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Abstract: This work was on the comparative evaluation of the property effects obtainable when
acetylation is applied to parts of selected agro fibers that are obtainable within common localities.
The fibers were subjected to different concentrations of acetylation treatment at ambient temperature
for 3 h. The physico-chemical, morphological, and tensile properties of the fibers were examined
after the treatment. It was discovered from the results that the procedures variedly influenced
the constituents of the fibers, their resulting tensile properties as well as their post-acetylation
treatment surface morphology. The proportion of crystalline cellulose in the starting fibers greatly
influenced their post treatment composition, behaviour and properties. The results show that plantain
fibers had the highest aspect ratios, followed by banana fibers with values of about 1000 and 417,
respectively. These fibers exhibited the least density and are thus potential plant fibers for composite
development. Banana fiber had the least density of about 1.38 g/cm3 while that of Dombeya Buettneri
fiber possessed the highest value of 1.5 g/cm3. There was significant enhancement in the hemicellulose
content of Combretum Racemosum, while the lignin content of the plantain fibers was highly reduced.
The treatment favoured the enhancement of the tensile properties in Combretum Racemosum fibers,
which had enhanced tensile strength and strain at all compositions of the treatment. Optimum tensile
strength and strain values of 155 MPa and 0.046, respectively, are achieved at 4% composition.
Dombeya Buettneri fibers showed the highest ultimate tensile strength among the plant fibers in
the untreated condition, which was gradually decreased as the concentration of the reagents was
increased. Overall, 4% acetylation treatment is optimum for tensile properties’ enhancement for most
of the natural fibers evaluated.

Keywords: environment impact; chemical treatment; cellulose; sustainable materials

1. Introduction

The global drive towards a circular economy through the incorporation of sustainability in
manufacturing processes has encouraged the use of agro bye-derivatives such as natural fibers in
applications that have hitherto been completely reliant on inorganic feedstocks. The widespread
development of natural-fiber-reinforced composites has been limited by challenges in the compatibility
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of the matrix and the fibers which comprise the reinforcement phase. Fiber-reinforced composites are a
large class within this category of materials. The reinforcement of materials such as polyester with
fibers from various lignocellulosic sources has been reported by numerous researchers [1–6].

Natural fibers provide safer and more sustainable alternatives to the synthetic fibers that have
mainly been used in the development of composite materials a priori. The extension of studies into
renewable-resources-based natural fibers has created newer methods that are more sustainable, safer,
and environmentally friendly and has also led to low-cost alternatives to artificial fibers [7]. Plants with
parts that contain usable fibers are naturally grown in suitable environments throughout the world [6].
Such fibers can be extracted from stems [8], leaves, and fruits [9] of many commonly grown plants
depending on which plant is most abundant in which area. However, natural fibers possess significant
drawbacks in properties. The structure of natural fibers consists essentially of varied proportions of
celluloses, hemicelluloses, lignin, pectins, and waxy substances [10], as shown in Figure 1.

Figure 1. Typical components of most natural fibers.

Celluloses are naturally occurring polymers that consist of D-anhydro-glucose (C10H11O5)

repeating units interconnected by b-1,4-glyco-sidic links, with up to 10,000 degrees of monomer
polymerization each of which contains three hydroxyl (OH-) groups [11]. Hemicellulose differs from
cellulose in that cellulose is a linear polymer, whereas the latter comprise of several different sugar
monomers and show a significant level of chain branching, which contains pendantic side groups that
induce non-crystallinity and possess higher (around 50–300) degrees of polymerization than native
cellulose. Lignins are amorphous [12], hydrophobic, and complicated polymers comprising both dense
aliphatic and aromatic constituents which impart rigidity to plants. Pectins refer to a collection of
hetero polysaccharides which aid the flexibility of the plant and the remaining parts of most plants
comprise of waxes which contain various types of alcohols.

Some of these components expose the overall fiber structure to performance limiting phenomena
such as moisture absorption from the surroundings, causing voids and weakening the binding between
the fibers and polymer matrices. The differences in the chemical structure of the fibers and matrices
also causes poor fiber–matrix adhesion. Minimal resistance to microbial action as well as inherent
susceptibility to rotting also restricts successful utilization of natural fibers for composite applications.
These faults result in ineffective stress (load) transfer across the fiber–matrix interface, thus limiting
usage. There is therefore a need to modify the natural fibers to make them less hydrophilic [13].

