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Abstract. The abundant oil palm empty fruit bunch (OPEFB) as by-product of palm oil milling processes
exhibits a potential as an alternative cellulose feedstock for bio-adsorbent. This study aimed to produce a
highly carboxylated bio-adsorbent for direct industrial application from OPEFB-based cellulose via
mercerization and followed by esterification with succinic anhydride (SA) to enhance its adsorptive
capability towards hazardous heavy metal and dyes ions. The modification using SA provides the carbon
backbone platform for carboxyl group attachment for the contaminants. The results showed that the
carboxylated cellulose had a high carboxyl content (4.39 mmol/g). Carboxylated cellulose had a higher
binding capacity for adsorbates, with removal rates of 94.7%, 97.85%, 40.9%, and 90.15% for dye, Pb*",
Cu™, and Cd*" cations, respectively, at pH 6, 4 hours reaction time, and at room temperature. In
comparison, unmodified cellulose removed only 47%, 23.1%, 2.9%, and 7.5% for dye, Pb**, Cu**, and
Cd*" cations, respectively. The adsorption kinetics study revealed that the adsorption process followed the
pseudo-second-order model. The adsorption isotherm of these two metal cations follows the model of
Langmuir very well, while Cu®* follows the Freundlich model. Our method produces bio-adsorbents with
high carboxyl content and adsorption rate in a short reaction time using OPEFB as a green precursor
material that is easily scalable for industrial use.
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INTRODUCTION and cationic) and nonionic. This issue has
prompted intensive research into new advanced
treatment technologies, some of which are
currently being implemented on a large scale.
Among the technologies, adsorption is considered

one of the most effective, practical, and

Heavy metals and dyes are hazardous
contaminants originating primarily from industrial
wastewater and effluents that have caused a severe
global environmental problem (Le & Nunes,

2016). Heavy metals, such as lead, cadmium,
chrome, and mercury are toxic even at low
concentrations (Rahman & Singh, 2019), while
dyes are thermally and chemically stable, posing
adverse risks to living organisms and environment
(Ledn et al., 2018). Industrial dyes are generally
classified into two categories, i.e., ionic (anionic
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inexpensive methods for removing metal and dyes
from industrial wastewater (de Gisi et al., 2016;
Song et al,, 2020a). The adsorption method in
water treatment has several advantages for it has
high efficiency, simple operation, and associated
with non-toxic properties (Sefid Siahbandi ez a/.,
2023). The removal of dyes from industrial
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wastewater has been done by various methods,
such as chemical, ultrafiltration, ion exchange,
reverse osmosis, and adsorption using different
adsorbents, for instance, using activated carbon,
zeolite, silica gel, and photocatalysis. The
mechanism of adsorption is enabled through n- n
bonding, hydrogen bonding, and electrostatic
interaction (Moradi e al., 2022), Donnan effect,
ion exchange, and surface complexation (Chong
¢t al., 2019). The solution pH is one of the most
important factors in the adsorption process that
can change the surface charge of adsorbents as
well as the separation of functional groups in the
active sites of the adsorbent.

Recently, cellulose materials as green
precursors are gaining much attention for their
potential use as renewable, biodegradable, and
biocompatible biomass adsorbents (Bhadoria ef
al., 2022; Daneshfozoun ef al., 2014; Fan et al.,
2019; Song e al., 2020; Wong et al., 2020; Zhou et
al., 2020). Cellulose is the most abundant organic
polymer on earth and a major component of plant
cell walls with a polysaccharide structure similar to
starch (Sun ez al., 2016). Cellulose can be produced
from a wide variety of plants and trees since it is
one of lignocellulosic constituents, primary
building block of plants. In 2017, 69.87 million
tons of oil palm empty fruit bunches (OPEFB)
were generated as a byproduct of palm oil
extraction, necessitating the conversion of this
biomass into valuable products (May e# a/., 2019).
The OPEFB fiber contains around 35 — 65%
cellulose by mass (Ching & Ng, 2014; Lee ¢ 4/,
2014) or 40% by weight on average (Awalludin ez
al., 2015), making OPEFB the most potential
source of cellulose.

Despite being abundant, the wuse of
unmodified OPEFB as an adsorbent exhibited a
low adsorption capacity. Another factor to
consider is the extraction method used to separate
cellulose from other lignocellulosic constituents
and remove impurities. Naturally, these
biopolymers are present in terrestrial plants and
algae as cell walls constituent alongside tightly
intertwining hemicellulose and lignin. The
presence of lignin and cellulose crystallinity causes
its recalcitrant nature to chemical modifications
(Yang et al., 2019). In addition, cellulose-based
adsorbent with three native hydroxyls attached to
each glucose carbon backbone has a poor binding
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and low ion-exchange capacity for metals (Suhas
et al., 2010).

However, cellulose adsorption performance
can  be significantly = enhanced  through
modification (Daneshfozoun et al, 2017,
Asadpour et al., 2021; Septevani ez al., 2020) of its
hydroxyl = functional = groups.  Oxidation,
etherification,  esterification,  carboxylation,
sulfonation, silylation, and polymer grafting are
among the chemical functionalization reactions
that can introduce some groups with the capacity
of chelating metals to the cellulose surface, such
as carboxyl and amine groups (Fan ef al., 2019;
Gago et al., 2020; Kassab et al., 2019; Leszczynska
et al., 2019; Sjahro ez al,, 2021). The modification
mainly substitutes the rich content of hydroxyl
groups on the cellulose surface with other
functional groups, tailored to achieve favorable
conditions for water and wastewater treatment.

