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adsorption and water purification.

Carbon-based adsorbents possess exceptional adsorption capability, making them an ideal platform for the
remediation of environmental contaminants. Here, we demonstrate carbonized lignosulfonate (LS)-based porous
nanocomposites with excellent adsorption performance towards heavy metal ions and cationic dye pollutants.
Through microwave-assisted hydrothermal carbonization, a green approach was employed to carbonize
lignosulfonate to carbon spheres. The LS-derived carbon spheres were then oxidized into nanographene oxide
(nGO) carbon dots. A facile two-step procedure that involved the self-assembly of nGO and gelatin into a hydrogel
precursor coupled with freeze-drying enabled the construction of three-dimensional (3D) free-standing porous
composites without the use of organic solvents or chemical crosslinking agents. The favorable pore structure and
abundance of surface functional groups on the nGO/gelatin porous composite proved to substantially facilitate the
adsorption of Cu(ll) in comparison to conventionally-used activated carbon. Further enhancement of adsorption
performance was achieved by introducing additional surface functional groups through a non-covalent
functionalization of the porous composite with lignosulfonate. The presence of negatively-charged sulfonate groups
increased the Cu(ll) equilibrium adsorption capacity (66 mg/g) by 24% in comparison to the non-functionalized
nGO/gelatin counterpart. Both functionalized and non-functionalized composites exhibited significantly faster
adsorption rates (40 min) compared to many graphene- or GO-based adsorbents reported in literature. In addition
to the adsorption of heavy metal ions, the composites also demonstrated good adsorption capacity towards
cationic dyes such as methylene blue. This paves the way for a high value-added application of lignin in
environmental remediation and opens up new possibilities for the development of sustainable materials for
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Introduction

Graphene oxide (GO)-based materials are highly effect-
ive adsorbents for environmental remediation, but their
widespread use is hindered by the high cost involved in
GO synthesis. Graphite, the primary source of graphene,
is derived from non-renewable reserves, and even more
so the production of graphene and GO via synthetic
routes from commercial precursors requires high
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temperatures and harsh reaction conditions [1, 2]. In re-
cent years, the use of biomass waste as a precursor to
carbonaceous materials has emerged as an effective
strategy towards both valorization of low-value re-
sources, as well as an economical and sustainable path-
way towards the preparation of valuable carbon-based
functional materials [3-6]. Wood, the largest biomass
resource on earth, is mainly composed of cellulose,
hemicellulose, and lignin [7]. In the pulping industry,
the extraction of cellulose from wood generates large
amounts of lignin-rich residues [8]. In spite of the
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copious amounts available as a side stream, lignin has so
far only few low-value applications and it is mostly
burned for energy production [8-10].

Lignin is a complex heterogeneous polymer composed
in large part of p-coumaryl, coniferyl, and sinapyl alcohol
building blocks making up a molecular chain with a large
number of phenyl rings [10]. Due to the high carbon con-
tent of over 60%, lignin is considered to be a very promis-
ing raw material for carbonaceous products [11-14]. In
comparison to cellulose-rich biomass, lignin-rich biomass
yield chars with higher thermal stability and lower reactiv-
ity as a result of their higher fixed carbon contents [5].
Several successful methods have been employed in the
synthesis of carbonaceous materials from lignin-based
precursors, including high temperature pyrolysis [5, 15]
and hydrothermal carbonization (HTC) [10, 11]. In this
work, we employ a green approach via microwave-assisted
HTC as adapted from previous work on carbonization of
various biopolymers [16—19]. In comparison to pyrolytic
carbonization, HTC proceeds at much lower temperatures
in a closed system, thus significantly reducing energy con-
sumption and air pollution [11, 20]. Implemented in com-
bination with microwave irradiation, which facilitates
rapid volumetric heating, increased reaction rates, and
shortened reaction times compared to conventional heat-
ing, a time-efficient, cost-effective, and ecofriendly method
of lignin carbonization is enabled [21, 22].

