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Abstract. One of the largest biomass wastes in Indonesia is oil palm empty fruit bunch (OPEFB),
which produces thousands of tons of waste in a year. The value of biomass can be upgraded to
nanocellulose-based adsorbents. Cellulose is extracted through three processes: delignification,
bleaching, and hydrolysis. In this study, nanocellulose was oxidated with TEMPO (2,2,6-
tetramethylpiperidine-1-oxyl radical)/NaClO/NaBr at pH 10 in a temperature room. The influence
of oxidizer (NaClO 2, 4, 6, 8, and 10 mmol/gram) and catalysator (NaBr 25, 50, 100, 150, 200
mg/gram) in the formation of carboxylate groups and reaction time was studied. After the
pretreatment process, cellulose content in the final product reached 61.8% with a crystallinity index
of 58%. With lengths ranging from 127.4 nm to 512 nm and a diameter of less than 20 nm,
nanocellulose is classified as cellulose nanofiber. Conductometry titration is used to find the
carboxylate group formed on the nanocellulose surface. The highest carboxylate groups were
found in 1,600 mmol/gram by adding 20 mmol/gram NaClO. As the addition of oxidants,
degradation of nanocellulose occurred, which was indicated by a decrease in nanocellulose weight
and shifting of function groups. All the reaction processes happened below 25 minutes, increasing
the reaction rate by adding more than 50 mg/gram NaBr.

Keywords: Carboxylation, Cellulose Nanofiber, Oil Palm Empty Fruit Bunch, Oxidation, TEMPO
INTRODUCTION bunches (OPEFB) as solid waste.
Approximately 15,409,277 tons of OPEFB

Cellulose has been classified as a were produced from palm oil plantations

biomaterial discovered in various sources,
including rice husks, algae, wood, and oil
palm empty fruit bunches (OPEFB). It has
emerged as the most commonly utilized
component of lignocellulosic  biomass
(Hidayatulloh et al, 2021). Indonesia ranks
among the world's major palm oil producers,
owning an abundance of oil palm empty fruit

(Badan Pengelola Dana Perkebunan Kelapa
Sawit, 2023). This solid waste from oil
production contains cellulose, hemicellulose,
and lignocellulose, which can be optimized to
create higher-value products. The percentage
of cellulose from OPEFB is around 23.7-65.0%
(Yiin et al., 2019).

Nanocellulose can be isolated through a
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different process. The process itself affects
the type of nanocellulose and categorizes it
into three forms: crystalline nanocellulose
(CNCs), cellulose nanofibers (CNF), and
bacterial cellulose (BC). These three types of
nanocellulose  have  similar  chemical
compositions  but  differ in  other
characteristics, such as morphological
structure, particle size, crystallinity, and other
properties. Nanocellulose properties depend
on the biomass type (Zinge and
Kandasubramanian, 2020). From these three
types of nanocellulose, cellulose nanofiber is
one of the most desired products in some
research areas (Xu et al., 2021). It has a small
heat expansion coefficient, a favorable
length-to-diameter ratio, and a large surface
area. Cellulose nanofiber can be extracted
from biomass through acid hydrolysis and
delignification.

The hydroxide group in nanocellulose
surfaces provides a negative charge and is
bonded with  wastewater ions and
pharmaceutical waste during adsorption
(Zinge and Kandasubramanian, 2020). In the
advanced process of upgrading adsorbent
capacities, the hydroxy group can be
functionalized to other functional groups
with higher bonding capabilities, such as
carboxylate groups. Also, it can be
transformed into a cation or anion,
depending on the type of contaminants.
From this sensible characteristic,
nanocellulose is classified as a promising
wastewater remediation adsorbent. The
adsorption reaction contains various steps
depending on the interaction between
adsorbates and adsorbents. Some
interactions occurred as physisorption, like
van der Waals forces, chemisorption, and
electrostatic  adsorption  through  m-m
bonding (Liu et al, 2016).

