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Structure and Properties of Natural Cellulose Fibers Obtained
from Sorghum Leaves and Stems
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For the first time, sorghum leaves and stems have been used to produce natural cellulose fibers with
properties suitable for composite, textile, and other high-value fibrous applications. The leaf and stems
fibers produced are multicellular and have similar cellulose contents. The breaking tenacity and
elongation of the fibers are similar to that of natural cellulose fibers such as kenaf and cornstalk
fibers. However, the sorghum fibers have a modulus of about 113 g/denier (15 GPa) similar to the
modulus of cornstalk fibers but higher than that of cotton and cornhusk fibers. At least 7 million tons
of natural cellulose fibers can be produced by using the sorghum stems and leaves available as
byproducts every year. Using the sorghum byproducts as a source for cellulose fibers will help to
add value to the sorghum crops and also make the fiber industry more sustainable.
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INTRODUCTION attempts are being made to use alternative sources to produce
natural cellulose, protein, and synthetic fibers from various
annually renewable resources. Such attempts have been suc-
cessful to produce high-quality natural cellulose fibers from
cornhusks, cornstalks, rice straw, pineapple leaves, sugarcane
rind and switchgrass, protein fibers from wheat gluten, soy
roteins, and zein and synthetic fibers such as corn from PLA

—14). However, some of these fibers have poor properties,
and efforts are being made to understand and improve the
properties of the fibersl6—18). Similar to these crops, sorghum
stover could also be used to obtain natural cellulose fibers.
Because most of the sorghum is grown in dry and arid climates,
especially in developing countries, using the byproducts will
help to add value to the crop and benefit the farmers economi-
cally.

In this paper, we have used both sorghum stems and leaves
as sources for natural cellulose fibers. Cheap and environmen-
tally safe chemicals were used to obtain the fibers, and the fibers
obtained were characterized for their structures and properties.
Our goal was to obtain fibers from sorghum stems and leaves
with the length, strength, and other properties required for high-
value fibrous applications.

Sorghum is one of the major food crops of the world, and
about 58 million tons of sorghum grains was produced in 2005
(2). The production of sorghum also leaves about 58 million
tons of byproducts mainly composed of cellulose, hemicellulose,
and lignin. These byproducts are of limited use at present and
are a cheap and abundant source that could be used to produc
natural cellulose fibers for textiles, composites, and other fibrous
applications. Although it has been reported that sorghum stems
could be potential feedstock for the paper and pulp industry,
the characteristics of the pulp produced or the properties of the
sorghum fibers (single or ultimate cells) used for paper have
not been reporte®(-4). In addition, the pulping process reduces
the cellulose in sorghum to single cells that are abet@® Inm
in length and not suitable for textile and other high-value fiber
applications. High-value fiber applications require fibers to have
lengths of at least 25 mm with adequate strength, elongation,
and other properties. Such long length26 mm) fibers are
formed by a bundle of single cells held together by lignin and
other binding materials. To the best of our knowledge, no
previous reports are available on the production of such fiber
bundles from sorghum leaves or stems.

Producing fibers from byproducts of major agricultural crops ExPERIMENTAL PROCEDURES
such as the so.rghu.m will not only add_ value to the crops but Materials. Sorghum stover was collected from a research field at
a!so make the fiber 'ndusny more sustainable. There are, seyer he University of NebraskaLincoln, 21 days after postharvest. The
disadvantages of using both the natural and the synthetic fibersy e jeaves and the stems in the stover were used separately for fiber
currently in use. For example, synthetic fibers are from the extraction. Sodium hydroxide, acetic acid, chromic acid, and nitric acid
nonrenewable petroleum resource, and the natural fibers needvere reagent grade chemicals purchased from VWR International

scarce land, water, and other resources to grow. Therefore,(Bristol, CT). The structures and properties of sorghum fibers have
been compared with fibers obtained from cornhusks, cornstalks, and
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Table 1. Composition (% on Dry Weight) of the Sorghum Leaf and
Stem Fibers

material cellulose lignin ash
sorghum leaves 64.8+1.7 9.0£0.7 29+07
sorghum stems 65.1+2.1 65+1.1 12+04

