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KEYWORDS Abstract Textile dye waste, such as methylene blue, has become an ecological and environmental
Adsorption; problem. Lemongrass leaves bio-waste (LLB) has emerged as a promising alternative adsorbent for
Citric acid; wastewater treatment. This study concerns the modification of LLB by citric acid through an ester-
Lemongrass leaves biowaste; ification reaction (called as CA-LLB) to increase its adsorption capacity to remove methylene blue
Methylene blue; dye. The optimum condition for adsorption of methylene blue by LLB was achieved at pH 9, con-
Modification centration 600 mg/L, contact time 45 min, and biosorbent temperature 25 °C. Whereas for CA-

LLB, the optimum adsorption conditions were achieved at pH 10, concentration 1400 mg/L, con-
tact time 75 min, and biosorbent temperature 75 °C. The methylene blue adsorption process fol-
lowed the Langmuir isotherm model for LLB and CA-LLB (R®> > 0.99), which indicated the
formation of a monolayer. The adsorption kinetics data for both biosorbents followed a pseudo-
second-order model. Adsorption thermodynamic studies showed that the adsorption of methylene
blue was spontaneous and exothermic. Boehm’s titration analysis showed an increase in the hydro-
xyl, carboxyl, and lactone functional groups of LLB after being modified with citric acid. FTIR and
SEM-EDX analysis indicated electrostatic interactions, cation exchange, and the occurrence of pore
filling by methylene blue molecules. TGA analysis indicated that LLB and CA-LLB were heat
stable and decomposed in three cycles. LLB and CA-LLB have good reusability using 30 % acetic
acid as a desorption agent. The optimum adsorption conditions were applied to Laboratorywastew-
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ater with methylene blue removal efficiency at 95.79 % while using CA-LLB. Biosorbent modifica-

tion using citric acid was proven to increase the adsorption capacity of MB from 43.1556 mg g~ ! to

122.1211 mg g~ '. Thus, LLB and CA-LLB have the potential to be applicative and environmentally

friendly biosorbents to remove methylene blue dye in wastewater.

© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Advancements in industrial technology to provide human needs can
also generate environmental issues, one of which is water pollution.
The textile industry is an industry that is currently developing and
has the potential to cause water pollution caused by the excessive
use of textile dyes. About 700.000 tons of synthetic dyes are extensively
produced and there are more than 100.000 types of dyes on the market
used in the textile industry (Degermenci et al., 2019). Most textile dyes
are synthetic dyes considered toxic to aquatic life, stable to light, and
difficult to degrade, resulting in water pollution (Patawat et al., 2020).
In addition, water pollution caused by these dyes reduces light penetra-
tion into rivers. It affects the photosynthetic activity of aquatic plants,
reducing the availability of oxygen and nutrients for aquatic organisms
(Lebron et al., 2019).

Methylene blue (MB) is a cationic dye from the azo group com-
monly used to color cotton, wool, fabric, and silk. Humans are
adversely affected by MB dye in various ways, including accelerated
heart rate, vomiting, cyanosis, jaundice, quadriplegia, and tissue necro-
sis. Synthetic dye disposal without prior treatment results in high
chemical oxygen demand (COD) concentrations and increased toxicity
in water systems (Mohammed et al., 2014). Therefore, an effort is
needed to remove MB dye from wastewater to maintain aquatic
ecosystems and ensure the availability of clean water for humans
(Patawat et al., 2020).

Several methods have been used to remove textile dyes from
wastewater, including membrane filtration (Djenouhat et al., 2018),
flocculation (Xia et al., 2018), catalytic oxidation—reduction (Putri
et al., 2020b), photocatalytic degradation (Subaihi and Naglah,
2022) and ion exchange (Yousef et al., 2016). This method can remove
dye pollutants but requires complicated equipment and is expensive.
One alternative method that has the potential to remove methylene
blue pollutants in wastewater is biosorption. Biosorption is a wastew-
ater treatment method that uses non-living cell biomass as an adsor-
bent. This method does not require high costs, and the process is not
complicated (Fauzia et al., 2021). One of the advantages of the
biosorption method is that the biosorbent used was obtained from nat-
ure, such as agricultural waste or fishery waste (biowaste), so it is
expected to overcome environmental pollution due to solid waste
(Zein et al., 2020). The waste still contains several functional groups
such as carbonyl, carboxyl, and hydroxyl, which are the active sites
to remove harmful pollutants.

Lemongrass (Cymbopogon nardus) is a plant frequently utilized to
produce essential oils and their derivatives. The widespread use of
lemongrass plants will result in uneconomical biowastes. As a result,
lemongrass leave biowaste (LLB) accumulates, compromising environ-
mental aesthetics. LLB can be utilized as a biosorbent since it still con-
tains functional groups such as carbonyl, carboxyl, and hydroxyl that
can adsorb hazardous pollutants such as MB (M. Wifek et al., 2016;
Zein et al., 2022).

A preliminary study has been carried out on the adsorption of
methylene blue using unmodified LLB, where the adsorption capacity
was achieved at 43.1556 mg/g (Zein et al., 2022). However, the adsorp-
tion capacity of LLB needs to be increased so that the biosorbent needs
to be modified. The biosorbent was modified to increase the active site
in the form of a functional group for adsorption by adding a modifier
(Kavci et al., 2021). One of the modifiers that have the potential to be
used in this research is citric acid. In addition to readily available raw

materials, the citric acid-modified biomass process does not produce
hazardous waste. Modifying LLB with citric acid (CA-LLB) can acti-
vate hydroxyl groups from cellulose and carboxylic groups in citric
acid through esterification reactions (Hoang et al., 2021). Relevant
studies reported that brown algae modified with citric acid produced
a high adsorption capacity of crystal violet dye of 279 mg g '
(Hoang et al., 2021). In addition, Fathy et al. found an increase in
the maximum adsorption capacity of rice straw from 32.6 to
135.1 mg g~ after being modified with citric acid (Fathy et al., 2013).

Based on the explanation above, this research was conducted to
study the adsorption performance of MB dye in CA-LLB by consider-
ing several optimum parameters such as pH, initial MB concentration,
contact time, and adsorbent heating temperature. The isotherm, kinet-
ics, adsorption thermodynamics and physicochemical characterization
were studied to determine the adsorption mechanism of MB on CA-
LLB. Then, CA-LLB reusability was examined to determine the adsor-
bent resistance during the adsorption cycle.

2. Material and methods

2.1. Materials

LLB was collected from the lemongrass oil distillation industry
in Padang City, Indonesia. Methylene blue dye (96 %, Merck),
aquadest, HNOj3 pa (65 %, Merck), NaOH (99.8 %, Merck),
buffer solutions, KCl (99.9 % Merck), HCI p.a (Merck), Citric
acid (C¢HgO7) (Merck), Sodium dihydrogen phosphate
(NaH,PO4) (Merck), Acetic acid (CH3;COOH) (Merck),
Sodium carbonate (Na,CO3), Sodium bicarbonate (NaHCO3),
Potassium chloride (KCI), methyl orange indicator and filter

paper.