Several methods have been developed to overcome this limitation to interfacial adhesion
between ligno-cellulosic fibers and matrices, which affects wide-range application [2]. These methods
can be classified into two main categories, namely, interphase modifying and chemical treatment.
Chemical treatments [14] have continued to be the most promoted of all fiber pretreatment techniques
because of its lower energy and manpower requirements. Chemical treatments help reduce
OH- functional groups on the surfaces of fibers, modify the microstructure, improves surface chemistry
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and topography/roughness, and thus create enhanced interfacial interactions between fibers and matrix
in the fibers, giving rise to better thermochemical properties in the developed composites due to
improved wettability, surface morphology and general fiber–matrix compatibility [5,15–25].

Acetylation is a chemical treatment procedure that entails the use of a suitable catalyst (mostly acetic
acid) to eliminate atoms of hydrogen in the hydrophilic hydroxyl branches of cellulose molecules by
grafting and placement of acetyl groups onto the cellulose structure at these initially hydrogenated
sites. Natural fibers can be acetylated with or without an acid catalyst to graft acetyl groups onto
the cellulose structure. Acetylation helps to reduce the susceptibility of natural fibers to moisture
absorption. Thus, improving the dimensional stability and resistance to the environmental degradation
of both the reinforcement fibers as well as the resulting fiber-reinforced composite. It has been reported
that acetylation yields fiber composites with better results at all fiber loadings [26]. It has been reported
to cause the formation of strong covalent bonds, thereby creating an evident improvement in tensile
strength and Young’s modulus of treated fibers [27].

Seena et al. [28] researched how acetylation affects the properties of banana-fiber-reinforced phenol
formaldehyde composites, reporting that the tensile strength, tensile modulus and impact strength
were improved in comparison to non-treated banana fiber composites. Zafeiropoulos et al. [29] studied
the acetylation of flax, hemp, and wood fiber and reported its removal of noncrystalline fractions
in fibers, altering the surface characteristics/topography, changing the fiber surface free energy and
improving the efficiency of stress transference at the interface.

Dombeya is one dicotyledonous member of the Sterculiaceae (Cola) family of angiospermic
spermatophytes (flowery seed-bearing plants), which is common worldwide. The stem is very fibrous
and usually processed locally into ropes, nets, and fishing apparatus. Combretum Racemosum is a
member of a large family of herbs, shrubs, and trees (combretaceae) with a tropical distribution. The plant
provides a sustainable and continuous supply of natural fibers for the preparation of composites with
fiber reinforcement at limited costs [8]. The global banana production has been estimated to have
grown from 69 Mt in 2000–2002 to 116 Mt in 2017–2019 [30]. The trunks are often just left to rot after the
fruits have been harvested in plantations. Up to 50% of the world’s plantain production is from Africa.
Up to 130 different countries in the world grow the crop [30]. Its pseudostem can also be processed to
obtain fibers that can be used in engineering applications.

Most of the published works on the acetylation processing of natural fibers have separately
employed the process for the fibers concerned with processing variables different from case to case.
The researchers employed the same acetylation treatment procedure in the processing of selected
agro fibers and evaluated the resulting influence on selected properties in both treated and untreated
conditions. The novelty of the work lies in the application of the treatment of newly introduced
natural fibers such as plantain, Dombeya Buettneri and Combretum Racemosum which have hitherto not
been widely researched. The viability of acetylation as a common chemical treatment procedure that
can be applied in the batch processing of fibers from a variety of agro sources, as may be obtainable
within the same or common area(s) was studied with respect to the constituents, tensile properties and
surface modification.

2. Materials and Methods

2.1. Material Preparation

Natural fibers were obtained from Dombeya Buettneri, Combretum Racemosum, Plantain (Musa
Acuminata), and banana (Musa Parasidica). They were procured from a common area within Akure
metropolis. Litmus paper (blue and red), concentrated acetyl anhydride, distilled water, and soya oil
were obtained from Pascal scientific store, Akure, Ondo State, Nigeria. Different extraction processes
were adopted for the selected plant fibers as appropriate. The selected fibers were stem fibers.
Dombeya fibers were extracted via hand stripping. The bark of the plant was peeled by hand from
the stem and sun dried for 5 days within an interval of 8 h each day during sunlight to allow for
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the removal of moisture before further hand stripping. Combretum Racemosum fibers were extracted
via water retting. The plant was soaked in tap water for 4 days, after which the fiber strands were
extracted from the stem. Water retting was employed in order to better control on the environment
and the extraction process. The stated retting period was selected in order to prevent excessive fiber
degradation [31]. Banana and plantain have similar features and their fibers were extracted via hand
stripping of the dew retted pseudostems. The extracted fibers were then sundried for 5 days within an
interval of 8 h each day during sunlight. The extracted agro fibers are shown in Figure 2.