Herein, we investigate the feasibility of utilizing
carbonized lignosulfonate-based nGO as a building
block for the development of porous nGO/gelatin nano-
composites as adsorbents for wastewater purification.
First, we employ a two-step reaction that involves
carbonization of lignosulfonate and oxidation of the
resulting carbon product to derive nGO. Next, we con-
struct three-dimensional freestanding porous composites
through the self-assembly of nGO and gelatin into
hydrogel precursors in the absence of any chemical
crosslinking agent. To further enhance the adsorption
performance of the composites, additional active sites
for adsorption in the form of negatively-charged sulfon-
ate groups are introduced via non-covalent functionali-
zation with lignosulfonate. Hence, we explore the
adsorption performance of sustainable and environment
friendly lignosulfonate-based nanocomposites towards
the remediation of heavy metal ions and cationic dye
pollutants from wastewater.

Experimental

Reagents and materials

Sodium lignosulfonate (LS) (M, = 20,300; PDI = 2.34; 5—
7% methoxy content, <6% water) was obtained from
Tokyo Chemical Industry UK Ltd. Gelatin, sulfuric acid
(H5SO4 95-98%), nitric acid (HNOs; 70%), copper sul-
fate pentahydrate (CuSO4+5H,0), poly(ethyleneimine)
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(PEI) (M,, =750,000, 50% w/v in H,O), and methylene
blue (C;6H;13CIN3S; >82%) were obtained from Sigma-
Aldrich. All chemicals were used as received. Commer-
cially available activated carbon for aquarium filtration
systems was obtained from Fluval Carbon, Hagen Inc.

Synthesis of nanographene oxide (nGO) from LS

nGO was synthesized by oxidation of lignosulfonate-
derived carbon spheres (CS), that were obtained through
an acid-catalyzed microwave-assisted carbonization
process adapted from previous work [18, 19]. Here, LS
was used instead of a-cellulose or starch as biopolymer,
and the carbonization temperature was increased from
220 °C to 240 °C. Briefly, CS were produced through the
carbonization of 2g of LS in 20 mL of aqueous H,SO,
solution (0.01 g/mL) for 2 h with a ramp time of 20 min
using a flexiWAVE microwave device (Milestone Inc.).
The obtained CS were sonicated in a 70% HNO; aque-
ous solution (1:100 w/w) for 30 min. Oxidation was per-
formed at 90 °C with constant stirring for 30 min. Cold
deionized water was poured into the solution to stop the
reaction. The solvent was removed via rotary evapor-
ation, after which the produced nGO was freeze-dried
and stored in vacuum at room temperature for at least
48 h before use.

Preparation of LS-functionalized porous nGO/gelatin
nanocomposites

Porous nGO-gelatin composites were first prepared via
self-assembly forming hydrogels, followed by freeze-
drying. First, aqueous suspensions of nGO (10 mg/mL)
were prepared by stirring 100 mg of the LS-derived nGO
in 10 mL of deionized H,O for 1 h, followed by sonication
for 30 min. Different predetermined amounts of LS were
then dispersed in the nGO suspensions via sonication for
10 min. Hydrogel self-assembly was initiated according to
a previous procedure [23, 24], with the important differ-
ence that here, zero-dimensional nGO derived from LS
was utilized instead of the (in lateral dimension) micro-
sized GO from commercial graphite powder. Briefly, 1.5
mL of aqueous gelatin solution with varying concentra-
tions was added drop-wise to the nGO/lignosulfonate sus-
pension, prompting immediate hydrogel formation. The
mixture was subsequently heated to 60 °C for 5 min to in-
duce the formation of covalent and non-covalent bonds
between nGO and gelatin, which acts as a reducing agent
and can partially reduce nGO. The composition of the
prepared nanocomposites are found in Table 1 and de-
noted as nGOX-GelY-LSZ where X:Y:Z indicate the nGO:
gelatin:lignosulfonate mass ratio. The prepared hydrogels
were washed in deionized water for 1week with regular
water changes. Finally, the hydrogels were freeze-dried for
48h to obtain porous composite materials. All
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Table 1 Compositions by mass of the porous composites

nGO (mg) Gelatin (mg) LS (mg)
nGO1-Gell 100 100 0
nGO1-Gel1.5 100 150 0
nGO1-Gel2 100 200 0
nGO1-Gel1-L50.1 100 100 10
nGO1-Gel1.5-L50.1 100 150 10
nGO1-Gel2-LS0.1 100 200 10
nGO1-Gel1-L50.05 100 100 5
nGO1-Gel1-150.2 100 100 20

characterizations and adsorption tests were executed on
granulated nGO/gelatin composites.

Characterization of LS-derived carbon products and LS-
functionalized nGO/gelatin composites

Apparent porosity was determined using Eq. 1, where
M; is the mass of the dry sample, M, is the mass of the
saturated sample after immersion in deionized water, p
is the density of water, and V is the volume of the satu-
rated sample.

