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ABSTRACT

Cladophora has a unique cellulose structure and is easy to extract. In this study, ClaNC was isolated from
freshwater green algae (Cladophora glomerata) that thrived in swamps, using hydrochloric acid (HCI)
hydrolysis. This study was conducted on the changes of chemical composition, morphology and structure
of ClaNC through FTIR, XRD, SEM, and TEM. Lignin removal (peak 1535 cm™) was effective after HCl
hydrolysis, but bands 1028 and 894 cm™ confirmed the identity of the chemical composition of Cladophora
glomerata lettuce which was not lost even at nano-scale. XRD analysis revealed the ClaNC crystal index was
94.0% with a preferred orientation in the lattice plane of Io. [110] and I [200]. The surface morphology of
Cladophora raw material is rod-shaped as shown by SEM, with an average diameter of 21.3 (+ 1.01) pm,
whereas ClaNC refers to nanofibrils with an average diameter of 30.6 (+ 0.85) nm as shown by TEM.

Key words: Cladophora, Freshwater green algae, Nanocellulose, Nanofibril

Introduction

Cellulose is a natural polymer that is abundantly
available on the earth and is a prime candidate as a
substitute for petroleum-based raw materials. Its na-
ture is easily biodegradable, sustainable,
biocompatible, and its availability is abundant, mak-
ing cellulose a very special material among scientists
to be developed as an advanced material. Various
natural sources have been synthesized for the pro-
duction of cellulose/nano cellulose, ranging from
seasonal forests, agricultural residues, algae, and
microorganisms such as bacteria. The abundance of
nanocellulose precursors gives preference to certain
types, but it would be preferable to produce
nanocellulose from fast-growing plants rather than
from slow-growing plants due to economic and eco-

logical benefits. Synthesis of nanocellulose will
break down the hierarchical structure of cellulose
into the basic building blocks of cell walls, where for
plant-based cellulose materials this destruction
forms so-called nanocrystals, nanowhiskers,
nanofibrils, and nanofibers without changing the
macroscopic properties of cellulose. Top-down syn-
thesis methods involving enzymatic/chemical/
physical methods as well as combinations of these
methods for the isolation of nanocellulose have been
extensively investigated (Nandi and Guha, 2018).
The structure of cellulose is formed by hydrogen
bonds between a network of hydroxyl groups,
which are repeated 1,4-linked anhydrous-D-glucose
units linked by 1-4 glycosidic bonds (Moon et al.,
2011). Cellulose is composed of crystalline polymor-
phs that can be isolated for various applications of
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cellulose-based biomaterials with various special
characteristics formed by the assembly of crystals
through hydrogen bonds (George and Montemagno,
2017; Tayeb et al., 2018). The separation of cellulose
fibers into basic microfibrils on the nanoscale or
nanofibrils/microcrystalline is of great interest due
to its unique optical, rheological, and mechanical
properties (Zhu et al., 2011; Hua et al., 2014). Separat-
ing cellulose fibers uniformly into nanocrystalline
cellulose (CNC), with its large aspect ratio is diffi-
cult. Nanocrystalline cellulose (CNC) is a nanom-
eter-sized cellulose fiber with a rod or needle-like
structure and a crystalline phase. The length and
width of the CNC particles depend on the source of
the nanocellulose, but are generally about 1-10 nm
in width and hundreds of nanometres in length
(Habibi et al., 2010; Pereira et al., 2020).

Various methods successfully synthesize
nanocellulose precursors to obtain micrometer or na-
nometer -sized pure cellulose (Trache et al., 2016;
Camacho et al., 2017). Cellulose synthesis using algal
precursors showed high levels of crystallinity, larger
surface area and pore content than other cellulose
samples (Mihranyan et al., 2004). Algae from the
Cladophora family are plants that are easily found in
water (fresh or saline) and wetlands. Reproduction
of Cladophora sp. very fast, thus becoming a problem
in the aquatic environment due to the excessive pro-
duction of carbon dioxide as a result of photosynthe-
sis of Cladophora sp. (Mihranyan, 2011). The unique
characteristics of Cladophora sp. as well as its advan-
tages, is a primary candidate for synthesis as a CNC.