Figure 2. Fibers obtained after extraction processes from (a) Dombeya Buettneri, (b) Combretum Racemosum,
(c) plantain and (d) banana plants.

2.2. Acetylation Treatment

The extracted fibers from the four selected plants were soaked in a solution of acetyl anhydride of
varying compositions, namely, 2, 4, and 6% v/v at room temperature for 3 h. They were then removed,
washed with tap water, and repeatedly rinsed with distilled water until all excess acid had been
removed. Neutrality was confirmed using litmus papers. Parts of the fibers from each plant type were
left untreated to serve as control samples. These were also washed with tap and distilled water before
both treated and untreated fibers were sun dried for 5 days. These fibers were selected for their wide
spread relatively close availability in Nigeria as waste from plants.

2.3. Physico-Chemical Tests

2.3.1. Density Measurement

Apparent density was calculated for each fiber via the Archimedes principle. Known weights
of fibers were immersed into an inert liquid of lower density than the fibers [32]. Water was used as
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the liquid medium. Apparent bulk densities for the plant fibers were subsequently determined using
Equation (1). This process was carried out three times for repeatability.

Density =
Mass o f sample

Final volume o f liquid− Initial volume o f liquid
(1)

The initial volume of water used was taken to be 80 cm3.

2.3.2. Aspect Ratio

About 50 mm length of each plant fiber was measured and cut out as a standard length. The nominal
diameter used was obtained by finding the average of the diameters of three representative samples for
each type of fiber. Moreover, since the thickness of natural fiber varies across its length, the diameter
was taken across three zones at different locations at both ends and at the middle. This was done using
a digital vernier caliper. The aspect ratio of each plant fiber was determined from Equation (2).

Aspect ratio = L/D (2)

where:

L = length of each fiber which is constant for all. D = average diameter for each fiber.

This process was carried out in triplicates for repeatability.

2.3.3. Evaluation of Fiber Fractions/Proximate Analysis

Celluloses, hemicelluloses, and lignin contents of the extracted fibers were evaluated through the
same procedure adopted by Oladele et al. [14] to evaluate the presence of neutral detergent fiber (NDF)
and acid detergent fiber (ADF). The weights for the neutral detergent Fibers (NDF), Acid detergent
fiber (ADF), as well as acid detergent lignin (ADL) were computed. The values were then used in
determining the wt.% of cellulose and hemicelluloses present. The wt.% of lignin content was obtained
via gravimetric method.

Determination of Neutral Detergent Fiber (NDF)

Dried samples of the fibers were ground and then transferred inside small (≈5 mL) porcelain
mortars. A gram of some ground fibers (pre-dried with air) was next taken and placed inside the
beakers of the reflux apparatus. About 100 mL of neutral detergent solution and about 1/2 g of Na2SO3

solution was added. This was heated to boil and was subjected to refluxing for 60 min immediately
after boiling. The resulting mix was then filtered into crucibles and washed three times with boiling
water and then twice with acetone, dried for 8 h at 105 ◦C and cooled in a desiccator. The crucible was
again weighed to compute the neutral detergent fiber via Equation (3).

%NDF =
W2 −W1

W3
× 100 (3)

where:

W1 = weight of the crucible when empty. W2 = total weight of crucible and residue.
W3 = weight of dried sample.

Evaluation of Acid Detergent Fibers (ADF)

The methodology follows that used to determine the NDF. However, the residue obtained at
the end of NDF evaluation was placed in the beaker of the reflux apparatus. About 100 mL of acid
detergent solution (detergent + dil. H2SO4) was then added thereafter. This was followed by heating
the mixture to boil and refluxing for 60 min upon the onset of boiling.
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The mixture was filtered into empty crucibles, triply rinsed in boiling water, and next doubly
rinsed with cold acetone. It was then subjected to 8 h of drying at 105 ◦C and finally cooled in a
desiccator and weighed. ADF was computed via Equation (4).

