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The agricultural sector is generating increasing amounts of solid waste, leading to a growing trend of reusing or recy-
cling these waste materials into valuable resources. This study evaluated the potential of lignin extracted from durian rind
(DR) to remove methylene blue (MB) dye from wastewater. Lignin samples were characterized using Fourier transform
infrared spectroscopy, optical microscopy, scanning electron microscopy, and thermal analysis. The impact of different
factors, including pH, initial MB concentration, adsorbent dosage, and contact time, was evaluated in the batch adsorption
experiments. The data showed that the maximum adsorption capacity of the lignin from DR occurred at pH of 5, with an
adsorbent dosage of 10 g-1.! and a contact time of 60 minutes. Kinetic studies showed that the adsorption process was well
described by a pseudo-second-order kinetic model with a high adsorption capacity of 40.16 mg-g'. Additionally, the adsorp-
tion isotherm results aligned well with the Langmuir equation, indicating monolayer adsorption on a homogeneous surface.
The physical adsorption mechanism was proposed to involve electrostatic interactions, @ interactions, and hydrogen bond-
ing between the adsorbate and the adsorbent. In conclusion, this study highlights the potential for agricultural waste, such
as durian rind, to be repurposed into effective adsorbent materials for treating dye contamination in water environments.
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CellbCKOXO03STICTBEHHBII CEKTOP TPOU3BONUT BCE HOJIbIIEe KOJIMYECTBO TBEPIBIX OTXO/[0B, B CBA3M ¢ ATUM BO3HUKAET
BOTIPOC O MOBTOPHOM MCIOTH30BAHIY WM mMepepaboTKe HTHX OTXOMOB B MEHHbIe pecypehl. B manmom meciaemoBanmm
OTIEHUBAJICS TIOTEHTIHAI JINTHNHA, N3BJACUYCHHOT0 13 ROsRYphI rypuana Durio zibethinus Rumph. ex Murray, pust ynanenus
Kpacuresisi METHJIIEHOBOTO CIHETO 13 cTOYHBIX BOJ. OOpasiibl TUTHNHA ObLIN M3yueHbl MeToaMn nH@parpacHoii Dypre-
CTIEKTPOCKOTIIN, OTITHYECKON MUKPOCKOTINI, CKAHMPYIOIIEH DIeKTPOHTOT MUKPOCKOMIH N TePMUYECKOTO AHATI3A.
B sxenepnmenTax mo agcopoIimm 6110 OMEeHeHo BAMSTHTE PAa3TnIHbIX GakTopoB, BRI0Tast pH, maganrbmyio KOHIEeHTpaImio
MeTIJICHOBOTO CHHETO, JO3UPOBKY 3/[cOPOEHTA 1 BpeMst KOHTaKkTa. Pesy/praTsl IoKasain, 4To MakCHMaIbHAST a[cOPOINOHHAS
crocobHoCTL TUTHIHA 13 iypuana nadaoganacs mpu pH 5, nosuposke agcopbenra 10 v/ u Bpemenu konrakra 60 MumyT.
Rumnermaeckne mecaemoBammms MOKA3AIM, YTO TTPOTECC ATCOPOIIIT MOMYIHSICT KITHETIHIeCKON MOJIENN TICeBIOBTOPOTO
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MOPsI/IKA ¢ BBICOKOT ajcopbumornoii criocobrocthio 40,16 mr/r. Pesynbrarsl agcopOIinoHHON H30T€pMbl XOPOIIO
COTJIACOBBIBAJINCH ¢ YPaBHEHIEM JIsHTMIOpa, yKazpiBas HA MOHOMOJIERYJISPHYTO aJIcOPOIIINIO HA OTHOPOTHO TTIOBEPXHOCTI.
Broimo npegmonoskerno, ¥ro Mexanu3m (puamuecKoil ajcopOum BRIAOYALT DIEKTPOCTATHICCKITE B3aNMMOJeCTBIIS,
T-B3aNMOJIEIICTBYS 1 BOJIOPOIHBIE B3 MESKITY a/IcOPOATOM 1 a/ICOPOEHTOM. ITO MCCae0BaAHIe TTOTYEPKITBAET TOTEHT[NA
CeIBCKOXO3SAMCTBEHHBIX OTXO/IOB, TAKNX KaK KOyKypa Jypuana, Jijist npeodbpasoBanus B d3pderruBHbie ajcopOIuoHbe
MaTePUaJIbl JIsI OUMCTKI ITPOMBITTIIEHHBIX CTOYHBIX BOJL OT 3arPsA3HEH ST KPACUTESIMIL.

Katouessie caosa: murini, Koykypa ypuana, MeTUIeHOBBIT CUHIIT, N30TepMa, KUHETHKA, aJ[COPOIHSI.