2.2. CA-LLB preparation

LLB was dried before being cut and separated from the stems.
LLB was then crushed in a grinder and sieved to a particle size
of 36 pm, resulting in a powder. The LLB powder was
immersed in a 0.01 M HNO; solution with a S/L ratio 1:3
for 3 h. After that, the mixture was filtered and air-dried after
being rinsed with distilled water until the pH was neutral
(Hevira et al., 2021).

Referring to the procedure obtained by Zhou et al. (2015),
2.00 g of LLB was weighed and then mixed with 0.30 g of citric
acid and 0.25 g of sodium dihydrogen phosphate. Further-
more, as much as 30 mL of distilled water was added to the
mixture in a 100 mL Erlenmeyer flask. Then the mixture was
homogenized using an ultrasonicator for 15 min. Then the
mixture was heated in a water bath for 1 h. Next, the mixture
was heated at 140 °C for 4 h. After heating, the mixture was
cooled and rinsed using 500 mL of distilled water to remove
residual CA and sodium dihydrogen phosphate. The sample
was filtered by a vacuum pump and dried at 60 °C until con-
stant weight, then stored and labeled CA-LLB (Zhou et al.,
2015).
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2.3. CA-LLB characterization

The point of zero charges (pHpzc) of CA-LLB was determined
using the solid-addition method (Moghazy, 2019). The func-
tional groups on the biosorbent were examined using Attenu-
ated Total Reflectance-Infrared (IRTracer-100 Shimadzu)
before and after MB uptake. For infrared scanning from 500
to 4000 cm ™", a small amount of CA-LLB was placed on the
sample holder. The surface functional groups were quantita-
tively analyzed using the Boehm titration method before and
after modification (Vifttaria et al., 2019). The surface morphol-
ogy of CA-LLB before and after MB uptake was characterized
using a Hitachi FLEXSEM 1000 Scanning Electron Micro-
scopy with Energy-dispersive X-ray Spectroscopy. TGA (Shi-
madzu, DTG-60) was used to examine the thermal stability
of the CA-LLB for a 10 mg sample at a flow rate of
50 mL min~' N».

2.4. Batch adsorption studies

The batch adsorption system was carried out using a mechan-
ical shaker (150 rpm). Batch adsorption tests were performed
to analyze how pH (5-11), initial MB concentration (300—
1500 mg/L), contact time (5-120 min), and adsorbent heating
temperature (25-200 °C) affected adsorption. The pH of the
solution was first adjusted by adding 0.1 M HNO; or 0.1 M
NaOH. The pH was then adjusted using a buffer based on
the pH of each solution. Furthermore, 0.10 g of CA-LLB
was added to the MB solution and shaken based on contact
time. The mixture was then filtered, and the absorbance of
the filtrates was determined using a Spectrophotometer UV—
vis (Genesys 20 Thermo Scientific) at 664 nm. The quantity
of MB adsorbed on CA-LLB can be determined by calculating
the adsorption capacity (q) and removal efficiency (%R) from
Egs. (1) and (2) (Ramadhani et al., 2022).

(CO'Ce)

a=—4 7 % \ (1)
R = )y 100 9 (2)
Co

where q (mg g~') represents the adsorption capacity, Co and
Ce (mg L") represent the initial and final concentrations of
MB, m (g) represents the mass of CA-LLB, and V (L) repre-
sents the volume of the MB solution (Zein et al., 2020).

2.5. Thermodynamics study

In an Erlenmeyer flask, 0.10 g of CA-LLB was added to a
10 mL solution of 10-50 mg/L of MB. The optimum pH
and contact time conditions had already been established pre-
viously. Temperatures of 298, 308, and 318 K were varied, and
the mixture was then agitated at 150 rpm. A UV-vis spec-
trophotometer was used to measure the absorbance of the fil-
trate at 664 nm (Hevira et al., 2020; Zein et al., 2020).

2.6. Desorption cycle and reusability study

0.1 g of CA-LLB were added into M B solution at the optimum
pH, contact time, and CA-LLB heating temperature. A
mechanical shaker was used to agitate the mixture at

150 rpm, and then filtered. The filtrate was analyzed by UV—
vis spectrophotometer (C,q4s). Next, the residue was dried at
room temperature. After drying, the CA-LLB were contacted
with 10 mL of 30 % acetic acid solution for the optimum time,
then filtered. The filtrate was examine using UV-vis spec-
trophotometer (Cg4es). The CA-LLB was then repeatedly con-
tacted with the MB solution (cycles). The percentage of MB
desorbed in CA-LLB was calculated using the Equation. (3)
(Dotto et al., 2015).

Cles
% 100% (3)
ads

% Desorption =

Cags (mg L) represents the amount of MB adsorbed on the
CA-LLB, and Cg. (mg L) represents the amount of MB des-
orbed from the MB-loaded sample (Dotto et al., 2015; Hevira
et al., 2021).

3. Results and discussion

3.1. Modification process

In efforts to increase the ability of dye adsorption in biosor-
bents, a modification process were carried out using a suitable
modifier. In this study, activated Lemongrass leaves bio-waste
(LLB) was modified using citric acid through an esterification
reaction. Citric acid was used as a modifier because it is non-
toxic, inexpensive, and easy to obtain (Liu et al., 2019).

Citric acid can be used as a modifier of the surface of
biosorbents because it can increase additional carboxyl groups
to its surface, increasing dyes’ adsorption capacity (Xu et al.,
2016). Sajab et al. (2011) used kenaf core fiber modified with
citric acid through esterification, showing a higher MB adsorp-
tion capacity (131.6 mg/g) than untreated kenaf core fiber
(Sajab et al., 2011). Zou et al. (2013) also reported that pine
sawdust modified with citric acid could be used as an effective
adsorbent, where the adsorption capacity of MB reaches
111.46 mg/g (Zou et al., 2013).

This modification requires ultrasonication, which aims to
break up the fibril structure, thereby increasing the surface
area of the biosorbent (Giraldo et al., 2021). The esterification
of citric acid with the hydroxyl group (-OH) in the biosorbent
is thought to occur in two steps. In the first step, citric acid is
dehydrated to form a cyclic anhydride. In the second step, the
intermediate product combines citric acid’s ring-opening reac-
tion with a hydroxyl group to form an ester product (Nguyen
and Pham, 2020). The modification process of lemongrass
leaves bio-waste with citric acid was proven by the FTIR spec-
trum (Fig. 2) and the results of the Boehm titration (Table 3).
Based on these exposures, the mechanism of LLB modification
by citric acid is shown in Fig. 1.

