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Abstract. Cellulose Crystalline Cladophora sp. (CCC) was successfully isolated from the
freshwater algae Cladophora sp. by used the hydrolysis method. The alkaline treatment can
affect the structure of CCC that is showed by the spectrum of Fourier Transform Infrared
(FTIR). The typical range for lignin does not appear here, which indicates the delignification
process using NaOH plus hydrolysis of HCI has succeeded in removing lignin. The spectrum
associated with functional group impurity (1800-1050 cm™) with lipid, protein, and nucleid
acid content are still seen after alkaline treatment and acid hydrolysis. Analysis of crystallinity
with X-ray Diffraction (XRD) data showed that CCC had the highest crystallinity index on
CD-K (93.4%), Cd-P (66.6%), and Cd-S (63.04%). The smallest particle size for each cellulose
is Cd-K (9.5 nm), Cd-S (25.23 nm), and Cd-P (49.57 nm). Based on these results, the CCC
production from Cladophora sp. using alkaline and acid hydrolysis treatment is enough to get
samples with high crystallinity. The CCC product has the potential to be an excellent
reinforcing material for biomaterial-based polymer materials.

1. Introduction

Cellulose considered an organic compound that biosynthesized from a number of living organisms,
such as higher plants, algae, bacteria, fungi, and sea animals (tunicate). The chemical structure of
cellulose (CgH1oOs), represents more than 50% carbon content in it. The chemical structure of
cellulose consists of repeating units of B-1,4-linked anhydro-D-glucose, which are linked together
through oxygen, covalently binds to C1 from one glucose ring to C4 from the adjacent ring (1-4
linkage) and is called a $,1-4 glucosidic bond [1]. The basic structural component of cellulose formed
during biosynthesis is called microfibrils. In fibrils, there are regions with very regular layers
(crystalline cellulose) and random layers (amorphous cellulose). The part of crystal in cellulose is
commonly isolated for various cellulose-based biomaterial applications due to its characteristic
stiffness, low density, flexibility, large aspect ratio, and unique rheology, which is mostly due to the
crystal assembly through hydrogen bonds [2][3][4]. Hydrogen bonds in hydroxyl functional groups on
the surface can interact electrostatically in binding applications related to adhesion between
micro/nanoparticles cellulose and other materials [5], for example, in hybrid composites [6] and paper
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production [7], environment and water-related areas [8] [9], biomedical applications [10] [11], and
energy storage devices [6][12][13] [14].

The structure of cellulose is forming by hydrogen bonds between the network of hydroxyl groups
[15][16]. Structural analysis and functional group characteristics methods are essential for the
development of cellulose applications related to synthetic reaction procedures and cellulose-based
counterfeit products. The cellulose crystal structure is known by X-ray diffraction using a monoclinic
cell unit consisting of two cellulose chains in a parallel orientation and two folding screw axes [17]. In
the cellulose crystal structure, there are four main polymorphs (I, II, IlI, 1VV) with most natural
cellulose being cellulose 1 (cellulose crystals). Cellulose | has two polymorphs, namely Ia (triclinic
structure) and If (monoclinic structure), with different amounts in cellulose depending on the source
of cellulose [18]. Ta structure dominates polymorphs from algae and bacterial, while Ip dominates
polymorphs from higher plants and tunicates. The characteristics of the chemical composition and
functional groups of cellulose can be determined by FTIR spectroscopy, which measures the intensity
and wavelength of absorption of infrared radiation (IR) by samples [19][20]. The typical wavelength
range for applications is 4000-400 cm™, ie the absorption band region with the transition between
vibrational energy state and substrate rotation of molecule. Functional group analysis is divided into
several spectra which indicate the presence of stretching vibrations OH of a-cellulose, lignin,
absorption of water by cellulose, C-O-C stretching of B-1,4-glycosidic bonds and C-H cellulose
vibrations related to B-glycosidic linkage [19] [21-30]. The presence of stretching and vibration in OH
functional groups has the advantage of forming cellulose composites with synthetic polymers and
biopolymers or the formation of cellulose-based hybrid materials [6][31][32]. The ability of OH
groups to form hydrogen bonds has an essential role in the formation of fibrilar and semicrystalline
packaging, which controls the physical features of highly cohesive cellulose material [33].