Among common derivatives, carboxylated
cellulose (cel-COOH), for instance, has excellent
adsorption performance compared to its native
functional groups. Previous studies synthesized
carboxylated cellulose from various precursor
materials, such as commercial microcrystalline
cellulose (Fan ez al., 2019; Leszczyniska ez al., 2019),
commercial cellulose (Gago ¢z al., 2020), or Juncus
plant (Kassab ez al, 2020). Periodate—chlorite
oxidation, citric acid mixtures, 2,2.6,6-
tetramethylpiperidine-1-oxygen (TEMPO)
oxidation, and ammonium persulfate (APS)
oxidation are some popular protocols for the
synthesis of carboxylated cellulose (Fan ef al,
2019). Gurgel ez al. (2008) and Sehaqui ez a/. (2017)
reported that the modified cellulose synthesized
with succinic anhydride (SA) had a satisfactory
high carboxyl content of 6.2 mmol/g and 3.8
mmol/g, respectively, compared to other
reagents, such as Fe*/H,O,, maleic anhydride,
and sodium 2-bromomalonate (BMA) (Fan ¢f a/.,
2019b; Qiao ez al., 2015a; Gago et al., 2020b).
Daneshfozoun ez al. (2014) produced OPEFIB-
derived carboxylated cellulose adsorbent using
acetic acid and ethylenediaminetetraacetic acid
(EDTA, containing four carboxyl groups per
molecule). However, the carboxyl content of
modified cellulose has not been reported.
Nevertheless, previous research focusing on the
carboxylation of OPEFB-derived cellulose is still
limited.
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In this study, OPEFB-derived cellulose was
chemically modified and tested for hazardous
heavy metals and dye uptake. Succinic anhydride
(SA) was used as a reagent to produce modified
cellulose with high carboxyl content and excellent
metal-chelation as a  bio-adsorbent. The
carboxylated cellulose performance in removing
three heavy metal cations and dyes from an
aqueous medium was tested, and the adsorption
kinetics was studied. This method is scalable due
to the short reaction time and the high yield of
carboxylated cellulose obtained after surface
modification. This study could also lead to new
techniques to separate cellulose from other
lignocellulosic ~ constituents  and  remove
impurities, thereby supporting the development
of further industrial applications.

MATERIALS AND METHODS

Materials

Succinic anhydride (SA), NaOH, and NaClO;
were obtained from R & M Chemicals Malaysia.
All materials and reagents were used as received
without further purification. Metal ions (Pb, Cu,
and Cd) solutions were obtained from stock
solution; Pb(NO3)2, Cu(NOs3),, and CAd(NO3)2 10
M from Merck, Germany. Later, pH adjustment
was made by adding HCI or NaOH to the stock
solution. All chemicals were of reagent grade, and
the solvents were of analytical grade. The raw oil
palm empty fruit bunch (OPEFB) fiber was
obtained from Sime Darby Plantation.

OPEFB cellulose isolation

OPEFB fiber was rinsed with tap water to remove
debris, sand, and soil. The fibers were then
manually chopped and ground into small-sized
fibers, subsequently pretreated with NaOH 5%
for an hour, bleached with NaCIO; 5% for 2 h,
and repeated twice. Next, the fibers were refluxed
with HCI 2% for 2 hours and washed several
times until neutral pH was reached. The obtained
cellulose, (C¢Hi0Os)a, was kept in an airtight
container for further use.
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Cellulose mercerization

Ground OPEFB cellulose (cellulose 1) (10 g) was
immersed in 200 mL of NaOH solution (20 wt%o)
in a glass beaker at room temperature for at least
16 h with constant stirring. The alkali-cellulose
was centrifuged to separate the supernatant and
cellulose sediment and then washed with distilled
water. Later, washing was continued with vacuum
filtration using Whatman filter paper with distilled
water to neutrality (pH 7). Finally, the mercerized
product was dried at 90°C in an oven for 1 h and
stored in a desiccator (Hokkanen ez al., 2013).

Cellulose carboxylation with succinic
anhydride (SA)

The protocol of carboxylation of cellulose was
modified from Sehaqui ¢f a/. (2017) and Zhang e#
al. (2017), as depicted in Figure 1. Mercerized
OPEFB cellulose was poured into a round
bottom flask containing 0.75 g and 2.6 g of SA
(7.4 and 26 mmol, respectively) was completely
dissolved in the mixture of 26 ml dimethyl
formamide (DMF) and 0.25 mL of pyridine, 1.2 g
(7.4 mmol). The flask was heated at a constant
temperature at 90°C for various durations of 1, 2,
3, and 4 h under magnetic stirring at 350 rpm in
an oil bath. The ratio of SA to mercerized
cellulose was 1.3 : 1. Subsequently, the suspension
was cooled down in an ice bath for several
minutes.

The OPEFB-derived cellulose was then
thoroughly centrifuged and washed with distilled
water and acetone, followed by drying at 80°C in
an oven for 1 hour and overnight in a desiccator.
Finally, the mixture was centrifuged again to
separate the supernatant and sediment. The
supernatant was discarded and the sediment was
vacuum filtered several times with distilled water
and finally with hot water to remove any residual
DMF and SA, as indicated by the rinsing water
reaching a neutral pH. The carboxylated cellulose
was then oven-dried at 70°C until it reached a
constant weight. Later, the dried cellulose was
ground into powder for analysis and batch
adsorption testing.
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Figure 1. Cellulose modification using succinic anhydride (SA) (Gurgel ez /., 2008)

Characterization of carboxylated cellulose
adsorbent

Characterization of modified cellulose after
carboxylation wusing SA was performed to
determine the content of carboxylate groups
successfully introduced into the cellulose surface.
Fourier transform infrared (FTIR) analysis was
performed first to ensure chemical structure on
the surface. In addition, the cellulose crystallinity
and  morphological  structure were  also
determined using X-Ray diffraction (XRD)
analysis and scanning electron microscope (SEM)
image analysis.

FTIR analysis

FTIR analysis was performed using infrared
spectrophotometer (Thermo Scientific, model
Nicolet Nexus 6700) to determine the chemical
properties of the sample, such as functional
groups, molecular fingerprints, and chemical
sample composition, as well as the success of the
esterification reaction. The spectra of all samples
were measured in the range of wavenumber from
650 to 4,000 cm™' and the corresponding

transmittance was also recorded.

SEM analysis

Morphological characterization of the samples
was performed using an SEM (Hitachi, model
S3400N). The scan images were acquired with a
magnification of 150 — 500X and an accelerating
voltage of 10 — 15kV. Prior to morphological
assessment, the samples were mounted on an
aluminum stub and sputter-coated with Au-Pd to
ensure the high quality of the scan images.

