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The utilization of renewable and functional group enriched nano-lignin as bio-additve in fabricating composite
has become the focus of attention worldwide. Herein, lignin nanoparticles in the form of hollow spheres with
the diameter of the order of 138 4 39 nm were directly prepared from agro-industrial waste (palm kernel
shell) using recyclable tetrahydrofuran in an acidified aqueous system without any chemical modification
steps. We then fabricated a new chitosan/nano-lignin composite material as highly efficient sorbent, as demon-
strated by efficient removal (~83%) of methylene blue (MB) dye under natural pH conditions. The adsorption pro-
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Chitosan/nano-lignin composite cess obeyed pseudo-second-order kinetics and adequate fitting of the adsorption data using Langmuir model
Sorption suggested a monolayer adsorption with a maximum adsorption capacity of 74.07 mg g~'. Moreover, thermody-

namic study of the system revealed spontaneous and endothermic nature of the sorption process. Further studies
revealed that chitosan composite with nano-lignin showed better performance in dye decontamination com-
pared to native chitosan and chitosan/bulk lignin composite. This could essentially be attributed to synergistic ef-
fects of size particularity (nano-effect) and incorporated functionalities due to lignin nanoparticles. Recyclability
study performed in four repeated adsorption/regeneration cycles revealed recyclable nature of as-prepared com-
posite, whilst adsorption experiments using spiked real water samples indicated recoveries as high as 89%. Based
on this study, as-prepared bio-nanocomposite may thus be considered as an efficient and reusable adsorptive

Methylene blue

platform for the decontamination of water supplies.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Bio-based chemicals and materials could easily be derived from frac-
tions of the biomass that are apparently not suitable to yield food or
biofuels, with the positive implication of enhancing the commercial vi-
ability of bio-refineries [1]. Lignin is the second most abundant non-
food component of biomass next to cellulose and is considered as an
unusual natural polyphenol with highly intricate structure [2]. The
availability, non-toxicity, biodegradability, antioxidant property, anti-
microbial nature, biocompatibility together with low cost makes lignin
a significantly promising material for advanced applications such as,
microfluidic devices, coating, glue, additives for natural rubber, drug de-
livery, wound healing, and antimicrobial materials [3,4]. Despite nu-
merous scientific efforts, the exploitation of lignin as a renewable and
cheap feedstock for different applications continues to remain a chal-
lenge till date, hence deserves consideration [5].

One of the interesting features related to lignin is the abundance of
functional groups such as phenolic, carboxylic as well as aliphatic
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hydroxyl groups, providing the possibility for chemical modification
and adjustment of polarity to develop compatibility with appropriate
polymeric matrices [6]. On the other hand, chitosan-based materials
have been intensively investigated in a number of fields such as waste-
water treatment, separation membrane, food packaging, drug delivery
and tissue engineering etc. [7-12]. The fabrication of chitosan-lignin
based composite material has gained significant interest for multiple
applications. For example, earlier Chen et al. prepared biodegradable
chitosan/lignin films for potential usage as packaging films or wound
dressings [13]. In another study, chitosan-lignin composites were ex-
plored as a promising adsorbent in wastewater decontamination [14].
Quite recently, the influence of lignin incorporation on the structure as
well as functional properties of chitosan-based composite was investi-
gated for application as packaging films [15,16]. Albadarin et al. fabri-
cated activated lignin-chitosan extruded blend which were then
characterized and used as sorbent for methylene blue (MB) dye removal
[17]. However, the poor interfacial binding between bulk lignin and
polymer matrix adversely affects its performance [18].

Furthermore, knowing that size particularity confers unique proper-
ties to nanomaterials [19], many researchers have started to investigate
lignin at the nano- and macro- scale for prospective uses in numerous
fields [20-25]. The fact that nanoparticles of polymer lignin (Lyp) are
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biodegradable compared to synthetic inorganic nanoparticles and the
possibility to prepare aqueous nanoparticle dispersions of Lyp in
contrast to bulk lignin which is water insoluble makes it a
fascinating candidate in fabricating new sustainable high performance
bionanocomposite materials [26]. Few attempts have been made focus-
ing on reinforcement of polymer composites using nano-sized lignin as
bio-additive [6,20,27], nevertheless these studies are still in infancy and
hence deserve scientific attention especially in the area of environmen-
tal remediation.

