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Abstract The utilization of agricultural residues for
value-added products has the potential to contribute
to a cleaner environment. The aim of this study was
to characterize microcrystalline cellulose (MCC) iso-
lated from Teff straw (TS) in a multi-step method that
included alkaline treatment, alkaline hydrogen perox-
ide bleaching, and catalyzed dilute acid hydrolysis.
FT-IR, SEM, XRD, and TGA were used to character-
ize changes in the chemical and physical properties of
samples. FT-IR results indicated the removal of non-
cellulosic components, while the x-ray diffraction
revealed a significant increase in crystallinity dur-
ing pretreatment and the subsequent catalyzed acid
hydrolysis. The crystallinity index (CrI) values for the
prepared microcrystalline cellulose (Cr(IIl), Fe(III)
Cl, and Fe(III) catalyzed MCC) were 73.34%, 67.58%
and 66.69% respectively. Additionally, from the TGA
analysis, the MCC samples showed T, and T,
values of (285, 359), (273, 340), and (275, 335) °C
for the Cr(IIl), Fe(III)Cl, and Fe(IIl) catalyzed MCC,
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respectively. The results imply that Cr(NO;); cata-
lyzed dilute acid hydrolysis produces MCC with the
highest crystallinity and best thermal stability. Over-
all, the results of this study showed that TS could be
used as a new source to obtain MCC. Furthermore,
the preparation method used in this study could also
be a preferential method over the conventional min-
eral acid hydrolysis.
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Introduction

Microcrystalline cellulose (MCC) is a white, fine,
odorless, and crystalline powder obtained through
the depolymerisation of the amorphous region of cel-
Iulose (Asif et al. 2022). The isolation of MCC from
various sources has gained interest due to its unique
physicochemical properties, such as small particle
sizes, renewability, excellent mechanical properties,
large surface area, and biocompatibility (Gichuki
et al. 2022). These important characteristics make
microcrystalline cellulose a very promising mate-
rial as a bio-filler for polymer composite materi-
als. Recent scientific and technological research has
focused on the utilization of agricultural residues for
the extraction of MCC because of their low—cost,
naturally abundance, and renewability. Agricultural
residues such as cotton stalk waste (Li et al. 2019),
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tea waste (Zhao et al. 2018), sugarcane bagasse
(Katakojwala and Mohan 2020), rice husk (Ohwoav-
worhua et al. 2019), were previously exploited for the
preparation of microcrystalline cellulose.

Teff is the main cultivated cereal crop in Ethiopia
which is used as the major staple food. As a result, a
lot of Teff straw (TS) is generated each year through-
out the country. Teff straw is mainly used for animal
feeding and is often disposed of as waste. As reported
in our previous work, TS has a chemical composi-
tion of approximately 40 wt.%, 29 wt.%, and 18 wt.%
of cellulose, hemicellulose, and lignin, respectively
(Assefa et al. 2022), showing higher cellulose content
than those of corn stover (36.5), rice straw (32), wheat
straw (29-35), and banana waste (13.2) (Kapoor et al.
2016; Yang et al. 2016), and lower than sugarcane
bagasse fibers (45) (Borges et al. 2016). Thus, TS
could be exploited as a viable alternative cellulosic
material for microcrystalline cellulose production.

The preparation of MCC from cellulose is mainly
performed through acid hydrolysis (Trache et al.
2016). It produces MCC with high crystallinity
index as the amorphous phase of cellulose is readily
hydrolyzed when exposed to the mineral acid. Many
previous studies indicate that concentrated mineral
acids have been used for the extraction of MCC from
various biomass sources. Hachaichi et al. (2021)
extracted MCC from Palm Fibers using 64 wt.% of
sulphuric acid (H,SO,) solution at 45 °C for 30 min.
Asif et al. (2022) also isolated MCC from Lagenaria
siceraria fruit pedicles with 40% H,SO, at 95 °C for
40-50 min. The acid hydrolysis method is a simple
and rapid process for microcrystalline cellulose pro-
duction; nevertheless, the procedure is normally asso-
ciated with several restrictions, such as corrosion
of equipment, the need for a large amount of water,
the difficulty of acid recovery, and over-degradation
of cellulose. In some cases, researchers have used a
combination of acid hydrolysis with other methods
to increase the fibrillation of cellulose. Ismail et al.
(2021) prepared MCC using steam-assisted acid
hydrolysis from palm empty fruit bunch fiber.