XRD analysis

The crystallinity index of a sample was determined
using XRD with the following measurement
details: X-ray tube target Cu, voltage 40.0 (kV),
current 30.0 (mA), use of divergence slits of
1.00000 (deg), scatter slit 1.00000 (deg), and

receiving slit 20.000 (mm). Meanwhile, the scan
conditions were set as follows: drive axis 2 Theta,
scanning range from 5,000 to 80,000, continuous
scanning mode, speed of 5,0000 (deg/min),
sampling pitch 0.0200 (deg) and present time 0.60
(sec). The crystalline index of the modified
cellulose was determined using Segal’s empirical
equation as follows:

1(229)-1(18°

CI(%) = % Eq. 1)
Where CI refers to the crystallinity index of
modified cellulose, 1(22°) represents the peak
diffraction intensity corresponding to crystalline
cellulose, 1(18°) denotes the peak diffraction
intensity, corresponding to the amorphous

regions of cellulose at 20 and equal to 22° and 18°
(Liu et al., 2014).

Determination of carboxyl group content
The content of carboxyl group (COOH) in the
cellulose was determined using the retro titration
method. After drying and grinding, 0.25 — 0.5 g of
the modified cellulose was poured into a 50 -100
mL 0.01 M solution of NaOH. The suspension
was stirred sufficiently with magnetic stirring for
an hour at 500 rpm. Several drops of
phenolphthalein were added as a basic indicator
until the mixture turned pink. The suspension was
then titrated with 0.1 M HCI solution using a
burette until the solution reached neutrality,
indicating a color change from pink to clear. The
COOH content (in mmol/g) of the suspension
containing carboxylated cellulose was determined
using Eq. 2.

Ceoon = (CNaoHVNaoH)—(Cuc1VHCD) (Eq. 2)

Mcell

Wherte Ccoon is the carboxyl content of cellulose
sample (rnmol/g), Crxion and Viweon are the
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molarity of NaOH and volume of NaOH (mL),
respectively, Cuciand Via are the molarity of HCI
and volume of HCI (mL), respectively, and me is
the mass of cellulose (g).

Liberation of carboxylic groups with an
alkaline solution

To liberate the function of carboxylic groups and
to achieve a better chelating function for the
cations, carboxylated cellulose powder was
poured into a beaker of distilled water and stirred
rigorously and constantly for an hour. The pH of
the suspension was measured and indicated an
acidity of 3, as it contained cellulose with
carboxylate functional groups. Later, the
suspension was added with several drops of alkali
solution made of 0.1 M NaOH to achieve a
neutral pH. Subsequently, the modified cellulose
was filtered and washed with distilled water and
then oven dried. Finally, the dried carboxylated
cellulose was ground into powder and kept in an
airtight container to prevent moisture from being
adsorbed from the surroundings. The reaction of
neutralization of carboxylated cellulose with
NaOH solution is as follows:

Cell — COOH + NaOH = Cell - COONa + H,O
(Eq.3)

Preparation of metal ion and dye solutions
Three stock solutions of the metal ions Cu®*, Pb*",
and Cd*" were obtained from Merck standard
solution containing 1000 ppm of Cu(NOj),,
Pb(NO3),, and CA(NOs)z in 0.5 M HNO:s of the
respective metal ions. Different concentrations
were achieved via dilution with distilled water.
Since the pH of the stock solution was very acidic,
pH modification to reach near neutrality (close to
6) was achieved by adding an alkaline solution
containing 0.1 M NaOH in distilled water.
Meanwhile, the dye solution of methylene blue
(MB) was prepared by pouring 1 g of MB into 1 L
of distilled water in a volumetric flask to obtain a
1000 ppm concentration. Later, the stock solution
was successively diluted with distilled water to
obtain different concentrations of MB.

Metal ion and dye adsorption experiment
Metal ion adsorption tests were conducted using
OPEFB-derived carboxylated cellulose for some
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aqueous contaminants, such as cationic metals,
ie, Cu®, Cd*" and Pb* and dye, i.e., methylene
blue (MB). To determine the adsorption
performance of the adsorbent towards Cu**, Cd**
and Pb**, and MB, the adsorption time and initial
concentration were performed.

Kinetics study of adsorption

The kinetic study of adsorption for metal ions and
MB was performed at an initial concentration of
the metal and dye solution of 100 ppm. The
concentration of the sample solution was
determined by analyzing the filtrate using atomic
absorption  spectroscopy (AAS) for metal
adsorption, while MB concentration was
determined using UV visible spectrophotometer
at a wavelength of 665 nm. To perform the
adsorption test, 50 mg of powder cellulose was
added into a 50 mL solution containing metal ions
Pb**, Cu*, and Cd*'and MB of 100 ppm in
another 100 mL beaker and then, the flasks were
placed on a magnetic stirrer. The metal ion and
MB concentration of the solution was measured
after a specified time interval, from 0 to 180
minutes. The adsorption capacity of modified
cellulose (mg/g) was calculated following Eq. 4
(Zhang et al., 2017):

_Co—C
Q.= %4y

(Eq. 4)

where Cy and C; are the initial and equilibrium
concentrations (mg/L), M and V ate the mass of
the adsorbent (g) and the volume of the solution
(L), respectively.

The adsorption tests were performed at room
temperature and near neutral (pH <6) conditions.
The pH was adjusted by adding drops of aqueous
0.1 M NaOH and/or 0.1M HCI solution. The
metal ion uptake capacities were measured as a
function of time to determine the optimal contact
times for the adsorption of Pb**, Cu*, and Cd*
ions. The contact times in the present study were
set from 0 to 180 minutes. While performing the
experiments, several pL. of the solution samples
were withdrawn at pre-determined time intervals
and analyzed for metal adsorption using a syringe
nylon filter with a pore size of 0.22 um. The
adsorption tests were conducted using OPEFB-
derived unmodified cellulose and carboxylated
cellulose.
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Study on adsorption isotherm

To determine the maximum adsorption capacity
of unmodified and carboxylated cellulose, three
different 100 mL glass beakers containing 50 mL
solution 100 ppm of metal ions Pb*", Cu**, Cd*
ions, and MB were placed on a magnetic stirrer.
The pH of the solution was adjusted by adding
several drops of NaOH or HCI solution to the
desired value. Later, a certain amount of modified
cellulose, i.e., 50, 100, 150, 200, and 250 mg was
poured into the solution in a beaker with constant
stirring  at 300 rpm. The suspension was
constantly stirred at room temperature and
allowed to sit for 24 hours for the adsorption
process to occur. At the end of the process, 0.1
mL of filtrate was taken for analysis using AAS to
determine the metal ion and UV vis to determine
the MB remaining in the sample. Later, the results
were adjusted with several isotherm adsorption
models, such as Langmuir, Freundlich, or Sips.