The growth of oil palm industry has been anticipated to remain
strong in the next few decades with the consequence that the quan-
tity of oil palm biomass waste generated will essentially remain high
in the Southeast Asian countries, particularly in Malaysia [28]. One of
the important residues is palm kernel shell (PKS) generated during
palm oil extraction process. Predominantly used as low-rank solid
fuel, there is a strong need to identify other downstream utilization
routes for PKS that are more efficient and eco-friendly as the global
trend to utilize lignocellulosic biomasses continue to diversify from
their traditional usages. Earlier, we proposed that PKS can be
exploited as a sustainable feedstock to fabricate various eco-
friendly products due to substantially high lignin content found in
these residues [29]. In the light of aforementioned details, this
work is aimed to (i) synthesize Lyp directly from PKS biomass via.
straightforward route using tetrahydrofuran (THF) that has been
identified as renewable and biodegradable solvent for processing
lignocellulosic biomass [30], (ii) and fabricate chitosan composite
with Lyp (iii) as well as evaluate the performance of resulting
bionanocomposite material as sorbent for the removal of MB, a cat-
ionic dye of widespread use in textile industries. To the best of our
knowledge, present work is endeavoured to fabricate chitosan/
nano-lignin composite material as an innovative sorbent for the re-
moval of MB dye from aqueous solutions. We advocate that this
study is going to provide a baseline for further studies to fabricate
sustainable nano-lignin based composite materials for wastewater

(@)

(b)

HO HO HO.

MeO OMe OMe

OH OH OH

(S) (G) (H)

purification systems. The chemical structure of chitosan, and princi-
pal phenolic molecules that form possible lignin macromolecule are
provided in Fig. 1 [22,31].

2. Experimental
2.1. Materials

All the reagents and chemical used were of analytical grade. In this
study, PKS residues as shown in digital photographs in Fig. SI1 (see
Supporting information) were collected in the year 2018 in August
from United Oil Palm Industries, Nibong Tebal, Penang. The solvent
THF used for the dissolution of lignin from PKS was purchased from
QRec. Klason lignin powder was extracted from PKS using 72% sulphuric
acid solution. The model dye (Table 1) used for present study was MB,
Merck. All the chemicals were used as received. Deionized (DI) water
was used in the study.

2.2. Methods

2.2.1. Facile route for the formation of nano-lignin

The sample of PKS biomass was air dried for a week followed by
grinding to ~1.5 mm size using a knife mill (Riken Electric, RAB-
15T11S3, CNS 2930). The procedure adopted for the extraction of lignin
from PKS was the modified version of a report by Fukushima and
Hatfield [33]. In a typical procedure, 5 g of PKS was transferred to
round bottom flask. To this, THF (90 mL)-H,SO4 (10 mL of 2 N) was
added and the suspension was refluxed for 30 min at 70 °C. Afterwards,
the suspension thus obtained was filtered and THF was recovered using
rotary evaporator, leaving behind a concentrated solution of dissolved
lignin. This lignin rich liquid was added drop-wise (3 mL/min) to the
flask containing warm DI water (200 mL) under slow stirring. In present
work, immediate formation of Lyp took place facilely. Finally, obtained
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Fig. 1. (a) Chemical structure of chitosan, (b) three primary lignin monomers: sinapyl alcohol (syringyl, S), coniferyl alcohol (guaiacyl, G) and p-coumaryl alcohol (p-hydroxyphenol,

H) and (c) lignin macromolecule.
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Table 1
The information related to MB dye [32].
IUPAC name Color index Maximum absorption Formula Molar mass Class Molecular
number wavelength structure
3,7-Bis(dimethylamino)phenazathionium chloride 52015 665 nm Cy6H1gN3 SCI 319.85 g/mol

Phenothiazine "
Nooow
N

Lnp were washed, collected by centrifugation at 6000 rpm for 15 min
and oven dried.

2.2.2. Fabrication of chitosan/nano-lignin composite

In brief, 2 g of chitosan was dissolved in 100 mL of 2% acetic acid so-
lution under vigorous stirring, where the ketonic oxygen in the carboxyl
group of an acetate molecule can make hydrogen bond with —OH
groups of chitosan [34]. Next, Lyp (0.2 g) were added to this viscous chi-
tosan solution and the resulting suspension was ultrasound dispersed
for 30 min followed by stirring for 6 h. Prior to lyophilisation, the sus-
pension of Lyp in chitosan was frozen at —21 °C using refrigerator for
24 h. Subsequently, the frozen suspensions were freeze dried at —47
°C for 48 h. The resulting chitosan/nano-lignin composite, henceforth
designated as Chit/Lyp, was collected and washed with DI-water until
the pH of washings reached 7. In parallel, chitosan-bulk lignin based
composite was also prepared using klason lignin (0.4 g) for comparative
analysis of the sorption performance towards model dye.

2.3. Characterization studies

The presence of different functional groups was established using
Thermo Fisher Scientific (Nicolet iS50) Fourier-transform infrared
(FTIR) spectrometer. For this purpose, potassium bromide and test
material (5-10 mg) were pressed in the form of a pellet and absorp-
tion spectrum was recorded in the range of 4000-400 cm ™. Infor-
mation related to the morphologies of as-prepared Lyp and Chit/Lyp
was acquired via scanning electron microscopy (SEM) performed
using SEM Quanta FEG 450, USA. Using the Brunauer, Emmett and
Teller (BET) equation, surface area of as-prepared composite was
calculated from N, adsorption measurements performed at liquid
N, temperature (77 K) by surface and pore analyzer micrometics
ASAP 2020. Thermogravimetric analysis was performed on thermo-
gravimetric analyzer (Model: TGA/DSC1 Star System, Mettler To-
ledo) under N, with a heating rate of 10 °C min~—".