%ADF =
W2 −W1

Ws
× 100 (4)

where:

W1 = weight of crucible (emptied). W2 = total weight of crucible and residues and;
Ws = weight of dry samples.

Gravimetric Evaluation of Lignin Contents

The Oladele et al. [14,33]’s method was also employed for this objective. A concentrated solution
containing 72% sulphuric acid was added to 1.5 g of the sample placed in a beaker soaked for 2 h.
Thereafter, 8% H2SO4 was introduced, followed by 4 h of refluxing. The residue was then filtered
using a purpling cloth and repeatedly rinsed with hot water. The resulting sample was scraped into
an empty crucible. This was followed by 2 h of oven drying of the hydrolyzed sample at 105 ◦C and
subsequent cooling in a desiccator and reweighing. The cooled sample was then ashed in a muffle
furnace at 550 ◦C for 3 h after which it was cooled in a desiccator and weighed.

The percent weight of lignin was determined via Equation (5).

%Lignin =
W2 −W1

Ws
× 100 (5)

where:

W1 = total weight of ash samples + crucibles, W2 = total weight of oven dried sample + crucibles,
Ws = weight of dried extractive free sample, i.e., NDF residue.

Weight percent of lignin is also often referred to as acid detergent lignin (ADL).

Evaluation of Celluloses Content

The percent cellulose in the fiber was computed via Equation (6).

%Cellulose = ADF−ADL (6)

Evaluation of Hemicellulose Contents

The hemicellulose content was evaluated via Equation (7).

%Hemicelluloses = NDF−ADF (7)

2.3.4. Mechanical (Tensile) Properties Evaluation

ASTM D3822M—14(2020) [34] was adopted in evaluating the tensile properties of the fibers.
Tests were conducted via a universal testing machine with 2.0 mm/min crosshead speed. Strands from
the treated and untreated sets of each type of fibers were tested and the average values were taken as
representatives. Each of the plant fibers was fixed down manila card coupons using adhesive tape
across a circular 50 mm diameter hole. Hydraulic clamps were used to grip the ends of the manila card
coupons to align fibers with the machine axis. This process was carried out on three samples from each
fiber sample and the average values were taken as representative values.
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2.4. Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a superb tool which aids in probing the morphology of
material surfaces. This greatly helps to assess the surface structure of the fibers, especially after chemical
treatment. Surfaces of the samples were examined by means of SEM operated at 15 kV. The sample
surfaces were prepared by gold coating to impart surface conductivity before SEM observation using a
Quorum sputter and SEM carbon coating machine (Q150RES, Carl Zeiss, Germany).

3. Results and Discussions

3.1. Density of Selected Plant Fibers

The computed fiber densities ranged between 1.38 and 1.50 g/cm3. The natural fiber density
values are significantly lower compared to that of synthetic glass fibers because the reported densities
for glass fibers range between 2.46 and 2.58 g/cm3 [3,35–40].

Density is a major criterion employed in the choice of plant fibers as suitable substitute(s) for
synthetic ones. Being lightweight is an essential factor in material selection for various applications.
The densities of the selected fibers were thus evaluated. It was revealed that banana fiber had the
least density of about 1.38 g/cm3 while Dombeya fiber possessed the highest density value of 1.5 g/cm3.
The physical and chemical identities of the fiber and matrix materials are retained in many composite
materials development processes, making the composite formed possess a blend of properties
not attainable by each constituent [41]. Plant fibers are sustainable and biodegradable materials,
making their products desirable and thus preferable in many areas of applications. Figure 3 shows the
variation in the densities of the fibers obtained from the selected plants that were evaluated.

Figure 3. Variation in the density of the selected plant-fibers.

3.2. Aspect Ratio of Plant Fibers

Aspect ratio is another important fiber property used to determine their suitability as reinforcement
materials. Long and thin fibers (higher length to diameter) promote superior properties but are more
expensive to produce. Thus, although more difficult to evenly disperse in composites, plant fibers
with higher aspect ratios (longer and thinner) are more acceptable/preferable to short and thick ones.
Fiber aspect ratio is computed by dividing the length by the diameter. The parameter thus gives the
ratio of the fiber length to diameter. Fibers with higher aspect ratios are generally stiffer.

