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Abstract: The degradation behaviors ( mass loss, tensile
strength, crystallinity index, and microstructure) of sisal
fibers immersed in sodium hydroxide solution with pH of
13.6, 12.9, and 11.9 were investigated via X-ray diffraction
and scanning electron microscopy. A three-stage degradation
process of natural fibers in an alkaline environment was
proposed. The results showed that the sisal fibers exhibited a
sharp mass loss over the first 7 d of degradation under all pH
conditions, attributable to the rapid hydrolysis of lignin and
hemicellulose at the fiber surface. The sisal fibers degraded at
pH 12.9 and 13. 6 over 1 month exhibited significantly lower
tensile strengths (181 and 195 MPa, respectively) than the
original fibers (234 MPa) because of the loosely bound
structure of the component microfibrils caused by the
hydrolysis of the linking lignin and hemicellulose. After 6-
month degradation, stripped microfibrils occurred in the
fibers, resulting in substantial degradation in tensile strength.
The sisal fibers degraded at pH 11.9 largely maintained their
integrity and tensile strength, even after 6 months, indicating
that reducing the environment pH can effectively mitigate the
degradation.
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C ement composites are the most commonly used con-
struction materials worldwide; however, their brittle
nature associated with crack propagation limits their appli-
cation'"".
hemp have received great attention as reinforcing agents
for cement composites, owing to their biodegradability,
environmental sustainability, low cost, and good mechan-
ical properties. The incorporation of natural fibers into

cement composites can increase the mechanical strength of

Natural fibers such as sisal, coir, jute, and
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the composites and mitigate shrinkage cracks*~'. Howev-

er, the degradability of natural fibers in alkaline cement
composites limits their reinforcing capacity'™®'.

To mitigate the degradation process of natural fibers in
cement composites, the alkalinity of the cement matrix is
commonly reduced through the partial replacement of or-
dinary Portland cement ( OPC) with pozzolanic supple-
mentary cementitious materials ( SCMs) "™,
the amount of SCM added is substantially greater than the
common range in concrete engineering, which may not
only increase cost but also deteriorate the workability of
fresh concrete. The degradation behaviors of natural fi-
bers at various pH conditions need to be well understood
to ensure the effective regulation of the SCM-OPC ce-
mentitious material. Moreover, the alkalinity of the ce-
ment pore solution can reach a high level within a short
period, even in the presence of a large amount of
SCM'?', and the pH will not decrease until after a long

However,

period because of the limitation in the pozzolanic reaction
activity at an early age. However, the damage of natural
fibers in the SCM-OPC paste at an early age is largely ig-
nored.

Understanding the fundamental mechanisms underlying
the alkaline degradation process of natural fibers is the
key to improving their durability in cement composites.
Although numerous studies have investigated the durabili-
ty of natural fibers in cement composites, most focused
on the mechanical performance of the fiber-reinforced
composites after aging cycles”™ ™™ *> ' Systematic re-
search on the variation in the performance of natural fi-
bers at various pH values with the aging time is rather
limited. Several studies have investigated the effects of
alkali treatment at various concentrations on the tensile
strength, chemical component, and surface morphology
of natural fibers'”"'; however, the alkali treatment dura-
tion in these studies was too short to elucidate the durabil-
ity of natural fibers.

To address these existing research gaps, this study
systematically investigated the alkaline degradation be-
havior of sisal fibers, a natural fiber widely used in ce-
ment composites, at various pH conditions at an early
age and in the long term. The mass loss,
strength, crystallinity index, and microstructure of the

tensile

sisal fibers were characterized. According to the results,
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the three-stage alkaline degradation process of natural fi-
bers is proposed. The investigation can comprehensively
elucidate the alkaline degradation behavior of natural fi-
bers and provide valuable guidance for their application
in cement composites.

1 Experiments

1.1 Materials

Sisal fibers supplied by a printing factory were used in
this study. The fibers were cut into lengths of 5 and 10
cm (see Fig. 1). Before use, the fibers were repeatedly
washed with tap water to remove dust and then dried un-
der sunlight. Analytical-grade sodium hydroxide (NaOH)
was used as the alkaline solution.

(a) (b)
Fig.1 Cut sisal fibers. (a) 5 cm; (b) 10 cm

1.2 Mass loss

NaOH solutions of three concentrations (1.0, 0.1, and
0.01 mol/L) were prepared, corresponding to pH values
of 13.6, 12.9, and 11.9, respectively. The sisal fibers
with a length of 5 cm were used for the mass loss test.
First, they were dried in an air oven at 60 ‘C for 12 h to
remove residual moisture. Then, the dried fibers (5. 00
g) were immersed in the prepared NaOH solution for up
to 6 months. At certain time points, some fibers were
taken out and repeatedly washed with tap water until the
pH of the wash water was close to 7. The fibers were
dried again in an air oven at 60 C for 12 h and then
weighed. To maintain the alkalinity condition, the NaOH
solution was replaced every 7 d.