Cellulose could extract from lignocellulosic biomass such as from wood, plants, bacteria, and algae
using various methods to obtain pure micro- or nano-sized cellulose [34][35][18][36][37].
Lignocellulosic biomass contains cellulose, hemicellulose, and lignin. The appropriate treatment is
needed to remove matrix material (hemicellulose and lignin) and isolate fibers. Extraction methods
include mechanical, chemical, or enzymatic methods that can apply at the preparation and extraction
stages of cellulose crystal structures. The preparation stage generally uses chemical methods such as
alkali and bleaching, which aim to remove lignin, hemicellulose, wax, and oil, which cover the outer
surface of the cell wall of fiber [38]. Crystalline cellulose extraction is doing by breaking the
amorphous phase through chemical, mechanical, or enzymatic methods [39][40][41]. Several studies
have isolated the crystalline phase using acid hydrolysis [24][29][42], mechanical treatment [43], and
enzymatic hydrolysis [2][43] individually or by combining these methods. Acid hydrolysis methods
combined with microfluidization or ultrasound treatments after alkaline pretreatment have commonly
used to obtain micro/nanocrystalline cellulose because of their simplicity and low energy
consumption. In contrast, mechanical methods involve high energy consumption, which can cause
dramatic reductions in yield and length of fibrils if used separately, so they are often combining with
chemical methods or enzymatic methods [44]. The enzymatic method is usually using after partial
hydrolysis with acids or bases before continuing mechanical techniques (e.g., grinding,
microfluidizing, or ultrasonication) [24].

The purpose of this study is to examine the functional group of cellulose from freshwater algae
sources, Cladophora sp., which has extracted using acid hydrolysis and alkali-bleaching pretreatment
methods. Crystal cellulose powder obtained was characterized using FTIR and XRD for a more
detailed investigation of functional groups and their crystallinity. An understanding of the fundamental
properties of these functional groups (hydroxyl groups) is crucial regarding the most reactive hydroxyl
groups so that chemical modification of cellulose can apply for better application.
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2. Materials and methods

Fresh green algae samples, Cladophora sp., were obtained from three places, namely the former rice
fields, trenches, and small ponds for fish. Each sample is called Cladophora sp. Sawah (Cd-S),
Cladophora sp. Trench (Cd-P), and Cladophora sp. Pool (Cd-K). The samples then cleaned of dirt,
plants, and water animals that stick by washing the sample in running water then dried in the sun to
dry.

Materials chemicals such that NaClO, (Pharmaceutical Grade, Merck), NaOH (Pharmaceutical
Grade, Bratachem), HCI (Pharmaceutical Grade, Bratachem), distillate water, and glacial acetic acid
(Merck) used for cellulose synthesis. Algae samples were prepared by washing, drying, and mashing
using a blender and then sieved with a 60 mesh. The extraction process generally develops procedures
[34], namely bleaching-alkali pretreatment and acid hydrolysis. The initial procedure is the treatment
of delignification and purification, then the acid hydrolysis process to obtain cellulose crystals.

The sample bleached with a sodium acetate buffer solution for 3 hours in a water bath (60 °C). The
solid part is separated and washed with DI water to neutral using a centrifuge at 4000 rpm for 10
minutes. After six washing, the solid is mixed with 0.5 M NaOH and heated in a water bath (60 °C)
overnight, then washed with DI water using a centrifuge and dried. After drying, the sample is mixed
with 5% HCI and heated (~ 90 °C) to boiling and then cooled to room temperature overnight. The
sample washed to neutral, dried, mashed, and sieved with a 200 mesh sieve.

Characterization of the samples carried out using FTIR Cary 630 Agilent brand. FTIR is a non-
destructive technique for determining biomass components in the mid-IR spectrum. Samples
characterized by spectra recorded in the range 650-4000 cm™ for 32 scans. FTIR describes the
chemical structure by identifying functional groups in the sample and the intensity of the infrared
absorption band. X-ray diffraction (XRD) measurements performed by XRD type PANanalytical:
X’Pert Pro diffraction analyzer. The diffracted intensity of Cu K-alpha radiation (k = 1.54056 A° ) at
40 kV and 40 mA was measuring in a 20 range of 5°-90°. The Segal crystallinity index (CI)
calculated by using the following equation [24],

Cl = Jme = o 37000 1)

max

where |, is the intensity of the highest peak, I, is the minimum intensity at a 20 close to 18° for
cellulose I. The particle size of cellulose (L) is calculated by the Scherrer equation:

KA
Bcos@

where K is a form correction factor (0,9), A is the wavelength of the radiation (1.541874 A), B is
FWHM from the highest diffraction peak (rad), and 6 is half of the diffraction angle.

)

3. Results and discussion

3.1 Cellulose powder from different material sources

Dissolving cellulose sources in alkalis such as NaOH [45] [46] [47] [48] [49] can produce cellulose
with a percentage of purity depending on the concentration of NaOH given. While the bleaching
treatment with NaClO, ensures complete removal of lignin until the sample is lighter in color. Figure
1 shows three algae samples from Cladophora sp. taken from three different locations before and after
being extracted.