Transition metal salt catalysts have been widely
and effectively employed in various types of chemi-
cal reactions. They are Lewis acids and have received
use as acid homogenous catalysts for the cellulose
hydrolysis. It had been proved that the metal ion cata-
lyst was capable to accelerate the cellulose hydroly-
sis and enhance the catalytic activity by reducing the
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activation energy of the hydrolysis reaction (Zhang
et al. 2015). Additionally, the metal salts render
high hydrolysis selectivity, which favors targeting
the C—O-C and C-H bonds of cellulose in lignocel-
Iulosic biomass polymer networks (Wei et al. 2011).
Furthermore, the metal salts are less corrosive, show
less severity conditions, and can be recovered through
ultrafiltration process as compared to the strong min-
eral acids.

Based on literature studies, Iron and chrome-based
catalysts were found to contain Lewis acid sites and
can perform the hydrolysis of cellulose efficiently.
Lu’s group has prepared nanocellulose through ultra-
sonication-assisted FeCl;-catalyzed hydrolysis from
bamboo pulp (Lu et al. 2014). Their research find-
ings indicate that Fe’* can selectively diffuse into
the amorphous regions of cellulose and promote the
cleavage of glycosidic linkages of cellulose chains
into smaller dimensions. Chromium-based metal salt
catalysts have also been highly effective in breakage
of glycosidic linkage and hydrogen bonding within
the cellulose matrix (Chen et al. 2016b, 2017a, b).
Furthermore, the valence state of the transition metal
ion plays a significant role in hydrolysis efficiency
(Kamireddy et al. 2013). A higher valence state will
generate more H* ions, which act effectively in the
co-catalyzed acid hydrolysis reaction in the presence
of metal ions. Chen’s research group studied the effect
of Fe(NO;);-, Co(NO3),- and Ni(NO;),-metal salts,
and the results showed that crystallinity index of the
prepared nanocellulose hydrolyzed with the trivalent
Fe* catalyst was higher than cellulose treated by the
divalent Co** and Ni? catalyst under same hydrolysis
condition (Chen et al. 2016a). Hence in this study,
Iron and chrome-based metal salt with trivalent ions
(Chromium (III) nitrate [Cr (NO3);]), Iron (III) chlo-
ride [FeCl,], and Iron (III) nitrate [Fe (NO;);]) were
selected as catalysts to depolymerize a pretreated Teff
straw fiber into microcrystalline cellulose.

On the other hand, during sulphuric acid hydroly-
sis, negative surface charges are generated on the sur-
face hydroxyl groups of cellulose crystals which pro-
vide more stable suspensions. Hence, the presence of
the acidic medium (H,SO,) could have a synergistic
effect during the transition metal ions-catalyzed acid
hydrolysis process.

Because of its less familiarity in the scientific com-
munity, only very few Ethiopian scholars have tried
to investigate the use of TS for biogas production
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(Chufo et al. 2015), bio silica synthesis (Bageru and
Srivastava 2017; Wassie and Srivastava 2017), and
as adsorbent for chrome removal (Wassie and Sriv-
astava 2016). Since Teff is cultivated on a large scale
in Ethiopia, the successful preparation of MCC from
this plentiful source could provide valuable crystal-
line cellulose material with the possibility to be used
as green filler in bio-composite applications. To date,
no published studies have been reported on the prepa-
ration of microcrystalline cellulose from TS by acid
hydrolysis with transition metal salt catalysts.

Thus, the objectives of this study were to isolate
and characterize MCC from Teff straw via transi-
tion metal salts catalyzed dilute acid hydrolysis.
The effects of three trivalent transition metals salts,
Chromium (III) nitrate [Cr(NOj);]), Iron (III) chlo-
ride [FeCl;], and Iron (III) nitrate [Fe(NO5);] used as
catalysts were investigated. Furthermore, changes in
crystallinity, morphology, particle size and thermal
properties of the obtained MCC were studied.