2.4. Evaluation of dye removal efficiency of as-prepared Chit/Lnp composite

The adsorption experiments were conducted in batch mode by
adding known quantities of Chit/Lyp sorbent into conical flasks contain-
ing known concentration of MB dye solutions. Residual concentration of
MB dye in the supernatant solution was analyzed by ultraviolet-visible
(UV-VIS) spectrophotometer (Shimadzu UV-1601PC) at a wavelength
of 665 nm and quantified using standard calibration curve (Figs. SI2
and SI3). The amount of MB dye adsorbed onto Chit/Lyp (q) and removal
efficiency (% E) were calculated from the mass balanced equations given
below;

e = (Co—Ce) V/W (M
4c = (Co—Co)V/W @)
%E = C"C;OC‘B x 100 3)

where C,, C. and C; refer to the initial, equilibrium and concentration at
time t of dye solution (mg L™!) respectively, whilst Vand W are the vol-
ume of dye solution (mL) and weight of sorbent material (mg), respec-
tively [35].

2.4.1. Optimization of different parameters affecting sorption

It is well established that a number of factors are involved in control-
ling the uptake of adsorbate (dye in this study) by the sorbent material.
Therefore, the influence of pH, contact time, dye concentration, among
others was ascertained to optimize the removal of MB dye from aqueous
solutions. The effect of solution pH was studied at initial concentration
of 20 ug mL~" of MB dye at pH values of 3, ~5 (natural), 7 and 9, adjusted
by adding dilute solutions of NaOH and HCl. To understand the variation
of adsorption with pH, evaluation of point of zero charge (pHp,c) of
composite was done by incubating sorbent material in a series of
0.01 M NaCl solution (50 mL) with pH adjusted by HCI (0.1 M) and
NaOH (0.1 M) solutions [36]. Kinetic aspects related to dye uptake
were also assessed over a range of 1 h to 48 h of contact time. The initial
concentration of dye was varied from 20 to 120 mg L™ ! to determine its
effect on the adsorption capacity of Chit/Lyp-based composite.

2.4.2. Kinetic modelling and isotherms

The kinetics of sorption of MB dye from aqueous solution using Chit/
Lyp-based composite were analyzed by four models, viz. pseudo-first-
order, pseudo-second-order, intra-particle diffusion and Elovich
models. The equation for pseudo-first-order kinetic model is repre-
sented by Eq. (4);

Kqt
log (q:—q,) = log ¢~ 555 (4)

The equation representing pseudo-second-order kinetic model is
provided below;

t 1 t
@ K@ ®)
where q. and q; correspond to the amount of adsorbed dye (mg g™ !) at
equilibrium and at any given time, respectively. K; and K; refer to the
pseudo-first- (min~') and pseudo-second- order rate constant
(g mg~! min~!) of sorption process, respectively.

Data from kinetic study was also analyzed by intra-particle diffusion
model (Eq. (6)) due to the inability of pseudo-first-order and pseudo-
second-order kinetic models to identify diffusion mechanism.

Qe—kyt054.C (6)
where k;, refers to intra-particle diffusion constant (mg g~ ' min~°?)
and Cis the intercept (mg g~ !) related to the adsorption steps signifying
boundary layer.

Another very useful model is the Elovich kinetic model which is
based on the assumption that adsorbate is adsorbed on the solid surface
without desorption, and the rate of adsorption drops with time due to
an increased surface coverage. Following equation represents the
Elovich model;

q[:% Ina p +ll3 Int (7)

where o and 3 (gmg ') show initial sorption rate (mg g~ ' min™—'), and
desorption constant related to the extent of surface coverage and activa-
tion energy for chemisorption, respectively [37].

Equilibrium isotherm studies were performed to provide an insight
into the surface properties, affinities and adsorption capacity of Chit/
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Lyp-based composite as well as the distribution of dye molecules be-
tween aqueous phase and solid surface of the composite material. The
Langmuir adsorption isotherm quantitatively describes the formation
of a monolayer of adsorbate on the outer surface of adsorbent contain-
ing finite quantity of adsorption sites. The equation representing Lang-
muir isotherm is as follows;

Ce 1 Ce
_ 1 LG 8
de Kqu qo ( )

C. (mg L™1) signifies the equilibrium concentration of dye solution,
qe (mg g~ ) is the amount of dye adsorbed at equilibrium concentra-
tion, g, (mg g~ !) refers to the maximum adsorption capacity and K;
corresponds to the Langmuir adsorption equilibrium constant
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(L mg™") which is related to energy of sorption. In addition, the
Freundlich isotherm model as shown in Eq. (9) describes the adsorbate
uptake on a heterogeneous surface that varies with surface coverage.