Dyes are extensively utilized across various
industries, including textiles, cosmetics,
printing, paints, plastics, food, pharmaceu-
ticals, and photography [1-3]. During the
dyeing process, approximately 10—-15% of the
dye content enters the environment following
production and processing [1, 3—5]. However,
dye molecules are known for their colourfastness
and high resistance to degradation due to their
complex chemical properties [1, 3]. Textile dye
wastewaler often contains high levels of colour
and salinity, elevated temperatures, varying
pH levels, and high levels of chemical oxygen
demand. Pollution from dye-containing waste-
water is a significant concern as it negatively
impacts the aesthetic qualities, water clarity,
and gas solubility in aquatic environments. This
affects marine life and presents numerous envi-
ronmental challenges [4]. Most synthetic dyes
are toxic, mutagenic, carcinogenic, and posing
severe health risks to humans [1]. Even concen-
trations of dyes lower than 1 mg/L can be visibly
observed and harm human health. For example,
methylene blue (MB) dye, commonly used for
dyeing cotton, wood, fabrics, fibres, plastics, and
other materials, is hazardous and can potentially
cause increased heart rate, nausea, shock, skin
discolouration, anaemia, eye irritation, paraly-
sis, tissue necrosis, methemoglobinemia, confu-
sion, carcinogenesis, and mutagenesis [1, 6 12].
The dyes presence in water also disrupts light
penetration, reduces photosynthesis, disrupts
natural food chains, and increases overall chemi-
cal oxygen demand, leading to eutrophication,
chemical pollution, disturbance of aquatic life,
and environmental degradation [3, 13]. There-
fore, the urgent removal of dyes from wastewater
is imperative.

There are numerous methods for remov-
ing dyes from wastewater, including biological
processes, chemical precipitation, advanced
oxidation processes, photocatalytic degradation,
reverse osmosis, nanofiltration, membrane sepa-
ration, electrocoagulation, and ion exchange [2,
3, 14—18]. However, these modern techniques re-
quire significant energy, chemical consumption,
operational cosls, large initial investments, high
capital expenditure, and skilled technological

expertise [4]. In contrast, adsorption methods
are simple, cost-effective, highly efficient, easy
to design, and environmentally friendly [3, 4,
19-22].

In recent years, a significant focus has been
given to developing adsorbents from agricultural
and industrial waste, which are by-products of
lignocellulosic biomass sources. These materials
have gained attention due to their low cost and
easy availability. Various adsorbents derived
from agricultural waste have been researched for
their effectiveness in removing MB from waste-
water. These include activated carbons from
agricultural waste [4], sawdust biochars [3],
adsorbents derived from carboxylate-modified
agro-forestry residues [18], nanocrystalline
cellulose from waste paper [17], and adsorbents
derived from agricultural waste such as wheat
straw [14] and sisal fibre [12]. This trend helps
manage solid wasle sources and leads to develop-
ing practical products for various applications.

Agricultural biomass is a valuable natural
resource, bul it also poses challenges regard-
ing secondary pollution and the sheer volume
of waste generated. One notable example of
agricultural waste impacting the environment
is durian rind. Durian zibethinus Rumph. ex
Murray, renowned for its high nutritional value
and distinctive flavour, enjoys global popular-
ity, resulting in a considerable increase in rind
waste production [23]. It is estimated that ap-
proximately 480 thousand tons of this waste are
generated annually [23, 24]. Durian rind (DR),
comprising cellulose, pectin, lignin, polyphe-
nols, and flavonoids, holds promise as a renew-
able resource for addressing waste management
issues and extracting valuable components.
Lignin, constituting 10 15% of DR and currently
discarded into the environment, contributes to
complex wastewater challenges. Recent stud-
ies demonstrate that lignin’s porous structure
enables effective use in wastewater treatment
through adsorption mechanisms. Moreover,
lignin’s aromatic ring structure and functional
groups like ethers and hydroxyls enhance its
ability to absorb heavy metal ions, dyes, and or-
ganic pollutants effectively [25—29]. Therefore,
lignin emerges as a promising adsorbent mate-
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rial, highlighting the potential loss of valuable
lignin resources due to the annual disposal of
significant agricultural waste.

This study uses lignin recovered from DR
to adsorb MB dye in water. The properties of the
recovered lignin were evaluated using infrared
spectroscopy (FFTIR), optical microscopy, sur-
face morphology analysis by scanning electron
microscopy (SEM), and thermal analysis (TG/
DTG). Various experimental parameters such
as pH, initial dye concentration, contacl time,
and adsorbent dosage were carefully studied.
The adsorption mechanism was analyzed us-
ing kinetic models, including first-order and
second-order kinetics, intraparticle diffusion,
the Boyd equation, and equilibrium data fitted
to Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich isotherm models.