Functionalization in nanocellulose

surface depends on the process takes. Each
process introduced different function groups
and affected nanocellulose surface charge. It
can be a negative or positive charge. The
functionalization process is achieved by
carboxymethylation, oxidation,
phosphorylation, and sulfonation in the
nanocellulose process. If the product needs
high hydrophobicity, it can be processed
through  acetylation, amidation, and
etherification (Bagheri and Julkapli, 2018;
Thomas et al, 2018). One of the simple
methods to functionalize nanocellulose is
chemical pretreatment. Pretreatment using
sulfonate acid will introduce sulfonate group
(SO4%) and hydroxyl (-OH) groups (Singla et
al, 2019; Thomas et al, 2018).
Functionalization in nanocellulose is needed
to aim for higher adsorbent capacity and
produce hydrophobicity of nanocellulose
surface to bond better with different solvents.
Besides, functionalizing nanocellulose
surfaces can enhance biocompatibility with
contaminants and wastewater (Eyley and
Thielemans, 2014).

Carboxylation is generally used to
functionalize nanocellulose surfaces to attain
carboxylate groups. One common substances
the  oxidation  process is  2,2,6,6-
tetramethylpiperidine-1-oxyl radical (TEMPO)
(Isogai et al, 2011). The oxidation process
only takes on primary hydroxyl groups, while
the secondary hydroxyl groups are
unaffected (de Nooy et al, 1994). It
functionalizes Ce alcoholic (-OH) groups in
nanocellulose surfaces and converts them to
carboxylic acid (-COOH) groups. Oxidation
occurs when TEMPO forms nitroxyl radicals
caused by a radical reaction with an oxidizer.
The nitroxyl radicals will attack hydroxyl
groups and turn into carboxylate groups
through  aldehydes as intermediates
(lwamoto et al, 2011; Xhanari et al, 2011).
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Aldehyde groups formed during the
oxidation reaction did not significantly alter
the conditions, as it was rapidly converted (de
Nooy et al, 1995; Goldstein and Samuni,
2007). The formation of carboxylate groups
during the process could influence the
reaction conditions.

TEMPO oxidation occurs rapidly at room
temperature, pH 10, and below aqueous
conditions. Types of oxidizing agents and
catalysts influence the reaction time and
amount of carboxylate groups formed.
Different combinations of oxidizers and
catalysts have been studied. One of the
common combinations is
NaClO/NaBr/TEMPO. The NaClO (oxidizer)
concentration variation will affect the
carboxylated groups created in nanocellulose
materials. The reaction time will affected by
NaBr (catalyst) amount.

Several researchers have examined
nanocellulose oxidation using bleached
wood pulp (Thi Thanh Hop et al, 2022),
narrow-leaf cattail (Adawiyah et al, 2022),
hardwood (Levani¢ et al,, 2020), and oil palm
empty fruit bunch (OPEFB) (Hastuti et al,
2019). Research on cellulose oxidation from
OPEFB has been conducted by varying the
oxidizer NaClO (Hastuti et al, 2019) and
oxidizer NaClO2 (Indarti et al, 2015). In
addition, experiments have also been
conducted on the variation of time in the
number of carboxylate groups formed
(Martinez-Ramirez et al, 2023).
Nanocellulose from oxidized OPEFB has also
been used for reinforcement in paper making
and on alginate membranes for the water-
ethanol separation process (Hastuti et al,
2022). In the experiment on nanocellulose
oxidation from OPEFB, no one has studied the
addition of a catalyst (NaBr) to the rate of
nanocellulose oxidation reaction, which will
be explored in this study.

In this article, nanocellulose will be
obtained from OPEFB through lignification
and acid hydrolysis. The resulting
nanocellulose will be characterized using TEM
(Transmission Electron and Microscopy), PSA
(Particle Size Analysis), and XRD (X-ray
Diffraction). These

techniques will provide valuable insights into

characterization

the structure, morphology, and properties of
the  nanocellulose. The study also
investigated the influence of NaClO and NaBr
combination in the formation of carboxylate
groups and reaction time. The amount of
carboxylate groups is found through
conductometric titration.

