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Abstract

In this research, we developed an efficient method for the fabrication of amorphous cellulose-
graphene oxide composite. Amorphous cellulose (AC) and amorphous cellulose-graphene oxide (ACGO)
beads were fabricated via H,SO,4 gelatinization using eucalyptus paper as a raw material. The cellulose gel
was droplet-extruded into deionized (DI) water and transformed to a solid bead via the water-regeneration
process. Small AC and ACGO quasi-sphere beads with diameter of 2 mm were obtained. The
semicrystalline eucalyptus cellulose was transformed into amorphous cellulose after the regeneration
process. The entrapment of graphene oxide (GO) by the amorphous cellulose was confirmed by scanning
electron microscopy (SEM), fourier-transform infrared (FTIR) and raman spectroscopies (Raman). The
gelatinization and regeneration processes offered a simple and efficient methodology for AC and ACGO
bead fabrication.

Keywords: Cellulose dissolution, Amorphous cellulose, Cellulose gel, Cellulose-graphene oxide bead,
Cellulose-graphene oxide composite

Introduction

Cellulose is an abundant natural material and a promising emerging “green material” because of its
biocompatibility, biodegradability, and renewability [1-3]. Due to its unique properties, it is now considered
as a viable component in various industries such as food packaging [4,5], pickering emulsifier [6],
biodegradable film production [7,8], water purification [9,10], energy [11,12], security paper [13,14], and
healthcare [15-17]. Its diverse applications increase future demand of cellulose market with a projected
value of USD 783 million by 2025 [18].

Cellulose derivatives are categorized into various types such as cellulose nanofiber (CNF),
nanocrystalline cellulose (CNC), cellulose acetate, bacteria cellulose (BC), amorphous cellulose (AC), and
microcrystalline cellulose (MC) [2,19-21]. The derivatives are mainly produced from wood, cotton,
pineapple leaf, abaca, sisal, flax, hemp and jute [22]. Wood is the most commercialized source of cellulose
[23]. Among the woody plants, eucalyptus is an attractive material for cellulose production since it
contained high portion of cellulose (up to 85.3 %) with low levels of hemicellulose and lignin [24]. For
various cellulose derivatives, cellulose nanofibers, nanocrystalline cellulose, amorphous cellulose are the
most common [9,10]. Interestingly, reports on AC composites are scarce despite its potential applications
in many industries. AC synthesis could reach up to 97 % yield compared to ~20 % of CNC while consuming
less energy and chemicals [25,26]. AC synthesis is relatively simpler and more efficient than those of CNC
and CNF [7,25]. AC is utilized as film [7], aerogel [25], and pellet [27]. In addition, the enhancement of
AC properties by combining with other materials could diversify its usages.

Graphene oxide (GO) is a derivative of graphene with numerous functional groups such as epoxide,
hydroxyl, and carboxyl on its surfaces and edges [28,29]. GO has unusual beneficial properties such as
surface area (~2,630 m?/g), mechanical flexibility, charge carrier mobility, hydrophilicity and dispersibility
[9,30]. These unique properties make it an ideal additive for advanced composite materials.

Currently there are various cellulose-GO composites such as fiber [31], film [18,32], monolith [9],
aerogel [33], layered membrane [34] and bead [10,35]. Among various composite forms, cellulose-GO
bead composites are popularly employed in water purification, chromatography, and manufacturing
industries [2]. The existing AC and amorphous cellulose-graphene oxide (ACGO) beads fabrication
techniques are complicated, time and energy consuming. Thus, in this research we propose an efficient
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methodology for AC and ACGO beads fabrication using less chemical under simple 2-step approach and
we prepared AC and ACGO beads from H>SOs-gelatinized eucalyptus paper.

Materials and methods

Materials

Eucalyptus paper was purchased from phoenix pulp and paper PCL (Thailand). Analytical reagent
grade of 97 wt% H,SO4 was purchased from Sigma-Aldrich and no purification was performed before
usage. GO was synthesized via a modified Hummers method over oxidizing graphite with H,SO4 acid and
KMnOys oxidizing agent, as previously reported by Phrompet et al. [36]. GO suspension in water with a
concentration of 5 mg/mL was prepared. Water was further evaporated to obtained 10 wt% GO in water.