Porosity(%) =

% x 100 (1)

The analysis of functional groups was performed using
Fourier transform infrared spectroscopy (FT-IR) and
carried out by PerkinElmer Spectrum 2000 FTIR spec-
trometer equipped with attenuated total reflectance
(ATR) accessory (Graseby Sperac). All spectra were re-
corded in the wavenumber range of 4000-600cm '
using 16 scans at a resolution of 4cm™ ',

Characterization of structural disorder in the lattice of
the carbon products was performed via confocal Raman
spectroscopy. Raman measurements were conducted on
a HR800 UV Jobin Yvon Raman spectrometer (Horiba
Scientific, Ltd.) with a solid-state laser set at an excita-
tion wavelength of 514 nm. The laser was focused on the
sample by passing through a 50x objective lens, and the
Raman signal was collected by the same lens using a 600
groove mm~ ' density grating. Spectra were acquired at a
resolution of 1 cm™' at 7 accumulations with an acquisi-
tion time of 40 s.

The thermal behavior and decomposition profiles of
the carbon products and composites were investigated
through thermogravimetric analysis (TGA), which was
performed on a Mettler-Toledo TGA/SDTA 851e in-
strument. The samples (5-6 mg) were placed in 70 puL
alumina cups and heated in a temperature range of 25—
800 °C at a rate of 10°C/min in N, atmosphere set to a
flow rate of 50 mL/min.
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Transmission electron microscopy (TEM) images of
the CS and nGO were acquired on a Hitachi HT7700 in-
strument. For TEM sample preparation, CS and nGO
were dispersed in ethanol (0.2 mg/mL) via sonication for
30 min and drop casted on an EM-TEC formvar carbon
support film on a copper 200 square mesh (Micro to
Nano V.O.F.).

In the case of the composites, high-resolution images
were taken on an ultrahigh resolution field emission
scanning electron microscope, FE-SEM Hitachi S-4800.
For SEM sample preparation, the samples were attached
on an aluminum stub using carbon tape, and sputter
coated with a platinum/palladium (Pt/Pd) coater target
at 2nm thickness using a Cressington 208HR Sputter
Coater (Cressington Scientific Instruments, Ltd.).

Elemental analysis of the carbon products and the
composites before and after heavy metal- or dye-
adsorption were performed via energy-dispersive x-ray
spectroscopy (EDX) measurements on Pt/Pd-coated
samples using an X-Max" 80 Silicon Drift Detector (Ox-
ford Instruments) attached to the Hitachi SEM S-4800.
Quantitative EDX measurements were performed by
point analysis of randomly selected sites on the speci-
men using an electron beam accelerating voltage of 15
kV for all samples with the exception of the analysis of
the composites after Cu-adsorption, for which 20 kV was
used. Elemental compositions are given as an average of
10 point analysis measurements for each sample.

Batch adsorption test

Batch adsorption experiments were carried out to inves-
tigate the adsorption behavior of the composites towards
Cu(ll) and methylene blue (MB), respectively. A stock
solution of Cu(Il) (0.008 M) was prepared by dissolving
196 g of the CuSO4e5H,0O in 1000 mL of deionized
water. All subsequent solutions with varying Cu(II) con-
centrations were prepared by diluting the stock solution.
The pH values of all solutions were adjusted to pH 5.2
via drop-wise additions of 0.01 M NaOH or HCI. For the
adsorption of methylene blue, an aqueous solution
(9.38 x 10" ° M) was prepared. The pH of the MB solu-
tion was adjusted to pH9 to maximize dye adsorption
[25, 26] with drop-wise additions of 0.01 M NaOH. Ten
milligram of the composite was added to 30 mL of Cu(II)
solution or 20 mL of MB solution. The solution was then
agitated at 240rpm using a rotary shaker at room
temperature until equilibrium adsorption was reached.
Dye adsorption was carried out under dark conditions to
prevent photocatalytic degradation of methylene blue.