Aspect ratios of natural fibers differ globally due to variations in plants’ geographical location,
age, and species amongst others. Figure 4 shows the variation in the aspect ratio of the selected fibers
evaluated in their raw/untreated conditions. The results showed that plantain fibers followed by
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banana fibers had the highest aspect ratios with values of about 1000 and 417, respectively. As shown
in Figure 3, these fibers have the least density and are thus more potentially applicable to lightweight
composite development. Bananas and plantains are of the same family with similar physical structure
but with different fruits. Their stems and leaves are readily available as waste after harvesting.

Figure 4. Aspect ratio of the selected fibers in untreated conditions.

3.3. Effects of Acetylation on the Constituents of Selected Plant Fibers

The proximate compositions of all agro-fibers in treated and untreated situations were shown in
Tables 1–4.

Table 1. Proximate composition of the treated and untreated Dombeya Buettneri fibers.

Constituent
Concentration of Acetylation Agent (v/v %)

Untreated 2% 4% 6%

Cellulose 26.06 ± 1.14 30.30 ± 1.11 35.72 ± 1.23 40.31 ± 1.17
Hemicellulose 22.57 ± 1.10 14.20 ±1.26 12.39 ± 1.16 9.67 ± 1.17

Lignin 35.04 ± 1.53 29.15 ± 1.54 32.02 ± 1.54 33.65 ± 1.72

Table 2. Proximate composition of the treated and untreated Combretum Racemosum fibers.

Constituent (%)
Concentration of Acetylation Media (v/v %)

Untreated 2 4 6

Cellulose 32.09 ± 1.46 30.72 ± 1.32 29.39 ± 1.15 28.52 ± 1.26
Hemicellulose 21.42 ± 1.17 30.69 ± 1.13 41.58 ± 1.16 44.18 ± 1.10

Lignin 12.18 ± 1.65 20.61 ± 1.34 21.53 ± 1.27 22.49 ± 1.16

Table 3. Proximate composition of the treated and untreated banana fibers.

Constituent
Concentration of Acetylation Media (v/v %)

Untreated 2 4 6

Cellulose 60.89 ± 1.32 36.12 ± 1.26 29.62 ± 1.06 21.51 ± 1.23
Hemicellulose 8.97 ± 1.05 11.15 ± 1.06 10.44 ± 1.03 10.11 ± 1.02

Lignin 26.61 ± 1.34 33.11 ± 1.32 49.53 ± 1.42 51.19 ± 1.32
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Table 4. Components (proximate) composition of raw and acetylated Plantain fibers.

Constituent
Concentration of Acetylation Media (v/v %)

Untreated 2 4 6

Cellulose 24.76 ± 1.24 28.72 ± 1.27 32.82 ± 1.25 47.97 ± 1.22
Hemicellulose 10.93 ± 1.04 14.03 ± 1.03 15.79 ± 1.02 18.63 ± 1.03

Lignin 54.66 ± 1.32 47.6 ± 1.42 39.29 ± 1.47 20.53 ± 1.28

3.3.1. Effects of Acetylation on the Constituent (Proximate) Composition of Dombeya Buettneri Fibers

Table 1 presents the proximate analysis results obtained after acetylation treatment of
Dombeya Buettneri fibers in comparison with the untreated (control) fiber. The observed increase in
cellulosic content in the natural fiber (from 26.06% for untreated fibers to 30.30, 35.72, and 40.31%
for fibers in the acetylation media of 2, 4 and 6% concentrations, respectively) can be ascribed to the
removal of lignin, hemicelluloses and other extractables from the fibers. Both hemicellulose and lignin
contents were generally reduced in comparison to their proportions in the untreated fibers. Thus,
in agreement with previous findings [33], the chemical treatment enhanced the yield of cellulose,
which is the most desirable constituent essential for reinforcement. Besides, cellulose could be either
crystalline or non-crystalline and this affects the response of plant fibers to chemical treatments,
with highly crystalline fibers exhibiting greater resistance to chemical treatment [14,42].

3.3.2. Effects of Acetylation on the Constituent (Proximate) Composition of Combretum Racemosum Fibers

The proximate composition of the acetylated and untreated Combretum Racemosum fibers is as
shown in Table 2. The results show a reduction in cellulose content as the acetylation treatment
concentration increases. This reduction can be attributed to the hydrolysis of the fiber cellulose,
in agreement with the submission of some researchers [14]. The results show that a higher proportion
of cellulose in Combretum Racemosum fiber is likely to be non-crystalline. Non-crystalline/amorphous
cellulose is more easily attacked and hydrolyzed during treatment than its crystalline counterpart.
This may partly explain the reduction in cellulose content after acetylation treatment. Such effect has
been observed by Castro et al. [42], amongst others.