Solution concentration determination

Determination of metal ion concentration in an
aqueous sample from the adsorption test was
carried out using the APHA methods. The atomic
absorption spectrophotometer was used to
determine solution concentration after the
adsorption study was conducted using cellulose.
The liquid sample was taken about 0.1 mL using a
syringe nylon filter 0.22 um and then diluted.
Later, the liquid was acidified with nitric acid
(HNO:;) to a pH of 2 to ensure that the metal was
well dissolved. Sample concentration was
determined using a standard calibration curve

Figur
(Me-ca-cell) OPEFB-derived cellulose
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established prior to measurement. The
concentration of metal ions Cd**, Pb**, and Cu*"
was determined at wavelengths 228.8 nm, 283.3,
and 324.7 nm, flame using air acetylene (A-Ac).
The stock solution 1000 mg/L was used as the
standard solution for a standard curve. All sample
solutions were prepared with distilled water.

RESULTS AND DISCUSSION

Characteristics of OPEFB-derived
carboxylated cellulose

Figure 2 presents the SEM analysis of the
morphological = structure of OPEFB-derived
unmodified cellulose (Un-cell), carboxylated (Ca-
cell) cellulose, and mercerized & carboxylated
cellulose (Me-ca-cell). Samples of Ca-cell were
carboxylated using succinic anhydride (SA) for 4
hours without mercerization, while Me-ca-cell
samples were both mercerized and further
proceeded with carboxylation. All samples were
clean following the dewaxing process to remove
wax and oil from the raw OPEFB. It can be seen
that the fiber structure of Me-ca-cell has a longer
and slimmer structure which is attributed to the
larger surface area due to the mercerization
process. The average fiber diameter of both Ca-
cell and Me-ca-cell is 10 um, and the fiber length
is approximately 50 um, indicating that the
cellulose synthesized in this study is micro-
cellulose.

© M

e 2. SEM images of (a) unmodified, (b) carboxylated (Ca
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Figure 3. FTIR spectra of unmodified, carboxylated (Car-SA), and carboxylated and mercerized (CarMer-

SA) OPEFB-derived cellulose

The FTIR analysis of unmodified cellulose, Ca-
cell, and Me-ca-cell is presented in Figure 3. The
partial carboxylation of the carboxylated cellulose
hydroxyl groups was evidenced on FTIR spectra
by the presence of the new band (stretching
vibration) at 1725 cm™ to 1735 cm™ indicating
C=0 (carbonyl groups) stretching vibrations in
ester bonds (Fan e al, 2019; Leszczynska et al.,
2019; Qiao ¢ al., 2015). Meanwhile, the band at
the wavelengths 1860 and 1790 cm™ s
characterized SA (Leszczynska ez al., 2019). Thus,
the absence of carboxyl peak (—COOH) in these
regions indicates that the samples are free from
unreacted SA.

Furthermore, 2905 cm™ assigns to the C-H
vibration of -CH, groups is also evidenced in all
samples. Meanwhile, there is a broad peak
between 3200 and 3600 cm’ related to -OH
stretching. In both carboxylated cellulose samples
(Ca-cell and Me-ca-cell), the intensity in this

region changes due to the partial substitution of
hydroxyl groups by carboxyl. The intensity of the
band at 900 cm™ increases after the mercerization
step, which can be explained by the changes in the
crystalline structure of cellulose-I to II (Astruc ez
al., 2017).

The XRD analysis of the samples is shown in
Figure 4a. A characteristic band between 13° and
17° and a broad peak at 22.5° are observed in the
diffractogram, corresponding to cellulose-I.
These results agree with those observed for native
cellulose. These peaks are located at 20 = 14°,16°,
22.5° and arise from the crystallographic planes
(101), (101) and (002), respectively. Importantly, a
slight loss of crystallinity from the raw fibers to
the mercerized cellulose is observed. This may be
due to the conversion of cellulose-1 to type-11
(Me-ca-cell) (Astruc e al, 2017; Gurgel et al,
2008).  Furthermore, they reported that
mercerization reduces cellulose crystallinity.
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Figure 4. Diffractogram (a), and thermogram (b) of different types of cellulose

From Table 1, we can observe that
crystallinity index of samples before mercerization
(unmodified or native cellulose (un-cell) and
carboxylated cellulose (Ca-cell) exhibit index of
crystallinity of about 53.8 to 57.7%. However,
after cellulose was mercerized (Me-ca-cell), its
crystallinity value significantly decreased to 28.6%
from unmodified OPEFB cellulose. Likewise,
when mercerized cellulose was carboxylated
(sample Me-ca-cell), its crystallinity also notably
decreased to 28.2%. These findings are in line
with other previous results revealing that
mercerization can decrease degree of crystallinity
of native cellulose (cellulose I) (Astruc ez al, 2017,
Gurgel et al., 2008).

Table 1. Crystallinity index of different samples
of cellulose

20 Sample
Cell Ce Me-cell Me-ca-cell
17 5950.99  7663.27  2963.07 4062.91
22 12888.04 18147.96 4147.63 5658.78
CI 0.54 0.58 0.28 0.28
The thermal properties of unmodified

cellulose (un-cell), Ca-cell, and Me-ca-cell were
compared to investigate their thermal stability.
The TGA thermogram in Figure 4b shows that
the Ca-cell has inferior thermal properties (T, and
Tma) than the unmodified cellulose (pristine
cellulose). The Ty and T of unmodified are 270
and 364 °C, respectively, while the Ty and Thax of
Me-ca-cell are 208 and 349 °C. The results are in

good agreement with Fan ez a/. (2019), Zhang ez al.
(2016), and Sehaqui ez a4l (2017), who
demonstrated that samples with high carboxyl
groups  thermally decomposed at lower
temperatures in comparison with pristine
cellulose. The COOH functional group is much
more unstable than the hydroxyl group in the
native cellulose. Therefore, the higher content of
this functional group will lower its thermal

stability.