Preparation of AC and ACGO gels

Two sets of sulfuric acid solutions including 40 wt% H>SO4 (RT) and 65 wt% H>SO4 (pre-cooled to
—20 °C) were employed for the preparation of AC and ACGO gel. Briefly, 1 g of eucalyptus paper was
placed in a 25 mL beaker, then 4 mL of 40 wt% H,SO4 was poured into the beaker. The paper was
immediately broken down into suspended fibers by a stirring rod. The process took approximately 1 min.
Subsequently, 65 wt% H,SO4 was gradually added while mixing the suspension with a glass rod until the
transparent cellulose gel was obtained. The H,SO4 gelatinization was performed in an ice bath. The process
took approximately 6 min. A total of 4 mL of cold 65 wt% H>SO4 was employed for making the cellulose
gel. To make a cellulose gel with graphene oxide, 2 mL of 10% GO in water was added into the gel and
thoroughly mixed by a stirring rod for 1 min. Finally, 2 types of cellulose gel were obtained: Cellulose gel
in cold sulfuric acid (AC gel), Figure 1A, and cellulose-GO gel in cold sulfuric acid (ACGO gel), Figure
1B.

Preparation of AC and ACGO beads

The ACGO gel was loaded into a 22-gauge syringe and droplet-extruded into a beaker containing 500
mL of deionized (DI) water. A white cellulose bead (AC bead) was immediately formed, as shown in
Figure 1A. When the ACGO gel was droplet-extruded into DI water, an ACGO bead was generated as
shown in Figure 1B. Finally, the beads were dialyzed against 1000 mL of DI water. DI water was replaced
every 24 h until the pH reached that of DI water (pH = 5).

A: Fabrication process for making AC beads

i) Add 40% H,50, Dialyze against
ii) Grmd Add 65% H,S0, (zo °C) Extrude via syrmge DI water @

Eucalyptus Eucalyptus fiber Cellulose gel AC beads AC beads
paper in H;50, in water

B: Fabrication process for making ACGO beads
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n) Grind ( -20°C) Add GO swmge oS D' water . 000000 3
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Figure 1 Fabrication process for making A) AC, and B) ACGO beads.
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Characterization

The AC and ACGO beads were fixed onto a glass slide and then photographed. Size distribution of
200 beads were analyzed by Image J software (Image J bundled with Java 1.8.0 172, Bethesda, Maryland,
USA). AC and ACGO beads were dried with vacuum drying prior to be analyzed by FTIR, Raman, TGA,
XRD and SEM techniques. FTIR spectra were measured on a Nicolet iS5 FTIR spectrometer with iD7 ATR
accessory (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) in the range of 400 - 4000 cm’!
by averaging 32 co-addition scans at a resolution of 4 cm*!. Raman spectra were recorded from 300 to 3000
cm™! using a Raman microscope (Thermo Scientific DXR3 Raman microscope, Thermo Fisher Scientific
Inc., Waltham, Massachusetts, USA) with a 532 nm excitation laser via a 100x objective lens. Thermal
gravimetric analysis (TGA) was conducted by a thermogravimetric analyzer (PYRIS-1 TGA, Shelton,
USA) in nitrogen atmosphere. The temperature program was 30 - 700 °C with 20 °C /min heating rate. X-
ray diffraction (XRD) patterns were acquired using an X-Ray diffractometer (Bruker AXS Model D8
Discover, Billerica, Massachusetts, USA) operated at 40 kV and 40 mA with Cu K. radiation. The
diffraction angle was in range of 1 to 80 ° with a scanning speed of 2.5 °/min. The morphologies of
eucalyptus paper, AC and ACGO bead were observed by a scanning electron microscope (JEOL - Model
JSM-6510LV Series, Tokyo, Japan) with an accelerating voltage of 15 KV under high vacuum mode.

Results and discussion

The structural transformation of eucalyptus cellulose to AC and ACGO beads was shown in Figures
2A and 2B, respectively. The cellulose chain is a polymer of f-D-glucopyranose unit connected via -1,4
glycosidic bond. The cellulose chains assemble under a strong inter- and intra-molecular H-bonds into
highly stable cellulose fiber with alternate crystalline and amorphous region [1,37].