3.2. CA-LLB characterization

3.2.1. Surface functional groups

The surface characterization of LLB and CA-LLB using FTIR
aims to evaluate the functional groups that play a role during
adsorption, indicated by the shift in wavenumber in each FTIR
spectrum (Soldatkina and Yanar, 2021). The occurrence of LLB
modification by citric acid was obtained from this analysis.
Fig. 2 shows the wavenumber shifting in the LLB and CA-
LLB spectra before and after adsorption at 500-4000 cm ™.
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Fig. 2 shows the presence of several peaks formed in the
LLB and CA-LLB spectra. The spectrum showed peaks about
3330.16 and 3321.48 cm ™! in LLB and CA-LLB spectra due to
hydroxyl groups (O—H) stretching vibrations of macro-
molecules such as cellulose, hemicellulose, and lignin. The
presence of peaks at 2917.38 and 2921.24 cm™! in LLB and
CA-LLB, represents the C—H stretching and stretching vibra-
tions of the methyl (—~CH3) and methylene (—CH,—) groups in
the molecular structure of cellulose and hemicellulose (Dinh
et al., 2019). In addition, the FTIR spectrum also shows the
presence of other functional groups on the surface of the two
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Fig. 2 The FTIR spectrum of LLB and CA-LLB before and
after MB dye adsorption.

biosorbents, such as the O—H group of carboxylic acid,
C=C alkene, C—O cyclic ether group, and other groups that
support the adsorption process of MB dye on the LLB and
CA-LLB surfaces. After LLB was modified with citric acid, a
new peak appeared at 1729.21 cm ™!, which indicated the
C=O0 stretching vibration of,B-unsaturated ester in the CA-
LLB surfaces. It proves the modification of LLB by citric acid
through the esterification reaction (Giraldo et al., 2021).
Table 2 shows that there has been a wavenumber shifting in
the FTIR spectrum of LLB after adsorbing MB dye.

The wavenumber shift occurs at the peaks of the functional
groups O—H alcohol, O—H carboxylic acid, C—O cyclic ether,
and C—C in the conjugated alkene. MB dye can interact with
functional groups containing oxygen, such as alcohols and car-
boxylic acids (Sahu et al., 2020). It denotes the functional
group’s participation in adsorbing positive charges from MB
dye molecules via electrostatic interactions, ion—dipole interac-
tions, hydrogen bonds, and Van der Waals bonds (Zein et al.,
2022). Moreover, the presence of peaks at wave numbers
1246.04 and 1332.81 cm™ ! after absorbing MB dye reported
the existence of aromatic amine C—N group vibrations on
both biosorbents. It means that the MB molecule was entirely
adsorbing on the CA-LLB surface (Sahu et al., 2020).

Although the qualitative characterization of FTIR can indi-
cate the occurrence of modification with citric acid through
esterification, quantitative evidence is needed. Through
Boehm’s titration, the content of carboxyl (—COOH), lactone
(—COOR), and hydroxyl (—OH) groups on the solid surface
can be examined quantitatively. The carboxyl and hydroxyl
groups are acidic according to the Bronsted theory, while the
lactone groups are acidic according to the Lewis theory, so
neutralization reactions with alkaline solutions can analyze
these three groups (Vifttaria et al., 2019). The results of the
Boehm titration can be seen in Table 3.

Based on Table 3, there was an increase in the concentra-
tion of carboxyl, lactone, and hydroxyl groups after LLB mod-
ification using citric acid. It is a fact that the LLB surface has
been modified with citric acid. The functional group content
increased due to the binding of citric acid, which has car-
boxylic and hydroxyl groups on the LLB surface after modifi-
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cation (CA-LLB) through an esterification reaction. The
increase in the concentration of carboxyl and hydroxyl groups
also increased the number of active sites of the biosorbent
(Leyva-Ramos et al., 2012). Thus, it would increase the
adsorption capacity of the MB dye.

3.2.2. Morphology and structural properties

The surface morphology of the biosorbent was evaluated using
SEM-EDS, which included roughness, porosity, and the abun-
dance of components available on the surface. By evaluating
changes in the surface of the biosorbent before and after the
adsorption process, the adsorption mechanism may be pre-
dicted (Emam et al., 2020; Zein et al., 2022). Fig. 3 (a)-(b)
shows the surface morphology of CA-LLB before and after
MB adsorption at 8000x magnification, respectively.

TeknikMesin ITS 5.00kV X8.00k SE

CA-LLB surface morphology after MB dye adsorption is
shown in Fig. 3(a) and (b). These findings show morphological
changes during adsorption, including a smooth and even sur-
face formation. This was owing to the porous and hollow nat-
ure of CA-LLB being covered with MB dye after the
adsorption procedure. These findings led to the formation of
a monolayer due to the homogenous binding of MB molecules
on the adsorbent surface, as evidenced by the adsorption iso-
therm analysis (Zein et al., 2022).

The SEM-EDS equipment can assess the number of ele-
ments on the surface of the biosorbent using EDS analysis
and qualitatively analyze the surface morphology of the
biosorbent using SEM pictures. Table 4 shows the results of
examining the quantity of these elements. Table 4 indicates
the presence of several components on the surface of CA-
LLB prior to MB dye adsorption, including C, O, Si, and
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Fig. 3 SEM images of CA-LLB before (a) and after adsorption (b). EDX graph before (c) and after adsorption (d).
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Ca. The concentration of O, Si, and Ca on the surface of CA-
LLB decreased after the adsorption process because they were
involved in the adsorption process. Ca decreases due to cation
exchange between MB molecules and calcium ions. The
increase in the percentage of C on the surface of CA-LLB after
the adsorption process was due to the binding of the MB
molecular framework, which is rich in carbon elements. The
increasing percentage of elemental S after adsorption demon-
strated that the MB dye had been adsorbed on the CA-LLB
surface (Zein et al., 2022).

3.2.3. Point of zero charge (pHpzc)

The pH value of the point of zero charges (pHpzc) is assumed
to be the pH at which the surface charge of the adsorbent is
zero. At this pH, the amount of positive charge is equivalent
to the negative charge on the surface of the adsorbent. Knowl-
edge of pHpzc can formulate hypotheses regarding the ioniza-
tion of functional groups and their interactions with
adsorbates in solution. The pHpzc value can also predict the
pH range with a high adsorption capacity (Karna et al.,
2018). At a solution pH higher than pHpzc, the surface of
the adsorbent is negatively charged and can interact with the
positively charged adsorbate. However, at a pH lower than
pHpzc, the surface of the adsorbent is positively charged and
can interact with the negatively charged adsorbate (Al-
Maliky et al., 2021). The pHpzc CA-LLB graph can be seen
in Fig. 4.