Carboxyl content of carboxylated cellulose
The carboxyl content of the carboxylated
cellulose (Ca-cell and Me-ca-cell) was determined
using the retro titration method. In general, as
seen in Figure 5, the carboxyl content of all
samples increases with reaction time from 1 to 4
hours. Overall, Me-ca-cell produced higher
carboxyl content for all reaction times than the
carboxylated cellulose without mercerization (Ca-
cell). There is a significant increase in carboxyl
content from 1 to 3 hours, indicating that there
are still plenty of hydroxyl groups available to
anchor carboxyl groups. However, the increase is
less significant from 3 to 4 hours, indicating that
the substitution of hydroxyl with carboxyl groups
almost reached saturation. The high value of
carboxyl content in Me-ca-cell cellulose is
attributed to the carboxylation reaction between
mercerized cellulose with SA. After a 4-hour
reaction time, Me-ca-cell had the highest carboxyl
content of 4.4 mmol/g, whereas Ca-cell had a
carboxyl content of 1.8 mmol/g.
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Figure 5. Carboxyl content of carboxylated cellulose

Compared to other studies, we found that
using reagent SA can lead to cellulose production
with higher carboxyl contents. Fan ez a/ (2019)
synthesized cellulose nanocrystals modified with
Fe** /H,O, without mercerization and obtained
the maximum carboxyl content of 2.2 mmol/g
after 6 hours reaction time. In another study, Qiao
et al. (2015) and Sehaqui e a/. (2017b) determined
the maximum carboxyl content of synthesized
cellulose to be 3.4 mmol/g and 3.8 mmol/g, using

reagents maleic anhydride and succinic anhydride,
respectively, which is lower than the value
obtained in this study. In a different study, Gurgel
et al. (2008) determined that non-mercerized and
mercetrized cellulose contained 3.4 and 6.2
mmol/g of carboxyl, respectively. However, this
might be due to the prolonged reaction time of 24
hours under pyridine reflux. Furthermore, the
detailed comparison between the findings in this
study with other studies is presented in Table 2.

Table 2. Comparison of carboxyl content in different protocols

Cellulose Reagent/modification protocol COOH content References

feedstock (mmol/g)

Commercial Fe** /H,O, oxidation 2.2 Fan ¢t al., 2019

microcrystalline

celluloses

Commercial Maleic anhydride 3.4 Qiao et al., 2015

cellulose

Cellulose paper Succinic anhydride in pyridine 6.2 Gurgel et al., 2008
reflux

Wheat fibers Succinic anhydride 3.8 Sehaqui ef al., 2017

Commercial Sodium 2-bromomalonate (BMA)  0.27 Gago et al., 2020

cellulose

OPEFB-derived
Me-ca-cell

Succinic anhydride (SA)

4.4 This study
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Heavy metals and dye adsorption
This kinetics study conducted the adsorption of
three metal cations and methylene blue (MB) as a
cationic dye for 180 minutes. Two different
cellulose samples were used, i.e., Un-cell and Me-
ca-cell, which reflects the performance of the two
functional groups (hydroxyl and carboxyl groups)
in binding metal cations. Sampling was carried out
at a certain time interval, and the filtrate was
analyzed to determine the sample metal cation
and MB concentration. As metal cations of Pb*",
Cu*", and Cd*" precipitate at a solution pH above
0, the adsorption tests were performed at pH near
6 to achieve optimum metal ion adsorption.

For all metal cations, the results in Figure 6a
to Figure 6b showed that Me-ca-cell has a
considerably  higher adsorption rate than
unmodified cellulose  (Un-cell). Me-ca-cell
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removed 97.85% of Pb** from the solution with
the initial concentration of 100 ppm Pb* in
distilled water after 180 min. On the other hand,
Un-cell could only remove 23.1% of the metal
cation from the same solution. Fig. 7 (b) also
shows that the adsorption rate reached
equilibrium at around 30 minutes. The trend is
comparable for Cu®* adsorption, although the
maximum removal for this metal cation is much
lower than Pb*". After being adsorbed by Me-ca-
cell, Cu** concentration at the end of the
adsorption process was only 51%. For Un-cell,
the adsorption rate was much lower, accounting
only for 2.9% removal. The adsorption process of
metal cation Cd*" after 180 min of adsorption
time showed nearly 90.15% of Cd*" removal by
Ca-cell. In contrast, only 7.5% was removed by
Un-cell.
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Figure 6. Removal rate of Pb**Cu**, Cd**, and MB of adsorbent of Me-ca-cell (a) and unmodified cellulose

(b) at pH near neutral (~6)
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In comparison, Diao ez al. (2020) reported that
the optimum adsorption of MB using cellulose-
based adsorbent occurs below 10 min. However,
we found that the curve reached a plateau after 60
min, indicating that the adsorption process had
reached its maximum capacity. The maximum
adsorption value of Me-ca-cell is 94.7 mg/g, or
94.7% removal, with Ca-cell having the highest
adsorption rate compared to unmodified
cellulose, recorded at 180 minutes. The longer
optimum adsorption time might be due to the
acidic nature of carboxyl cellulose, which impedes
the adsorption of cationic dye. Nevertheless,
these experimental results demonstrate that
carboxyl functional groups in carboxylated
cellulose have a higher metal and cationic dye-
binding capacity than the hydroxyl groups of
unmodified cellulose. Therefore, it is essential to
customize the functional groups of native
cellulose with more beneficial groups for
adsorption purposes.

Adsorption kinetics

In order to identify the mechanism of dye and
metal cations adsorption onto OPEFB-derived
adsorbent, pseudo-first and second order of
adsorption kinetics models were fitted with
experimental data of different initial MB and
metal cations concentrations. The adsorption
duration was 180 minutes at pH near 6 using
carboxylated cellulose as the adsorbent. Results in
Figure 7 show that the pseudo-second order of
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adsorption kinetics fits well with the experimental
data for MB and metal cations adsorption
processes. The coefficients of determination are
near unity. The regression equations and
coefficient of determination values are also
displayed in the figure. Meanwhile, the pseudo-
first order does not fit with the experimental data.