Ing, = InKf+ (%) InCe 9)

Kr (mg' =" LV g=1) and n (dimensionless) correspond to the
Freundlich constants related to adsorption capacity and surface hetero-
geneity, respectively [38].

2.4.3. Thermodynamic study
The effect of temperature on the interaction between MB dye and
Chit/Lyp-based composite was assessed at selected temperature (303,

(@)

Lignin nanospheres

H H H
HoHe Ho, NH, ‘
o <
H d
S °
- 0

HO' e, ‘ CHOH
M H

VNN = Chitosan

Chitosan/nano-lignin
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Fig. 2. Digital photographs showing formation of Lyp (a—e), scattering of laser light from the Lyps suspension due to the Tyndall effect (f), chitosan (g) and Chit/Lyp-based composite (h), as

well as illustration of hollow lignin nanospheres and Chit/L.xp formation (i).
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323 and 343 K). The thermodynamic parameters, such as changes in
free energy (AG°, k] mol™!), enthalpy (AH®, k] mol~!) and entropy
(AS°, k] mol~! K~1) were calculated using following equations;

Kp = CL: (10)
AG” = —RT In (Kp) (11)
AG = AH —TAS’ (12)

InKp = —AH®/RT + AS /R = —AG ' /RT (van't Hoff equation)  (13)

(a)
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where Kp, C, R and T represent distribution coefficient, amount of dye
adsorbed on the composite at equilibrium (mg L™!), universal gas con-
stant (8.314 ] mol~!' K™') and absolute temperature (K), respectively.
From the plot of In Kp vs. 1/T, values of AH® and AS° can be derived
from the slope and intercept, respectively, of the Van't Hoff plot [31].

2.5. Comparative study and application of Chit/Lyp-based composite to en-
vironmental aqueous samples

It was essential to understand the influence of inclusion of Lyp on the
affinity of resulting composite material towards target pollutant. Hence,
an identical experiment was run using chitosan, chitosan-bulk lignin
based composite and Chit/Lyp as sorbents. For this purpose, a fixed
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Fig. 3. FTIR spectra of PKS biomass (a), klason lignin (b) Lyp (c) chitosan (d) and Chit/Lyp (e).
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dosage (10 mg) of each material was separately incubated in 20
pg mL~! of dye solution (25 mL) at room temperature. In addition, the
practical applicability of as-prepared composite material was assessed
from the uptake of target pollutant from spiked real aqueous samples.
Environmental samples were collected from different sources. A brief
adsorption experiment was conducted by spiking these samples with
50 pug mL™" of dye solution followed by adding a constant amount of
Chit/Lyp (15 mg) in the test solution. The amount of MB dye removed
from spiked samples was determined by comparing the concentration
of dye prior to and after adding composite material.

2.6. Desorption and recyclability studies

To regenerate spent Chit/Lyp composite sorbent, desorption experi-
ments were performed using distilled water and dilute hydrochloric
acid solution as desorption solvent. In the next step, the regenerated
Chit/Lyp composite was redirected for another round of adsorption ex-
periments at room temperature in a total of 4 successive cycle of
sorption-reuse.

3. Results and discussion
3.1. Preparation of Chit/Lyp composite material

In recent past, nanoscaled lignin has been prepared from acetylated
alkali lignin [39], organosolv lignin fractions [22] and softwood kraft lig-
nin [26]. In present work, Lyp in the form of hollow spheres of uniform
morphology were directly prepared from PKS residue using a very sim-
ple synthesis approach without the involvement of any chemical mod-
ifications of the precursor. In addition, THF employed for the formation
of Lyp was later recovered for reuse. Digital photographs showing for-
mation of Lyp and also scattering of laser light from the colloidal system
due to significant Tyndall effect are provided in Fig. 2a-f. In the next
stage, Chit/Lyp composite was easily prepared, image shown in Fig. 2h,

Mag= 500Kx 4

and characterized to understand the microscopic properties of as-
prepared bionanocomposite.