MATERIALS AND METHODS

Materials

Oil palm empty fruit bunch (OPEFB) was
purchased from PT. Teknologi Jaya Perkasa in
Indonesia. Sodium hydroxide (NaOH) pellets
98%, hydrogen peroxide (H202) 30%, sulfuric
acid (H2SO4) 98%, hydrochloric acid (HCI)
37%, sodium hypochlorite (NaClO) 5%,
sodium bromide (NaBr) 99.99%, kalium
bromide (KBr) all were purchased from Merck
2,2,6,6-tetramethyl-
piperidine-1-oxyl (TEMPO) was purchased
from Sigma Aldrich (USA).

(Indonesia), and

Methods
Preliminary Process
Nanocellulose extraction
Pretreatment, which involved
delignification and bleaching, was carried out
before the acid hydrolysis process. The
delignification process began by adding 10 g
of OPEFB to a 17.5% NaOH solution and
heating it at 90-95°C for 2 hours
(Hidayatulloh et al, 2022). This process
separates lignocellulose from cellulose in the
oil palm empty fruit bunch. The next step
involved neutralizing the empty fruit bunch
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with aquadest until it reached a pH of 7.
Subsequently, the bleaching process was
conducted by adding 10 gram delignified
OPEFB using a 10% H20:2 solution for 2 hours
at 80-90°C (Dewanti, 2018; Pranolo et al,
2023) The neutralization process is required
before the acid hydrolysis process to obtain
nanocellulose. Acid hydrolysis was conducted
by adding 10 gram bleached OPEFB using
40% H2SOs4 for 1.5 hours at 50°C, with
continuous stirring at 200 rpm (Husin, 2020;
Soetaredjo et al, 2022). Once the
nanocellulose had been neutralized, it was
then dried for 12 hours at 60°C.

Proximate analysis and Van Soest method

Proximate analysis and the Van Soest
method were used to determine the lignin,
hemicellulose, and cellulose. Two grams of
OPEFB, D-OPEFB, B-OPEFB, and CNF were
soaked in natural detergent fiber to remove
other components besides lignin,
hemicellulose, and cellulose. The substrate
was then mixed with acid detergent fiber to
remove hemicellulose and 72% sulfuric acid
to remove cellulose. Lignin is the remaining
component in this method. Water content
was calculated by drying the substrate at
60°C. Ash content was estimated by taking
the substrate to a furnace at 550°C.

Primary Process
Nanocellulose functionalization

One gram of nanocellulose was added to
a 100 mL solution containing water, 32
mg/gram nanocellulose TEMPO, and NaBr
(25-200  mg/gram  nanocellulose). The
suspension was mixed using a magnetic
stirrer at 200 rpm. Sodium hypochlorite was
subsequently added to the system in varying
amounts of 4 - 20 mmol/gram nanocellulose
to observe the effect of the oxidant on the
final result of carboxylate groups (de Nooy et

al., 1994; Habibi et al., 2006). The process was
maintained at pH 10 by continuously
monitoring the pH with a pH meter and
adding 0.1 M NaOH as needed. The
consumption of NaOH during the oxidation
process was recorded. The reaction stopped
30 minutes after the pH did not change by
adding 2 mL of methanol.

Reaction Result Analysis
Nanocellulose characterization
Transmission electron and microscopy
Transmission Electron and Microscopy
(TEM) from JEOL JEM-1400 was used for the
CNF characterization. TEM analysis helps to
characterize nanocellulose in terms of exact
morphology. The obtained CNF solution was
diluted to 2 mg/mL before being injected into
a copper grid. The electron beam was set at
120 kV.

Particle size analyzer

Particle Size Analyzer (PSA) from
Microtrac Nanotrac Wave Il was used to
observe the nanocellulose size. The wet
method was used as a particle size analyzer
for cellulose. Cellulose nanofiber 0.03 gram
was diluted in 10 mL water before being
injected into PSA. The cellulose particle
passed through a 6540-0.950 nm tube to
calculate the particle size distribution.