Based on Fig. 4, it can be seen that the pHpzc CA-LLB is
5.4. At this pH, the number of positive and negative charges on
the surface of the biosorbent is the same, which means the sur-
face of the biosorbent has no charge. The adsorption process
of MB by CA-LLB was predicted to reach maximum adsorp-
tion capacity if pH > pHpzc, where the surface of the biosor-
bent will be negatively charged and able to interact with MB
through electrostatic interactions. However, if pH < pHpzc,
then the surface of the biosorbent will be positively charged,
resulting in electrostatic repulsion between the MB molecule
and the surface charge of the biosorbent (Rahman-Setayesh
et al., 2020). Therefore, the adsorption of MB by CA-LLB
was predicted to be optimal if pH > 5.4.
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MB dye, methylthioninium chloride, is one of the azo
group cationic dyes which will form methylthioninium ions
(cations) and chloride ions (anions) when dissolved in water.
Methylthioninium ion is a cation that has an azo group so that
it becomes a target adsorbate that the biosorbent will absorb.
When pH > pHpzc, the positively charged methylthioninium
ion is certainly able to be absorbed by the biosorbent, which
has a negative charge through electrostatic interactions
(Uddin et al., 2017).

There were changes in pHpzc LLB before and after modifi-
cation with citric acid. The pHpzc CA-LLB value is smaller
than the pHpzc LLB. This phenomenon was caused by the
modification process with citric acid that will increase the acid-
ity on the CA-LLB surface, caused decreasing the pHpzc value
(Wibowo et al., 2006). The same result was reported by Tehrim
et al. (2021) that there was a decrease in the pHpzc value of
cigarette waste modified with citric acid, from 6 to 5.5
(Tehrim et al., 2021).

3.3. Batch adsorption studies

3.3.1. Effect on pH of adsorption

The effect of solution pH is an important factor because pH
affects the interaction between the adsorbate and the func-
tional groups on the surface of the biosorbent. The addition
of H + ions or OH- ions during the pH adjustment of the
solution affected the ionization process of functional groups
on the surface of the biosorbent. The functional groups would
be protonated or deprotonated by the change of pH, which
will generate the formation of charge on the surface of the
biosorbent. In addition, pH also affects the dye ionization pro-
cess and regulates its interaction with the active site of the
biosorbent (Kassimi et al., 2021). Based on the CA-LLB
pHpzc analysis results, the effect of the pH of the MB dye solu-
tion was studied in the pH range of 5-11, which can be seen in
Fig. 5.
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Fig. 5 Effect of pH on MB adsorption capacity. (Experimental
conditions: Cy = 300 mg/L; biosorbent mass = 0.1 g; contact
time = 60 min; adsorption temperature = 25 °C; volume
MB = 10 mL; particle size = 36 um; and agitation
speed = 150 rpm).
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Fig. 5 indicates that the maximum adsorption capacity was
achieved at pH 10 (q = 29.9692 mg g~ '). The graph also illus-
trates the increase in adsorption capacity along with increasing
pH. The OH-ion added during pH adjustment will cause ion-
ization of the functional group on the surface of the biosorbent
so that the functional group is deprotonated. As the pH
increases, the deprotonated functional group will be negatively
charged and able to interact with MB molecules electrostati-
cally to achieve maximum adsorption capacity (Jin et al.,
2019).

In addition, pH also affects the ionization of MB mole-
cules. MB is a cationic dye (pKa = 5.85). According to Jiaqi
et al. (2019), methylene blue will ionize and form a positive
charge at alkaline pH (pH > pKa) and the MB molecule will
be deprotonated and stable to form a positive charge (cation).
Consequently, electrostatic attraction between the negative
charge on the biosorbent and the positive charge on the methy-
lene blue dye increases (Jiaqi et al., 2019).

On the other hand, a low adsorption capacity was obtained
when the adsorption pH was low. This is because the func-
tional group on the surface of the biosorbent will experience
protonation, which causes the formation of a positive charge
in the functional group. The positively charged functional
group experienced electrostatic repulsion with MB molecules,
inhibiting the adsorption process. In addition, H" ions in
the solution will compete with MB molecules, causing low
adsorption capacity (Labaran et al., 2019; Mousavi et al.,
2017).

The analysis of the influence of pH has proven that the
maximum adsorption process was obtained at pH > pHpzc.
The adsorption of MB has dominantly occurred in an alkaline
environment because of the electrostatic interaction between
the negative charge in CA-LLB and MB cation. A similar
result was reported by Mpatani et al. (2020) that the adsorp-
tion of MB by citric acid-modified bagasse is maximal at pH
10 (Mpatani et al., 2020).

3.3.2. Effect of initial dye concentration and analysis of
adsorption isotherm models

The concentration of adsorbate plays an essential role in deter-
mining the mechanism of an adsorption process. In addition,
the effect of adsorbate concentration in solution also provides
information in the form of adsorption capacity. The effect of
adsorbate concentration can be utilized to estimate the adsorp-
tion isotherm model. the model can determine the feasibility
and efficiency of the adsorption process (Mushtaq et al.,
2016). The effect of initial MB concentration on adsorption
capacity was studied in the concentration range of 300-
1500 mg/L at pH 10 for CA-LLB. The graph of the effect of
the initial concentration can be seen in Fig. 6. The graph shows
that the maximum adsorption capacity of CA-LLB is
120.6886 mg g~ ' at a concentration of 1400 mg/L.

Fig. 6 shows that the increase in the initial concentration of
MB will also increase the adsorption capacity significantly.
This phenomenon caused by the increasing concentration will
also increase the mobility of the dye molecules, causing a
strong driving force to support the movement of dye molecules
from the solution to the surface of the biosorbent (Tehrim
et al., 2021). In addition, in the early phase of adsorption, there
are still many active sites available on the surface of the biosor-
bent, where MB dye molecules interact more easily with the
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Fig. 6 Effect of initial MB concentration on adsorption capac-
ity. (Experimental conditions: pH = 10; biosorbent mass = 0.1 g;
contact time = 60 min; adsorption temperature = 25 °C; volume
MB = 10 mL; particle size = 36 um; and agitation
speed = 150 rpm).

active sites so that the adsorption capacity increases (Kavci
et al., 2021).

Meanwhile, the adsorption capacity tends to decrease after
equilibrium is reached because the active site on the surface of
the biosorbent was completely filled, thus inhibiting all interac-
tions of MB molecules with the surface of the biosorbent (Jin
et al., 2019; Uddin et al., 2017).

Fig. 6 also shows the different trends of CA-LLB adsorp-
tion. The increase in adsorption capacity after modification
proved that LLB modification using citric acid (CA-LLB)
increased adsorption capacity by adding carboxyl and hydro-
xyl functional groups as active sites. This functional group is
deprotonated at alkaline pH, forming a negative charge so that
there is an electrostatic interaction between the MB molecule
and the functional group on the surface of the biosorbent
(Mpatani et al., 2020). This result is related to the shift in
the wavenumber of the functional groups in the FTIR
spectrum.