Proper treatment during synthesis is very impor-
tant because the raw material besides containing cel-
lulose also contains hemicellulose and lignin which
must be removed, as both are non-crystalline fibers.
A top-down method with a hydrolysis scheme can
be used to remove lignin, hemicellulose, wax, and oil
that covers the outer surface of the fiber cell wall
(Abraham et al., 2011; Moreno et al., 2018). Acid hy-
drolysis with a combination of microfluidization or
ultrasound treatment is a commonly used chemical
method to isolate crystal phases (Xiang et al., 2016;
Karim et al., 2014) in cellulose due to its simplicity
and low energy consumption. Special properties
such as non -toxic, biodegradability, renewable, high
strength and modulus, low density, reactive surface,
and large specific surface area support the potential
for CNC applications (Giese et al., 2015; Bagheri et
al., 2017; Lee et al., 2019). These properties are highly
dependent on the cellulose source, pre-treatment,
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isolation method, and extraction treatment condi-
tions (Dufresne, 2013; Brinchi et al., 2013). The acid
hydrolysis process consists of crushing and remov-
ing amorphous components by leaving crystal seg-
ments (Moberg et al., 2017). This occurs because the
contact of the fiber with a strong acid solution al-
lows the amorphous region to decompose easily,
and because the kinetics of hydrolysis in this region
is faster than that of crystals, so the hydrolyzed ma-
terial becomes more permeable (Kallel ef al., 2016).

Cladophora sp. is a species of green algae that has
the potential to be synthesized and extracted as na-
nometer-sized crystalline cellulose (Sucaldito and
Camacho, 2017; Xiang et al., 2016). Its abundant rich-
ness can be a problem (algae blooms) if the environ-
ment in which it lives strongly supports algal
growth. Regarding minimizing environmental prob-
lems, some literature mentions that CNC products
from Cladophora sp. have high crystalline properties
compared to woody plants (Beads et al., 2018; Xiang
et al., 2016; Mihranyan, 2011). Even from the same
species, the CNC products produced can be very
different (Suciyati et al., 2021), so in this study, we
aimed to obtain optimal CNC characteristics from
Cladophora sp. growing in swamps. A systematic ex-
traction process was performed for the CNC synthe-
sis of Cladophora sp. using the hydrolysis method.
The CNC potentials extracted from these algae were
studied comprehensively in terms of functional as-
sembly, morphology, structure, and crystallinity.
CNC characterization was performed using Fourier
Transform Infrared (FTIR), X-Ray Difactions (XRD),
Scanning Electron Microscope (SEM), and Transmis-
sion Electron Microscope (TEM).

Experimentals

Materials and Methods

Cladophora glomerata taken from a swamp on the
banks of the Musi river in February 2021. The
samples were cleaned by washing them in running
water and then dried. The chemicals used for cellu-
lose synthesis are NaClO,, NaOH, HCl, glacial ace-
tic acid purchased from Sigma Aldrich (Merck).
Preparation of Cladophora glomerata done by wash-
ing, drying, and mixing. Isolation and extraction
processes generally develop procedures (Xiang et al.,
2016) with modifications. Examples of Cladophora sp.
(3 g) was bleached with a mixed solution of sodium
acetate buffer (30 ml, pH 4-5) with NaClO, (1.2 g)
for 3 h in a water bath (60 °C). The solids were sepa-
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rated and washed with deionized water to neutral
(pH ~7) using a centrifuge at 4000 rpm for 20 min.
The centrifuged treatment was repeated 6 times to
reduce the acid content,thereafter the solid was
mixed with 0.5 M NaOH (36 mL) and heated in a
water bath (60 °C) overnight. The solid was then
washed with deionized water to remove alkaline
residue using a centrifuge, then dried. Once dry, the
samples were mixed with 5% HCI (18 ml) then
heated (90 °C) to boiling, and then left overnight at
room temperature. Cellulose was then separated by
washing to neutral (pH ~7), and freeze-drying. To
obtain cellulose powder, filtration was performed
with a 200 mesh sieve.