The source of cellulose material has a different color depending on the environment, where Cd-P has a
darker tone compared to Cd-K and Cd-S. This difference has also seen in the cellulose powder
produced. Alkali-bleaching pretreatment and acid hydrolysis treatment have been carrying out on
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algae Cladophora sp., and cellulose powder products obtained. The alkali-bleaching process does not
fully brighten the color of Cd-P powder, which indicates the presence of impurity content in Cd-P
cellulose.

Figure 1. Raw (above) and powder (down) materials for (a) Cd-S, (b) Cd-P, and (c) Cd-K

3.2 FTIR

FTIR characterized powder samples and the spectrum has shown in Figure 2. Analysis of functional
groups and infrared signal spectrum (IR) with the possibility of existing compounds refer to the report
[26] [28] [50][51]. The analysis has performed in two wavenumber regions, namely 3700-2800 cm™
and 1650-600 cm™. In general, the biomass component mostly contains alkene, esters, aromatics,
ketones, and alcohol compounds, where the IR absorbance of the -OH and C-O groups is highest in
cellulose. The C=0 bonding compound is dominant in hemicellulose, while lignin is associated with
skeletal aromatic vibrations found in the fingerprint region (1860-790 cm™) [28].
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Figure 2. The FTIR spectra of celluloses powder from Cladophora sp.
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3.2.1 Range spectra FTIR 3700-2800 cm™

This range spectra is characteristic for stretching vibration of OH and C-H bonds in polysaccharides.
Figure 2 with the peak widened at 3332 cm™ (Cd-S), 3340 cm™ (Cd-P) and 3340 cm™ (Cd-K) related
to stretching vibration of OH groups in polysaccharides, including the vibrations of inter- and intra-
molecular bonds in cellulose from the CH,-OH structure [24][26][50][51]. Shifting and widening
peaks (Cd-P and Cd-S) indicate a weak hydroxyl bond in the OH group in cellulose, making it
possible to modify Cd-P and Cd-S cellulose into biocomposite material. Peaks at 2914 cm™ (Cd-S),
2890 cm™ (Cd-P) and 2892 cm™ (Cd-K) is formed due to vibration stretching and bending C-H on all
hydrocarbons [24] so it cannot be used as a benchmark because all alkanes contain this functional
group (peaks 2920-2800 cm™). The functional groups characteristics in Figure 2, correspond to the
cellulose FTIR results extracted from Cladophora glomerata [24].

3.2.2 Range spectra FTIR 1650-600 cm™

This range of spectra is a typical band for cellulose, generally expressing the existence of bending
bonds CH, and -CH, —OH and C-0O, and vibrations of water molecules. From Figure 2, the peak of
1640 cm™ corresponds to the vibrations of water molecules absorbed by cellulose, and this peak
owned by all cellulose Cladophora sp. The peak of 1543 cm™ in Cd-P cellulose attributed to stretching
C=0 from ketone and carbonyil compounds [28]. This peak is considered a characteristic of lignin
[52]. The range of wavenumber 1520-1400 cm™ shows the widening of the peak in cellulose due to the
functional groups bending CH,, C-H and C-O which attributed to the aromatic skeletal ring [50] [51],
especially for the peak of 1423 cm™ (Cd-S cellulose) associated with bending vibrations of —~CH,
bonds. The spectrum associated with functional group impurity is characterizing by the presence of
such proteins, according to [53] detected in the range 1600-1500 cm™, according to [20] the presence
of impurity functional groups such as lipids, proteins, and nucleid acids are in the range 1800-1050
cm™. The distribution of these peaks is of low intensity, so that Cd-S, Cd-P, and Cd-K cellulose has a
small amount of protein, lipid, and nucleid acid. Figure 2 shows that Cd-K cellulose contains the most
functional group impurity, especially in the range of 1520-1200 cm™. Impurity with low absorption
intensity has also seen in Cd-S, and Cd-P cellulose, which means that lipid, protein, and nucleid acid
content is also present in these celluloses in small amounts. The peak at 1423 cm™ is also associated
with the amorph [51] of the cellulose crystal structure, which indicates that the amorph region cannot
be removed entirely by the alkaline-acid hydrolysis process. The absorption band at 1600-1500 cm™
according to [26] shows the presence of lignin, where in Cd-P cellulose there is an absorption peak
(1513 cm™) which indicates the presence of lignin despite the alkaline treatment. This is also shown by
the color of Cd-P powder which is not completely bright compared to Cd-S and Cd-K.