Interaction between adsorbate and adsorbent
is attributed to electrostatic interaction between
cations (positively charged species, represented by
metal and MB cations) and anions (negatively
charged species, represented by carboxylated
cellulose). Moreover, since the carboxylated
functional groups on the cellulose previously
reacted with NaOH to form COONa, the
reaction to bind cations can be regarded as an ion
exchange phenomenon as the presence of Na' is
substituted by other cations. A previous study by
Kowanga ez al. (2016) obtained comparable results
from an adsorption experiment of Pb*" and Cu**
on Moringa oleifera seed powder adsorbent. Al-
Shannag e# al. (2017) also discovered that metal
Cd** removal by Ballota nndnlata biomass followed
pseudo-second order of adsorption kinetics. In
addition, the spontaneous exothermic nature of
the adsorption indicated its feasibility for
industrial applications. Generally, our findings
show that the adsorption most likely occurs due
to the chemisorption rather than the
physisorption process, as also indicated by the
aforementioned studies.

1.5 2.0
.(b) ® 1st order *
1.0 * 2nd order © 15
g
L4 * ®

05104 4 y=001x+00056 [ 20

< R2=1 =

0.0 4 0.’.0 e o eo}o0s3

e% 0 0 °
05 42 . r r T —L 0.0
0 30 60 9 120 150 180
Time (minutes)
25 25
2 ¢y=0.0111x+0.0058  (d)

15 R2=1 *? 5
? 1 e ! - 15%
2os5|® 4 ®lstorder <
AR ° ° < # 2nd order £
w Y L 4 [ =
b5 e >
~ s L4 0.® 3

- © L L 0.5

-1 00 °

1.5 0

0 30 60 90 120 150 180

Time (minutes)

Figure 7. Pseudo-first and second order kinetics adsorption of methylene blue (a), Pb**(b), Cu**(c),

and Cd*(d)



AsPac . Mol. Biol. Biotechnol. 'ol. 32 (3), 2024

Maximum adsorption test

The maximum adsorption of OPEFB-derived
mercerized-carboxylated cellulose (Me-ca-cell)
was carried out at pH near 6 for 24 hours while
the suspension was rigorously and constantly
stirred, and the results are presented in Figure 8.
The initial concentration of the adsorbate was 100
mg/L. The maximum adsorption capacity of Me-
ca-cell was found to be 98.5, 37.9, 68.5 and 99.5
mg/g for ion Pb*, Cu®, Cd*, and MB,
respectively. Meanwhile, Un-cell only adsorbed
those metal cations at the maximum range of 8.5,
2.9, 7.5 and 63 mg/g, respectively, which is
significantly lower than Me-ca-cell. The findings
revealed that the modification of cellulose with
carboxylation and mercerization had higher
adsorption capacities to three metal cations than
unmodified cellulose.

In comparison, Wong ez al. (2020) determined
that the optimum conditions for Cu*" adsorption
from synthetic wastewater onto modified OPEFB
adsorbent was at pH 5, initial concentration of
200 mg/1L, and adsorbent dosage of 0.55 mg per
200 mL, contact time of 2.5 hours, yielding 52.5%
of copper removal. Furthermore, using
commercial activated carbon, Kavand e a/. (2014)
found that the optimum condition for Pb*" and
Cd* removal from wastewater treatment was at
pH 7, at the initial concentration of metal ion 100
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mg/L, an adsorbent dosage of 2 g/1, and contact
time 80 minutes with Taguchi methodology for
optimization parameter. Meanwhile, Javadian ez a/.
(2015) conducted a study on the adsorption of
Cd* from an aqueous solution using zeolite-
based geopolymer (ZFA). They used synthesized
adsorbent from coal fly ash. Based on their
findings, the optimum adsorption conditions
were at 2 ZFA dose of 0.08 g in 25 mL of Cd*", a
contact time of 7 hours and pH 5.

Moreover, the metal adsorption mechanism is
greatly pH-dependent, where Ge e al. (2017)
found that the metal ion Cu** adsorption could be
effectively performed at higher pH, for example,
atinitial pH 5. However, the removal efficiency of
the metal ions decreased significantly when pH
was lowered. It is because the excess proton in
lower pH competes with metal ions to occupy
active adsorbent sites. At the same time, active
sites  (carboxyl groups) of adsorbent are
protonated at such a condition, carrying positive
charges, providing repulsive action to cationic
ions, such as Cu®". On the other hand, carboxylic
groups are deprotonated at higher pH, providing
active sites for the adsorption of cationic metal
ions. However, at higher pH, metal ions tend to
precipitate and form metal hydroxide, such as
Pb(OH);, Cu(OH);, and Cd(OH), which is
insoluble in water (Kalak ez a/., 2021).
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The previous findings also revealed that the
adsorption capacity for metal ion Pb*" is higher
than that of Cd*". For instance, Daochalermwong
et al. (2020) found that the adsorption capacity of
carboxylmethyl cellulose for Pb*" and Cd*" were
63.4 and 23.0 mg/g, respectively. They used
cellulose adsorbent extracted from pineapple
leaves and modified wusing ethylenedia-
minetetraacetic acid (EDTA) and carboxymethyl
(CM) groups. In another study, Kalak ez al
(2021b) conducted a study on the adsorption of
sunflower wood fly ash toward two species of
metal cations, Pb** and Cu®". They also reported
that their synthesized adsorbent from agricultural
residue has almost similar adsorption capacity to
Pb*" compared to Cu™, ie., 32.94 mg/g (100
mg/L) to 32.70 mg/g (100 mg/L) with removal
efficiency 99.81% and 99.61%, for Pb*" and Cu*
respectively. However, Xue ¢ al. (2014) previously
conducted an adsorption study using a similar
adsorbent to several heavy metal cations and
proved that the adsorption capacity/removal
efficiency of their adsorbent follows the order:
Pb**> Cd**>Cu™, i.e., 59.24, 55.37, and 32.82%,
for Pb*", Cd*, and Cu®*, which agrees with the
results of this present study. This result is also in
agreement with a previous study conducted by
(Gurgel et al., 2008), in which they found that the
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adsorption of 30.4 mg/g, 86 mg/g, and 205.9
mg/g for Cu®, Cd*" and Pb** respectively, using
carboxylated cellulose adsorbent.