Fiber Extraction. A series of experiments were conducted to
develop optimum conditions of fiber extraction. This optimization
process included varying the extraction conditions such as the
concentration of sodium hydroxide, time and temperature of treatment,
and the liquor to material ratio used. The range of extraction variables
studied was selected based on our previous experiences in extracting
fibers from corn stover, rice straw, and switchgras-9, 11). Our
goal was to obtain the finest possible fibers with the highest yield and
with good tensile properties. Under the optimized conditions developed,
the sorghum leaves were treated using a 2% (w/w) sodium hydroxide
solution at 95°C for 30 min using a liquor to material ratio of 10 to 1.
Similarly, the sorghum stems were treated with a 4% (w/w) sodium R i
hydroxide solution at 958C for 45 min using a liquor to material ratio WD26.2mm 20.0kV x50
of 15 to 1. The treated fibers were washed in water to remove the
dissolved substances and to obtain the fibers. The fibers obtained were
neutralized using a 2% (w/w) acetic acid solution, washed again, and b
air-dried.

Fiber Composition. The amount of cellulose in the sorghum leaf
and stem fibers was determined using the acid detergent fiber method
according to AOAC method 973.18. Lignin in the fibers was determined
as Klason lignin according to ASTM standard method D1106-96. Ash
in the fibers was determined according to ASTM standard E1755-01.
Two replications were done for each compositional analysis, and the
averaget one standard deviation is reported.

Physical Structure. The physical structure of the fibers was studied
in terms of the % crystallinity, crystallinity index (Cl), multifibrillar
angle (MFA), and the orientation of the cellulose crystals by observing
the diffraction patterns of the fibers. Two types of X-ray diffraction
machines were used to determine the physical structure of the fibers.
A Rigaku D-Max/B®/20 X-ray diffractometer with Bragg Brentano
parafocusing geometry, a diffracted beam monochromator, and a copper
target X-ray tube set to 40 kV and 30 mA were used to determine the
% crystallinity and Cl. These measurements were taken on fibers that ’
were made into pellets of about 5 mm thick for @ ange from 5 to : J
45°. To make the pellets, fibers were powdered in Wiley Mill grinder Ny E g
using a 250um mesh, and the powdered fibers were pressed into a WD25 . Omin! 1560kV xI:0k | 50um
pellet using a hydraulic press operated at about 12000 PSI. Cl was
determined from the intensity differences in the peak positions at 18
and 22°(20—22).

A Bruker D8 Discover model diffractometer equipped with an area
detector and GAADS software was used to obtain the diffraction
patterns and to calculate the MFA. To obtain these measurements, a . ) ) ) .
parallel bundle of fibers was mounted vertically in a specially designed  FiPer Properties. The tensile properties of the fibers in terms of
sample holder with the axis of the fiber perpendicular to the X-ray the strength, % elongation, and modulus were determined using an
beam. The 002 peak intensities in the diffraction patterns were fit into NStron (model 4000) tensile testing machine. A gauge length of

two Gaussian curves using a nonlinear least-square algorithm with the2> MM and a crosshead speed of 18 mm/min were used for the testing.
software program Microcal ORIGIN to obtain the MFA. About 100 fibers were tested for each of the leaf and stem fibers, and

the averages and standard deviations are reported.
Moisture Regain. The moisture regain of the sorghum leaf and stem
fibers was determined according to ASTM method 2654.

Figure 1. SEM picture of the surface of an untreated sorghum leaf (a)
and stem (b) shows a rough outer surface with surface deposits that
protect the cellulose inside. Bar = 0.5 mm.