3.2. Characterization of nanoscaled lignin and Chit/Lyp bionanocomposite

Different functional groups existing in raw PKS biomass, klason lig-
nin and Lyp were identified on the basis of their absorption positions
in their respective FTIR spectrum as compiled in Fig. 3. Detailed explana-
tion of FTIR of PKS (Fig. 3a) in terms of peak assignment has been
discussed in our previous work [29]. The FTIR spectrum of lignin
(Fig. 3b) showed absorption bands at 3442.61 cm™! (—OH stretching),
2966 cm™! and 2937 cm ™! (C—H stretching of methyl and methylene
groups), 1635 cm™! (stretching of C=0 conjugated to the aromatic
ring), 1511 cm™! (aromatic skeleton C—C stretching), 1460 cm ™!
(C—H stretching of aromatic skeleton), 1423 cm~! and 1364 cm ™!
(bending of 0—H of the phenolic group), 1267 cm~! (C—O stretching
vibration in G rings), 1223 cm~' (C—O stretching vibration in S rings)
and 1118 cm ™! (due to S units) and 1057.9 cm~! (C—O stretching)
[14,22]. As can be seen in Fig. 3¢, main absorption bands in the FTIR
spectrum of Lyp were roughly similar to that of lignin, implying that
the chemical structure of nano-lignin did not change significantly. How-
ever certain differences that appeared might be due to the variations in
the composition of klason lignin and Lyp, former containing residual car-
bohydrates and ash as impurities. The FTIR spectrum of chitosan pro-
vided in Fig. 3d showed absorption at ~3200 to 3700 cm ™' which can
unambiguously be assigned to intra- and intermolecular stretching vi-
brations overlapped with N—H stretching, and another absorption
band centred 2900 cm ™' due to symmetric and asymmetric C—H vibra-
tion. The peak positioned at 1637.91 cm™! (bending of N—H of primary
amine), small peaks at 1561 and 1544 cm ™! (bending of N—H of sec-
ondary amine), 1458 cm ™! (symmetrical deformation of CHs and CH,
group), 1420 cm~! due to C—N axial deformation (—NH, band),
1154 cm™! due to (1-4)-glucosidic band in polysaccharide unit,
1099 cm™! (stretching vibration mode of the —OH group) and

Mag = 10000KX |

Fig. 4. SEM micrographs of Lyp at low (a-c) and high (d-f) magnifications.



1310 S. Sohni et al. / International Journal of Biological Macromolecules 132 (2019) 1304-1317

1064.77 cm ™! (stretching vibration of C—0—C) were also seen [38]. An
earlier work done by Chen et al. on chitosan/lignin composite films re-
ported changes in the wavenumber in FTIR spectrum, implying obvious
interactions between the two components [13]. In a recent work, it was
stated that there are no strong interactions between lignin and chitosan,
although a few low energy dipole—dipole interactions do exist, in par-
ticular involving carbonyl of chitosan and hydroxyl from lignin [15].
The FTIR spectrum of as-prepared composite revealed the occurrence
of roughly all the functional groups of precursors (Fig. 3e), where mea-
surable changes noticed in the absorption positions and changes in peak
intensities due to different functional groups can account for the pres-
ence of weak interactions between the two entities. A small peak posi-
tioned at 1652 cm~! (bending of N—H of primary amine)
disappeared and peak at 1637.9 cm™! (N—H stretching) shifted to a rel-
atively broader peak at 1638.7 cm ™ in Chit/Lyp. Also, changes in the po-
sition and intensity were seen for N—H stretching centred at
~3400 cm ™!, this indicated the existence of certain interactions related
to amine groups of chitosan in the formation of composite material. The
disappearance of peak at 1652 cm™~! (bending of N—H of primary
amine) as well as at 1561 cm ™! and 1544 cm™ ' might be due to the in-
teractions between aromatic ring of Lyp and amine group of chitosan. In
Fig. 3d, peak at 1030.39 cm™! (primary alcohol OH stretching) in the
FTIR spectrum of chitosan appeared at 1029.71 cm™! with reduced in-
tensity in that of composite (see Fig. 3e). There were shifts noticed in
the peaks due to C—O stretching from 1154.61 cm ™! in chitosan to a
lesser intense peak at 1152.42 cm™ ' in the composite as well, indicating
the possibility of hydrogen bonding between functional groups of chito-
san (amino, hydroxyl, carbonyl groups) and lignin (hydroxyl, carbonyl
etc.) [14]. The presence of Lyp is going to increase the affinity of as-

Mags €00KX [

prepared material towards target pollutant because of the incorporated
functionalities as confirmed from this study.

The SEM micrographs shown in Fig. 4a—f revealed chaplet-like lignin
hollow symmetric nanospheres possessing single hole, with the dimen-
sion of 138 4 39nm. It can be seen in the SEM images that Lyp exhibited
uniform spherical and dense surface. These Lyp were formed as a result
of hydrophobic aggregation of the polymeric chains in THF-H,0 disper-
sion medium, exhibiting hollow structure due to the effect of THF on the
self-assembly behaviour. In principle, lignin can be completely dis-
solved in THF, however it forms a layer of membrane at two-phase in-
terface when added to water. As the drop-wise addition continues,
more and more lignin molecules aggregate at the internal surface of
the membrane by self-assembly via -1 interactions. Finally, the thin-
ner side of the membrane ruptures to maintain stable pressure inside
and outside, leading to the formation of hole in the nanospheres [40].
On the other hand, microstructure of composite material showed
rough and porous surface with embedded Lyp in polymer matrix of chi-
tosan (marked with arrows in the SEM micrographs) as shown in Fig,. 5.
Nitrogen adsorption-desorption experiments were carried out to mea-
sure surface area and pore size of the composite (Fig. SI4a). As provided
in Table 2, BET surface area for chitosan and Chit/Lyp were 3.44 and
2.39 m?/g, respectively. BJH adsorption and desorption cumulative sur-
face area of pores were 1.14 and 1.70 m?/g, respectively for chitosan,
and 0.58 and 0.69 mz/g, respectively for Chit/Lyp. Adsorption and de-
sorption average pore width are 41.16 and 32.79 A, respectively for chi-
tosan and corresponding values for composite are 87.42 and 85.86 A,
respectively. Apparently, the decrease in the surface area of chitosan
after Lyp inclusion might be the result of blockage of chitosan porosities
by incorporated Lyp. However, the interactions between different