In comparison, the study conducted by
Hariani e a/. (2019) on modified cellulose via
acetylation using acetic acid derivatized into
cellulose-acetate as adsorbent found maximum of
adsorption capacity of their synthesized cellulose
acetate of 36.752 mg/g at initial concentration of
MB 90 ppm, which is lower than this study.
Another study on methylene blue removal was
conducted by Kara ef /. (2021). They synthesized
nanocellulose from water hyacinth (Eichhornia
crassipes) prepared using sodium periodate and
found a removal efficiency of 90.91 mg/g.

From Table 3, it is noticeable that adsorption
capacity to metal cations is further enhanced with
the grafting with amino functional groups onto
carboxylated cellulose as found in the study
results conducted by Zhang ez a/. (2017), which
account for 217.3 and 357.1 mg/g for Cd** and
Pb**, respectively. They mentioned that the
carboxyl and amino group content of their
modified cellulose were 4.64 mmol/g and 2.61
mmol/g, respectively. The combination of these
different functional groups grafted onto cellulose
surface could enhance its adsorption capacity
toward these two metal cations.

Table 3. Comparison on the maximum adsorption capacity of several adsorbents to metal cations

No Adsorbent
(Qmax)

Max. adsorption capacity

References

1 Adsorbent derived from
municipal solid waste
incineration fly ash

59.24, 55.37, and 32.82%, for
Pb**, Cd**, and Cu*"

Xue et al., 2014

2 Aminopropyl- triethoxysilane
(APS)/ microfibrillated
cellulose (MFC) adsorbent

and Cd**

3.150 and 4.195 mmol/g for Cu®* Hokkanen ez al., 2014

3 Carboxylated cellulose

30.4, 86.0, and 205.9 mg/g for

Gurgel ez al., 2008

Cu”" Cd™, and Pb**

4 Carboxymethyl cellulose
Cd2+

63.4 and 23.0 mg/g for Pb*" and

Daochalermwong ef al.,
2020

5 Carboxylated cellulose
nanocrystals

and Cd**

465.1 mg/g, 344.8 m/g for Pb**

Yu ¢t al, 2013

6 Carboxylated cellulose
and Pb*"*

217.3 and 357.1 mg/g for Cd**

Zhang et al., 2017

7 Carboxylated OPEFB
cellulose

98.5 mg, 37.9, and 68.5 mg/g for
ion Pb*", Cu**, and Cd*"

This study
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From the previous study findings, it revealed
that adsorption capacity of cellulose for metal ion
Pb*" is higher than that of Cd*", which agrees with
this study findings. For instance,
Daochalermwong ef al. (2020) revealed that the
cellulose  CM  (carboxylmethyl) adsorption
capacity for Pb*" and Cd*" accounted for 63.4 and
23.0 mg/g, respectively. In their study, they used
cellulose adsorbent synthesized from pineapple
leaves with modification using
ethylenediaminetetraacetic acid (EDTA) and
carboxymethyl (CM) groups. Furthermore, Xue ez
al. (2014) previously conducted an adsorption
study using similar adsorbent to several heavy
metal cations, proved that the adsorption
capacity/removal efficiency of their adsorbent
follows the order: Pb**> Cd**>Cu®, ie., 59.24,
55.37, and 32.82%, for Pb*", Cd**, and Cu™,
which agrees with the results of this present study
(Table 2). This result is also in agreement with a
previous study conducted by Gurgel ez a/ (2008)
using carboxylated cellulose adsorbent, in which
they found that the adsorption for Cu*", Cd** and
Pb*" were at 30.4 mg/g, 86 mg/g, and 205.9 mg/g
respectively. In addition, the study results of Lim
et al. (2019) found that adsorption capacity for Pb,
Cd, and Cu at pH around 5 were 570.2-594.6,
302-311, and 126-144.5 mg/g, respectively using
composite mineral adsorbent. However, they
found that the adsorption capacity for Cd tended
to decrease as the pH increased to 6.5 while that
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of Cu tended to increase as the pH increased to
6.5. Ali et al. (2017) found that maximum
adsorption of Pb*", Cd*" and Cu*" were 91.5%,
90.18% and 75.08% for the dose of 0.4g/50 mL
for lead and 0.6g/50mL for cadmium and copper
using wheat straw as the adsorbent (see Table 4
below to observe the order of metal cation
removal below based on various studies). In
another study, Kalak e a/ (2021) conducted a
study on adsorption of sunflower wood fly ash
toward two species of metal cations, Pb*" and
Cu*". They also reported that their synthesized
adsorbent from agricultural residue has almost
similar adsorption capacity to Pb** compared to
Cu™, ie., 32.94 mg/g (100 mg/L) to 32.70 mg/g
(100 mg/L) with removal efficiency 99.81% and
99.61%, for Pb*" and Cu*" respectively.

The adsorption capacity of carboxylated
cellulose toward Pb** is higher than that to Cu®**
and Cd*". It is also worth mentioning that Pb**
has a higher electronegativity than Cd*" and Cu®*,
which favor its higher adsorption efficiency, a
better exchange with a sodium ion, thereby
forming a better ionic bond. For instance, the
electronegativity values for Pb**, Cd*" and Cu*
are 233, 1.69 and 19  respectively
(Daochalermwong ef al, 2020). However, this
explanation is inconsistent with some results (see
Table 3 for comparison). If this is the case, the
order of maximum adsorption capacity follows
the order Pb*"> Cu®" > Cd™".

Table 4. Order of adsorption for several metal cations from various studies

Order of adsorption

Adsorption capacity and adsorbent used

Reference

Pb2+ > Cd2+ >Cu2t

59.24, 55.37, and 32.82%, solid waste incineration fly ash

Xue ¢/ al., 2014

205.9, 86 30.4 mg/g, carboxylated cellulose

Gurgel et al,, 2008

570.2-594.6, 302-311, and 126-144.5 mg/g, composite Lim ez al, 2019

mineral

91.5%, 90.18% and 75.08%, wheat straw

Ali et al., 2017

-, 76.80, 72.10 mg/g, aminated D. bipinnata

Kour et al, 2013

589.32, 563.55, 81.7 mg/g, alkali-modified biochar from Wang ¢ al, 2021

ginkgo leaves

Pb2+> Cu2+ > Cd2+

006.7, 45.4, and 40.0 mg/g, Mesembryanthemum AC

Alkherraz e al., 2020

74.07, 69.93 and 60.24 mg/g, zeolite ZSM-5

Priyadi e al., 2016

Cu2t> Cd2+ >Pb2+

83, 68, 52 mg/g, guanyl-modified cellulose (Gu-MC)

Kenawy et al, 2018

90.25, 55.23, and 35.12 mg/g silica functionalized with Tighadouini ez a/, 2021

pyridin-2- ylmethanol (SiPy)
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According to Yu et al. (2013), a larger ionic
radius reduces the electrostatic nature of a metal
ion. In term of charge density, Pb, Cd, and Cu
have the value of 32, 59, and 116, C/mm’,
respectively (Rayner-Canham, 1976). In addition,
Pb*" adsorption was favorable in the system since
its smaller hydrated radius (4.01 A) and lower
pKH (7.71), ensuring for adsorption through
inner surface complexation than two other metal
cations (Wang ez al., 2021).