Maceration. Sorghum leaf and stem fibers were macerated to obtain
the single cells in the fiber. Maceration was done using a 10% (w/w)
nitric acid and 10% (w/w) chromic acid solution. Fibers were dipped
in equal volumes of the two solutions for about 24 h after initiating
the reaction by heating the solution at 8D for 5 min (23). RESULTS AND DISCUSSION

Morphological Structure. A Hitachi S3000N model variable Fiber Composition. The composition of the sorghum leaf
pressure scanning electron microscope (SEM) was used to observe theynq stem fibers is given ifiable 1. As seen from the table, the
morphological features of the untreated sorghum leaf and stem, and eaf and stem fibers have very similar cellulose content, but
the fibers and single cells were obtained. The specimens to be observe he leaf fibers have higher lignin and ash contents than the fibers
were mounted on conductive adhesive tape, sputter coated with gold - .

obtained from sorghum stems. The cellulose content in the

palladium, and observed in the SEM using a voltage of 15 kV. The . . .
lengths of the single cells were measured using a Motic image plus SOrghum fibers is lower than the cellulose in cornhusk and

digital microscope. About 100 single cells were measured for their cornstalk fibers but similar to that in rice fibe®9). The lignin

length, and the averages and standard deviations are reported. Th@nd ash contents in the sorghum fibers are similar to those in
widths of the single cells were measured from the SEM pictures. the fibers obtained from other agricultural byproducis-9,
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Figure 2. SEM picture of the extracted sorghum leaf (a) and stem fibers

(b) showing a number of single cells held together to form a fiber bundle. Figure 3. Single cells obtained by maceration from the sorghum leaf (a)
The sorghum leaf fibers were obtained by treating with 2% sodium and stem (b) are smooth and have a clean surface. Maceration was done
hydroxide at 95 °C for 30 min, and the sorghum stem fibers were obtained using 10% chromic acid and 10% nitric acid solutions in equal proportions.
by treating with 4% sodium hydroxide at 95 °C for 45 min. Bar = 25 um. Bar = 25 um.

11). A few attempts have previously been made to determine However, because the sorghum fibers are multicellular, lignin
the composition of the leaf and stem of various sorghum species.is necessary to hold the single cells together to form a fiber
Sorghum stems of various species have been reported to havéundle required for textile and other high-quality applications.
cellulose contents ranging from 41 to 65%, and sorghum leavesThe composition of the sorghum fibers will therefore be
have been reported to have cellulose in the range ef73% determined by the inherent composition of the sorghum leaf
(24—27). The cellulose content in the sorghum leaves and stemsand stems, the methods used to extract the fibers, and also the
is higher than that reported for other agricultural byproducts applications intended for the fibers. The method of fiber
such as cornstover, rice, and wheat straw, which have celluloseextraction also determines the yield of the fibers obtained.
contents in the range of 3810% (5—9). Although a report by ~ Stronger extraction conditions give lower yields, but the fibers
Volenec et al. reports a lignin content of about 5% in various Wwill be relatively finer. The conditions used in this research
species of sorghum stems, other reports have determined theproduce about 25% fiber yield from both the sorghum stems
lignin content in sorghum stems in the range of 12—16% (4). and the leaves. With the 25% fiber yield and assuming 50% of
Fibers with higher cellulose contents have better properties the total sorghum stems and leaves could be made available
and are also relatively easier to process. This is becausefor fiber production, about 7 million tons of sorghum fibers
noncellulosic contents such as lignin are responsible for the can be produced every year.
natural color, which may make it difficult to bleach the fibers, Morphological Structure. Figures 1—3 depict the morpho-
and lignin also makes the fibers stiff and harsh to han2i. logical features of the sorghum leaf and stems and also the fibers
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Table 2. Morphology of Single Cells and Physical Structure of Fibers 2200 ]
from Both Sorghum Leaf and Stems as Compared with Cornhusk and
Cornstalk Fibers?

sorghum cornstover 1600 4
parameter leaf stem husks stems cotton  linen 5, 1400
single cell dimensions ‘S 4900
length (mm) ~ 1.7+0.8 1.3+0.7 05-15 0.8+0.3 15-56 4-77 g ] Stem
width (zem) 76+24 158+72 10-20 27+89 12-25 5-76 = 1000 +
physical structure 800 +
% crystallinity 32 39 48-50 52 65-70 65-70 600
MFA 155 16.5 10.9 20-30 8-12 1 Leaf
Cl 56 81 74 60 73-81 400
200
@ Errors are + one standard deviation. Data for cornhusk, corn stems, and cotton ol
and linen are from refs 6, 7, and 19, respectively. 5 0 15 20 25 30 35 40