X-ray diffraction

The crystallinity of nanocellulose was
characterized using X-ray diffraction from
Rigaku MiniFlex 600. X-ray diffraction
operated at 40 kV and 40 mA radiation. X-ray
diffractograms were scanned from 0 to 80 at
a rate of 2 s/step with 0.02 step size.
Crystallinity index (Crl) values were calculated
from diffraction intensity data via the
empirical method using Eq. (1) (Segal et al,
1959).
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Crl (%) = 244 % 100% 1)
002

where loo2 shows the maximum intensity of
the reflection peak at 26 = 15°, and lawm is the
minimum value representing the amorphous
reflection intensity at 26 = 45°.

Carboxylate analysis

The carboxyl groups in the nanocellulose
surface were determined using a conductivity
meter from LUTRON WAC-2019SD. Oxidized
CNF 0.2 gram was diluted in 55 mL aquadest
and 5 mL 0.01 M NacCl. Hydrochloride acid
(HCl) 0.1 M was added to the solution until
pH 3. Natrium hydroxide (NaOH) 0.01 M was
added dropwise 0.1 mL/minute until pH 10.

FT-IR analysis

IR Spirit-Shimadzu was used to analyze
the group content in the final nanocellulose
product. Sample CNF was crushed and mixed
well with KBr, then pressed into small pellets
due to analysis. FTIR analysis was running in
a wave range of 4000-400 cm™.

Oxidation Rate
Reaction rate coefficient was derived
from Egs. (2) and (3).

— 2 = k([0H™] - [COOH]) ()

In([0H,] — [COOH],) = —kt + In[OH4]  (3)

where [0OH™,] is represents the initial
concentration of hydroxyl functional groups
on nanocellulose and [COOH]; represents the
concentration of carboxyl functional groups
at t, t is oxidation time, and k is reaction rate
coefficient. The concentration of the hydroxy
group was determined by calculating
anhydroglucose (AGU) groups in
nanocellulose. One gram of nanocellulose
contains 6.17 mmol AGU. Due to the glucose

molecule form, about 50% of the hydroxy

group can be oxidized (3.085 mmol hydroxy

groups/gram) (Fraschini et al., 2017).
Conductometry curves are shown in

Figure 1.
A

Canductametry, mSfem
Y

Weak acid

Y Y
Vo 1
Volumme NaOH, mL
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Fig. 1: Conductometry curves

Carboxylate groups calculated using Eq.
(4) (Fraschini et al,, 2017).

[COOH] — (Vl_VO)XCNaOH (4)

MceNF

where Vo and V1 show the volume of NaOH
shown in Figure 1, CnaoH represents the
concentration of NaOH (0.01 M), and mcnr
indicates the mass of CNF (0.2 gram).

RESULTS AND DISCUSSION

Nanocellulose was successfully produced
from oil palm empty fruit bunch (OPEFB)
through chemical treatment (delignification,
bleaching, and acid hydrolysis). During the
delignification process, using NaOH solution,
the color changed from deep brown to bright
yellow. This color indicates the disintegration
of the amorphous structure in OPEFB caused
by the loss of lignin and hemicellulose, called
the defibrillation process (Neenu et al., 2022).
Lignin is black, so when lignin is dissolved in
NaOH solution, the OPEFB color gets lighter.
After the delignification process, hydrogen
peroxide (H202) is used as a bleaching agent
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to dissolve lignin and hemicellulose that
remains in OPEFB after delignification.

Table 1 shows the percentage of lignin,
hemicellulose, and cellulose in every step of
the chemical treatment process of OPEFB. The
delignification process can remove lignin and
hemicellulose more than the bleaching
process. In delignified oil palm empty fruit
bunch (D-OPEFB), lignin has decreased by
744% and
Meanwhile, in the bleached oil palm empty
fruit  bunch  (B-OPEFB), lignin  and
hemicellulose decrease by 1.44% and 1.33%.

hemicellulose by 3.67%.