Characterizations

Sample characterization was performed using
Agilent’s FTIR Cary 630 brand, with biomass com-
ponents determined non -destructively through IR
intermediate spectrum absorption. The data record-
ing range was 650—4000 cm™ for 32 scans. Character-
ization of chemical structures with identified FTIR
functional groups and infrared absorption band in-
tensities in samples. X-ray diffraction (XRD) mea-
surements were performed by XRD type
PANanalytical: X'Pert Pro diffraction analyzer. The
diffracted intensity of Cu K-alpha radiation (k =
1.540598A) at 40 kV and 30 mA was measured in a
2¢ range of 5p —90p . Dari data difraktogram XRD ini
dapat diketahui indeks kristalinitas CNC melalui
metode empiric berbantuan persamaan Segal crys-
tallinity index (CI) that was calculated by using the
following equation(Xiang et al., 2016),

CI = maxTlmin » 10004 1)
T

where I is the intensity of the highest peak at a 20
angle close to 22.8p, and I . is the minimum inten-
sity at a 20 angle close to 18p for cellulose I. The
highest intensity peak is corresponding to a crystal-
line peak, while the minimum intensity is the inten-
sity of the background scattered corresponding to
the amorphous peak.

Furthermore, to calculate the crystallite size, the
Scherrer equation is used,

KA
L= @)

B cos @

where L is the width (length) in A, K is the shape cor-
rection factor (0.9), A is the wavelength of the radia-
tion (1.540598A), B is the FWHM of the highest dif-
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fraction peak (rad), and 0 is half of the highest angle
of the peaks in the 26 range.

Surface morphology of Cladophora glomerata
nanocellulose (ClaNC) analyzed using SEM-EDX
ZEISS EVO MA 10, Germany. Images from SEM-
EDX were taken at several magnification values.
Further analysis of the internal crystal structure of
the ClaNC was observed based on transmission
electron micrographs collected using the TEM Jeol
Jem-1400, Japan.

Results and Discussion

FTIR characterization of cellulose

The chemical structural characteristics and func-
tional groups of cellulose are in the wavelength
range of 400-4000 cm, i.e. the area of the absorption
band involving the transition between the vibra-
tional energy state and the rotation of the molecular
substrate (Trache et al., 2016; Fuller et al., 2018). Fig.
2 shows the characteristics of the functional group of
the algae Cladophora glomerata before and after syn-
thesis. In Cladophora glomerata cellulose, the presence
of stretching and vibration of the OH functional
group is beneficial in the formation of cellulose com-
posites, either with synthetic polymers or biopoly-
mers, and even the formation of cellulose-based hy-
brid materials (Keshavarzi ef al., 2015; Mun et al.,
2017; Zhou et al., 2019).

The FTIR pattern (Fig. 1) can show chemical
changes due to the raw material extraction process
of Cladophora glomerata into ClaNC. The 1535 cm™

160

150 4

140 -

130

120

10}

100 &

90+

Relative intensity (a.u)

80

701 1

60 - 1

3500 3000 2500 2000 1500 1000
Wave number (1/cm)