A UV-vis absorption spectrophotometer (Shimadzu
UV-2550) was used to determine the concentrations of
Cu(Il) at A =625 nm after complexation with poly(ethy-
leneimine) (PEI), which enabled detection of low con-
centrations of the ion (Supporting Information 1), or
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MB at A =663 nm. Calibration curves were con-
structed to correlate the concentration of Cu(Il) (R*=
0.9965, Fig. S2) or MB (R*=0.9895, Fig. S3) with their
respective maximum absorbances. All adsorption experi-
ments were carried out in duplicate, and average values
were used in data analysis. The adsorption capacity (qy)
of the porous composite was calculated according to Eq.
2, where Cy (mg/L), C; (mg/L), and C, (mg/L) are the
initial adsorbate concentration, the adsorbate concentra-
tion at time ¢, and the adsorbate concentration at the
equilibrium time, respectively. V (L) stands for the vol-
ume of the adsorption solution used, and m (g) repre-
sents the dry weight of the sample.

4~ (CoCV )

m

Recyclability test

The reusability of the composite adsorbent was investi-
gated through five cycles of Cu(Il) adsorption and de-
sorption. For every adsorption cycle, the composite
material was immersed in fresh solutions of Cu(II)
(0.006 M, 30 mL, pH 5.2) for 40 min with constant agita-
tion at 240 rpm. After each adsorption test, the Cu(II)-
loaded samples were washed with aqueous HCI solution
(0.1M) for 2h at 240rpm. The regenerated samples
were then washed in deionized water and freeze-dried
for the subsequent adsorption cycle. The recyclability
test was performed in duplicate.

Results and discussion

Porous nanographene oxide (nGO)/gelatin nanocompos-
ites were developed by a self-assembly strategy utilizing
lignosulfonate-derived carbon products as building
blocks. First, sodium lignosulfonate (LS) was hydrother-
mally carbonized into carbon spheres (CS). The CS were
then oxidized into nanographene oxide (nGO)-type car-
bon dots to introduce oxygen-containing functional
groups that give rise to improved chemical reactivity and
dispersibility in polar solvents [27, 28]. Oxygen function-
alities also served as tethering sites onto which LS was
noncovalently attached to further enhance adsorption
properties. Self-assembly of a three-dimensional porous
hydrogel was thereafter initiated by using gelatin as a
low cost, highly available and biodegradable crosslinker.
In a final step to obtain lightweight, free-standing mate-
rials in aqueous environments, the hydrogels were
freeze-dried to fabricate porous nGO/gelatin nanocom-
posites. Adsorption tests were performed to evaluate the
adsorption performance of the composites towards
Cu(II) and methylene blue (MB).
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Characterization of lignosulfonate (LS)-derived carbon
products

FT-IR spectroscopy (Fig. 1a) indicates that during the
hydrothermal carbonization of sodium lignosulfonate,
dehydration occurs and ether linkages are broken, while
carboxyl and/or carbonyl groups are formed on the
resulting CS product. Pure LS is characterized by a
broad O-H band at 3600—3000 cm ™, a stretching vibra-
tion peak of the aromatic ring skeleton C=C groups at
1606 cm™ ', a stretching vibration peak of C-O-C ether
bonds at 1144cm™', and an S=O stretching peak at
1040 cm™ ', After carbonization, CS depicted similar
characteristic peaks with the exception of the disappear-
ance of the C-O-C ether peak and the appearance of
peaks attributed to the C=0O (1724cm™') and C-O
(1225 cm™ ') stretching vibrations, which suggest the
elimination of ether bonds [20, 29] and the formation
carboxyl and/or carbonyl groups [14, 30]. Additionally,
the decrease in the intensity of the O-H band indicates
that dehydration of LS occurs during carbonization. The
oxidation of carbonized LS to nGO, on the other hand,
depicted a significant increase in oxygen-containing
functional groups, that is the alcohol (O-H), carboxyl
(C=0 and C-0O), and epoxide (C-O-C) groups as indi-
cated by asymmetric ring deformation occurring at 920
cm™ . This is similar to what was observed for nGO syn-
thesized through the same oxidation process from other
biopolymer-derived CS [16, 19]. Finally, both CS and
nGO maintained some of the sulfonate groups present
in lignosulfonate, ~which thus persisted both
carbonization and the acid treatment during the oxida-
tion process.