Essekri et al. (2021) explained that after modifying the
biosorbent, the oxygen atom in the hydroxyl and carbonyl
groups of citric acid could act as an electron donor. The ben-
zene ring of the dye molecule can act as an electron acceptor.
Thus, electron donor—acceptor intermolecular interactions
were also involved during adsorption (Essekri et al., 2021)
[15]. Research conducted by Tehrim et al. (2021) also reported
increased MB adsorption capacity by cigarette butt waste after
being modified with citric acid (Tehrim et al., 2021).

Data on the effect of initial concentration on the adsorption
capacity value was used to determine the adsorption isotherm
model. The adsorption isotherm can be used to evaluate the
adsorption capacity of the adsorbent and can also be used to
describe the interaction of the adsorbate with the biosorbent
(Jiaqi et al., 2019). To better study the adsorption mechanism,
several models of adsorption isotherms in this study were ana-
lyzed, namely the Langmuir, Freundlich, Dubinin-
Radushkevich (D-R) isotherm models.



R. Zein et al.

The linear regression equation and coefficient of determina-
tion (R?) for the adsorption isotherm model were obtained
from the Ce vs Ce/qe plot for the Langmuir isotherm model,
the log Ce vs log ge plot for the Freundlich isotherm model,
the €2 vs In ge plot for the D-R isotherm model, and the plot
of In Ce vs Qe for the Temkin isotherm model. Furthermore,
the isotherm model that represents the adsorption process is
selected from the R? value of the isotherm model, which is
close to one. The graph of the Freundlich isotherm model
can be seen in Fig. 7.

Fig. 7 shows the Freundlich isotherm R? for CA-LLB was
0.8488. Freundlich’s isotherm model assumed that during the
adsorption process, a multilayer is formed. In addition, the
1/n value obtained from the Freundlich isotherm model pro-
vides information on the heterogeneity of an adsorption pro-
cess. The 1/n value of MB adsorption using CA-LLB were
0.4130, which indicated heterogeneity during the adsorption
process (0 < 1/n < 1) (Al-Ghouti and Da’ana, 2020). Further-
more, the graph of the Langmuir isotherm model can be seen
in Fig. 8.

Fig. 8 shows the Langmuir isotherm equation R? for CA-
LLB was 0.9974. Langmuir’s isotherm model assumed that
during the adsorption process, it forms a monolayer (Putri
et al., 2020a). In addition, the Ry value obtained from the
Langmuir isotherm model provides information on the feasi-
bility of an adsorption process. The separation factor (Rp)
value of MB adsorption using CA-LLB is generally close to
zero (see Table 1), where the Ry value is in the range of
0 < Rp < 1, which indicates that the MB adsorption process
was feasible (Essekri et al., 2021). Furthermore, the graph of
the D-R isotherm model can be seen in Fig. 9.

Fig. 9 shows the R value of the D-R isotherm equation for
CA-LLB was 0.9682. The D-R isotherm model assumed the
presence of pore filling of the adsorbent by the adsorbate dur-
ing the adsorption process (Hu and Zhang, 2019). The free
energy of adsorption (Epgr) can also be determined using this
model, where the value of the adsorption Epg using CA-
LLB is 2.2360 kJ mol~'. Furthermore, the graph of the Tem-
kin isotherm model can be seen in Fig. 10.

y =0.41303x +1,16373
R2=0.8488 -

log qe
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Fig. 7 Linear plot of Freundlich Isotherm Model.
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Fig. 8 Linear plot of Langmuir Isotherm Model.

Fig. 10 shows the R? of the Temkin isotherm equation for
CA-LLB was 0.9815. The D-R isotherm model assumed that
heat has involved during adsorption. In addition, this model
also assumes the occurrence of chemical adsorption
(chemisorption) (Al-Ghouti and Da’ana, 2020). The results
of the analysis of the isotherm models are summarized in
Table 5.

Based on Table 5, the R? value of the methylene blue
adsorption isotherm model using CA-LLB can be ordered as
follows: Langmuir > Temkin > D-R > Freundlich. The
low R? value for the Freundlich isotherm indicates that the
adsorption process is not dominant through the formation of
multilayers. The highest R? value of Langmuir isotherm indi-
cates a single layer is formed on the surface of the biosorbent
by MB molecules during adsorption.

3.3.3. Effect of contact time

Contact time is an essential experimental parameter to deter-
mine the minimum time required to reach the maximum
adsorption capacity. The effect of contact time was also stud-
ied to determine the model of dye adsorption kinetics (Zein
et al., 2020). The effect of contact time on adsorption capacity
was studied in the range of 5-120 min. The graph of the effect
of the initial concentration can be seen in Fig. 11.

Fig. 11 shows an increase in adsorption capacity with
increasing contact time. The maximum adsorption capacity
reached 121.0069 mg g~' for CA-LLB at a contact time of
75 min. The graph shows that the adsorption capacity tends
to increase with increasing contact time due to the number
of active sites on the adsorbent still available at an early stage.
However, after the optimum contact time, the adsorption
capacity decreases due to the accumulation of MB at the active
site of the biosorbent (Uddin et al., 2009).

Based on these results, this could be explained that the
adsorption process occurs in two stages: the initial adsorption
stage, which occurs rapidly, and then the release stage of the
slowly desorbed substance. This phenomenon was related to
the amount of adsorbed substance that has exceeded the max-
imum number of compounds that can be absorbed. In other
words, the adsorbent is saturated. If a certain amount of
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Table 1 Structure and physicochemical properties methylene blue dye.
Properties Information
N
X
Structure
Sy s N cr

Molecular formula
Molecular weight

C,6H5CIN3S-H,O

joax 664 nm
Appearance

Melting point 180 °C

Bulk density 400-600 kg m >
LDs, (oral rat) 1180 mg kg~

Solubility Water: 2.5 g/100 mL

319.86 g mol ™' (anhydrous)

Dark blue powder, eventually with granular and bright parts.

Ethanol: 1.5 g/100 mL
Acetone: 0.5 g/100 mL

Table 2 The shift in the wavenumber of each functional group in the LLB and CA-LLB before and after MB dye adsorption.

Biosorbent Before adsorption (cm™") After adsorption (cm ™) Functional group information
LLB 3330.16 3343.66 O—H alcohol stretching
2917.38 2917.38 C—H alkanes stretching
1635.66 1599.02 C=C conjugate alkenes stretching
1430.24 1386.84 O—H carboxylic acid bending
1368.52 1332.83 O—H alcohol bending
- 1246.04 C—N aromatics amine stretching
1032.90 1031.93 C—O cyclic ether stretching
CA-LLB 3321.48 3307.92 O—H alcohol stretching
2921.24 2918.30 C—H alkanes stretching
1729.21 - C=0 o,B-unsaturated ester stretching
1623.13 1598.99 C=—C conjugates alkene stretching
1370.45 1394.53 O—H carboxylic acid bending
- 1332.81 C—N aromatics amine stretching
1031.93 1033.85 C—O cyclic ether stretching

Table 3 The amounts of functional groups on the surface of
LLB and CA-LLB by the Boehm titration method.