Fig. 1. FTIR spectra of (a) raw material, (b) bleach-alkali-

treated, (c) ClaNC from Cladophora sp.
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band (raw material) is associated with aromatic lig-
nin stretching and the 1222 cm™ band corresponds to
the C-O-C (aryl-alkyl ether) stretching. Both of these
bands still exist after alkali and bleaching treatments
indicating that the lignin has not been completely
removed, but the peaks of the bands effectively dis-
appear after acid hydrolysis treatment. The absorp-
tion bands in the 1640 and 2914 cm™ regions are due
to the stretching of the O-H group and the C-H
group in the water molecule. While the peak of
3400-3272 cm™ is aimed at O-H stretching and water
absorption.It is very difficult to remove water from
cellulose due to the cellulose-water interaction, so
this strip remains thereafter hydrolysis treatment.
Two bands 1028 and 894 cm™ are caused by C-O and
C-H vibration stretching from carbohydrate oscilla-
tions, which are related to native cellulose (Sucaldito
and Camacho, 2017). This special strip is present to
confirm the identity of cellulose extracted from
Cladophora glomerata. In addition, the presence of this
strip was maintained in ClaNC indicating that the
chemical composition of cellulose was not lost even
in its nanocrystalline form. Peaks in the 1500-1660
cm™” range indicate the presence of protein
(Jagadeesh et al., 2011; Xiang et al., 2016), and disap-
pear after hydrolysis treatment; its absence indicates
that Cladophora glomerata after extraction contained
only undetectable amounts of protein.

X-ray diffraction of cellulose Cladophora

The crystallinity of the sample powder was ana-
lyzed with an X-ray diffract meter and shown in Fig.
2. The spectrum generated by the XRD diffraction
analyzer using a step measurement of 0.017, from
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Fig. 2. XRD patern of (a) raw material, (b) bleach-alkali-

treatment, (c) ClaNC, from Cladophora sp.
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the X-ray radiation source: Cu-Ka with wavelength
1.540598A.

Unlike hemicellulose and lignin, cellulose has a
crystalline structure in nature formed by hydrogen
bonds and Van der Waals forces between molecules.
XRD characterization diffractograms provide infor-
mation on the crystal structure of Cladophora
glomerata with the bulk being cellulose I (crystalline
cellulose) (Camacho et al., 2013). Cellulose I consists
of Ia (triclinic structure) and If (monoclinic struc-
ture) where the 14 structure is more dominant in
polymorphs from algal sources. XRD characteriza-
tion method was used to calculate the crystallinity
index of algae samples. XRD patterns for the various
stages of cellulose extraction from Cladophora
glomerata in Fig. 2 show characteristic peaks of cellu-
lose I. All patterns lead to characteristic diffraction
peaks of 26=14.6p (1-10), 16.7p (110), 22.8p (200),
34.2p (004), who confirmed that a type I crystal lat-
tice of natural cellulose (native cellulose) remains
after chemical treatment (French, 2014; Pratama et
al., 2019). The peak at 20=22.8p was associated with
the crystal structure of cellulose I for all samples,
while the amorphous background was characterized
by an intensity at 26 around the value of 18p
(Sucaldito and Camacho, 2017). Based on the XRD
pattern obtained, there is only cellulose I with
ClaNC which is mostly composed of cellulose I
(Mihranyan et al., 2007; Xiang et al., 2016).

The percentages of crystallinity index of raw al-
gae, bleaching-alkali treatment and ClaNC obtained
were 58.8, 90.3 and 94.0%, respectively (Eq. 1). This
increase in crystallization index indicates the success
of hemicellulose and lignin removal stage. The val-
ues obtained correspond to the fraction of cellulose
with a minimum crystallinity index of 91.5%. A spe-
cial feature in the highly crystalline cellulose XRD
pattern is expressed by narrow peaks centered at
values of 20 around 14.6p and 16.8p, indicating the
specific uniplanar orientation of Cladophora cellulose
(France, 2014; Mihranyan, 2011; Wada et al., 2003;
Wada and Okano, 2001). Peak-1 at 20=14.6p corre-
sponds to the lattice planes Io. [100] and If [1-10],
peak-2 at 206=16.8p R” corresponds to the planes I4
[010] and IP [110], and peak-3 at 26=22.8p is as-
signed to the Io. [110] and IP [200] planes.