3.3.3. Effects of Acetylation on the Constituent (Proximate) Composition of Banana (Musa Acuminata) Fibers

As shown in Table 3, a similar trend with Table 2 was observed where acetylation treatment causes
a decrease in the cellulose content as the concentration increases. Banana fiber cellulose content reduced
from 60.89% for the untreated fiber to 36.12, 29.62, and 21.51% for the 2, 4, and 6% v/v acetylation media,
respectively. Consequently, hemicellulose content was increased for all concentrations of the acetylation
media when compared with that of the untreated banana fiber. The reason for the observed trend was
similar to what was noticed in Combretum Racemosum fibers as stated under the discussion of Table 2.
Banana has higher amounts of amorphous cellulose, which is more hydrolysable, hence a reduction in
cellulose content after treatment. This has been reported by Castro et al., and others [42,43].

3.3.4. Effects of Acetylation on the Constituent (Proximate) Composition of Plantain Fibers

Table 4 presents the relative amounts of the constituents in plantain fibers in both treated
and untreated conditions. It was noticed that the raw plantain fiber has lower cellulose content
(high carbohydrate source) (24.76 ± 1.24%) in comparison with banana fiber (60.89 ± 1.32%) despite
being of the same genus [44,45]. Hence, acetylation also showed a distinct effect on plantain
(Musa Paradisiaca) fibers compared to its effect on banana (Musa Acuminata) fibers. The cellulose
content increases as the acetylation treatment concentration increases. This implies that the plantain
pseudo-stems fibers contain higher amounts of crystalline type cellulose. This is in agreement with
the discussion of the results for Dombeya Buettneri fiber presented in Table 1. The cellulose in banana
is more degradable than the cellulose in plantain [42]. The acetylation process is accompanied by
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marked delignification as the acetylation media concentration is increased. The treatment reduced
the lignin content by up to 62.4% (54.66 to 20.53) with increasing concentration of acetylation media.
This marked delignification may also explains the apparent increment in cellulose and hemicellulose
contents since their post-treatment proportion in the overall mass will now be increased compared to
their initial values.

3.3.5. Effects of Acetylation on the Cellulose Content of Selected Plant Fibers

Figure 5 shows the results of the comparative cellulose contents in the selected plant fibers.
From the results, it was observed that cellulose content tends to increase as the concentration of
acetylation treatment media increases for Dombeya Buettneri and plantain fibers while it tends to reduce
for banana and Combretum Racemosum fibers. The reason for this noticeable difference among these
fibers was due to the proportion of their crystalline/amorphous cellulose content. Fibers with a higher
proportion of crystalline cellulose tend to have their cellulose increase as the treatment concentration
increases, while in fibers with higher initial proportion of amorphous cellulose, it tends to decrease
as the treatment concentration increases. The goal of chemical treatment is not only to modify the
surface morphology of the fibers, but also to increase the crystalline cellulose content by removing
non-cellulosic/amorphous constituents in plant fibers. Excessive chemical treatment may reduce
cellulose content due to hydrolysis of the non-amorphous/less crystalline portions of the cellulose.
It was discovered that banana had the highest cellulose content in the raw/untreated condition (60.89%)
while plantain had the highest value after treatment (47.97%).

Figure 5. Variation in cellulose content of the selected Natural fibers with increasing concentration of
chemical (acetylation) media.

3.3.6. Effects of Acetylation on the Hemicellulose Content of Selected Plant Fibers

As shown in Figure 6, the treatment brought about different modifications on the hemicellulose
content of the fibers. All except Dombeya Buettneri have their hemicellulose content seemingly increased,
albeit in variable proportions. This may not infer any absolute inertness of hemicellulose to acetylation
treatment but may rather be attributable to significant alterations in the proportions of the other
constituents of the fiber structure (e.g., lignin, amorphous cellulose) after the treatment.
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Figure 6. Variation in the hemicellulose content of the selected natural fibers with increasing
concentration of acetylation media.