1.3 Tensile strength

The tensile strength test was performed on an electronic
universal testing machine with a capacity of 20 kg. The
sisal fibers with a length of 10 cm were used. The gauge
length was set at 45 mm. The load was applied at a con-
stant rate (20 mm/min). The tensile strength ¢ of a sin-
gle fiber was calculated using the following equation:

F
o=y (1)
where F is the load at failure, and A is the cross-sectional

area of the tested fiber.

At least 20 fibers were tested to reduce error.
measurements that exceeded + 50%
were eliminated, and the average of the remaining was

The
of the mean value

taken. Nondestructive testing using an optical microscope
is proposed to improve the measurement accuracy of the
cross-sectional area. The experimental details are availa-
ble in our earlier publication"® .

1.4 Crystallinity index

X-ray diffraction ( XRD) analysis was performed on
sisal fibers at a scanning rate of 0.02°/s and a 26 range
of 5° to 40°. The fibers were cut and passed through a
60-mesh sieve to obtain the analysis samples.

Fig. 2 shows the XRD pattern of the sisal fibers. The
relatively intense peak centered at 22° to 23° corresponds
to the (002) lattice plane of cellulose'”'. The broad peak
between 13° and 18° is related to the amorphous phase.
The crystallinity index of the fiber can be calculated using

the following equation'"”":

Iy, -1
I, ="2—"%x100% (2)
002
where I is the crystallinity index; I, is the maximum in-

tensity of diffraction of the (002) lattice peak; and I, is
the diffraction intensity of the amorphous phase, which is
taken as the 20 angle between 18° and 19°, where the in-
tensity is minimum. The crystallinity index of sisal fibers
was calculated as 46.1% .
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Fig.2 The XRD pattern of sisal fibers

1.5 Microstructure

The microstructure of sisal fibers was characterized
using a field-emission scanning electron microscope. The
sisal fibers were fixed on an aluminum stub using an elec-
trically conductive adhesive and coated with a thin layer
of gold to improve their electrical conductivity.

2 Results and Discussion
2.1 Mass loss

The mass loss of sisal fibers immersed in the alkaline
solution at various pH conditions over time is shown in
Fig. 3.
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Fig.3 The mass loss of sisal fibers degraded at various pH
values over time

The fiber mass remarkably decreased in the first 7 d and
then steadily decreased. After day 7, the sisal fibers de-
graded at pH 13.6, 12.9, and 11.9 exhibited mass losses
of 26.6%, 14.0%, and 11.2%, respectively. The rapid
mass loss was due to the hydrolysis of amorphous phases,
such as lignin and hemicellulose, at the fiber surface'® *'.
The sisal fibers degraded at pH 13. 6 retained only 51.4%
of the original mass after 6 months, indicating severe deg-
radation, while the sisal fibers degraded at pH 11.9 ex-
hibited only a small mass loss after 6 months.

2.2 Tensile strength

The tensile strength of the original sisal fibers was 234
MPa. The tensile strengths of the fibers after alkaline
degradation are illustrated in Fig. 4.
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ous pH conditions over time

Tensile strengths of sisal fibers after degradation at vari-

The sisal fibers exhibited negligible changes in tensile
strength after degradation over 7 d, regardless of the pH
conditions. However, the tensile strength significantly
decreased to 181 and 195 MPa after 1-month degradation
at pH 13. 6 and 12. 9, respectively, and decreased by
about 50% after 6-month degradation at pH 13. 6. The
tensile strength increased after 6-month degradation at pH
11.9, attributable to the reduction in the cross-sectional
area due to hydrolysis of the amorphous phase. There-
fore, multiscale characterization is needed to better evalu-
ate the degradation degree of natural fibers.

2.3 Crystallinity index

The crystallinity index calculated according to the XRD
patterns of the degraded sisal fibers is presented in Fig.
5. The crystallinity index gradually increased with the pH
and time. The crystallinity index remarkably increased to
96.95% after 6-month degradation at pH 13. 6, sugges-
ting that a majority of the amorphous phase had been hy-
drolyzed by the highly alkaline solution, consistent with
the large mass loss.
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Fig. 5 Crystallinity index of sisal fibers after degradation at
various pH conditions over time

2.4 Microstructure

As shown by the scanning electron microscopy ( SEM)
images, sisal fibers degraded at different pH conditions
exhibited marked differences in the microstructure.

The sisal fibers exhibited a rough surface, characterized
by a sequence of ridges and valleys ( see Fig. 6(a)). The
cross-sectional SEM image (see Fig. 6(b)) showed that

Fig. 6 SEM images of sisal fibers. (a) Surface; (b) Cross-sec-
tion
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the fibers consisted of numerous elongated fiber cells and
lumen space. A previous study reported that the fiber
cells were united by lamellae consisting of lignin and
U1, the fiber cells were assembled by nu-

merous cellulose microfibrils, which were also linked by
(18]

hemicellulose

lignin and hemicellulose

()

(b)

After degradation over 7 d, the surface roughness of
sisal fibers substantially increased (see Fig. 7), attributa-
ble to the rapid hydrolysis of the amorphous phase at the
fiber surface, consistent with the sharp mass loss. Partic-
ularly, the sisal fibers degraded at pH 13. 6 exhibited dis-
tinct surface microfibrils (see Fig. 7(a)).