Material and methods

Durian rind was utilized for lignin extraction.
The durian rinds were obtained from Hanoi,
Vietnam. The raw material was then cleaned, cut
into small pieces, and dried to a constant weight
using a vacuum oven. After drying, the durian
rinds were ground into a powder with a particle
size of 250 wm and stored in low-moisture, low-
light conditions at the room temperature. In this
study, various chemicals were used, including
sodium hydroxide (Vietnam), sulfuric acid
(China), and methylene blue (purity >99%,
Germany).

Extraction of lignin from DR. The lignin
extraction process was performed as described
by Sabe et al. [3]. Initially, DR powder was
heated in a 15% (w/v) NaOH solution with a
solvent ratio of 20:1 mL/g at 100 °C for 2 hours.
After heating, the mixture was filtered, and
the liquid portion, known as black liquor, was
collected. Concentrated H,SO, was added to the
black liquor until the pH 1. The mixture was
left to stand for 24 hours, followed by filtration
and washing with distilled water until a neutral
pH was achieved. The solid residue on the filter
paper was dried to a constant weight to obtain
lignin in the powder form.

Fourier-transform infrared spectroscopy
(FTIR). The FTIR was utilized to analyze the
functional groups present in lignin extracted
from DR. The sample was pelletized with KBr
and analyzed using a spectrometer Nicolet
9700 (Thermo Fisher Scientific, USA).
Spectral analysis covered the wavelength
range from 400 ¢cm™ to 4000 cm™ with a
resolution of 4 cm™'.

The SEM surface morphology and optical
microscopy images. The SEM (JSM-6500,
JEOL, USA) was used to analyzed the surface
morphology of lignin with an acceleration voltage
of 20 kV. Furthermore, optical microscopy
images of lignin were observed using a trinocular
optical microscope (Leica DM750, Olympus,
Japan), at magnifications ranging from x50 to
x1000.

TG and DTG. The thermal analysis was per-
formed using a TG/DTG instrument (STA6000,
PerkinElmer, USA) with a temperature range
of 30 to 600 °C, a heating rate of 3 °C/min, un-
der a nitrogen (N,) atmosphere. The sample
mass was approximately 2.5 mg, and a dynamic
atmosphere of synthetic air (50 mL/min) was
maintained.

Adsorption methylene blue (MB). A stock
solution of MB was prepared at an initial concen-
tration of 2000 mg/L. Batch adsorption experi-
ments were conducted by adding lignin powder
to the MB solution at adsorbent dosages ranging
from 2 to 20 g/L, MB concentrations varying
between 250 mg/L and 2000 mg/L, pH levels
ranging from 3.0 10 9.0, and contact times from 5
to 180 minutes at room temperature. pH adjust-
ments were made using 1M NaOH or 1M HCI so-
lutions. The mixtures were continuously stirred
during the adsorption process and subsequently
filtered using filter paper. The remaining MB
concentration was determined at a wavelength
of 664 nm using a spectrophotometer UV-VIS
nano (Nabi, MicroDigital, Korea). The adsorp-
tion capacity (g, mg/g) was calculated using
equation (1), and the removal efficiency (R, %)
was determined using equation (2) [3, 30-31]:

qe:(co_ct)'V (1)

— (2) (2)

where ¢ — the adsorption capacity, mg/g;
C,and C, — the initial and remaining MB con-
centration, respectively, mg/ml; m —adsorbent
weight, g; V' — MB solution volume, L.

Equilibrium models. The Langmuir adsorp-
tion isotherm, represented by equation (3), was
a widely used model in adsorption studies. It
was assumed that adsorption occurs on a homo-
geneous surface, forming a monolayer with no
interaction between adsorbed molecules [32, 33].

Coo L 45 3)

9de 4Ky qn
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where €' — the equilibrium adsorbate con-
centration, mg/ml; q, — the adsorption capac-
ity, mg/g; ¢ — maximum adsorption capacity,
mg/g; K, — the Langmuir constant, L/mg;

According to the Langmuir model, the di-
mensionless separation factor constant R, was
calculated using equation (4):

1
R=—
14K, -C, (4)

The Freundlich adsorption isotherm model
charactlerizes multilayer adsorption, where heat
and adsorption affinity are uneven across a het-
erogeneous surface, as represented by equation
(5) [1, 34]. According to the Freundlich model,
the adsorption energy at different active sites is
different [3, 34, 35].

Ing, =1nKF+llnCe (9)
n

where K, — the Freundlich constant related
to adsorption capacity, mg/g; 1/n — the param-
eter related to adsorption intensity.