Despite bleaching having a negligible

influence on  removing lignin  and
hemicellulose, Figure 2 shows that the size of
cellulose fibril after the bleaching process is
shorter than before bleaching. This
phenomenon is caused by using hydrogen
peroxide as a bleaching agent that can
degrade cellulose fibrils (Vera-Loor et al,

2023).

Table 1. Lignin, hemicellulose, and cellulose

content
L. Hemi-
Lignin, Cellulose, Water, Ash,
Sample cellulose,
% % % %

%

OPEFB 26.47 23.50 32.98 11.55 5.51
D-OPEFB  19.03 19.82 46.65 1242 210
B-OPEFB  17.59 18.49 52.12 11.61 0.89
CNF 14.46 13.26 61.78 10.39 0.26

The cellulose resulting from the
delignification and bleaching processes is
subsequently hydrolyzed using a 40% sulfuric
acid (H2SO4) solution. During the acid
hydrolysis, any remaining lignocellulosic
residues, hemicellulose, and impurities that
are insoluble in the alkaline solution is
removed along with the acid, resulting in
increased cellulose content in the sample. The
size of cellulose after undergoing hydrolysis
with acid decreases. In Figure 2, it can be

observed that the size of cellulose fibrils after
hydrolysis is extremely small, giving cellulose
the appearance of fine powder. In powdered
form, the cellulose size is expected to reach
the nanoscale. The final cellulose nanofibrils
(CNF) product after hydrolysis acid has a
content of lignin 14.16%, hemicellulose
13.26%, and cellulose 61.78%. Another
experiment explained the percentage of
nanocellulose by adding 54% H2SO4, which
was 62.1% (Soetaredjo et al,, 2022).

Fig. 2: (a) OPEFB (b) D-OPEFB (c) B-OPEFB
(d) CNF.

Nanocellulose Size

To determine the precise dimension,
nanocellulose was analyzed using PSA and
TEM. The analysis using the PSA indicated a
cellulose nanofibril (CNF) length of 127.4 nm.
The nanocellulose diameter can be observed
in Figure 3, which illustrates the analysis
results using TEM. From the displayed
images, it can be seen that the nanocellulose
diameter is less than 10 nm.

By comparing the lengths of
nanocellulose cross-sections, the specific
diameter values of nanocellulose obtained
are determined to be 4.80 nm, 6.24 nm, and

9.33 nm. In addition to the diameter ratio
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calculations, Figure 3 compares the lengths of
several nanocellulose specimens observed in
the TEM analysis. Some nanocellulose fibers
still exhibit 275 nm and 512 nm, indicating
that nanocellulose lengths also vary.

Fig. 3: (a) Comparison of nanocellulose
diameter and (b) Comparison of
nanocellulose length.

However, it can be observed that
nanocellulose with a length of 127.4 nmis the
predominant form. Therefore, it can be
concluded that the nanocellulose produced
in this study exhibits a size variation in the
form of rod-like structures with lengths
ranging from 1274 nm to 512 nm and
diameters less than 20 nm. The size of the
nanocellulose in this experiment was smaller
than that of others, which produced
nanocellulose in the range of 579.8 nm to 640

nm. (Pranolo et al, 2023). Rod-shaped
nanocellulose is categorized as nanocellulose
whiskers. Nanocellulose whiskers or cellulose
nanofibers (CNF) are gained from natural
fibers and characterized as rod-like shapes
with lengths ranging from 10-1,000 nm and
diameters of 5-20 nm (Zhou et al,, 2021). The
results of this study align with the standard
size specifications for nanocellulose whiskers.

Nanocellulose Crystallinity

During the chemical modification
process to extract nanocellulose from OPEFB,
several physical changes occurred in the
sample, such as changes in color and size.
Additionally, there were changes in the
degree of crystallinity in the sample. From
Figure 4, it can be observed that there are
three peaks in the cellulose nanofibrils. These
peaks are located at 159, 30°, and 42.5°. In the
XRD analysis results of raw OPEFB, peaks only
occur at 22° The peak intensities after
chemical modification are higher, indicating
that the chemical modification of OPEFB
increases the crystallinity of nanocellulose.
The degree of crystallinity of nanocellulose
after the hydrolysis process is 58.1%. The
obtained from OPEFB
nanocellulose in another experiment ranged
from 34-55% (Hastuti et al, 2019) and 51%
(Ismail et al., 2021).