26
and single cells obtained from the sorghum leaves and stemsfigyre 4. Diffraction pattern of sorghum stem and leaf fibers.
The untreated leaves and stems showRigure 1a,b, respec-
tively, have a layer of deposits on the surface. This surface layer a
is probably composed of waxes, hemicellulose, lignin, and other
binding materials also seen in other lignocellulosic sources such
as wheat straw2@, 29). This surface layer protects the cellulose
fibers inside. During fiber extraction, the surface layer is
removed, resulting in fibers that have a relatively clean and
smooth surface as shown Figure 2a,b. Figure 3a,b shows
several single cells in the leaf and stem fibers, respectively. As
seen from the figures, the single cells are clean and have a
smooth surface.

Single cells in the sorghum leaf fibers are longer and much
smaller in width than the single cells in sorghum stems as seen
from Table 2. The single cells in sorghum stems are similar to
the single cells in cornhusk fibers, but the single cells in sorghum
leaves are finer and longer than the single cells in both the
cornhusk and the cornstalk fibe®«8). Both the sorghum and
the corn fibers have lower lengths and wider widths than cotton
and linen except for the width of sorghum leaf fibers. No
previous reports are available on the dimensions of single cells
in sorghum stems or leaves. The leaf fibers having longer and
smaller width single cells mean that sorghum leaves could
produce finer fibers as compared to the fibers produced from
sorghum stems.

Physical Structure. Sorghum leaf and stem fibers have
relatively low % crystallinity as compared to the % crystallinity
of the cornhusk, cornstalks, cotton, and linen fibers as seen from
Table 2. In fact, the % crystallinity of the sorghum leaf and
stem fibers is lower than most other lignocellulosic fibegs-(

9). Low crystallinity means that the fibers will have relatively
high amorphous regions. These amorphous regions facilitate
moisture and other chemical absorptions for the sorghum fibers.
One of the reasons for the low % crystallinity of sorghum fibers
could be the inherently low crystallinity of cellulose in the
sorghum plants, probably associated with the growth and nature
of the sorghum plants. Sorghum is relatively easy to grow and
supports grains that are lesser in weight than, for example, corn.
Therefore, the plants may inherently have less crystallized
cellulose. However, both the sorghum leaf and the stem fibers
produce similar diffraction patterns as seen frBigure 4.

Although the sorghum fibers have low % crystallinity, the Figure 5. Diffraction pattern of sorghum leaf (a) and stem (b) fibers shows
cellulose crystals in the both the leaf and the stem fibers are bright and sharp diffracting arcs.
well-oriented as seen from the diffraction patternsFigure
5ab, respectively. The diffraction patterns have small and bright lower than cotton but similar to linen. Fibers that have low
diffracting arcs, indicating good orientation of the cellulose MFAs will typically have lower elongations and vice versa.
crystals to the fiber axis. The sorghum fibers have an MFA Because the sorghum fibers have an MFA closer to that of linen
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Table 3. Dimensions, Tensile Properties, and Moisture Regain of Sorghum Leaf and Stem Fibers as Compared with Cornhusks and Cornstalk Fibers2

sorghum cornstover
parameter leaf stem husks stems cotton linen
fiber properties

denier 65-105 59-95 18-120 35-120 3-8 1.7-17.8
length (cm) 45-9.5 4-115 2-20 1.5-8.5 1.5-5.6 20-140
strength (g/den) 24+06 23+05 27401 22409 2.7-35 4.6-6.1
elongation (%) 26+0.7 26+0.6 153+21 22+07 6.0-9.0 1.6-3.3
modulus (g/den) 114+99 113+10.3 70+£17 127 + 56 55-90 203
moisture regain (%) 9.8 9.5 9.5 7.5-8.4 75 12.0

2Errors are + one standard deviation. Data for cornhusk, corn stems, and cotton and linen are from refs 6, 7, and 19, respectively.