The Dubinin-Radushkevich model (D-R)
was studied to provide information on whether
the nature of the adsorption was physical or
chemical by evaluating the adsorption energy
FE from equation (6) [33, 36]:

s RT Y (G
ng.=ing, - E n C (6)

where € — the initial sorbate concentration,
mg/mL; T — the temperature of the system, K;
R — the universal gas constant (R = 8.314-107
kJ/mol); E — the adsorption energy, kJ/mol.

The Temkin model was represented by equa-
tion (7) [3, 32, 33, 37]:

R-T (7)

TE TE

where a . — the binding constant at equi-
librium (sorption equilibrium constant) cor-
responding to the maximum binding energy;
b, — the Temkin constant.

Kinetic models. The kinetics of MB ad-
sorption onto lignin extracted from DR were
evaluated using the pseudo-first-order, pseudo-
second-order, intraparticle diffusion models, and
the Boyd equation.

The pseudo-first-order model was described
by equation (8) [31, 38]:

q,=q,(1-e""), (8)

where ¢, and g, are the adsorption capacity
at equilibrium status and time ¢, mg/g; k, — the
rate constant for the pseudo-first-order kinetic
model, min.

The pseudo-second-order kinetic model
could be described by equation (9) [31, 39]:

_ ket

o ")

where k, — the rate constant for the pseudo-
second-order kinetic model, g/g-min;

The initial adsorption rate was expressed as
equation (10):

h=k,q; (10)

where h — the initial adsorption rate,
mg/gmin.

The linear of the intraparticle diffusion
model was expressed by the equation (11) [3,
31, 32, 40]:

q,=k, 1 +C (11)

where £ — the intraparticle diffusion rate
constant, mg/g'min; ' — a constant related to
the bounding layer thickness.

The Boyd equation was expressed by equa-
tion (12) |3, 37].

In(1-F)=-vy-t (12)

where I — the degree of equilibrium in the
system, which is calculated by the formula
F=4q,/q;y - the unitless constant; B, — the
dimensionless Boyd parameter, which is de-
termined from F, cm?/s, as equations (13)

and (14):
for F<0.85:
5 2
B=| Vr- n-(”ﬂ , (13)
for 1>0.85:
B =-0498-In(1-F) . (14)

Data analysis. The experimental data was
analysed using Microsoft Excel. The adsorp-
tion kinetic and isotherm models were anal-
ysed through linear regression using the least
squares method in Microsoft Excel to estimate
the model parameters from the linear equations
directly. Each experiment was performed three
times.
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Results and discussion

FTIR. The chemical structure of lignin obtained
from DR is depicted in the FTIR spectrum results
shown in Figure 1. The peak at 3348.34 cm™ is
characteristic of OH stretching bonds in pheno-
lic and aliphatic hydroxyl groups [25, 30, 41].
Absorption at 2925.07 cm™ indicates symmetric
and asymmetric G—H stretching of the -CH,
group [25]. The -C=0 stretching vibration of the
carboxylic groups in lignin appears at 1710.38
cm. Peaks at 1632.95 cm™ are attributed to
aromatic skeletal vibrations within the lignin
structure |25, 42, 43]. The band at 1429.81 ¢cm™
represents -CH, group stretching [25, 41, 44].
The peak at 1044.01 cm™ signifies aromatic
C—H in-plane deformation. Peaks at 605.57 and
897.19 cm™ indicate the presence of guaiacyl
(G), and hydro-phenyl (H) [25, 45, 46]. The
spectrum of the obtained lignin is comparable
to FTIR spectra of organosolv lignin from rice
straw [1], lignin recovered from the formic acid
process [47], eucalyptus wood powder [48], and
lignin obtained from various plants [49], as well
as lignin from Moroccan thuya wood [50] and
softwood kraft lignin nanoparticles [41], lignin
from sugarcane bagasse [30], lignin extracted
from native Leucaena leucocephala bark [51].

Optical microscopy image and surface mor-
phology. The optical microscopy image of lignin
at x100 magnification clearly shows that the
lignin particles obtained from DR are granular
in form. These lignin particles tend to aggregate
strongly. Similar aggregation of lignin particles
has been reported for organosolv lignin from rice

Fig. 2. Optical microscopic image
of lignin from durian rind

straw [25] and for ethanol-based lignin [52].
The structure of lignin contains many carbonyl,
phenolic, and aliphatic hydroxyl groups, which
can form hydrogen bonds with each other. This
results in the occurrence of mutual solid attrac-
tion forces between the lignin particles, leading
to aggregation, as shown in Figure 2.