The gelatinization and regeneration processes were employed for fabrication of AC and ACGO beads
from non-soluble cellulose fibers. In detail, the 40 wt% H>SO4 aqueous solution unpacked the cellulose
fibers into a small fragment making them easily gelled by the cold H>SOs, Figure 1. The addition of cold
65 wt% H>SO4 aqueous solution solvated and subsequently transformed the separated cellulose fibers to
transparent viscose gel. A similar observation was reported by Huang et al. [7]. During the gelatinization
process, 2 main reactions, H-bond breaking and esterification, occurred [7,27,38,39]. The H.SO4 disrupted
the inter- and intra-molecular H-bonds making the cellulose chain separated. The 65 wt% H,SO4 aqueous
solution pre-cooled to —20 °C was unable to break the -1,4 glycosidic bonds because the cold temperature
prevented the hydrolysis process [7,25]. After H-bonds were broken, the flexible cellulose chains could
wrap around the GO plates. The OH groups on the cellulose chains could form H-bonding with the
hydrophilic groups on the surface of GO sheet [34]. In the regeneration process, by droplet-extruded the
gel into water, H,SO4 molecules were abstracted out of the gel. The re-formed H-bonding between cellulose
chains turns the gel droplets into solid cellulose beads (Figure 2A), the cellulose gel with GO forms into
ACGO beads as GO was trapped within the solid gel between the solidified cellulose chain (Figure 2B) as
confirmed by the FTIR and Raman spectra.

The developed AC and ACGO bead fabrication technique was beneficial for making cellulose
composite due to 3 main reasons. Firstly, the current methodology consumed less resources, energy, and
time compared to the previously published methods [25,40]. Additionally, some solvent systems previously
reported such as EMIMAc/DMSO [41], NMMO [42] and LiCl/DMAc systems [43] required high
temperature for dissolution. Secondly, the H>SO4 acted as direct dissolution solvent for eucalyptus paper
while NaOH/urea systems required partial hydrolysis of the material prior to dissolution process [23,37].
The dispersion of cellulose paper into small fragments (by an addition of 40 wt% H2SO4 aqueous solution)
increased the gelatinization efficiency of the eucalyptus fiber by cold 65 wt% H>SO4 as shown in Figure
1. Thirdly, the cleaning process by dialysis of the beads was simpler compared to other systems such as
NaOH/urea method [23,37]. Therefore, the main contribution to lower production cost in this study is due
to the type of solvent used and the methodology of using 2 sets of sulfuric acid as solvent.
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Figure 2 Schematic drawings show structural transformation of cellulose fiber in eucalyptus paper to A)
AC, and B) ACGO beads.

The AC and ACGO beads were both quasi-sphere with AC beads having white (Figure 3A) while
ACGO beads having light-brown colors (Figure 3B). The light-brown color of ACGO beads was due to
the embedded GO in the regenerated amorphous cellulose. The histograms in Figure 3 indicated that the

AC beads had mean diameter (dac) of 2.11 £ 0.13 mm while that of ACGO beads (dacco) were 2.14 +0.12
mm.
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Figure 3 Photographic images of A) AC, and B) ACGO beads and their corresponding histograms.

Cellulose I and II were the most common celluloses in which cellulose I was in the native form while
the cellulose 1T was in the swollen form after treatment of cellulose I [44]. The FTIR spectra of eucalyptus
paper, AC, and ACGO beads were shown in Figure 4A. There was no new peak appeared after the
eucalyptus paper was gelatinized and regenerated into AC and ACGO beads. However, there were 3
remarkable peak shifts confirming that cellulose I was successfully transformed to cellulose II after
regeneration process. Firstly, the peaks at 3318 and 3314 cm™ (OH stretching of intra-molecular H-bonding
at O(3)H---O(5) in cellulose 1) of eucalyptus paper shifted to 3327 cm™' (OH stretching of intra-molecular
H-bonding at O(3)H---O(5) of cellulose II). The OH stretching region became broader after the regeneration
process. Secondly, the peak at 1430 cm™ (CH scissoring mode of C(6) in cellulose 1) of eucalyptus paper
decreased in intensity and shifted to 1424 cm! (CH; scissoring mode of C(6) in cellulose II). This shift
indicated the disappearance of crystalline structure of cellulose I as its transformed to the amorphous
structure of cellulose II. Lastly, the peak intensity at 899 cm™ (C-O-C stretching symmetric of glycosidic
linkage of cellulose II) increased. These spectroscopic changes, which directly associated with molecular
structures, confirmed that the inter- and intra-molecular H-bonds in cellulose I structure had disappeared
and new arrangement of disordered H-bonding in cellulose II had formed [7,37,45,46]. Although FTIR
spectra did not show characteristic peaks of GO in ACGO bead but Raman spectra clearly revealed
characteristic peaks of GO (Figure 4B). Two strong peaks at 1350 and 1590 cm™! of the ACGO curve were
assigned as D and G bands, respectively [47]. The intensity ratio (Ip/Ig) of 1.3 indicated abundance of
oxygen-containing functional groups on GO which promoting its interaction with OH groups in amorphous
cellulose (as depicted in Figure 2B). The observed spectroscopic information confirmed that GO was
successfully embedded in amorphous cellulose structure.
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Figure 4 A) FTIR and B) Raman spectra of eucalyptus paper, GO, AC and ACGO beads.