Fig. 5. SEM micrographs of Chit/Lyp-based composite at increasing magnifications.
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functional groups such as —OH, (=0 and —NH, on the surface of ad-
sorbent favor pollutant uptake predominantly via chemisorption mech-
anism [41], hence enhanced dye removal can be anticipated. The effect
of Lyp incorporation in chitosan matrix was assessed by comparing ther-
mal stabilities of chitosan and Chit/Lyp, and the resulting thermogravi-
metric and differential thermogravimetric (TG/DTG) curves are shown
in Fig. 6. In case of chitosan, TG curve presented weight loss as a function
of temperature which is more obvious in the corresponding DTG curve
(Fig. 6). Although TG/DTG curve for both materials were roughly identi-
cal, however the onset temperature for thermolytic process was higher
in Chit/Lyp (268.76 °C) compared to native chitosan (257.41 °C), proba-
bly due to the stabilizing effect because of the inclusion of lignin nano-
spheres. The proportion of residue formed at 800 °C was higher in
case of Chit/Lyp (30.20%) in comparison to chitosan (11.22%). The addi-
tion of Lyp into chitosan network forms a cross-linked and condensed
matrix of aromatic structures at high temperatures, thereby leading to
enhanced thermal stability of Chit/Lyp [14]. TGA analysis corroborated
the results from FTIR and SEM analysis with regard to the formation of
composite material.

3.3. Sorption of MB dye onto chitosan/nano-lignin composite

It is well known that adsorption capacity varies depending upon;
(a) physical nature of sorbent and functional groups; (b) nature of the
dye, its pK,, functional groups, polarity, size and molecular weight,
and (c) solution conditions (pH, time, dye concentration etc.) [42].
Therefore, optimization of various experimental conditions was per-
formed in order to achieve optimal removal of target pollutant from
test solutions and the relevant details have been discussed in the follow-
ing sections.

3.3.1. Effect of solution pH

The effect of pH on removal efficiency of MB dye was studied in the
range of pH 3 to 9 which revealed better solution decolonization at
higher pH values, although uptake of MB dye was appreciable over ex-
tended pH range as shown in Fig. 7. This could be the outcome of strong
adsorption and complexation interactions over wide pH range between
composite and dyes via hydrogen bonding, electrostatic attraction, ion
exchange and van der Waals force, etc. that stems from both compo-
nents, i.e., chitosan (amino groups and hydroxyl groups) and Lyp (phe-
nolic and aliphatic hydroxyl contents) of the Chit/Lyp composite [43]. In
acidic solution (pH = 3), the dye removal efficiency was relatively
lower, however, there was a rise in dye decontamination that remained
somewhat stable (83-84%) with the increase of pH up to 9. At pH = 3,
lower uptake of MB might be due to the electrostatic repulsion opera-
tive between protonated surface functional groups of composite and
cationic dye molecule, leading to unfavorable adsorption [44]. In con-
trast, improvement in uptake of dye with increase in pH might be due
to the increase in number of negatively charged sites (high concentra-
tions of OH™ ions cause deprotonation) on sorbent, as a result augment-
ing the removal efficiency to 85% at pH = 9[17]. In fact, these results are
consistence with pHp,. of Chit/Lyp, i.e. 2.4, much lower than the corre-
sponding value for native chitosan (7.2) as provided in Fig. SI4b (see
Supporting information). Further studies on the sorption of MB onto

Table 2

Surface area analysis.
Parameter Chit/Lnp Chitosan
BET surface area (m?/g) 2.39 3.44
Langmuir surface area (m?/g) 4,08 9.15
BJH Adsorption cumulative volume of pores (cm>/g) 0.0064 0.0033
BJH Desorption cumulative volume of pores (cm?/g) 0.0072 0.0043
Adsorption average pore width (A) 87.42 41.16
Desorption average pore width (A) 85.86 32.79
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Fig. 6. TG and differential of TG for chitosan and Chit/Lyp.

