insoluble high-polymerized sugars such as cellulose [19].
Some investigations focused on effects of gamma radiation
on physicochemical properties of cellulose, and the results
show that an increment of 25 kGy (in average) caused a
loss of 1% in cellulose crystallinity in the dose range of 0-
1MGy. Cellulose shows degradation (from 6 to 12%) up to
31.6 kGy and unchanged degree of crystallinity up to 300 kGy.
The degree of polymerization (DP) is obtained up to 1Gy;
this decrease is above 10 kGy. Moreover, changes on specific
gravity and in the lattice constant are observed up to 1MGy,
as well as complete degradation of cellulose at 6.55MGy. In
the case of lignin no changes are observed up to 31.6 kGy and
only 15% of degradation at 19MGy is observed [19].

In cellulose there is amorphous zones along the microfib-
ril length, in which the crystallinity is interrupted. These
zones allow the penetration of chemicals into the microfib-
rils. Furthermore, the gamma radiation caused break-up of
cellulose to shorter chains, which are water-soluble, and it
most likely leads to an “opening of additional microcracks,”
in which water molecules can easily penetrate.

Some studies covering the effects of ionizing radiation
on polymer-ceramic composite materials, for example, in
gypsum/poly(methyl) acrylate composites showed that the
yield of polymerization increased with increasing radiation
dose and leveled off at a dose around 3-4 kGy, where a yield
of 87-88% is achieved [9]. As this process is completed at
room temperature, there is much economy of heat energy,
besides the reduction in costs to keep the composite under
pressure. The pressure is used to keep much of the monomer
(usually with a high volatility) filling the interstices of the
ceramic matrix during the conversion to ceramic-polymer
composites.

The purpose of this work was to evaluate gamma radia-
tion and waste cellulose as tools for improvement of mechan-
ical properties of cement concrete. Waste cellulose was
obtained fromTetra Pak packages and the gamma doses were
covered up to 300 kGy. A simple and inexpensive process was
expected as well as contribution on the environmental care.

2. Experimental Part

2.1. Specimen Preparation. Before preparing concrete speci-
mens, one set of waste cellulose particles with average size of
0.5mm was obtained from Tetra Pak packages and was used
in concentrations of 3, 5, and 7% by weight; these values were
selected in order to avoid problems concerning homogeneity
and workability.

Different mixes were elaborated with Portland cement,
silica sand, gravel, and water. The sand with uniform gran-
ulometry had an average diameter of 150 𝜇m (mesh 60),
while sizes of gravel were 0.5, 4.0, and 6.3mm (mesh 35, 5,
and 0.25, resp.). Proportion of components in the mixes
was 1/2.75 for cement/aggregates, with water/cement ratio
of 0.485. All materials were mixed according to practice
ASTM C-305. Sand silica was obtained from a local com-
pany (GOSA, Atizapan, Mexico), and gravel aggregates were
obtained from Tula Hidalgo México, respectively.

After mixing, concrete cylindrical specimens (2.0 diam-
eter and 4.0 long) were molded. After 24 hours, they were
placed in a controlled temperature room (at 23.0 ± 2.0∘C
and 95% of relative humidity according to ASTM C/192 M-
00), with the surface exposed to moisture. The moist room
conditions were the same as above, according to ASTMC-511.
It is important to remark that waste cellulose was used as sand
replacement.

2.2. Mechanical Tests. Compressive strength evaluation of all
concrete cylindrical specimens was carried out in a universal
testing machine model 70-S17C2 (Controls, Cernusco, Italy),
according to ASTM C-39M-01, located at Laboratory of
Research and Development of AdvancedMaterials (LIDMA)
of the Autonomous University of the State of Mexico
(UAEM). Specimens were tested after 7, 14, and 28 days of
moist curing. Testing tolerance allowed for the specimenswas
7 days ±6 hrs, 14 days ±9 hrs, and 28 days ±12 hrs.