Materials and methods
Materials

The chemical reagents used were Sulfuric acid
(H,SO,, 98% purity), Sodium hydroxide, Hydrogen
peroxide (H,0,, 30%), Glacial acetic acid, Nitric
acid (HNO;, 69%), Perchloric acid (HCIO,, 70%),
Ethanol, Chromium (III) nitrate (Cr(NO3);), Iron(III)
chloride (FeCl;), and Iron (II) nitrate (Fe(NOj)5). All
chemical reagents were of analytical grades.

Methods
Pretreatment

The pretreatment of TS was conducted mainly
through a three-step process—namely hot water, alkali,
and bleaching treatments, as described elsewhere
(Assefa et al. 2022). Firstly, TS was collected from
a local farm, cleaned thoroughly, sun-dried for 72 h,
and milled. It was then boiled in distilled water (lig-
uor ratio of 1:50 g/mL) at 70 °C for 2 h under con-
stant stirring. The sample thus treated was filtered
and washed with cold distilled water to remove water-
soluble extractives, and left overnight for drying in a

hot air oven at 60 °C. This sample was labeled as hot
water-treated TS and stored in an airtight plastic bag
to prevent fungal development.

The hot water-treated TS (5 g) was then treated
with 150 mL of sodium hydroxide solution (5 wt.%)
at 90 °C for 1.5 h under strong stirring to remove
lignin and hemicellulose from TS. The resulting sam-
ple was cooled to room temperature and filtered to
separate the liquid fraction from the solid one. After
filtration, the solid residue was washed with distilled
water and oven dried at 60 °C. Subsequently, bleach-
ing treatment was done by adding the obtained alkali
treated and dried fiber in a preheated mixture of H,O,
(20 wt.%) and NaOH (5 wt.%) at 65 °C under con-
tinuous stirring for 1.5 h. At the end of the reaction,
the sample was filtered and washed with distilled
water several times until the pH became neutral. This
bleaching treatment was repeated two times. Finally,
the residue was dried in an oven at 60 °C until a con-
stant weight was reached and pulverized into powder
resulting in pure white colored cellulose fibers. In
these alkali and bleaching treatments, the fibers to lig-
uor ratios were kept at 1:30 (g/mL).

Synthesis of microcrystalline cellulose (MCC)
by metal salts assisted dilute acid hydrolysis

Cellulose microcrystals were prepared from the
pretreated TS fiber by three transition metal salt
catalysts assisted dilute acid hydrolysis process.
15% sulfuric acid and 0.6 M of each catalyst (Cr
(NO3);, FeCl; and Fe (NOj);) were mixed sepa-
rately at a ratio of 1:1 (v/v), to obtain three types
of dilute acid solutions. Then, 5 g of pretreated
TS sample was added to the prepared mixed acid
solution at solid cellulose to liquor ratio of 1:40 g/
mL. The hydrolysis was performed in an atlas reac-
tor at 60 °C for 1.5 h to hydrolyze the amorphous
domains of the obtained cellulose fibers. Following
the completion of the hydrolysis, the suspension
was diluted with excess cold distilled water to stop
the reaction. This suspension was then filtered and
washed using distilled water repeatedly until neu-
tral pH was achieved. Finally, the sample was dried
at 50 °C in a vacuum oven to constant weight and
pulverized to powder using a high-speed universal
disintegrator (FW100, China). Figure 1 shows the
process flow diagram for the isolation of micro-
crystalline cellulose from TS. The raw, pretreated
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Fig. 1 Schematic representation for the isolation of MCC fiber from TS via catalyzed dilute acid hydrolysis

and the obtained products are labeled as Raw—TS,
Pretreated—TS, Cr (III)—MCC, Fe(III)Cl—MCC,
and Fe(III)-MCC, respectively where the obtained
MCC are labeled depending on the type of catalyst
used during the extraction.

The yield (%) of microcrystalline cellulose was
estimated gravimetrically based on its dry weight
before and after the MCC synthesis according to
Eq. (1) below:

M,
Pretreated TS

yieldyiee, (%) =
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where M, is the dry mass of the obtained micro-
crystalline cellulose, and Mp,,;oar0q 75 1 the dry mass
of the pre-treated Teff straw residue.