The increase in crystallinity during the

crystallinity

delignification, bleaching, and hydrolysis
processes occurs due to the removal of
amorphous  structures. The crystalline
structure of nanocellulose differs from the
amorphous  nature  of lignin  and
hemicellulose. The molecules in the
crystalline structure of nanocellulose are
bound together by hydrogen bonds and Van
der Waals forces, resulting in a solid and well-
organized crystalline structure (Phanthong et
al, 2018). Hydronium ions break the
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mmol/kg to 1,292 mmol/kg. This increase is
nearly double the total amount of adding 12

glycosidic bonds in the amorphous structure

during hydrolysis, releasing crystallite

structures, which increases the degree of mmol/gram of NaClO.

crystallinity (Adawiyah et al.,, 2022).
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Fig. 4: XRD spectra from CNF and OPEFB.

The Effect of NaClO on the Total Acid
Formed
established for

calculating the carboxylate groups from

A mechanism was

oxidized nanocellulose by conductometric
titration (Katz et al., 1984). The nanocellulose
carboxylate (1 g) was titrated using 0.1 M
NaOH. Mol of natrium hydroxide consumed
during titration was considered carboxylate
groups (total acid) in the nanocellulose
surface.

acid

the total

(carboxylate content) formation rate with

Figure 5 illustrates
varying additions of NaClO ranging from 4
mmol/gram to 20 mmol/gram. The addition
the
increase in total acid on the nanocellulose

of NaClO concentration influences
surface. The highest total acid content is
achieved with NaClO 20 mmol/gram added,
which amounts to 1,600 mmol/kg within a
16-minute reaction time. There is a nearly
equal increase in acid groups for additions of
NaClO in the range of 4 mmol/gram - 12
mmol/gram. However, at an addition of 16
mmol/gram of NaClO, there is a significant
increase in total acid, rising from 690

Total add, mmol/lg

ca
=]
=]

@
[=]
=]

e
=]
=]

200 -

15 20 25 30 35

10

time, minutes

Fig. 5: The effect of NaClO variation on the
total acid formed

Different concentrations of NaClO for the
same reaction time will result in an equivalent
amount of total acid if the oxidant is still
applicable, as can be observed from the initial
reaction rate curves, which overlap for all
NaClO variations. In reactions with NaClO
ratios of 8 mmol and 12 mmol/gram, the
reactions overlap until both variations reach
532 mmol/kg at 5.5-minutes. Similarly, in
reactions with NaClO ratios of 16 mmol/gram
and 20 mmol/gram, the reactions overlap
until they reach 620 mmol/kg at 6.5-minutes.
After passing this point, the two curves no
longer overlap, indicating that the availability
of the oxidant in the smaller NaClO variations
the
consumption rate of NaClO is assumed to be

is nearing depletion. Therefore,
similar in all five cases. The similar total acid
group formation rate at the same initial
reaction time demonstrates the case. The
higher reaction rate is only related to the
oxidant availability from
Thus, the NaClO-related

reaction rate shows zero-order kinetics and

greater
nanocellulose.