2.3. Irradiation Procedure. The concrete cylindrical speci-
mens were irradiated at 200, 250, and 300 kGy using a 60Co
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Figure 1: Compressive strength of concrete with waste cellulose.

source at the dose rate of 3.5 kGy/h; the experiments were
made in air at room temperature. The irradiation was pro-
vided by a 651 PT Gammabeam Irradiator manufactured by
NORDION (Chalk River, Ontario) and located at Institute of
Nuclear Sciences of the National Autonomous University of
Mexico.

2.4. Morphological Characterization. The surfaces of irradi-
ated cellulose and those for fractured zones of concrete were
analyzed, by a scanning electronmicroscopy (SEM) in a JEOL
model JSM-5200 machine, in the secondary electron mode.

3. Results and Discussion

3.1. Compressive Strength. In Figure 1 compressive strength
values of concrete with waste cellulose are shown. Concrete
without waste cellulose at 28 days of curing time has the
highest compressive strength value, namely, 21.7MPa. Some
behaviors are observed. (a) The values gradually decrease
when more cellulose is added; (b) concrete with 3wt% of
waste cellulose has a minimal difference, 5%, with respect to
control concrete (without cellulose); it does not happen for
concrete with 7wt% of waste cellulose, because it has 47% of
reduction; and (c) independently of each cellulose percentage
the compressive strength values increase when increasing
curing time.

Such reductions in the values can be explained in terms
of the waste cellulose added. The strength depends on the
amount of waste cellulose and water cement ratio (w/c). By
one hand cellulose has a hydrophobic nature and on the other
hand the cellulose can substitute up to 7wt% of sand in the
mixture; thus more amount of water is available to interact
into the surface of unhydrated grains of cement particles.
Therefore, weak interfacial adhesion between cellulose and
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Figure 2: Compressive strength of concrete with waste cellulose at
different irradiation doses.

hydrated cement particles is obtained; in consequence reduc-
tion on the compressive strength values is seen.

According to the highest compressive strength results
for concrete with cellulose (seen previously in Figure 1), we
decided toworkwith concretewith 3wt%ofwaste cellulose in
the second stage of this study, consisting on irradiating them
up to 300 kGy. Some behaviors are shown in Figure 2. (a)The
highest value is observed for concrete irradiated at 300 kGy
at 28 days of curing time, namely, 31.6MPa, which means an
improvement of 45% with respect to control concrete; (b) the
values increasewhen radiation dose increases too; (c) for each
gamma dose the values increase when increasing curing time.

Such improvements of the compressive strength values
can be explained in terms of the gamma radiation effects on
the concrete components and waste cellulose. As we know,
many types of chemical reactions take place during gamma
irradiation of polymeric materials, cross-linking, and degra-
dation by chain scission among others, but one or the other
of these effects may be predominant in somematerials. In the
present investigation we argue the formation of cross-linking
of the polymeric chains in the cellulose under the effect of
irradiation dose and their repercussion on the cement and
water molecules. We recall that cross-linking is the most
important effect of polymer irradiation because it can usually
improve the mechanical, thermal, and chemical properties.
Moreover, application of high energy irradiation to cellulose
creates free radicals by the scission of the weakest bonds; such
radicals can react with somemolecules in the cement matrix.
The interaction between calcium silicate hydrate (formed
during the hydration process) and the cellulose present in
the pores during irradiation polymerization enhanced the
interphase bonding and as a result, an improvement of the
mechanical strength takes place.

3.2. Compressive Strain at Yield Point. Similar behavior for
compressive strain is observed: (a) the values decrease when
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Figure 4: Compressive strain of concrete with waste cellulose at
different irradiation doses.

more waste cellulose concentration is added; (b) for each
waste concentration, the values decrease according to curing
time (Figure 3). The lowest value, 0.0043mm/mm, is 116%
minor with respect to compressive strain value of control
concrete (without waste cellulose). Thus a hard concrete is
produced when adding higher waste cellulose concentration.

For irradiated concrete a well-defined behavior is
observed (Figure 4). The values show three stages: (a) in
the first one the values increase at 200 kGy, (b) after they
decrease at 250 kGy, and finally (c) they increase again at
300 kGy. The diminution at 250 kGy is 12% minor than those
for control concrete.
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Figure 5: Modulus of elasticity of concrete with waste cellulose.
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Figure 6: Modulus of elasticity of concrete with waste cellulose at
different irradiation doses.