Biomass Composition Analysis

The detail of the chemical composition determina-
tion of the raw and pretreated Teff straw fiber was pre-
sented in the previous work (Assefa et al. 2022). The
amount of extractives was calculated by water/alcohol
extraction method using the NREL/TP-510-42,619
method (Sluiter et al. 2008b). Whereas, inorganic
material (ash) content was determined by placing a
measured sample in a muffle furnace at 575 °C based
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on the NREL/TP-510-42,622 procedure (Sluiter et al.
2008a). For lignin content determination, a two-step
acid hydrolysis based on NREL/TP-510-42,618,
method was used (Sluiter et al. 2004). Similarly, cel-
lulose content was determined by hydrolyzing with
a mixture of nitric acid and ethanol according to the
Kurschner-Hoffer gravimetrical method (Kiirsch-
ner 1931). Finally, the hemicellulose content of TS
(%w/w) was calculated by difference assuming that
extractives, hemicellulose, lignin, cellulose, and ash
are the only components of the entire biomass.

Microcrystalline cellulose characterization

Functional groups present in the samples were exam-
ined using FT-IR (JASCO FT/IR-6600) in the wave
number range 500-4000 cm™' with a resolution of
4 cm™!. The x-ray diffraction (XRD) profiles of the
different samples were obtained using an x-ray dif-
fractometer (D2 phaser, Bruker, Germany) with
CuKa radiation (1=0.15406 nm), and operated at
30 kV and 10 mA. Samples were scanned at ambi-
ent condition in the 26 range of 10°-40° at a scanning
rate of 1°/min. The crystallinity index (Crl) was cal-
culated according to the method described by Segal
et al. (1959).

Ly — 1
Crl(%) = y x 100 )
200

where Crl is the relative degree of crystallinity, I,
represents to the highest peak intensity at the lattice
diffraction (200) of the crystalline regions and I, is
the minimum value between planar reflections (200)
and (110), which refers to reflection intensity of the
amorphous parts of the samples.

The mean crystallite size (D) of the microcrys-
talline cellulose fibers was estimated using Scherer
equation (Kumar et al. 2014).

kA
" Pcosb 3)

where x is a Scherrer constant (0.89), A=is the
x-ray wavelength of the radiation which is constant
(A=0.15406 nm), p=full width at half-max of the
XRD peak, and 0 is diffraction angle in radians.
Thermogravimetric analysis of the raw TS, pre-
treated TS fiber, and the microcrystalline cellulose
prepared by three different catalysts was performed

using a thermal analyzer (HCT-1, BJHENVEN,
China) to determine the thermal decomposition of
fibers in the temperature range of 20-700 °C at a con-
stant heating rate of 20 °C/min under a nitrogen envi-
ronment. The surface morphologies were analyzed
using a field emission scanning electron microscope
(JEOL JSM-IT 100, Japan).

The AAS used for the analysis of the metals was
PG Instruments (AAS500 spectrophotometer, England)
equipped with deuterium lamps and hollow cathode
lamps with air-acetylene flame. The wavelength was
set at 357.9 and 248.3 nm for chrome (Cr (III)) and
iron (Fe(Ill)) concentration determination, respec-
tively. Such technique of elemental analysis requires
aqueous samples. Thus, solid samples were converted
into solutions. Nitric—perchloric acid sample diges-
tion method was used for the dissolution of MCC
samples as described elsewhere (Uddin et al. 2016).
Briefly, 0.5 g of samples were weighed and mixed
with 5 ml of concentrated HNOj; in a 125 ml Erlen-
meyer flask. The mixture was boiled on a hot plate
for 40 min. After cooling, 2.5 ml of 70% HCIO, was
added and the mixture was boiled until dense white
fumes appeared. After cooling and filtration, the solu-
tion was transferred quantitatively into a 50 mL volu-
metric flask for analysis.