The surface morphology SEM images of
lignin isolated from DR, depicted in Figure 3,
vividly illustrate the morphological charac-
teristics of the lignin particles. The DR lignin
structure consists of predominantly compact and
relatively uniform interconnected particles that
tend to aggregate into large conglomerates [53].
The surface of the lignin mass appears rough
and uneven, marked by microscopic pores. This
irregular pattern is attributed to the complex,
amorphous nature of lignin polymer chains [41],
which enhances the contact area between the
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Fig. 1. FTIR spectrum of functional groups in lignin from durian rind
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Fig. 3. SEM images of lignin from durian rind
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Fig. 4. TG and DTG plots of lignin from durian rind

adsorbent and the adsorbed substances, thereby
facilitating their diffusion into the adsorbent
material [50]. Similar structural features have
been observed in lignin derived from rice husk
[53, 54], Moroccan thuya [50], softwood kraft
lignin nanoparticles [41], acetylated lignin [53],
industrial lignin [56], lignin from sugarcane
bagasse [30], and lignin extracted from native
Leucaena leucocephala bark [51].

TG and DTG. Thermal analysis was con-
ducted up to a temperature of 600 °C. The TGA
curve in Figure 4 indicates that the thermal de-
composition of lignin from DR is relatively low,
with a maximum weight loss of approximately
9.84 % at 600 °C. This weight loss is distributed
across three main regions: 30-100 °C, associated
with the evaporation of moisture in the material
[30, 57]; 180-220 °C, linked to the degradation

of residual hemicellulose impurities [98]; and
240-360 °C, related to the decomposition of the
lignin structure [30, 59]. The low weight loss of
lignin suggests that it can be used under high
temperature conditions without compromising
the integrity of the adsorbent material.

Adsorption of MB by lignin from DR. Ef-
fect of pH. The ionization level of dye molecules
and the surface charge of adsorbents were sig-
nificantly impacted by the pH of the solution
[30]. Therefore, pH played a crucial role in the
adsorbent and adsorbate interaction. Thus, it
was essential to investigatle pH to determine the
optimal conditions for the efficient performance
of the adsorbent.

To evaluate the effect of pH in aqueous
environments on adsorption capacity, experi-
ments were conducted with pH values ranging
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from 3 to 9, an initial MB concentration of
900 mg/L, an adsorbent dose of 10 g/L, and
an adsorption time of 60 minutes. The results
in Figure 5a showed that as the pH increased
from 3 to 5, the adsorption of MB also rose.
The highest adsorption capacity of MB by
lignin occurred at pH 5. However, when the pH
was further grew beyond 3, the efficiency of MB
adsorption by lignin decreased.

In highly acidic conditions (pH 3), generat-
ing more H* ions led to competitive adsorption
with MB* cations at lower pH levels [60]. As
the pH level increased, the reduction in H" ions
resulted in decreased competitive adsorption and
increased adsorption efficiency [30]. Moreover,
an increase in pH led to the deprotonation of
carboxyl groups on the surface, increasing the
negative charge and enhancing electrostatic
attraction between MB molecules and lignin
[61]. In an alkaline environment (pH=7), the
lignin surface was surrounded by OH™ groups,
which made it more challenging for MB mol-
ecules to contact the lignin, thereby reducing

adsorption efficiency and effectiveness [60].
Similar findings showed that the highest MB
adsorption capacity using modified sugarcane
bagasse occurred at pH 5 [30]. Therefore, lignin
from DR demonstrated the best MB adsorption
performance under mildly acidic conditions. For
industrial wastewaler treatmentinvolving lignin
under acidic or alkaline conditions, it is neces-
sary to neutralize the water to a pH of 5 for the
adsorbent to operate more effectively.

Effect of adsorbent dosage. The adsorbent
dosage increased the adsorption capacity; how-
ever, using an excessive amount of adsorbent
failed to enhance adsorption efficiency and
resulted in wastage [31]. Therefore, it was es-
sential to determine and select an appropriate
adsorbent dosage. The study results on the effect
of adsorbent dosage, conducted under conditions
of pH 5, initial MB concentration of 500 mg/L,
and an adsorption time of 60 minutes, shown in
Figure 5b, indicated that when the adsorbent
dosage was increased from 2 g /1. to 10 g /L., both
adsorption efficiency and MB removal efficiency
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Fig. 5. Effect of pH (a), adsorbent dosage (b), time (c¢), and initial methylene blue (MB) concentration (d)
on the efficiency of MB removal and MB adsorption capacity by lignin from durian rind
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significantly improved. However, further in-
creasing the lignin dosage to 15 g/lL.and 20 g/L.
decreased adsorption efficiency, and MB removal
efficiency reached equilibrium. This could be
attributed to the increased surface area for inter-
action between the adsorbate and the adsorbent,
thereby enhancing adsorption efficiency [31, 62,
63]. Even with the adsorbent dosage exceeding
10 g/L, the incremental increase in pollutant
removal efficiency became negligible and led to
wastage, making the process economically inef-
ficient. Therefore, the optimal adsorbent dosage
was 10 g/L..