3.3. Modulus of Elasticity. The moduli of elasticity values
for concrete are shown in Figure 5. Depending on both
parameters, waste cellulose concentration and curing time,
different behaviors are observed. (a) For concrete with 7
days of curing time the values decrease according to the
increase of waste cellulose too, being 35%minorwhen adding
7wt% of waste cellulose; (b) for concrete with 14 days of
curing time, the values are almost constant for any waste
cellulose concentration; (c) for concrete with 28 days of
curing time, the values diminish at 3 wt% of waste cellulose,
and after increasing up to 7wt% of waste cellulose, at this
concentration the value is minor with respect to control
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Figure 7: SEM images of fractured concrete: (a) nonirradiated; irradiated at (b) 200 kGy, (c) 250 kGy, and (d) 300 kGy.

200 kGy 250kGy 300kGy

Figure 8: SEM images of irradiated cellulose at 200 kGy, 250 kGy, and 300 kGy.

concrete; and (d) for each waste cellulose concentration the
values increase according to curing time increase.

In the case of irradiated concrete different behaviors are
observed. (a) The values increase according to waste cellu-
lose concentration increase. The highest value is observed
for concrete with 28 days of curing time and irradiated
at 300 kGy, which is 47% higher with respect to control
concrete; (b) for each radiation dose the values increase
according to curing time increasing (Figure 6). These results
can be attributed to gamma irradiation effects on the waste
cellulose. Improvement on modulus of elasticity values point
out a predominant domain of cross-linking of polymer chains
in cellulose. However, some shorter chains are produced
which are water-soluble and in consequence increment on
the solubility is done. In general terms, irradiated cellulose
covers the sand particles; thus zone around them is affected
by a stress concentration. Therefore, if the distance between
particles is small enough, these zones join together and forma
percolation network, which generate good adhesion between
cement matrix and cellulose and in consequence increment
in the modulus of elasticity is obtained.

Themechanical results can be related withmorphological
changes seen on the fractured zones of concrete specimens,
as we see in Figure 7. For nonirradiated concrete a rough
surface is shown (indicated by arrows) (Figure 7(a)); when
applying 200 kGy of dose, the disperse particles are covered
by irradiated cellulose (see arrow), as consequence of the
cross-links of the polymer chains (Figure 7(b)). For higher
dose, 250 kGy, the cellulose continues to form polymer
films over the hydrating cement particles and thus inter-
feres with the hydration process and thereby setting and
hardening of cement (Figure 7(c)); finally at 300 kGy more
evident is the presence of cellulose, through the cross-linked
regions accompanied with larger quantities of voids in the
interfacial zone (see arrows). Nevertheless strong bonds are
progressively developed between cellulose and cementmatrix
(Figure 7(d)).

Figure 8 shows images of irradiated recycled cellulose
obtained by Scanning Electron Microscopy (SEM). For
irradiated cellulose at 200 kGy smooth and homogeneous
surfaces (indicated by arrow) and some particles are seen.
When increasing the radiation dose, at 250 kGy, some cracks
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and more space between cellulose surfaces appear, giving
an appearance of voids. Such modifications can be related
with the main effects produced by gamma radiation: scission
and cross-linking of molecular chains in cellulose. For higher
dose, at 300 kGy, a higher number of dispersed particles, as
well as rough surfaces, are observed.

4. Conclusions

Both waste cellulose concentration and gamma radiation are
adequate tools for improvement of the mechanical properties
of concrete, where sand is substituted by waste cellulose. In
particular, compressive strength and modulus of elasticity
values have an improvement of 45% and 47%, respectively,
when adding 3wt% of waste cellulose and applying 300 kGy
of dose. Conversely, diminutions on the mechanical prop-
erties were seen for nonirradiated concrete. Through SEM
images the influence of gamma radiation on waste cellulose
and its effect on the mechanical properties of concrete was
corroborated.
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