Results and Discussion
Chemical compositions analysis

In a previous study (Assefa et al. 2022), we deter-
mined the chemical compositions of the raw TS and
the results showed that the raw fibers contained 40%
cellulose, 29% hemicellulose, and 18 wt.% lignin.
However, the chemical composition of raw TS was
changed after the chemical treatments. The cellulose
content increased from 40 to 68.5 wt.% while, hemi-
cellulose and lignin contents were reduced to 21 and
7 wt.%, respectively after the alkali treatment. The
significant decrease in lignin content from the raw TS
was due to the disruption and breaking of hydrogen
bonds through NaOH treatments. To further eliminate
the residual lignin, the NaOH-treated samples were
subjected to a hydrogen peroxide treatment at alkaline
conditions where the cellulose content was further
increased to 85.5 wt.% with lignin and hemicellulose
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contents of 2.5 and 12 wt.%, respectively. Further-
more, the obtained pretreated fiber was pure white
suggesting the removal of most of the non-cellulosic
components from the TS (Fig. 1).

FTIR analysis

Figure 2 presents the FTIR spectra of the raw TS,
pretreated fibers, and microcrystalline cellulose iso-
lated by catalyzed diluted acid hydrolysis. The figure
clearly shows that all samples exhibit similar peaks
at 3410, 2900, 1430, 1382, and 890 cm~' which
are related to the cellulose I characteristic absorp-
tion peaks. As reported elsewhere (Le Troedec et al.
2008), the peak at around 3400 cm™! is characteristic
of the O—H stretching intermolecular hydrogen bonds;
while the peak at 2900 cm™' corresponds to the C-H
symmetrical stretching group present in the carbo-
hydrates of cellulose. Likewise, the typical spectral
bands observed at 1430, and 897 cm™' are attributed
to the symmetric bending of CH, and fS-glycosidic
linkages between glucose units of cellulose, respec-
tively. In addition, the vibration peak detected at
1382 cm™! in all samples has been associated with
the C-H bending in the cellulose. Furthermore, a
peak at around 1644 cm™' which is attributed to the
O-H bending due to water adsorbed in the fibers is
observed in all samples. The fact that the cellulose 1
characteristic peaks remain in the MCC indicates that
the pretreatment and the hydrolysis processes have
not changed the main chemical structure of cellulose
(French 2014).

Fe(Iil)- MCC.

Fe(lINCI- MCC

Transmittance (%)

T - T T T T - T - T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'l)

Fig. 2 FTIR spectrum of (a) Teff Straw as raw material, (b)
chemically purified cellulose and (c) the obtained MCC
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However, in the FTIR spectra of the raw TS fiber,
there appear some peaks that are not observed in the
spectra of the pretreated fiber and synthesized MCC.
These include the peaks at 1730 cm™! which corre-
spond to C-O stretching vibration for the acetyl and
ester linkages in lignin and hemicellulose, and the
peaks at 1502 and 1250 cm™! which are attributed to
the C=C stretching vibrations of the aromatic rings
and C-O out-of-plane stretching due to the aryl group
in lignin, respectively (Zhang et al. 2020). Presum-
ably, the disappearance of these absorption peaks in
the FTIR spectra of pretreated fiber and synthesized
MCC are related to the successful removal of lignin
and hemicellulose as a result of the pretreatment and
catalyzed dilute acid hydrolysis processes. This obser-
vation is in agreement with similar investigations
reported in the literature (Feng et al. 2020). Further-
more, a peak at 1110 cm™!, which is associated with
the C—O-C stretching of hemicellulose, is observed
in the FTIR spectra of the raw TS indicating the pres-
ence of hemicellulose. However, this peak gradually
disappeared in the isolated MCC spectra, suggesting
that hemicellulose was successfully removed because
of hydrolysis. On the contrary, the peaks at 1164
and 897 cm™! which are associated with the C—-O-C
stretching of cellulose and C-H deformation of gly-
cosidic linkages between glucose units in cellulose
(Zhuang et al. 2020), have increased in intensity after
the pretreatment and catalyzed dilute acid hydrolysis
of TS.

Overall, the obtained FTIR spectra of the samples
are in agreement with those where similar findings
were reported in the literature for other lignocellulose.

Thermogravimetry analysis (TGA)

The determination of thermal stability of microcrys-
talline cellulose is a key factor for its potential use
as a reinforcing agent in bio-composites. The ther-
mal degradation characteristics of the untreated TS,
pretreated fiber and the prepared microcrystals are
presented in Fig. 3. The degradation onset tempera-
ture (T, the maximum degradation temperature
(Thax)» and the maximum weight loss (WL, ) for
raw, pretreated TS, and obtained MCC are summa-
rized in Table 1.