Effect of initial MB concentration. The
initial concentration of the contaminant signifi-
cantly affected the adsorption efficiency of the
adsorbent. This study investigated initial MB
concentrations ranging from 250 to 2000 mg/ L
under conditions of pH 5, an adsorption time of
60 minutes, and an adsorbent dose of 10 g/L.
The results shown in Figure ¢ indicated that
increasing the initial MB concentration from
250 to 1500 mg/L significantly stimulated the
adsorption efficiency. However, when the MB
concentration exceeded 1500 mg /L, the adsorp-
tion efficiency decreased.

At low initial MB concentrations, MB* cat-
ions moved freely and were easily “captured”
by lignin particles in the solution, resulting
in higher adsorption efficiency than at higher
initial MB concentrations [30, 60]. When the
initial contaminant concentration was too high,
a gradient layer formed around the adsorbent
particles, hindering the penetration of the ad-
sorbate into the pores or voids of the adsorbent.
Thus, increasing the initial MB concentration
from 1500 to 2000 mg/L. decreased the adsorp-
tion efficiency [32, 64].

However, higher initial MB concentrations
in the solution led to significantly reduced MB
removal efficiency by lignin. When the MB
concentration in the solution was below 500
mg/L, DR lignin could remove MB relatively
efficiently, with removal efficiency reaching up
to 89.2%. When the initial MB concentration
was 1000 mg/L, the removal efficiency dropped
below 40%. Therefore, dilution of the wastewater
ormultiple adsorption processes could be carried
out for wastewater containing high concentra-
tions of contaminants until the required con-
taminant concentration was achieved.

Effect of contact time. The influence of
contact time on the adsorption efficiency and
removal of MB dye in water was illustrated in
Figure 5d. The MB adsorption process on DR
lignin unfolded in three distinct stages: initially,

the adsorption was notably rapid within the first
20 minutes. From minute 20 to 60, MB adsorp-
tion onto DR lignin particles decelerated as most
adsorption sites on the adsorbent surface became
occupied. Beyond 60 minutes, the adsorption
reached equilibrium.

This phenomenon could be elucidated as fol-
lows: during the initial stage of the adsorption
process, vacant adsorption sites on the adsorbent
surface facilitated easy interaction and occupa-
tion by adsorbate molecules, resulting in rapid
adsorption. As the process entered its second
stage, the diminishing number of available ad-
sorption sites made it progressively challenging
for adsorbate molecules to find unoccupied sites,
slowing the adsorption rate. By the third stage,
nearly all accessible adsorption sites had been
occupied, leading to an equilibrium where no
substantial increase in efficiency was observed.
Similar mechanisms have been reported in MB
adsorption studies utilizing hybrid materials
from technical lignins [32], activated carbon—
clay composite [65], and polyurethane materials
combined with chitin for oil adsorption [31].

Based on the data from Figure 5d, it was
evident that the MB adsorption onto DR lignin
reached equilibrium at 60 minutes, achieving
an MB removal efficiency of 79.6%. The high-
est MB removal efficiency with DR lignin in
water was 80.4 % after 180 minutes. Notably,
within 20 minutes of adsorption, DR lignin ef-
fectively removed between 75.7% and 79.1% of
the initial MB concentration. This performance
was comparable to MB treatment efficiencies
achieved using hybrid materials from techni-
cal lignins (80%) [64], surpassing those using
ZnO nanoparticles (72%) [66] and periodiated
modified nanocellulose (78%) [67].

Kinetic adsorption. The adsorption kinetics
were studied to determine the rate, adsorption
time, and mechanism of MB adsorption on lig-
nin from DR [3, 30-32, 40]. pseudo-first-order,
pseudo-second-order, intraparticle diffusion
models and the Boyd equation were examined
based on experimental data. The study estab-
lished adsorption kinetics at pH 5, with an adsor-
bent dose of 10 g/L, an initial MB concentration
of 500 mg/L., and contact times ranging from 5
to 180 minutes. The results and model fittings
are shown in Figure 6 and Table 1.

From Figure 6a, it was observed that the
plot of In(g,-q,) against t was nonlinear, with
a correlation coefficient R? of 0.8466, which
was relatively low. Additionally, there was a
significant difference between the experimental
adsorption capacity (¢ = =40.2 mg/g) and the
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Fig. 6. Kinetic models of methylene blue adsorption by lignin from durian rind following the models:
a — pseudo-first-order, b — pseudo-second-order, ¢ — intraparticle diffusion, d — Boyd equation

Kinetic parameters for the methylene blue adsorption by lignin from durian rind Table d
Type of kinetic model Parameters, unit Value
Qy py MEE" 40.2
Pseudo-first-order Gecor MEE 13821
k,, 1-min"' 0.0181
R? 0.8466
D, o mg-g! 40.2
q, o Mg 40.1606
Pseudo-second-order k, g.mg'-min! 0.0555
h, mg-g!-min"! 87.7193
R? 1.0
k, mg-g'-min"? 0.1579
Intraparticle diffusion C 38.372
R? 0.6796
Boyd equation R? 0.8466

calculated capacity (g, ,,=1.3821 mg/g) based
on the model. This discrepancy indicated that
the experimental results of MB adsorption on
lignin did not fit well with the pseudo-first-

order model.