The thermal activities of eucalyptus paper, AC and ACGO beads were studied by thermal gravimetric
analysis (TGA, Figure 5A) and derivative weight loss analysis (DTG, Figure 5B). All samples showed
small weight loss below 100 °C due to evaporation of water [48]. At 200 to 400 °C, the decomposition of
all samples was attributed to the depolymerization and decomposition of cellulose [49]. The thermal
degradation of eucalyptus paper started at the onset temperature (Tonset) of 300 °C and reached peak
temperature (Tpeak) at 380 °C. Both the AC and ACGO beads were less thermally stable than the eucalyptus
paper with an approximate Tonset 0f 200 °C since they had higher portion of amorphous cellulose [48]. In
addition, the small peak at 500 °C was attributed to trace lignin decomposition [50]. A 20 % char yield of
ACGO beads at 700 °C was attributed to the residual GO as it decomposes at a higher temperature (~850
°C) [33].

100 Eucalyptus paper
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80 —— ACGO Bead -
o
S 60 2
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L > L
= 40 £ LB —— AC Bead
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Figure 5 (A) TGA and (B) DTG curves of eucalyptus paper, AC and ACGO beads.

XRD patterns of eucalyptus paper, AC, and ACGO beads were shown in Figure 6. The patterns
confirmed the transformation of cellulose I to cellulose II up on gelatinization and subsequent regeneration
of the semicrystalline eucalyptus paper. The XRD pattern of eucalyptus paper showed typical diffraction
peaks at 17.1 and 22.7 © corresponding to cellulose I [51-53]. The crystallinity index (CI) of 83 %, calculated
from the XRD pattern in Figure 6 using Segal formular [53], suggested that the employed eucalyptus fiber
was a semicrystalline cellulose with high portion of cellulose I.

XRD patterns of AC and ACGO beads in Figure 6, however, did not show any diffraction signature
of semicrystalline cellulose at 17.1 or 22.7 °. The XRD patterns of AC and ACGO bead, on the other hand,
showed a single broad peak at 21.9 °, attributing to cellulose II or amorphous cellulose [7]. Our observation
is similar to those report by Park et al. [54]. The CI% of AC and ACGO bead could not be calculated due
to a completed transformation of semicrystalline cellulose to amorphous cellulose under the gelatinization
and regeneration process.



Trends Sci. 2023; 20(8): 5496 7 of 10

_//\ ACGO bead
A AC bead

Intensity (a.u.)

Eucalyptus paper

J,am ’200

10 20 30 40 50 60
20(7)

Figure 6 XRD patterns for eucalyptus paper, AC and ACGO beads.

SEM images of eucalyptus paper, AC and ACGO beads were shown in Figure 7. Figure 7A
illustrated that the eucalyptus paper consisted of fibers with diameters of 10 - 15 um. The SEM image of
AC beads (after drying, Figure 7B) revealed a rough surface while that of ACGO beads revealed a smoother
surface (Figure 7C). The interaction of the added GO with the OH groups in amorphous cellulose may
result in a smoother surface of ACGO beads as the surface of GO is abundant in hydrophilic groups [36,
51,52,55]. ACGO composites were applicable in products such as adsorbent [33,34], film [7], and bead
[40]. It indicates that ACGO composites have potential to be in industries such as films and water treatment.

Figure 7 SEM images of A) eucalyptus paper, B) AC, and C) ACGO beads.

Conclusions

A simple and effective methodology for fabricating uniform AC and ACGO beads was successfully
developed. The average sizes of AC and ACGO beads had average diameter of 2.11 £ 0.13 and 2.14 £0.12
mm, respectively. The structural change of semicrystalline eucalyptus fiber after gelatinization and
subsequent regeneration were investigated using molecular, thermal, and structural characterization
techniques. FTIR spectra and XRD patterns confirmed the transformation of cellulose I to cellulose II.
Raman spectra confirmed the embedding of GO within amorphous cellulose chains in ACGO beads. The
SEM images revealed a smoother surface of ACGO beads compared to that of the AC beads because of the
added GO. The hydrophilic groups on the surface of the GO could efficiently interact with the hydroxyl
groups of amorphous cellulose.
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