Table 4 Chemical composition of CA-LLB before and after
adsorption at specific sites.

Biosorbent Functional groups contents (meq g ') Element Relative abundance of elements (%wt)
Carboxyl Lactone Hydroxyl Before adsorption After adsorption
LLB 0,6073 0,5875 0,2012 C 32.14 33.22
CA-LLB 0,9398 0,8202 0,5670 (0] 57.85 51.86
Si 7.32 8.65
Ca 1.99 1.91
S 0.70 4.35

adsorbate has saturated the active site on the surface of the
adsorbent, adding adsorption time can no longer increase the
adsorption capacity and even decreases. In addition, a contact
time that is too long causes the bond between the adsorbate
and the adsorbent that has been formed to be rereleased so
that the adsorption capacity decreases (Kurniawati et al.,
2021).

Data on the effect of contact time on the adsorption capac-
ity value was used to determine the adsorption kinetics model.
Adsorption kinetics were analyzed to determine the effect of
contact time on the adsorption process and to measure the
adsorption rate (Jiaqi et al., 2019). Several adsorption kinetics
models were analyzed to study the adsorption mechanism:
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Fig. 10  Linear plot of Temkin Isotherm Model.

pseudo-first-order, pseudo-second-order, intraparticle diffu-
sion (IPD), and Elovich models.

The linear regression equation and the coefficient of deter-
mination (R?) of the kinetic model were obtained from the t vs
In (ge-qt) plot for the first-order pseudo kinetic model, the t vs
t/qt plot for the second-order pseudo model, and the t'/ vs gt
plot for the kinetic model IPD, and In t vs gt plots for the Elo-
vich kinetic model. Furthermore, the kinetic model represent-
ing the adsorption process is selected from the R value of the
kinetic model, which is close to one.

The kinetic model parameters for MB adsorption by both
biosorbents were calculated from the kinetic model plots and
are summarized in Table 6. The R? value of the second-
order pseudo kinetic model is the highest compared to other
kinetic models and is close to one. In addition, the value of
MB adsorption capacity on the two biosorbents obtained from
the pseudo-second-order model (qe calc) is close to the actual
adsorption capacity value (ge exp). The same result was
reported by Holliday et al (2022) about the utilization of green

Table 5 Adsorption isotherm parameter of MB onto CA-

LLB biomass.

Isotherm Models Value
Freundlich
Kp (L mg H)') 14,5780
I/n 0,4131
R? 0,8488
Langmuir
qm (Mg g ") 112, 3539
K (L mg") 0,3101
Ry 0,0021-0,2438
R? 0,9974
Dubinin-Radushkevich
qm (mg g") 90,9490
Kpr (mol® /J%) 1 x 107
Epr (kJ mol™) 2,2360
R? 0,9682
Temkin
B (J mol™ 1) 173,5230
Kr(@Lgh 11,8295
R? 0,9815
130 4
120
110 4
@100-
)
g
> 90
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Fig. 11 Effect of contact time on MB adsorption capacity

(Experimental conditions: pH =

MB
temperature = 25

10; initial concentration of

1400 mg/L; biosorbent mass = 0.10 g; adsorption
°C; particle size =

36 pm; volume

MB = 10 mL; and agitation speed = 150 rpm).

pea haulm as an adsorbent for the removal of methylene blue
dye following the pseudo-second-order kinetic model
(Holliday et al., 2022). Low R? values were found in the IPD
and pseudo-first-order kinetics models, so it could be assumed
that the effect of intraparticle diffusion and multilayer forma-
tion does not represent the adsorption process.

Based on Table 6, the R* values of the MB adsorption
kinetics model using CA-LLB can be ordered as follows:
pseudo-second-order > Elovich > IPD > pseudo-first-order.
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Table 6 Adsorption kinetics parameter of MB onto CA-LLB 100 ] I _._ Weight Loss | F120
biomass. —.

Kinetics models CA-LLB 110
80 4

ge (exp) (mg g’l) 121.0069 L 100

Pseudo-first-order ;\?

k; (min~") 0.3340 E‘ 60 4 90 B

qe (cale) (mg g~V 2264.9319 g o

R 0.0180 e % E

Pseudo-second-order .%” 40 3 =

k (g/mg.min) —0.00205 =

qe (calc) (mg g ") 91.7431 70

R? 0.9749 20 4

Intrapartikel Difussion - 60

Kairr (mg/g.min®) 5.2948

C(mgg" 59.2490 —————— 50

R2 0.3077 50 100 150 200 250 300 350 400 450 500 550

Elovich T(0)

B (gmg™) 0.6225 ) o o

o (mg.min/g) 7.44 % 101° Fig. 12 Graph of Relationship between TGA characterization

R2 0.5170 and CA-LLB heating temperature on MB adsorption (pH = 10,

Thus, it could be assumed that the adsorption of MB dye
occurs through chemical interaction (chemisorption)
(Muniyasamy et al., 2020). These results are related to the shift
in wave number in the FTIR spectrum and the characteriza-
tion results with EDX, which assumes the occurrence of elec-
trostatic interactions and cation exchange during adsorption.

3.3.4. Effect of adsorbent heating temperature and stability
thermal of CA-LLB

The heating temperature of the biosorbent was investigated to
evaluate the relationship between the percentage of mass loss
due to heating (% weight loss) and the adsorption capacity
of MB. Heating of the biosorbent is carried out to remove
the water content and volatile compounds that cover the pores
of the biosorbent so that the surface area of the biosorbent
increases in absorbing MB (Chaidir et al., 2015).

In addition, the biosorbent heating temperature was stud-
ied to evaluate the resistance of the biosorbent to high-
temperature heating, which is related to the destruction of
the active site in the form of functional groups on the surface
of the biosorbent. The heating temperature of the biosorbent
was studied in the range of = 25-200 °C. The graph of the
effect of CA-LLB heating temperature on the adsorption
capacity of MB can be seen in Fig. 12.

Fig. 12 shows a graph of the effect of CA-LLB heating tem-
perature on MB adsorption. The graph shows that the opti-
mum heating of CA-LLB was carried out at 75 °C to absorb
MB with an adsorption capacity of 122.1211 mg g~'. The
increase in the adsorption capacity of MB, along with the
increase in heating temperature to 75 °C, was due to the evap-
oration of water molecules and volatile compounds on the sur-
face of CA-LLB so that the pores of CA-LLB were open and
ready for entrapped the MB dye maximally. However, the
decrease in adsorption capacity after the optimum heating
temperature was caused by the destruction of functional
groups on the surface of the biosorbent and a reduction in
the mass of the biosorbent, which caused the active site on
the surface to decrease so that fewer MB molecules were
absorbed (Chaidir et al., 2015). These results were correlated
with the characterization result of biosorbents with TGA.