does not affect the reaction rate (Mao et al,,
2010).
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In all cases, the reactions proceed rapidly
and are completed within 20 minutes. Adding
NaClO will increase the reaction time because
more hydroxyl groups on nanocellulose can
be oxidized. The reaction time is also related
to the formation of steric hindrance, which
blocks the oxidant from interacting with the
hydroxyl groups. This steric hindrance
appears from the aldehyde that reacts with
hydroxyl groups to form a hemiacetal bond,
which inhibits the oxidation reaction (Thi
Thanh Hop et al, 2022). Figure 4 shows that
the reaction proceeds in two steps. The first
step is the oxidation of primary alcohols on
the surface of nanocellulose, which proceeds
rapidly until the total acid reaches 256
mmol/kg. The first step is fast because there
are still many accessible Ce hydroxyl groups
on the nanocellulose surface. The second
step proceeds more slowly than the first step
due to the decreasing accessibility of
hydroxyl groups. As the reaction progresses,
it slows down because unoxidized hydroxyl
groups are located more profoundly and are
less accessible. The condition of inaccessible
hydroxyl groups can also lead to secondary
reactions that produce chlorate and bromate
(Saito et al, 2010). The oxidation reaction
decreases as the rate of acid group formation
slows down until the oxidant is fully
consumed (Sanchez-Salvador et al.,, 2021).

The number of carboxylate groups
formed  determines the quality of
nanocellulose adsorbent. Adsorption has
been conducted with  nanocellulose
containing carboxylate groups of 260, 860,
1210, and 1500 mmol/kg with the ability to
adsorb Cu metal of 0.5, 0.9, 1.4, and 1.75
mmol/g (Sehaqui et al,, 2014). Nanocellulose
with 1400 mmol/kg carboxylate groups can
adsorb Cu metal of 102.9 mg/g and Zn metal
of 73.9 mg/g (Li et al, 2019). By looking at the
number of carboxylate groups formed in this

study, which are 240, 532, 690, 1300, and
1600 mmol/kg, the nanocellulose adsorbent
from OPEFB has met the requirements to
adsorb metals.
Percent Recovery of Carboxylate
Nanocellulose

Figure 6 illustrates the relationship
between the addition of NaClO and mass

recovery.

94 1800
1600
1400
1200
&8 1000
26 800
600

Percent recovery, %

B
Total acid, mmol/kg

200

0 5 10 15 20 25

NaOCl mmol/gram
—0— percent recovery =O= total acid

Fig. 6: Percent recovery of carboxylate
nanocellulose in various NaClO

Within the range of NaClO additions
from 4 mmol/gram to 8 mmol/gram, the
mass recovery of nanocellulose remains
above 90%. However, when NaClO is added
at a ratio of 12 mmol/gram, there is a
significant decrease in  mass recovery,
reaching 86%. The decrease in nanocellulose
mass follows a linear equation with the
addition of NaClO. This reduction in mass
recovery is attributed to the degradation of
the crystalline core of nanocellulose due to
the penetration of NaClO (Fraschini et al,
2017). The more NaClO is added, the greater
the penetration into the crystalline core of
nanocellulose, leading to observable
degradation effects. Additionally, polymer
chain cleavage of nanocellulose occurs
because the oxidant attacks the 1,4-B-
glycosidic bonds, resulting in smaller,

amorphous chains that can readily dissolve in
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the reaction medium (Saito et al, 2005).
Therefore, as more NaClO is added, the mass
recovery in the sample decreases.

The Effect of NaClO on Functional Groups
in Nanocellulose

Figure 7 illustrates the FTIR spectra for all
samples exhibiting a broad peak in 3,500-
3,300 cm™, indicating the stretching vibration
of O-H groups in cellulose nanofibrils (CNF).

0 5 10 . 15 20
Time. min

Fig. 7: FTIR spectra from CNF and CNF-
oxidized

With the addition of NaClO, this region's
intensity decreases due to oxidation of the
secondary hydroxyl groups in nanocellulose
(Coseri et al.,, 2015). Stretching of C-H bonds
also occurs at 2,900 cm™. In the nanocellulose
spectrum, a peak at 1,640 cm™ indicates the
bending vibration of moisture associated
with the O-H group (Thi Thanh Hop et al,
2022). After oxidation, the peak at 1,640 cm™
shifts toward 1,600 cm™ with increasing
NaClO. The carboxylate peak is detected at
1,615 cm™' (Coseri et al., 2015) and 1,600 cm"
1 (Thi Thanh Hop et al.,, 2022), corresponding
to the formation of carboxylate groups (-
COONa). In Figure 6, the peak at 1,640 cm™
decreases, indicating a reduction in moisture
bonding on nanocellulose. With the addition
of NaClO, this peak shifts to 1,610 cm™,
indicating the formation of carboxylate
groups on the nanocellulose surface.