than cotton, the sorghum fibers should have elongation similar byproducts. Sorghum fibers have good breaking tenacity and
to that of linen, as will be shown latel 9, 30). elongations, which are two basic properties of fibers. This along

Fiber Properties. The length, fineness, tensile properties, and with the length and fineness indicate that sorghum fibers could
moisture regain of sorghum stem and leaf fibers are comparedbe suitable for use as textile fibers.
with that of cornhusk, cornstalks, cotton, and linen fibers in ~ Young’s modulus of sorghum fibers is higher than that of
Table 3. As seen from the table, sorghum fibers have lengths cotton and cornhusk fibers, similar to that of cornstalk, but lower
similar to that of cornstalks and cotton but lower than that of than linen fibers as seen froable 3 andFigure 6. A higher
cornhusk fibers. However, commercially used natural cellulose modulus indicates that the fibers will be stiffer than cornhusk
fibers such as cotton, which is processed on the short staplefibers but similar or softer than cornstalk fibers when similar
system, typically have lengths of about 255 cm, and linen, denier fibers are used. As seen frdfigure 6, the sorghum
which is processed as a long staple fiber, is used in lengths offibers have similar stress—strain behavior to that of cornstalk
about 8—12 cm (1930). Therefore, both the sorghum leaf and fibers, but the cornhusk fibers are much softer and also have
the stem fibers can be processed on either the short or the lonchigher elongation whereas linen has high strength and modulus.
staple spinning system. The fineness of the fibers is similar to The moisture regain of the sorghum and corn fibers is similar
that of cornhusk and cornstalk fibers, but the fibers are coarserbut higher than cotton and lower than linen as givei able
than cotton and linen. 3.

The tensile properties of the sorghum leaf and stem fibers  Fibers obtained from both sorghum stems and leaves have
are very similar to each other, and the breaking tenacity of the structures and properties similar to that of cotton and also to
fibers is similar to that of cotton, cornhusk, and cornstalk fibers the natural cellulose fibers obtained from cornhusk and corn-
but lower than the strength of linen as givenTiable 3. The stalks. Although the sorghum fibers have relatively low %
presence of high amounts of cellulose and the better orientationcrystallinity, the fibers have good orientation of microfibrils and
of the cellulose crystals in the fibers could be responsible for the cellulose crystals along the fiber axis. The sorghum stem
the good strength of the sorghum fibers despite the fibers havingand leaf fibers have strengths similar to cotton and corn fibers,
relatively low % crystallinity. Elongation of the sorghum fibers  but the elongation of sorghum fibers is lower than that of cotton.
is similar to that of linen and cornstalks but lower than that of The moisture regain of the sorghum fibers is higher than cotton
cornhusk and cotton fiber&{8). Cornhusk fibers are unique but similar to most other natural cellulose fibers; therefore,
in that they have high elongation, unlike the common bast fibers products made from sorghum fibers will be comfortable to wear.
and the fibers obtained from other lignocellulosic agricultural Overall, sorghum leaves and stems are cheap and abundantly

6 -
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a 3
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% 2] Sarghum Leaf
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Corn husk
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Figure 6. Stress—strain curves of fibers obtained from sorghum leaf and stem as compared with that of cornhusk, cornstalk, cotton, and linen fibers.
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available byproducts suitable for fiber production. Using the

Reddy and Yang

(15) Karst, D.; Yang, Y.; Genzo, TRolymer2006,47, 6464—6471.

sorghum stems and leaves as a source for fibers will add value (16) Karst, D.; Yang, Y Polymer2006,47, 4845—4850.

to the crops, benefit the farmers economically, and also make (17) Yang, Y.; Huda, SJ. Appl. Polym. Sci2003,90, 3285—3290.
the fiber industry more sustainable. However, methods to collect (18) Yang, Y.; Huda, SAATCC Rev2003,3 (8), 56—61.

and preserve the stover for long periods of time and support to (19) Batra, S. K. InHandbook of Fiber Science and Technolpgy

develop suitable fiber production and processing machinery are
required for commercial production of fibers from sorghum and

other lignocellulosic sources.
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