Chit/Lyp composite were carried out without any pH control which,
we believe, is a very favorable aspect from practical application
viewpoint.
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Fig. 7. Effect of pH on the sorption of MB dye onto Chit/Lyp-based nanocomposite.
(Experimental conditions: sorbent = 10 mg, dye concentration = 20 ug mL™", volume
= 25 mL, shaking speed = 150 rpm, room temperature.)
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3.3.2. Effect of contact time

The effect of time on dye removal efficiency of as-prepared compos-
ite was investigated and the results are shown in Fig. 8a. The character-
istic peak (Amax = 665 nm) continued to decline in intensity and color
of dye solution turned pale with time, and finally became colorless as
can be seen in Fig. 8b. In the beginning of experiment, greater variations
observed in the extent of adsorption can be attributed to the fact that all

(a)

Removal Efficiency, %
B (2] [or]
o o o

N
o

the sites on the surface of composite were predominantly vacant and
the solute's concentration gradient was also high. Different aspects re-
lated to the mechanism of adsorption were evaluated by applying ki-
netic models to the experimental data such as pseudo first-order,
pseudo-second order, intra-particle diffusion and Elovich kinetic
models as presented in Fig. 8c-f. According to the data shown in
Table 3, in case of pseudo-second order, R? value for model dye was

(b)
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Fig. 8. Effect of contact time (a), digital photographs of MB dye solutions withdrawn at different time intervals (b), pseudo-first-order (c), pseudo-second-order (d), intra-particle diffusion
(e) and Elovich (f) models for the adsorption of MB dye onto Chit/Lyp. (Experimental conditions: Chit/Lyp-based composite = 100 mg, dye concentration = 150 pg mL ™", pH = natural,

time range = 1-48 h, volume = 100 mL, shaking speed = 150 rpm; room temperature.)
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found to be 0.99 compared to the corresponding value representing
pseudo-first order (0.96). The value of theoretical adsorption capacity
(Gmax Mg g~ 1) derived from pseudo-second order model was in excel-
lent agreement with the corresponding experimental value. This shows

that pseudo-second order model better fitted the acquired kinetic data
in present study. The graph between q; and t%° signifying intra-
particle diffusion model is shown in Fig. 8e, where the value of ‘C’
which corresponds to the intercept helped in elucidating if controlling
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Table 3
Comparison of pseudo-first-order, second-order-kinetic, intra-particle diffusion and
Elovich models for model dye pollutant.

Kinetic model Parameter Value
Pseudo-first-order Qmax (Mg g™ ") 77.84
Ky (min~") 0.001

R? 0.96

Pseudo-second-order K, (gmg~ "' min~") 0.005
Qmax (Mg g™") 121.95

R? 0.99

Intra-particle diffusion model Kine (mg g~ ' min~17?2) 15

C(mgg™1) 42.13

R? 0.96
The Elovich model a(mgg ' min~") 120.30
B(gmg 1) 0.053

R? 0.99

step is intra-particle diffusion or not. For present work, C was a non zero
value (Table 3), showing that intra-particle diffusion is not the only
rate-limiting step, but adsorption process also includes complex mech-
anism pathways [31]. The activation energy (3) of adsorption process
elucidated from the Elovich model was much lower, which accords
with excellent MB dye removal efficiency of Chit/Lyp composite
material.

3.3.3. Effect of initial dye concentration on adsorption capacity of as-
prepared composite

It can be seen from Fig. 9a that Chit/Lyp showed better adsorption ca-
pacity at lower MB dye concentration which indicated the presence ad-
equate number of readily accessible active sites on the surface of
composite material. However, adsorption capacity reached a steady
value at relatively higher concentrations, suggesting that the interstitial
spaces in the nanocomposite have become saturated. The Langmuir and
Freundlich isotherms, and isothermal parameters for MB dye have been
provided in Fig. 9b-c and Table 4, respectively. According to isotherm
parameters given in Table 4, the Langmuir model better described the
sorption of dye as obvious from R? values, signifying that monolayer ad-
sorption played crucial role in the sorption of MB dye. The value of the-
oretical maximum of adsorption capacity (q,) derived from Langmuir
model was 74.07 mg g~ ' for MB dye, which was in agreement with
the corresponding experimental value, i.e., 71 mg g~ . These values
are better than the corresponding values of 36.25, 40.02, 33.78 and
26.69 mg g~ ! for MB dye using activated lignin-chitosan extruded
blends [17], organosolv lignin [45], magnetic lignin-based hollow mi-
crospheres [22] and ultrasonic surface modified chitin [46], respectively
as sorbents. The comparison between different sorbents reported in lit-
erature with Chit/Lyp composite is provided in Table SI1 (see Supporting
information).