Figure 3 shows an initial small mass loss in the
temperature range of 40-110 °C which may be due to
the evaporation and removal of bound water and loss
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Pretreated - TS
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(b) Fe(III)C1 - MCC
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Fig. 3 TGA and DTG curves of Raw TS fibers, Pretreated TS fiber and the prepared MCC

Table 1 Onset temperature (T,.,), maximum decomposition temperature (T, ,,), and corresponding percentage of weight losses of

the raw, pretreated fiber, and obtained MCC

Sample Code First thermal degra- WL (%) Topser CC) DTG T,,,, (°C) WL, . (%)
dation range

Raw fiber Raw-TS 45-110 5.8 230 356 46.1

Pretreated TS Pretreated-TS 60-120 4.8 255 365.5 65.1

Cr(NOy); treated Cr(III)-MCC 56-106 5.01 285 359 73.52

FeCl; treated Fe(III)CI-MCC 50-110 3.89 273 340 67.45

Fe(NO;); treated Fe(II)-MCC 56-107 4.76 275 335 72.27

of extractives existing in the fibers. This is in agree-
ment with the FTIR analyses results which indicate
the presence of absorbed water in the fibers. Further-
more, comparing the weight loss in this region among
the different samples, the MCC generally shows
smaller weight loss as compared to the raw TS. This
finding implies that the moisture content of MCC was
slightly lower than those of raw TS fiber which may
be due to the introduction of sulfate groups at the
outer surface of MCC during the acid hydrolysis pro-
cess. The second degradation occurs in the tempera-
ture range of 250-320 °C, resulting mainly from the
thermal decomposition of hemicellulose and some
portion of lignin. The presence of acetyl groups might
have made hemicellulose more susceptible to ther-
mal degradation than cellulose. The thermal decom-
position peak for hemicellulose which is shown on

the DTG graph of the raw TS has disappeared, as
expected, in the prepared MCC.

The final major decomposition range is observed
in the high temperature range (300-390 °C) which is
related to the cellulose degradation due to the depo-
lymerization of glycosyl units. From the TGA anal-
ysis, the T, values of TS, Cr(Ill)-MCC, Fe(III)
CI-MCC, and Fe(III)-MCC were 230, 285, 273, and
275 °C, respectively (Table 1). The observed increase
in the T, of MCC might be a result of the removal
of hemicellulose and lignin components which were
present in the raw TS. The hemicellulose and lignin
components had low thermal degradation tempera-
tures, and the degradation of one of these compo-
nents could initiate the thermal degradation of the
surrounding cellulose fibers (Tian et al. 2017). The
higher T, values of the MCC indicate the higher

onsel
thermal stability of these fibers. However, it is worth
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to note that the Cr (NO;); catalyzed and extracted
MCC has exhibited the highest T, value of 285 °C,
which is 55 °C higher than that of the raw TS.

Furthermore, in the same high temperature deg-
radation range, differences in maximum degradation
temperatures (T,,,,) are observed among the differ-
ent samples. In this regard, the pretreated cellulose
fiber shows a higher degradation temperature than the
MCC (Table 1). This might be related to the smaller
particle sizes of the MCC (increase in specific surface
area) which have facilitated the thermal degradation
to occur at lower temperatures (Cheng et al. 2014;
Maiti et al. 2015). Fe (NO;);—treated microcrys-
talline cellulose exhibited the lowest T,,, value of
335.0 °C, which was 21.0 °C lower than that of raw
TS.

Overall, the higher thermal stability (higher T,
and T, values) of the isolated MCC could be attrib-
uted to the higher crystallinity of the obtained MCC
as well as to the removal of hemicellulose and lignin
from these fibers (Panthapulakkal et al. 2006; Alem-
dar and Sain 2008). These results are very consist-
ent with the results obtained from XRD and FTIR
analysis results. Therefore, from the TGA, it can
be concluded that MCC prepared from TS by using
transmission metal salts assisted dilute sulfuric acid
hydrolysis exhibit higher thermal stability. This is an
important factor for the use of the prepared MCC in
various industrial applications, especially in the ther-
moplastics field, as the processing temperature is nor-
mally higher than 200 °C (Cheng et al. 2014).