MB concentration = 1400 mg/L, contact time = 75 min, biosor-
bent mass = 0.10 g, particle size = 36 pm, volume = 10 mL, and
agitation speed = 150 rpm).

TGA analysis showed that CA-LLB had three stages of
degradation, as shown in Fig. 12. The first stage was a decrease
in initial mass in the temperature range of 25 °C to 100 °C.
This shows the loss of water molecules on the surface of the
biosorbent so that the pores of the biosorbent are wide open
where the maximum adsorption capacity is achieved in this
temperature range. Furthermore, in the second stage, CA-
LLB begins to decompose at a temperature of 275 °C where
decomposition has occurred in the structural units of cellulose,
hemicellulose, and lignin to form CO, gas and water vapor. At
this stage, all the functional groups have been damaged, so the
adsorption capacity becomes low. In the third stage, above the
temperature of 350 °C, the decomposition of the remaining
solids in the two biosorbents forms ash (Emam et al., 2020).
These results also show that CA-LLB has higher thermal sta-
bility than LLB, where a higher temperature is required to
break the ester bond between biosorbent and citric acid
(Keirudin et al., 2020).

3.4. Adsorption thermodynamics studies

Various textile industry effluents are usually discharged into
water bodies with fluctuating temperatures, so the adsorption
thermodynamic parameter approach is essential to study.
The thermodynamic parameters obtained based on variations
in the adsorption temperature provide essential information
about the energy changes associated with the adsorption pro-
cess. In addition, adsorption thermodynamics was studied to
predict the mechanism between the adsorbate and the adsor-
bent during the adsorption process (Nodehi et al., 2021).
Adsorption thermodynamic parameters, which include
Gibbs free energy (AG®), enthalpy (AH®), and entropy (AS®),
were obtained from the batch adsorption process at various
adsorption temperatures of 298 K, 308 K, and 318 K with var-
ious concentrations for each. temperature from 10 to 50 mg/L.
The effect of concentration and temperature variations for
each temperature will produce the value of G° using Equation
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Table 7 Adsorption thermodynamic parameter of MB onto CA-LLB biomass.

Biosorbent Temperature (K) AG® (kJ mol ™) AH® (kJ mol™}) AS° (kJ/mol.K)
CA-LLB 298 —4,7250 —7,8828 0,0002

308 —4,8105

318 —49173

19. Furthermore, the values of H° and S° are calculated by
plotting the data for the value of G° vs T (K).

Gibbs’s free energy (AG°) was studied to determine the
spontaneity of the adsorption process. The enthalpy (AH®)
was studied to determine whether the adsorption process was
exothermic or endothermic. Entropy (AS°) was studied to
determine the randomness between adsorbate molecules on
the adsorbent surface during adsorption (Ullah et al., 2021).
The thermodynamic adsorption parameters for CA-LLB are
respectively summarized in Table 7.

As shown in Table 7, the Gibbs free energy (AG®°) of CA-
LLB was negative, indicating that the MB adsorption process
takes place spontaneously. The value of AG°®° CA-LLB
decreased in a negative direction indicating the MB adsorption
process by CA-LLB took place spontaneously at high temper-
atures and an increase in adsorption capacity along with the
increase in adsorption temperature (Patil et al., 2022). These
results have a strong correlation with the enthalpy value (AH
°). A more negative value of AH® on MB adsorption indicates
that the adsorption is exothermic. This indicates that adsorp-
tion using CA-LLB requires considerable energy to support
the adsorption process so that the adsorption process is favor-
able at higher temperatures (Chen et al., 2019).

The negative AS°® value on the adsorption of methylene blue
dye using CA-LLB indicates that the adsorption process does
not form randomness on the surface of the adsorbent with the
adsorbate. In addition, there was no significant change in the
surface or internal structure of the adsorbent after the adsorp-
tion process (Zein et al., 2022). Therefore, it can be summa-
rized that in the thermodynamic study of MB adsorption
using CA-LLB, the MB dye adsorption process occurs sponta-
neously, endothermically, and there is no randomness during
the adsorption process.

3.5. Desorption cycle and reusability study

Reusability describes the biosorbent used during the adsorp-
tion process capable of regenerating using a desorption agent.
It is essential to study reusability to investigate the stability of
the adsorbent and validate its resistance for regeneration pur-
poses, resulting in a cost-effective adsorption process and effi-
cient use of the adsorbent. Reusability was studied from the
data of the adsorption—desorption cycle using a solution as a
desorption agent. The desorption agent selected must be effec-
tive, environmentally friendly, and low-cost (Ramadhani et al.,
2020; Zein et al., 2022).

The 30 % acetic acid solution is a suitable desorption agent
for the desorption of cationic dyes because the acidic nature of
acetic acid causes electrostatic repulsion between MB and the
biosorbent surface so that MB is released from the adsorbent
surface (Zein et al., 2022). In addition, this solution has the
best desorption ability compared to other desorption agents
(% desorption MB = 84.05 %) (Hevira et al., 2021). There-

fore, this study chose 30 % acetic acid solution as the des-
orbing agent. The MB adsorption—desorption cycle by CA-
LLB can be seen in Fig. 13.

Fig. 13 shows the excellent reusability of biosorbent, where
the adsorption—desorption cycle was achieved five times by
CA-LLB. The percentage of CA-LLB adsorption decreased
from the first cycle (99.52 %) to the fifth cycle (90.58 %).
Liu et al. (2018) explained that the decrease in the percentage
of adsorption along with the increase in the adsorption—des-
orption cycle was associated with the dissolution of several
organic compounds in the biosorbent, changes in the surface
structure of the biosorbent, and subsequently caused the
blockage of the pores (Liu et al., 2018).

3.6. Application of biosorbent on real wastewater

The ability of CA-LLB was tested as a biosorbent for wastew-
ater treatment containing MB dye. The wastewater used in this
study was obtained from the Chemical Environmental Analy-
sis Laboratory, Department of Chemistry, Andalas University,
Indonesia. The application study on this wastewater was stud-
ied by comparing the optimum pH with the pH of the original
wastewater. In addition, the contact time and heat of the
biosorbent are also applied to wastewater treatment. The
results of applying optimum conditions for wastewater treat-
ment are summarized in Table 8.

Table § shows the differences in performance in the wastew-
ater applied to the optimum conditions with the wastewater
without applying the optimum conditions for the adsorption
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100+ 93.71
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86.89|  g45)
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Fig. 13 The adsorption—desorption cycle of MB on CA-LLB.
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of MB dye using CA-LLB. These data indicate low adsorption
efficiency in treating the original wastewater with biosorbents.
This is caused by interference or other analytes that inhibit
adsorption (Sahu et al., 2020).