The relationship between t/q, and t in
Figure 6b showed a linear correlation with a
relatively high correlation coefficient (R?=1),
indicating that the Pseudo-second-order model
best described the MB adsorption process on

127

Teopernueckasi n npuriagnas sxoaorust. 2025. Ne 3 / Theoretical and Applied Ecology. 2025. No. 3




XUMUA ITPNPOIHBIX CPE/L 1 OB'BERTOB

128

DR lignin. Furthermore, the experimental ad-
sorption capacity values (q, —40 2mg/g) and
the calculated values (q, 240.1606 mg/g) in
Table 1 were nearly 1dentlca1 confirming that
the Pseudo-second-order model was suitable for
predicting the maximum adsorption capacity
of MB on DR lignin. Adhering to the Pseudo-
second-order model implies that MB adsorp-
tion on DR lignin occurred through chemical
interaction between MB and DR lignin [31, 39].
The initial adsorption rate value h for MB on DR
lignin was 87.7193 mg/g'min, indicating that
the adsorption rates of MB on DR lignin occurred
relatively rapidly.

The intraparticle diffusion model was inves-
tigated to identify the diffusion type controlling
the mass transfer rate based on the relationship
between g, and 7. It was assumed that this re-
lationship was nonlinear; two or more simulta-
neous adsorption mechanisms occurred, where
boundary layer diffusion controlled the mass
transfer rate [3, 32, 64, 68]. If the ¢, versus *
plot was linear and passed through the origin,
particle diffusion controlled the mass transfer
rate [3, 31, 40, 64, 68]. In cases where the g, ver-
sus 12 plot was linear but did not pass through
the origin, intraparticle diffusion occurred. Still,
diffusion within the particle did not control the
mass transfer rate |3, 64, 68]. Figure 6¢ demon-
strated that the g, versus #*? plot was nonlinear
and did not pass through the origin, confirming
that diffusion controlled the mass transfer rate
and that the MB adsorption process on DR lignin
involved multiple adsorption mechanisms such
as surface diffusion, pore diffusion, and surface
interaction at active sites on the adsorbent [3,
32, 64, 68]. The higher the constant C was, the
greater the influence of the boundary layer on the
adsorption rate was observed [68]. The constant
C obtained from Table 1 was 38.372, indicating
that boundary layer diffusion influenced MB
adsorption on DR lignin significantly [68].

The Boyd equation was studied to provide
insightsinto the rate-limiting step of adsorption
[3]. If the plot of B, versus ¢ was nonlinear or
linear but did not pass through the origin, ex-
ternal film diffusion or boundary layer diffusion
would be the rate-limiting step of adsorption;
conversely, if the relationship B, - ¢ was linear
and passed through the origin, pore diffusion
would be the rate-limiting step of adsorption [3,
38, 69]. Figure 6d showed that the relationship
between B and ¢ was nonlinear (R*=0.8466) and
did not pass through the origin, implying that
MB adsorption on DR lignin was limited by
external film diffusion [3, 38, 69]. The results

of the isotherm study using the Boyd equation
were consistent with the analysis based on the
intraparticle model.

Isotherm adsorption. The adsorption iso-
therm represents an equilibrium relationship
describing how pollutants interact with an
adsorbent material. Isothermal studies provide
information about adsorption parameters, mech-
anisms, surface properties, and affinity between
adsorbent and adsorbate [3, 4, 70]. The Lang-
muir, Freundlich, Dubinin-Radushkevich, and
Temkin isotherm models are commonly used to
characterize the interaction between adsorbents
and adsorbates [3, 4]. Linear plots and param-
eters of the MB adsorption isotherm models on
DR lignin were presented in Figure 7 and Table 2
under the conditions of pH 5, adsorbent dose of
10 g/1., adsorption time of 60 minutes, and initial
MB concentration of 500 mg/L.