X-ray diffraction analyses (XRD)

Cellulose has a crystalline structure in nature owing
to the hydrogen bonding and Van der Waals forces
which strongly hold together its adjacent molecules
(Zhang and Lynd 2004). This property makes it dif-
ferent from other components in the lignocellulosic
biomass. Moreover, the crystallinity of the extracted
microcrystalline cellulose has a direct influence on
the strength of biocomposite materials with MCC as
fillers (Ahvenainen et al. 2016). However, since the
crystallinity and the size of the crystallites of MCC
could be affected during the MCC isolation pro-
cesses, x-ray Diffraction analyses were conducted
to study the crystalline behavior of the three MCC
obtained from TS.

@ Springer
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Fig.4 XRD diffraction patterns of pretreated TS fibers, and
the prepared microcrystalline cellulose

Figure 4 gives the XRD patterns of the studied
samples. The XRD patterns in this figure reveal that
all samples exhibit the three distinct peaks of cellu-
lose at 20 values of 16.3°, 22.4°, and 34.5°, confirm-
ing that the cellulose-I allomorph is well-maintained
after the dilute acid hydrolysis process(Sun et al.
2015; Zhuang et al. 2020).

Further information can also be obtained from
the Crl and the average crystallite sizes summa-
rized in Table 2. As can be observed from this table,
all treated samples (PTS, Cr(III)-MCC, Fe(II)CI-
MCC and Fe(IlI)-MCC) show significant increases
in the Crl values with respect to raw TS. Since Crl
is a parameter that quantifies the relative amount of
crystalline material present in a sample, the find-
ings imply that relative amount of crystalline mate-
rial has increased in the MCC. Similar findings have
been reported elsewhere (Feng et al. 2020). Table 2
also shows that the MCC has larger crystallite sizes as
compared to the raw TS.

This was mainly due to the removal of lignin and
hemicellulose, alignment of the crystalline domains
into more ordered conformation, and subsequent
release of individual crystallites in the MCC sam-
ples (Chen et al. 2016b, 2017a). Among the prepared
microcrystalline cellulose, Cr (III)-MCC sample
shows higher crystallinity (Table 2) as compared to
Fe (III)CI-MCC and Fe(IlI)-MCC samples which
suggests Cr (III) ion was more effective for selec-
tive hydrolysis of the amorphous phase of the fiber.
In addition to the Crl, the crystallite size is also sup-
portive for the description of crystallinity of the
yielded microcrystalline cellulose. From Table 2, the
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Table 2 Crystallinity index

L Sample Code Yield (%) Crystallinity Crystallite
values and Crystallite size index size (D=nm)
of raw TS, pretreated TS
fiber, and obtained MCC Raw TS Raw-TS - 50.58 1.03

Pretreated TS Pretreated—TS - 65.51 2.99
Cr(NOjy); treated Cr(II)—MCC 84 73.69 3.14
FeCl; treated Fe(IINCI-MCC 82 67.58 2.72
Fe(NO;); treated Fe(II)-MCC 76 66.69 2.83

crystal size of the isolated microcrystalline cellulose,
Cr(II)-MCC, Fe(III)CI-MCC, and Fe(II)-MCC cal-
culated by Scherer equation (Eq. 3) was found to be
3.14 nm, 2.72 nm, and 2.83 nm, respectively. Simi-
lar results were reported in the literature for MCC
isolated from coconut husk fiber and rice husk (An
et al. 2020).

Morphological Investigation

Figure 5 shows SEM micrographs of the raw ground
TS (a), the alkali treated fiber (b), the pretreated fiber
after the removal of lignin and hemicellulose (c) and
finally, the microcrystalline cellulose produced by
transition metal salts catalyzed dilute acid hydrolysis