The crystallite size was calculated using Eq. 2
with wavelengths, FWHM values, and 0 obtained
from XRD pattern on Cladophora glomerata. The cal-
culations obtained crystallite size of 24.22, 29.35, and
31.54 nm for samples a, b, and ¢, respectively (Fig.
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2). The crystallite size is influenced by the FWHM
value; the smaller the FWHM value, the larger the
crystalitel size value. On the other hand, the crystal
index becomes higher because the peak intensity is
higher. From these data, it can be seen that acid hy-
drolysis treatment has successfully eliminated the
amorphous domain of cellulose by increasing the
cellulose crystal index. During the acid hydrolysis
process, hydronium ions penetrate the amorphous
region, accelerate the hydrolytic cleavage of glyco-
sidic bonds, and release individual crystals. In addi-
tion, the growth of sample crystal size at each treat-
ment stage is associated with the assembly of the
monocrystals themselves for ClaNC forming
(Sucaldito and Camacho, 2017). ClaNC rearrange-
ment after hydrolysis treatment results in highly or-
derly packing and enhances the hydrogen interac-
tion between ClaNC chains creating a crystal struc-
ture with high peak intensity. This phenomenon re-
sults in sharper diffraction peaks in the XRD pattern

(Fig. 2).
Morphology of cellulose Cladophora

In general, the morphology of the surface structure
of the Cladophora samples (Fig. 3) showed differ-
ences in size and physical shape (Fig. 3a). This dif-
ference occurs due to the removal of some compo-
nents of the raw material after bleaching and alkali
treatment (Fig. 3b) to form fine but agglomerated
microfiber features. Microfibers begin to form
threads that are interconnected with each other like
a web structure but a larger surface area. HCI hy-
drolysis treatment clarified the structure of the
nanofibrils, as shown in the SEM figure at higher
magnification (Fig. 3c). The morphology formed is
consistent with studies on the structure of

v
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WD = 85mm EHT=1500kv  Time:11:19:49 M
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Cladophora cellulose (Xiang et al., 2016; Mihranyan,
2011).

The morphology and size distribution of ClaNC
were characterized using TEM. Nano-sized ClaNCs
were clearly observed on TEM images (Fig. 4) with
elongated nanorods. TEM analysis (Fig. 4), showed
that Cladophora glomerata reached the nanoscale
with a very high aspect ratio. The diameter distribu-
tion is approximately 30.6 (+0.85) nm and the aver-
age length is 333.8 (+ 8.2) nm. The aspect ratio of
nanofiber was found to be around 10.9 nm. The
similarity of these values is close to studies per-
formed on Cladophora rupestris (Sucaldito and
Camacho, 2017; Kalashnikova et al., 2013) using HCI
for hydrolysis treatment. The dominant ClaNC size

Bt 5

Fig. 4. TEM micrograph of Cladophora cellulose prepared
by HCl treatment
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| = Wo=gsmm  EHT=1500kv  Time:113356

a b
Fig. 3.

C

Morfology surface ofSEM images (a) raw material, (b) bleach-alkali-treatment, (c) ClaNC from Cladophora sp.
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is generally less than 500 nm in length, and about 10
to 30 nm wide/diameter. Combining the results
from the XRD pattern and SEM/TEM images
proved the success of the acid hydrolysis (HCI) pro-
cess on microcellulose. Acid protons have invaded
and removed amorphous regions in the cellulose
structure and maintained its crystal structure. This
causes the ClaNC crystal index to be higher, and the
ClaNC length to be shorter.

Conclusion

Nanocellulose from Cladophora glomerata, freshwater
green algae from riverside, was synthesized and ex-
tracted using HCl hydrolysis. Changes in chemical
composition in each step of Cladophora extraction
were observed using FTIR. The SEM and TEM im-
ages showed a web-like network of nanocrystals
whose diameter is 30.6 (+0.85) nm.ClaNC is highly
crystalline (94.0% crystallinity index) in terms of
XRD pattern with plane orientation Io. [110] and I8
[200].
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