Fig.7 SEM images of sisal fibers after 7-day degradation. (a) pH=13.6; (b) pH=12.9; (c¢) pH=11.9

The sisal fibers degraded at pH 13.6 and 12. 6 over 1
month exhibited loosely bound microfibrils ( see Figs. 8

(a)

(b)

(a) and (b)), attributable to the gradual hydrolysis of
the linking materials such as lignin and hemicellulose.

o G

Fig.8 SEM images of sisal fibers after 1-month degradation. (a) pH=13.6; (b) pH=12.9; (¢) pH=11.9

After 6-month degradation at pH 13. 6, the fiber integ-
rity was completely damaged, and the majority of micro-
fibrils were stripped (see Fig. 9(a)), which is the main
reason for the remarkable reduction in tensile strength.

(a)

Stripped microfibrils also occurred in some areas of the
sisal fibers degraded at pH 12.9 over 6 months (see Fig.
9(b)). The fibers degraded at pH 11.9 exhibited bundled
microfibrils with no signs of stripping (see Fig. 9(c)).

Fig.9 SEM images of sisal fibers after 6-month degradation. (a) pH=13.6; (b) pH=12.9; (¢) pH=11.9

3 Alkaline Degradation Behavior of Natural Fibers

. . . 4, 18-19
Natural fibers have a hierarchical structure' ! and

are mainly composed of cellulose, hemicellulose, and
lignin. Cellulose,

serving as the load-bearing compo-

nent, exists as a crystalline phase consisting of numerous
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microfibrils. Lignin and hemicellulose, which are respon-
sible for the fiber integrity, are amorphous phases existing
at the surface and lamellae between fiber cells and micro-
fibrils. Lignin and hemicellulose can be hydrolyzed in an

Cell wall
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Middle lamellae ™~

. . 4, 6
alkaline environment™ .

structure of natural fibers and the experimental results of
this study, a three-stage alkaline degradation process of
natural fibers is proposed, as depicted in Fig. 10.
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Fig.10 Alkaline degradation process of natural fibers

Stage [ : Upon the exposure of natural fibers to an al-
kaline environment, lignin and hemicellulose on the fiber
surface are rapidly hydrolyzed, leading to a sharp de-
crease in fiber mass and a great increase in surface rough-
ness. In this stage, the fiber integrity is not damaged;
thus, the change in tensile strength is only marginal.

Stage II: With the hydrolysis of lignin and hemicellu-
lose on the fiber surface, the alkaline solution penetrates
into the fiber and dissolves the lignin and hemicellulose
between the fiber-cells and microfibrils. Over time, the
fiber mass steadily decreases, and the crystallinity index
gradually increases. However, the tensile strength re-
markably decreases owing to the loosely bound microfi-
brils.

Stage IlI: With the continuous hydrolysis of the amor-
phous phase, the microfibrils become stripped. The dam-
aged fiber integrity deteriorates the fiber mechanical
strength and reinforcing capacity.

Reducing the pH of the alkaline environment can effec-
tively mitigate the degradation process of natural fibers.
The SCM-OPC system should be better designed so that
the pH of the cement pore solution is less than 11.9. The
results also highlight the importance of the surface modifi-
cation of natural fibers to inhibit the rapid damage of the
fiber surface caused by the highly alkaline cement pore
solution.

4 Conclusion

1) The sisal fibers exhibited a sharp mass loss over the
first 7 d of degradation regardless of the pH, owing to the
rapid hydrolysis of lignin and hemicellulose at the fiber
surface. After day 7, the mass loss rate slowed down.

2) The change in tensile strength was only marginal af-

ter day 7 of degradation; however, the sisal fibers exhibi-
ted a significant reduction in tensile strength after 1-month
degradation at pH 13. 6 and 12.9, owing to the loosely
bound microfibrils. After 6-month degradation at pH
13.6, the fibers exhibited an about 50% decrease in ten-
sile strength, owing to fiber integrity damage.

3) With continuous hydrolysis of the amorphous phase,
the crystallinity index of the sisal fibers gradually in-
creased with the pH and time, except for the fibers de-
graded at pH 13. 6 over 6 months, which exhibited a
96.96% increase in crystallinity index.

4) SEM images revealed that the surface roughness
substantially increased after 7-day degradation owing to
the removal of lignin and hemicellulose at the fiber sur-
face. With extended degradation, the microfibrils became
loosely bound and stripped owing to the continuous hy-
drolysis of the linking lignin and hemicellulose.

5) The sisal fibers degraded at pH 11.9 largely main-
tained their integrity and tensile strength, even after 6
months; thus, reducing the environment pH can effec-
tively mitigate fiber degradation.
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