(d) Cr(Ill)-MCC

,((b) Alkali treated fiber

l IW 4
S
| . »’ i

(e) Fe(II1)-MCC

A" A | By
(f) Fe(lIH)CI-MCC

Fig. 5 SEM images of the Raw TS fibers, pretreated TS fibers, and prepared microcrystalline cellulose
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of the pretreated fiber (d, e, and f). Based on the
SEM results, the obtained images show significant
differences in shape and size before and after treat-
ment. The morphology of the raw TS fiber (Fig. 5a)
had a regularly arranged, homogenous structure, and
bound closely together because of the binding materi-
als around the cellulose fibrils such as hemicellulose,
lignin, and other none cellulosic components which
help in the formation of compact structure (Feng et al.
2018). Furthermore, From Fig. 5a it can be seen that
the overall surface of raw TS fiber exhibited a smooth
surface due to the presence of waxes and oil. After
subsequent alkali and bleaching treatments, defibrilla-
tion of the raw TS fibers occurred whereby the diam-
eter of the fibrils got reduced to a great extent because
of the removal of the binding materials. Thus, the
bleaching process makes it suitable for the subsequent
acid hydrolysis process to produce MCC. Addition-
ally, as can be observed in Fig. 5c, the resulting pre-
treated fiber was long in length. This is because in
nature each cellulose fiber is made up of several to
hundreds of microfibers that appeared to be assem-
bled together. With further acid hydrolysis treatment,
the transition metal, and the hydronium ions gener-
ated during the hydrolysis had broken down the fib-
ers into smaller pieces and further reduction of its
diameter. Figures 5d, e, and f shows a SEM image of
the MCC fibers (Cr (III)-MCC, Fe (III)-MCC, and
Fe(III)C1I-MCC), respectively. Additionally, the aver-
age diameter for TS, and microcrystalline cellulose
(Cr (I)-MCC, Fe (III)-MCC, and Fe(IIT)CI-MCC)
measured using the ImageJ software was 135.7 um,
3.67 um, 5.08 um, and 4.97 um, respectively proving
that the average diameter of fibers was tremendously
reduced throughout the chemical processes.

Atomic absorption spectrometer (AAS) analysis

Atomic absorption spectroscopy (AAS) analysis was
applied to investigate the presence of chrome (Cr
(II)) and iron (Fe (III)) ions in the prepared MCC.
Before the determination of chromium and iron in
the real sample, four series of standard chromium
and iron solutions in different concentrations were
prepared. After determining the absorbance for all
the standard solutions, a calibration curve was con-
structed. The absorbance of the prepared samples
was then compared against the calibration to obtain
the corresponding concentrations. The levels of metal

@ Springer

Table 3 elemental chemical analysis

Metal ion  Concen-
tration
(ppm)

Samples Code

Cr(NO;); treated  Cr(II—MCC Cr(IID) 0.348
FeClj; treated Fe(II[)C1—MCC  Fe(Il) 1.144
Fe(NOjy); treated  Fe(III)—MCC Fe(III) 0.865

ions in each MCC samples were presented in Table 3
below.

The prepared MCC is intended to use as a bio-filler
in bio-composite preparation which could be used
in the packaging applications. European Union(EU)
and United States(USA) sets out a maximum limit
of 100 ppm for heavy metals or their compounds in
packaging or a packaging component (Report 2011;
Conti 2018). This implies that the results of this study
(Table 3) were much lower than the maximum per-
missible limit set by the EU and USA. Thus, it can be
concluded that the obtained MCC had been washed
efficiently after the hydrolysis process and metal ion
was mostly removed from the prepared samples.

Conclusions

Microcrystalline cellulose was successfully prepared
from an abundant and low-cost Ethiopian Teff straw
via alkali and bleaching pretreatments followed by
transition metal salts catalyzed dilute acid hydrolysis.
Each transition metal catalyst showed different effects
on the crystallinity, crystallite size, surface morphol-
ogy, and thermal stability of the obtained microcrys-
talline cellulose. Microscopic observation showed the
effects of chemical treatments on the surface of the
Teff straw. The XRD and TGA analyses respectively
showed that the MCC has higher crystallinity and
thermal stability, respectively. Among the prepared
MCC, the Cr(III) ions synthesized MCC rendered rel-
atively the highest crystallinity and thermal stability,
reflecting its better hydrolysis selectivity as compared
to Fe(III)Cl and Fe(III)-metal ions. Furthermore, all
MCC exhibited degradation temperatures higher
than typical processing temperatures of polymeric
materials, making them suitable for the preparation
of polymer-based bio-composite materials. Thus, it
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can be said that the method followed in this work has
been successful in extracting MCC from TS and the
obtained MCC can be used as green and sustainable
fillers in bio-composite materials preparation.
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