3.3.7. Effects of Acetylation on the Lignin Content of Selected Plant Fibers

The matrix fiber bundling and cellulose stress relaxation roles of lignin in the plant fiber structure
have been well researched and established. The need for delignification through chemical treatment
to improve interfacial fiber–matrix adhesion and compatibility is also well established. Chemical
treatment is also necessary to achieve the exposure of the cellulose fiber surface when used as
reinforcement [33]. Figure 7 reveals that Dombeya Buettneri and plantain have their lignin contents
reduced with increased concentration of acetylation media and this can be attributed to acetylation
treatment. However, the observed increase in lignin content of banana and Combretum Racemosum may
be attributed to the concurrent decrease in hemicellulose and cellulose. Hence, the residual lignin in
the fiber will be reported as a higher percentage in the structure. This will be the case, since an increase
in concentration of chemical treatment media has caused a further decrease in other constituents due
to the hydrolysis of hemicellulose and some amount of cellulose.

Figure 7. Variation in lignin content of the selected natural fibers with an increasing concentration of
chemical media.



Fibers 2020, 8, 73 12 of 19

3.4. Effects of Acetylation on Tensilet Properties of Selected Plant Fibers

3.4.1. Comparing the Effects of Acetylation Treatment on the Tensile Strength of Fibers from the
Selected Plants

Figure 8 shows the ultimate tensile strength of acetylated fibers. Fibers from Dombeya showed the
highest ultimate tensile strength in both treated and untreated conditions and retained this dominance
with acetylation treatment of up to 4% concentration of the media. The values obtained are comparable
with the reported values in literature. For instance, Senwitz et al. have reported up to 342 MPa
tensile strength for Dombeya Burgessiae fibers [46]. For banana fibers, a maximum value of 63 Mpa was
obtained for the banana fibers treated with 6% acetylation media. These values are comparable to the
reported tensile strength of banana fibers in the works of Waghmare et al. [47], amongst many others.

Figure 8. Comparison of acetylation effects on ultimate tensile strength of acetylated natural fibers
from different plant sources.

The results show that most of the fibers had their tensile strength reduced when the treatment
concentration exceeds 4%. However, acetylation increases the tensile strength of Combretum Racemosum
fibers at all evaluated concentrations. The optimal acetylation media concentration appears to be
4%. This concentration of acetylation media yielded the highest enhancement of tensile strength of
Combretum Racemosum fibers.

The types of cellulose originally present in the fiber, whether crystalline or amorphous, and the
relative proportions of each since they often occur together are strong and essential determining factors
of the extent of tensile strength improvement or reduction that will be produced by acetylation treatment.
Acetylation is suitable for batch processing of the selected natural fibers not only in tensile strength
improvement when done in moderate levels but also in the removal of non-adhering constituents
of the fibers. The degree of acetylation treatment is an important determinant of final properties.
It is recommended that the concentration of acetylation media be moderate (about 4% maximum).
Higher concentrations of acetylation media are deleterious to the tensile property improvement of
natural fibers from the selected plants. Thus, 4% composition of the treatment yielded optimum tensile
strength because most of the plant fibers showed the greatest strength increase when compared to the
untreated and other treated plant fibers as shown in Figure 9.
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Figure 9. Variation in strain exhibited in treated and untreated conditions at ultimate tensile stress.

3.4.2. Effects of Acetylation Treatment on Strains of Ultimate Tensile Stress in Fibers from Selected Plants

Figure 9 shows the strain produced in each fiber with respect to the ultimate tensile stress.
It was observed from the results that all fibers except banana have improved strain potential after
treatment. The fibers’ strain potential increased with increment from 2 to 4% acetylation concentration
where optimum values were reached, while, at 6% treatment concentration, the strains became
reduced. Acetylation treatment increased the strains at ultimate tensile stress for fibers from plantain,
Dombeya Buettneri and Combretum Racemosum. Hence, acetylation induced strain improvement in these
fibers. A good strain property will promote ductile failure, which is preferable to brittle failure. Thus,
acetylation is applicable for the enhancement of strain properties of these fibers.

3.5. Effect of Acetylation on the Surface Morphology of Selected Plant Fibers

Acetylation as a chemical treatment procedure is effective in the removal of non-cellulosic
components on the surface of natural fibers. Raw and unprocessed natural fibers possess
deleterious components that promote moisture uptake and prevent good fiber–matrix adhesion.
Chemical treatments help to eliminate these, thus exposing the surface of the cellulose to the natural
fibers and encouraging fiber–matrix interactions and adhesion. This effect can be seen in the morphology
of plant fibers visible in Figures 10–12, respectively.