There is evidence of complexation of three
metal ions after adsorption with C=C group,
indicating M** -n  bond. Meanwhile, the
adsorption of Cu was due to the main mechanism
of its complexation with specific functional
groups. The order of metal ion adsorption
depends on the adsorbent characteristics. Thus,
different adsorbent has different order of
maximum value of metal ion adsorption (Wang e#
al., 2021).

Adsorption isotherm

Isotherm studies were conducted to describe how
OPEFB-derived carboxylated cellulose interacts
with adsorbates by correlation of equilibrium data.
Two models of adsorption isotherm, ie.,
Langmuir and Freundlich, were fitted with the
data obtained from the experiments in this study.
The Langmuir adsorption isotherm assumes that
adsorption of sorbate takes place in one layer of
molecule in thickness on the surface of the
sorbent. Meanwhile, the Freundlich isotherm
assumes a heterogeneous surface with a multilayer
of molecules adsorbate over the adsorbent
surface.

The analyses were performed for three metal
cations, i.e. Pb*", Cu®’, and Cd*'. Five doses of
CarMer-SA cellulose were dispersed in a solution
containing 100 mg/L (100 ppm) metal ions. The
experimental results of this study were plotted
linearly with both Langmuir and Freundlich
isotherm models. The results in Figure 9a to
Figure 9h show that both models fit well with the
experimental data. For the lead (Pb*") adsorption
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test, the Langmuir model is better fitted (Figure
9a, 9b) since its coefficient of determination value
is greater than that of Freundlich’s. Therefore, we
assume the lead adsorption process satisfies the
Langmuir model.

Nonetheless, for the adsorption process of
copper (Cu®"), the Freundlich model fits better
due to its higher value of determination
coefficient than that of Langmuir’s (Figure 9c,
9d). Therefore, it is concluded that the copper
adsorption process follows the Freundlich
isotherm model. In the Langmuir model, ions are
assumed to be adsorbed as a monolayer on the
adsorbent surface. Thus, the adsorption process
reaches a maximum when its surface is completely
covered by adsorbate. Meanwhile, Freundlich
assumes that adsorbent has heterogeneous
surfaces and multilayer adsorption with different
affinities (Sun & Selim, 2020).

Moreover, the experimental data for cadmium
(Cd™) were fitted with two models of adsorption
isotherm like previous methods. The results are
compared in Figure 9e¢, 9f. Both isotherm models
fitted well with the experimental data, indicating
by the coefficient of determination value (R was
greater than 0.9. However, by observing the R’
value of both models, we conclude that the
Langmuir model with a higher R* value better fits
with the experimental data of the cadmium
adsorption process in this study.

Furthermore, as shown in Figure 9g, 9h, the
adsorption procedure for MB using CarMer-SA
cellulose fits both the Freundlich and Langmuir
models. Langmuir model is better fitted with the
adsorption process since the R* value is slightly
higher than the other model. The current study
results are slightly different from that of (Gago et
al., 2020) that found under an acidic environment
(pH 3), the MB adsorption isotherms fitted the
Langmuir isotherm model with a maximum value
of the capacity reaching 887.6 mg/g.
Furthermore, at pH near neutral (pH around 6.4),
the model that best fits the adsorption process is
the Sips model, which generated S-shape curves.
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Figure 9. Adsorption isotherm of Pb*" to CarMer-SA; (a) Freundlich and (b) Langmuir model; Cu®" to
CarMer-SA: Freundlich (c), and Langmuir model (d); Cd*" to CarMer-SA: Freundlich (e) and Langmuir
model (f); MB to CarMer-SA: Freundlich (g), and Langmuir model (h)

CONCLUSION

This study produced potential bioadsorbents for
metal cations and dyes from oil palm empty fruit
bunches (OPEFB) by modifying OPEFB-derived
cellulose with anhydride (SA) via

succinic

carboxylation with pyridine as a catalyst. The
results showed that the carboxylation reaction
using SA enabled the substitution of native
hydroxyl groups with the carboxyl groups,
enhancing the adsorption capacity and metal-
binding capability of OPEFB-derived cellulose.
The characterization of the modified cellulose
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indicated that the cellulose synthesized in this
study is micro-cellulose  with  significant
characteristics of the ester and carboxyl functional
groups. The maximum carboxyl content
produced after a 4-hr reaction time was 4.2
mmol/g. This study also found that the
mercerization process of cellulose prior to the
functional group modification increased the
carboxyl content.

The adsorption performance of carboxylated
mercerized cellulose was found to have higher
adsorption capacity than that of unmodified
cellulose with 98.5, 37.9, 68.5 and 99.5 mg/g for
ion Pb*, Cu*, Cd*, and MB, respectively at
pH~6. The adsorption processes better fit the
pseudo-second-order model, indicating that the
adsorption process is most likely caused by
chemisorption  rather than  physisorption.
According to batch isotherm tests, the heavy
metal cations and MB, except for Cu™,
adsorbed as a monolayer onto the cellulose
surface. Thus, the adsorption process reaches a
maximum when its surface is completely covered
by adsorbate. Our research revealed that
carboxylated OPEFB cellulose with SA can be
considered as an eco-friendly and cost-effective
sorbent for metal cations and dyes in aquatic
media. Based on our findings and previous
research, we can conclude that OPEFB-derived
carboxylated cellulose is an excellent adsorbent
for metal cations and dyes.
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