The wavenumber range 1300-1200 cm™ in Cd-K is associated with the impurity of functional groups
(nucleid acid) [20] by stretching C-O-C from aryl-alkyl ether compounds [26]. Range wavenumber
1110-900 cm™ shows OH functional groups associated with C-OH and C-H bending from aromatic
hydrogen compounds. These peaks overlap with the lignin component [26], so that in Cd-S and Cd-P
are estimated that the delignification process with the alkaline treatment has partially removed the
lignin. The spectrum associated with functional group impurity has also detected in the range of
intensity of wavenumber 1110-1050 cm™ [20] with lipid, protein, and nucleid content. The intensity of
IR absorption at the peak of 790-690 cm™ indicates the stretching of C-C and stretching C-H from
aromatic hydrogen compounds. The peak of 790 cm™, 775 cm™, 782 cm™ according to [51] is an
amorphic structure in Cd-S, Cd-P, and Cd-K cellulose.

Characteristics of FTIR absorption bands for algae Cladophora sp. have been summarized in Table 1,
showing the suitability of the results with some previous studies [24][54].
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Table 1. Spectra characteristics of FTIR Cladophora sp. cellulose, Commercial microcrystalline
cellulose (CMCC) and data reported

Wavenumber (cm™)
Cd-S Cd-P Cd-K CMcCc(l)” (1) 2)

Assignment

*

-OH groups stretching

vibration 3332 3340 3340 3347 3420 3340
C-H stretching vibration 2914 2899 2892 2895 2897 2900
H,O absorbed 1640 1640 1640 1633 1632 -
CH, bending vibration 1423 1423 1423 1428 1430 1429
C-0-C glycosidic band 1028 1028 1028 1162 1164 1060
stretching vibration
C-H rock vibration 909 - 998 897 898 893
(1) - [54]
(2) :[24]

3.3 XRD

An X-ray diffractometer has used to analyze the crystallinity of cellulose powder. The cellulose
powders from Cd-S, Cd-P, and Cd-K were analyzed and shown in Figure 3. The spectrum produced
by the XRD diffraction analyzer uses a step size 0.017, X-rays radiation source: Cu-Ka with a
wavelength of 1.541874 A.
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Figure 3. XRD patterns of cellulose at ambient temperature for
Cd-K, Cd-P and Cd-S. Wavelength = 1.541874 A

Figure 3 shows that all powder samples have revealed the peaks of diffraction at certain 20. This
indicated that powder samples prepared by hydrolysis have contained crystal besides amorphous
phases. All patterns had peaks at 22.86° as the indication of cellulose phase eventhough the highest
peak occurred only Cd-K. Generally all samples indicate high crystallinity as shown the peaks 14.7,
16.79, and 22.86°. The peaks observed at 20 = 20.1° (Cd-K) and 22° (Cd-P and Cd-S) showed
allomorphic coexistence of cellulose I and cellulose 11 [52]. A possible explanation is related to the re-
precipitation of cellulose after acid hydrolysis treatment, where a hydrochloric acid solution might be
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a solvent for cellulose. The crystallinity index was calculated based on equation (1) and particle size of
cellulose was counted by equation (2) and the results are presented in Table 2.

Table 2. The particle size and crystalinity of Cladophora sp.

CMC/CNC sources FWHM (°) Partl(ﬁ(reTI])sue Crystallinity (%)
Cd-K 0.831 9.5 934
Cd-S 0.317 25.23 63.04
Cd-P 0.164 49.57 66.6

As comparison, the particle size of Cd-K of 9.5 nm is very close to Xiang, et al [24] that cellulose
produced from Cladophora glomerata algae. Based on particle size of nanomaterial (1-100 nm), the
cellulose of this research has the particle size relatively low. It indicates that a procedure series in
preparing cellulose powder is match to the expectation.

4. Conclusions

Cellulose Crystalline Cladophora sp. (CCC) was successfully isolated from the freshwater algae
Cladophora sp., which was taken from three different locations. The results of the FTIR analysis
confirmed that the chemical structure of the cellulose fragments was affected by alkaline treatment and
acid hydrolysis. This influence is seen in the peaks of infrared absorption, which are assumed to be a
component of lignin; the intensity decreases. Analysis of the XRD pattern of CCC showed that CD-K
cellulose has a very crystalline structure with a particle size of 9.5 nm, better than Cd-P and Cd-S.
Based on these results, it can be concluded that the CCC production from Cladophora sp. using
alkaline treatments and acid hydrolysis is enough to get samples with high crystallinity. The CCC
product has the potential to be an excellent reinforcing material for biomaterial-based polymer
materials.
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