3.3.4. Effect of temperature

Thermodynamic parameters for the sorption of MB dye onto Chit/
Lnp composite were elucidated using the van't Hoff plots as provided
in Table SI2 (see Supporting information). It is evident from the given
data that sorption of MB increased with temperature, indicating that ad-
sorption is an endothermic process as obvious from the positive value of
AHC (14.40 k] mol ™). Besides, dye uptake was found to be a spontane-
ous process as confirmed from the negative value of AG°. Besides, more
negative values obtained at high temperature implied that dye uptake
process was relatively higher at elevated temperature. Furthermore, it
can be inferred from the positive value of AS® (0.049 k] mol~! K™ 1)
that there was increased randomness during the adsorption process at
the solid/solution interface [31].

3.4. Comparative study

The performance of Chit/Lyp composite was compared to that of chi-
tosan and chitosan-bulk lignin composite in terms of MB dye removal
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Fig. 9. (a) Effect of initial concentration of MB dye on adsorption capacity of Chit/Lyp_based
composite. (b) Langmuir and (c) Freundlich models for MB dye. (Experimental conditions:
Chit/Lyp = 15 mg, pH = natural, dye concentration range = 20-120 pg mL~", volume =
25 mL, shaking speed = 150 rpm, room temperature.)

efficiency to assess the influence of Lyp as additive in the resulting chito-
san composite. It is clear from Fig. 10a that the bionanocomposite
showed excellent removal efficiency for MB dye over extended pH
range compared to other sorbents. As for Lyp, electron donor acceptor
(EDA), i.e. m-t and n-m interactions between MB dye and Lyp, hydrogen
bonding between hydrophilic oxygen-containing moieties coming from
lignin distributed over composite material surface and that of MB dye
molecules, m-hydrogen bonding interaction, electrostatic forces, and
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Table 4
Comparison of different parameters of Langmuir and Freundlich isotherms for MB dye at
25°C.

Adsorption isotherm Parameter Value
Langmuir K. (Lmg™1) 0.092
Qo (mgg™") 74.07

2 0.97

Freundlich Ke (mg! '/ LV/n gt 17.52
N 3.22

R? 0.96

hydrophobic interactions together with their ultra-small size might
have contributed towards imparting unusual adsorption properties to
Chit/Lyp composite compared to bulk lignin.

3.5. Environmental applications

Another important aspect with regard to the practical utility and
scale-up of sorbent material is the ability to remove target pollutants
from real samples. Keeping this in view, a brief study was conducted

to evaluate the performance of Chit/Lyp composite in terms of % removal
efficiency using MB dye spiked real environmental aqueous samples:

(a) Chit

100

754175

e
(=]
T

Removal efficiency, %
= D
(=} (=}

H Chit/Lignin

river water and tap-water. According to the results shown in Fig. 10b,
Chit/Lyp composite demonstrated excellent dye decontamination from
spiked samples, implying that developed adsorptive platform can be
highly useful in wastewater treatment.

3.6. Desorption and reusability

To study these aspects, spent composite material was collected by
filtration/decantation and later regenerated. In the next step, regener-
ated Chit/Lyp composite was used for sorption experiments in four suc-
cessive cycles of adsorption-reuse. It is evident from the recyclability
study given in Fig. SI5 (see Supporting information) that no marked de-
cline in % MB dye removal was noticed. This suggested that Chit/Lyp
composite was durable and has great potential as sustainable material
for wastewater clean-up.

4. Conclusions
In the work described in this paper, we prepared lignin nanoparti-
cles from palm kernel shell biomass residue and studied its application

in fabricating a new lignin nanoparticles based chitosan nanocomposite
(Chit/Lyp) for the removal of MB dye pollutant from aqueous solutions.
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Fig. 10. (a) Comparison of MB dye removal efficiency of chitosan, chitosan-bulk lignin composite and Chit/Lyp. (Experimental conditions: sorbent = 10 mg, dye concentration = 20
pg mL™!, volume = 25 mlL, shaking speed = 150 rpm, room temperature.) (b) Evaluation of Chit/Lyp in removing MB dye from spiked real aqueous samples. (Experimental
conditions: sorbent = 15 mg, dye concentration = 50 pg mL™!, volume = 25 mlL, shaking speed = 150 rpm, room temperature.)
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Adsorption studies revealed that various factors including pH, con-
tact time, dye concentration and temperature had influence on the
removal of pollutant from their aqueous solutions. It was confirmed
from experiments that the removal of dye from aqueous solution
accorded well with pseudo-second-order kinetic model and the
Langmuir isotherm model. In particular, the results of comparative
study revealed that composite sorbent was highly efficient material
in removing cationic MB dye. Overall, the strong interaction between
dye molecule and chitosan/nano-lignin based composite could es-
sentially be attributed to synergistic effects of size particularity
(nano-range) and incorporated functionalities due to Lyp that led
to enhanced uptake of dye pollutant from the test solutions. Studies
on environmental application revealed that the matrix of spiked real
water samples had essentially no adverse effect on dye uptake. In the
continuity of this work, we advocate that new nano-lignin based
green, sustainable, multifunctional and cheaper composite materials
would be explored for application in advanced wastewater treat-
ment systems.
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