exhibits
characteristic peaks, including a peak at 1,113

Unoxidized  nanocellulose
cm™, indicating stretching vibration of C-H
deformation and asymmetric stretching at
1,163 cm™' for C-H bonds. Additionally, there
is a stretching vibration of C-O-C in the
pyranose ring framework at 1,058 cm™. These
characteristics tend to weaken with increasing
oxidizer (Kim and Choi, 2014; Nikolic et al,
2010). In all samples, there is evidence of
decomposition during oxidation.

The Effect of NaBr on the Reaction Time
Figure 8 shows that with the addition of
NaBr ranging from 50 mg to 200 mg, the
reaction time is complete in less than 10
minutes. However, with the addition of 25 mg,
the reaction time doubles. The addition of
NaBr tends to accelerate the oxidation
with
additions of 50 mg, 100 mg, and 150 mg,

reaction of nanocellulose. However,

there is no significant increase in reaction
time. This phenomenon occurs because the
faster the carboxyl group forms, the faster the
steric hindrance is formed (Thi Thanh Hop et
al, 2022). Steric hindrance will restrict the
meeting of TEMPO radical ions with hydroxyl
groups on the nanocellulose surface. Even
though NaBr addition is doubled from the
initial condition, the reaction time does not
change much. The total acid formed in all
NaBr variations is almost the same amount,
ranging from 644-676 mmol/kg. Adding NaBr
is unrelated to the amount of carboxyl groups
formed on the nanocellulose surface.

Eq. 3 can be used to determine the
constant of the nanocellulose oxidation
reaction. Here, [OH™ ] represents the initial
concentration of hydroxyl functional groups
on nanocellulose at 3.085 mmol/kg
[Fraschini, 2017], and In([OH ] — [COOH];)
in the

groups and

represents the difference initial

concentration of hydroxyl
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carboxyl functional groups formed each time.
Plotting In([OH™y] — [COOH];) against time
to obtain the reaction rate coefficient values
for each NaBr addition can be seen in
Figure 9.
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Fig. 8: The effect of NaBr variation on the

reaction time
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Fig. 9: The effect of NaBr variation on the
reaction rate coefficient

Figure 8 shows that the constant reaction
rate increases when 50 mg/gram is added to
200 mg/gram NaBr. The reaction rate is
mostly the same with adding 25 mg/gram to
50 mg/gram NaBr. Further investigation is
needed in the range of 50 mg/gram to 100
mg/gram to determine at what value of NaBr
addition the reaction rate constant starts to
increase.

CONCLUSION

Nanocellulose has been successfully
obtained from the hydrolysis of OPEFB, with
a length varying from 127.4 nm to 512 nm
and a diameter below 20 nm. XRD results
indicate that the crystallinity of nanocellulose
increases after the acid hydrolysis process,
reaching a value of 58.1% and cellulose
content of 61.8%. In the oxidation reaction of
TEMPO-mediated
medium, the maximum total acid production

nanocellulose in a

is achieved by adding 20 mmol/gram of
NaClO. This results in a total acid content of
1,600 mmol/kg in a 16-minute reaction time.
As NaClO is added, there is a decrease in
sample mass, indicating sample degradation.
FTIR results demonstrate the decomposition
of groups in nanocellulose during the
oxidation process. All the reaction processes
happened below 25 minutes, increasing the
reaction rate by adding more than 50
mg/gram. Adding NaCIO 12 mmol/gram and
NaBr above 50 mg/gram produced a
carboxylate group of 690 mmol/kg with a
reaction time below 10 minutes. If NaBr is
below 50 mg/gram, then at 10 minutes, the
carboxylate group formed is below 690
mmol/kg when 12 NaClO mmol/gram is
added.
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