3.5.1. Effects of Acetylation on in Structure and Surface Morphology of Dombeya Buettnerri Fibers

Figure 10a shows numerous glossy, soft, viscous, and lumpy non-cellulosic materials on the fiber
surfaces. After treatment with 2% acetylation media, some of the deleterious components are removed
and the cellulose walls become more visible, as shown in Figure 10b. However, the fibers still appear
well bonded to one another, which indicates that a mild degree of chemical treatment such as 2%
acetylation mainly affected the surface of the fiber bundles but did not penetrate much. In Figure 10c,
the surface of the 4% acetylated Dombeya Buettnerri fibers appears rougher, indicating a high loss of
hemicellulose and delignification. Figure 10d reveals that 6% acetylation seems aggressive on the fiber
and, thus, the fiber structure appears highly ruptured. Many cellulose cell walls are separated from the
others in their line. Fluffy remnants of hydrolyzed fiber constituents are also observed.
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Figure 10. Scanning electron microscopy (SEM) images showing variation in the surface morphology
of Dombeya Buettnerri fibers with varying concentrations of acetylation media.

3.5.2. Effects of Acetylation on in Structure and Surface Morphology of Combretum Racemosum Fibers

The untreated surface of Conbretum Racemosum fibers appears waxy and is punctuated with
granules as shown in Figure 11a. With 2% acetylation, the fiber surface became groovy as shown in
Figure 11b. It was seen that 4% acetylation treatment produces a quasi-striated microfribular structure
as shown in Figure 11c, but, at 6% acetylation treatment, the fiber appears to be too rough due to
the aggressiveness of the treatment. Although it further exposes the surface of the cellulose fibers,
which may enhance the fiber–matrix interaction, it also slightly hydrolyses this important component
of the fiber structure (Figure 11d).
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Figure 11. SEM images showing variation surface morphology of Combretum Racemosum fibers with
varying concentrations of acetylation media.

3.5.3. Effects of Acetylation on in Structure and Surface Morphology of Banana (Musa) Fiber

The structure of the untreated fibers, as shown in Figure 12a, appears bundled with sparsely
dispersed granules on the surface of the bundled strands. The bundled structure seems to be maintained
in Figure 12b, save for slight defibrillation and defilming, but does not infer the integrity of the structure.
Treatment with 4% acetylation media served to clear off non-cellulosic components from the fiber
surface as shown in Figure 12c, while in Figure 12d, the fibers appear micro-threaded.

Plantain fiber was not view due to the fact that it is of the same family with banana and, besides,
banana is the most widely used fiber.
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Figure 12. SEM images showing variation in the structure and surface morphology of banana fibers
with varying concentrations of acetylation media.

4. Conclusions

The potentialities of combined acetylation treatments for pre-processing of the selected plant
fibers in both treated and untreated conditions were examined in this work. It was discovered
that acetylation treatments may influence the fiber constituents, tensile and morphology in varying
proportions. From the results, it was discovered that:

• Plantain fibers followed by banana fibers had the highest aspect ratios with values of about 1000
and 417, respectively. These two fibers (plantain and banana) have the least density and are
thus great candidates for lightweight composite materials development. Banana fibers had the
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least density of about 1.38 g/cm3 while Dombeya Buettneri fibers possessed the highest value of
1.5 g/cm3.

• The treatment tends to promote improvement in cellulose content for Dombeya Buettneri,
and plantain fibers, while it tends to reduce the cellulose content for banana and Combretum
Racemosum fibers. This, in agreement with previous results, was due to the impact of the
treatment on crystalline/amorphous cellulose content of the evaluated plant fibers as well as
other non-cellulosic components. The treatment favours the enhancement of the ultimate tensile
strength of combretum racemosum while the tensile strain was enhanced in most of the other fibers
except banana.

• The type(s)/form(s) and the relative proportion of cellulose present in the raw and untreated fibers
strongly determines the compositional and tensile property influence of acetylation on the fibers.

• The treatment protocols enhanced the surface morphology and tensile properties of natural fibers
with the optimum concentration of acetylation media being 4%.

• From this work, it is expected that more investigations are to be carried out on plantain, banana,
Combretum Racemosum and Dombeya Buettneri fibers as they are potential plant fibers for engineering
materials applications.
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