The experimental data in Figure 7 showed
that the highest correlation coefficient R? was
observed with the Langmuir model, R?=0.9878.
It confirmed that the experimental process of
MB adsorption on DR lignin best fitted the
mathematical description of the Langmuir
model, characteristic of monolayer adsorption
on a homogeneous surface without interaction
between MB molecules [3, 32]. Additionally, the
Langmuir model implied that the MB adsorption
process on DR lignin occurred across the entire
surface of the material with uniform adsorption
energy [3, 71]. When MB molecules occupied
the active sites on the adsorbent, other MB
molecules could not occupy the same adsorption
sites [3, 33]. The maximum adsorption capacity
of MB on DR lignin was predicted to be 55.5556
mg/g. A highervalue K, of the Langmuir model
indicated lower free energy of adsorption and
stronger affinity between the adsorbate and ad-
sorbent [3]. For the MB adsorption process on
DR lignin, K, was found to be 12.8571, indicat-
ing strong binding between MB and DR lignin
during adsorption. The value R, of 0 < R =0.2839
< 1 indicated favourable dye adsorption on the
material surface under study [17, 37, 70, 72].

For the Freundlich isotherm model, the cor-
relation coefficient between the experimental
data and the model was lower, R2=0.8457, indi-
cating that the Freundlich model was unsuitable
for describing the MB adsorption process on DR
lignin. The Freundlich constant (K,), which re-
lates to the adsorption capacity of the adsorbent
material, was relatively low at 5.4915 mg/g,
indicating a high demand for free energy in the
MB adsorption process on DR lignin. The value
of the Freundlich parameter 0 < 1/n=0.1909
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Table 2
Parameters of adsorption isotherm models of methylene blue onto lignin from durian rind
Type of isotherm model Parameters, unit Value
4, mg-g" 55.5556
. K, Lmg"! 12.8571
Langmuir
R, 0.2839
R? 0.9878
K, mg-g'! 9.4915
=4
Freundlich " RS ch)
1/n 0.1909
R* 0.8457
a,,, L-g! 1.1477
Temkin b,,. kJ-mol™! 0.3569
R? 0.8686
E, kJ-mol! 4.0149
Dubinin-Radushkevich q,, mg-g" 0.3569
R? 0.8574
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< 1 suggested favorable conditions for the MB
adsorption process on DR lignin [17, 33]. The
value of n=5.2383 > 1 indicated that the adsorp-
tion sites with the highest binding energies were
utilized first on less heterogeneous surfaces,
followed by weaker sites on more heterogeneous
surfaces [3].

The energy parameter obtained from the
D-R model indicated that the adsorption energy
of MB on DR lignin was 4.0149 kJ /mol (<8 kJ/
mol), suggesting that the MB adsorption process
on DR lignin was predominantly physical ad-
sorption [3, 37, 72]. It affirmed that the adsorp-
tion of MB on DR lignin primarily stemmed from
electrostatic interactions and Van-der-Waals
forces [37, 72].

Evaluation of the Temkin isotherm model
provided information about the heat of adsorp-
tion of MB onto the adsorbent [72]. The value
of the Temkin constant b, from the model was
0.3569 kJ /mol (>0), indicating that the adsorp-
tion of MB on DR lignin was an endothermic
process and nol spontaneous [17, 72, 73].

Based on the kinetic and adsorption isotherm
studies, the interaction mechanism between MB
and DR lignin is proposed. The primary mecha-
nism for MB adsorption onto DR lignin involves
electrostatic interactions between the positively
charged nitrogen atoms in the MB molecule and
the carboxyl and hydroxyl groups in the lignin
molecule. Additionally, the interaction between
MB and DR lignin may occur through hydrogen
bonding and m-interactions.

Conclusion

This study aimed to recover lignin from
agricultural waste durian rind to remove MB
dye from water environments. The surface prop-
erties of DR lignin demonstrated its effective
adsorption capability as a natural material. The
conditions for MB adsorption by DR lignin were
optimized at pH 5, an adsorbent dose of 10 g/L,,
and a contact time of 60 minutes. The maximum
MB adsorption capacity of DR lignin reached
93 mg/g with a removal efficiency of up to
80.2%. The MB adsorption process on DR lignin
followed pseudo-second-order kinetics and the
Langmuir adsorption isotherm model, indicat-
ing monolayer adsorption on a homogeneous
surface with chemical interactions between MB
molecules and DR lignin. Investigation using the
intraparticle diffusion model and Boyd equation
suggested that MB adsorption on DR lignin was
significantly influenced by boundary layer dif-
fusion and primarily limited by film diffusion.

The process involved multiple simultaneous
adsorption mechanisms, including electrostatic
interactions, hydrogen bonding, and n-m interac-
tions during MB adsorption on DR lignin. Over-
all, lignin recovered from DR and agricultural
waste generally shows promise as an economical
adsorbent material for dye treatment in waste-
walter. This approach addresses the challenge
posed by vast amounts of agricultural waste,
produces economically valuable products, and
provides potential adsorbents for industrial dye
treatment in aqueous environments.

The authors would like to thank to HaUI Insti-
tute of Technology (HIT) and Hanoi University of
Industry (HaUl, Hanoi, Vietnam) for providing the
necessary laboratory support to gather data for this
research article.
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