In addition, the low pH of the wastewater (pH < 7) also
affects the adsorption performance. The presence of H' ions
is more dominant in the liquid waste causing protonation of
functional groups in the biosorbent resulting in electrostatic
repulsion with MB molecules, and the percentage of adsorp-
tion is low. On the other hand, under optimum conditions,
wastewater with an alkaline pH will cause deprotonation of
functional groups in the biosorbent, which supports electro-
static interactions between the biosorbent and MB molecules
(Labaran et al., 2019). Therefore, it could be indicated that
optimum conditions play an important role during the adsorp-
tion process.

3.7. Adsorption mechanism and comparison of CA-LLB
adsorption capacity with another biomass

The MB adsorption mechanism by CA-LLB was predicted
using the results of the influence of optimum conditions,

physicochemical characterization of biosorbents, studies of
isotherm and adsorption kinetics, and studies of adsorption
thermodynamics. Adsorption isotherm studies indicate that
the Langmuir isotherm model represents the adsorption pro-
cess in both biosorbents. A single layer (monolayer) is formed
on CA-LLB by MB molecules after the adsorption process
(Putri et al., 2020a). The adsorption kinetics study showed that
the adsorption of MB dye by CA-LLB followed a pseudo-
second-order model, in which the adsorption process occurred
through chemical interaction between MB and the biosorbent
surface (chemisorption) (Muniyasamy et al., 2020). This inter-
action can be explained by the effect of variations in adsorp-
tion pH, FTIR analysis, and EDX analysis.

The FTIR spectrum (Fig. 2) showed the presence of hydro-
xyl (O—H) and carboxyl (—COOH) groups of macromolecules
such as cellulose, hemicellulose, and lignin on the surface of
CA-LLB. As the pH increases, the functional group will be
deprotonated to be negatively charged. The negatively charged
group can interact with MB electrostatically (Jin et al., 2019).
The FTIR spectrum also showed a shift in the wave number in
the spectrum of the conjugated C—C group of alkenes before
and after adsorption. This indicates the occurrence of m- &
bonding interactions between the aromatic framework on

Table 8 The comparison of CA-LLB performance on MB adsorption.

Wastewater condition pH Contact time Co Ce % R
(min) (mg L) (mg L™

Optimum 9 45 1.8197 0.1167 93.58

Real 3.353 45 2.2282 0.6154 72.38

Electrostatic Attraction /©f\1 j@\
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Fig. 14  Prediction of MB adsorption mechanism on CA-LLB.
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Table 9 Comparison of MB adsorption capacity with other adsorbent.

Adsorbent qm (mg g7h) References

S-sulfosalicylic acid modified lignin 83.20 (Jin et al., 2019)

Lemongrass leaves biowaste (LLB) 43.16 (Zein et al., 2022)

CA-LLB 122.1211 This study

Banana peels 20.80 (Annadurai et al., 2002)

H,SO;, crosslinked magnetic chitosan nanocomposite beads 20.40 (Rahmi et al., 2019)

Citrullus colocynthis Seeds 18.83 (Alghamdi and El Mannoubi, 2021)
Citrullus colocynthis Peels 4.48 (Alghamdi and El Mannoubi, 2021)
Rice husk 13.50 (Labaran et al., 2019)

Torrefied rice husk 6.82 (Hummadi et al., 2022)

Acacia wood-based activated carbon (AWAC) 81.20 (Yusop et al., 2021)

Commercial activated carbon 1.23 (Ijagbemi et al., 2012)

MB and aromatic compounds on the surface of the biosorbent
(Sahu et al., 2020).

The results of the EDX analysis indicated the cation
exchange process during the MB adsorption on the CA-LLB
surface, which was characterized by a decrease in calcium
levels (% Wt) after the adsorption process occurred. This is
due to the exchange of cations between calcium ions and
MB molecules (Pandey, 2019). The results of characterization
by SEM (Fig. 3) showed a smooth and even surface after
adsorption. This is due to the filling of the biosorbent pores
by MB molecules (Ramadhani et al., 2020).

Boehm titration analysis showed an increase in the content
of —OH and —COOH groups after LLB was modified with
citric acid (CA-LLB) and increased the adsorption capacity
of MB from 43.1556 mg g~ ' to 122.1211 mg g~ . Based on this
explanation, the MB uptake mechanism in CA-LLB can be
illustrated in Fig. 14.

The adsorption ability of MB by CA-LLB is compared with
other biomass wastes. Citric acid can improve the performance
of LLB to absorb MB, where the adsorption capacity of MB
increased from 43.1556 mg g~ ' to 122.1211 mg g~ '. A compar-
ison of the adsorption capacity of LLB and CA-LLB with
other biosorbents can be seen in Table 9.

Table 9 shows the adsorption capacity of MB in CA-LLB,
among other biosorbents. This shows that CA-LLB has a good
performance in absorbing MB. LLB modified with citric acid
has advantages compared to coconut shell modified with sulfu-
ric acid, which has a low adsorption capacity value. This is due
to the use of strong acids as modifiers to encourage hydrolysis
of cellulose biomass so that the active site is reduced as a place
of adsorption (Jawad et al., 2020). Based on the explanation
above, using biomass waste (biowaste) such as modified LLB
can increase the economic value of waste and become a solu-
tion to the management of agricultural solid waste and textile
industry waste so that the concept of zero waste is achieved.

4. Conclusion

Based on the research that has been done, CA-LLB condition in
absorbing MB was obtained at pH 10, MB concentration 1400 mg/
L, contact time 75 min, and biosorbent heating temperature 75 °C.
The CA-LLB adsorption process followed the Langmuir isotherm
model and pseudo-second-order kinetics model, where MB molecules
formed a single layer on the surface of the biosorbent and chemical
interactions occurred during adsorption. Adsorption thermodynamic

studies showed that the uptake of MB by CA-LLB was spontaneous
and exothermic. Boehm’s titration analysis showed an increase in the
hydroxyl, carboxyl, and lactone functional groups of LLB after being
modified with citric acid. FTIR and SEM-EDX analysis showed the
involvement of functional groups and the presence of a pore filling pat-
tern by MB molecules. The characterization results show that the MB
adsorption mechanism occurs through electrostatic interactions, cation
exchange, stacking interactions, and pore filling on the CA-LLB sur-
face. The TGA thermogram showed that CA-LLB was heat stable
and decomposed in three cycles. CA-LLB has good reusability using
30 % acetic acid as a desorption agent. The optimum adsorption con-
dition was implemented in wastewater with 95.79 % MB removal effi-
ciency using CA-LLB. Modifying LLB using citric acid increased the
adsorption capacity of MB, where the adsorption capacity increased
from 43.1556 mg g~' to 122.1211 mg g~'. Therefore, CA-LLB has
the potential as an applicable and environmentally friendly biosorbent
to absorb MB.
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