An increase in the lattice defects of nGO compared to
CS due to oxidation was confirmed via confocal Raman
spectroscopy (Fig. 1b). D and G bands positioned at
1350-1400 cm™* and 1590 cm™*, respectively, were ob-
served for both carbon products CS and nGO, which is
in agreement with what is typically observed for carbon-
aceous materials [31]. The D band corresponds to the
presence of structural lattice defects, which arises from
the cleavage of sp” carbon bonds into sp® bonds, while
the G band represents graphitic domains [32, 33]. The
amount of lattice defects thus correlates with the Ip/Ig
ratio, which increases from 0.50 for CS to 0.71 for nGO
(Supporting Information 2). This increase in Ip/Ig ratio
suggests the introduction of defects in the form of
carboxyl, hydroxyl, and epoxide groups to the planar
carbon structure of nGO. Similar results were shown in
previous studies by our group that employed the same
microwave-assisted HTC approach to carbonize different
biomass or biopolymers into carbon sphere precursors,
followed by the oxidation into nGO dots. For example,
carbonized and oxidized o-cellulose and carbonized
and oxidized spent coffee grounds, which are of
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lignocellulosic nature and typically consits of 24%
lignin [34], were revealed to possess X-ray powder
diffraction (XRD) patterns featuring (002) facets of
graphite and (001) lattice planes of graphene oxide,
along with disordered carbons [19, 35]. The thickness
of the graphene oxide sheets in both studies was ap-
proximately 1-3 nm, indicating a few graphene oxide
layers. Carbonized but not oxidized sodium lignosul-
fonate, on the other hand, was found to possess an
XRD pattern distinct to graphite-like structures, but
with larger interplanar distance due to the presence
of some defects in the form of oxygen-containing
groups and hybridized sp® carbon [36].

The thermal decomposition behavior of the carbon
products was investigated by TGA as shown in Fig. 1c.
LS decomposed in three stages, as depicted by an initial
mass loss between 60 and 70 °C due to water removal, a
second mass loss at 150—400 °C, previously ascribed to
the pyrolysis of oxygen-containing groups released as ar-
omatics (e.g., phenol, guaiacol, or syringol), alkyls, CO,,
CO, and small molecules containing sulfur and sodium,
and a final decomposition step at 630-760 °C attributed
to the loss of the remaining oxygen-containing groups
on carbon edges [37]. LS-derived CS exhibits the same
initial mass loss due to water removal, as well as a sec-
ond decomposition stage occurring at a much higher
temperature range (230-600°C). This decomposition
step, with maximum mass loss occurring at 420 °C, was

previously attributed to the cleavage of plasticizing side
groups and formed functionalities from hydrothermal
carbonization, which can result in a more cross-linked
and thermally stable material [10]. The residue content
of LS-derived CS was approximately 57 wt%, which is
much higher than both that of LS and nGO. This is pro-
posed to be due to the large amount of stable phenolic
structures that contribute to char formation through a
condensation reaction [20]. In the case of nGO, rapid
decomposition due to the pyrolysis of labile oxygen-
containing functional groups is observed between 110
and 275°C, with maximum mass loss occurring at
150 °C. Compared to CS, nGO clearly consists of a much
larger amount of oxygen groups as manifested by its sig-
nificantly lower residual weight, with a carbon content
of 24%.

The morphologies and elemental composition of the
LS-derived carbon products were investigated using
SEM-EDX and TEM (Fig. 1d). The original LS appeared
invariably as spherical particles of a size up to several
micrometers having needle-shaped filaments decorating
its surface. During the HTC of LS, solid-solid conversion
takes place as the preferred mechanism for carbon prod-
uct formation, wherein only the dissolved lignin frag-
ments and the surface fragments of non-dissolved lignin
undergo carbonization [38]. It is reported that these
decomposed hydrolyzed fragments are then converted to
phenolic hydrochar, which finally settle on the surface of
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non-dissolved lignin to form the eventual structure of
the carbon product [38]. The TEM micrographs of the
carbonized product, CS, revealed that it has the same
spherical structure and needle-like protrusions on its
outer surface, but with a much smaller diameter of ap-
proximately one micrometer or less. The surface area of
CS is expected to be very limited, as is typical of lignocel-
lulosic biomass-derived hydrothermally carbonized prod-
ucts [39] and as demonstrated by a previous study on a-
cellulose similarly carbonized via microwave-assisted
HTC [40]. Although the product of carbonization primar-
ily consisted of the aforementioned spherically shaped
particles, other carbon structures were also identified,
such as nanotubes and nanodots (Fig. S7) similar to what
has been uncovered before [36, 41]. Apart from elongated
structures, plate-like structures such as carbon flakes have
also been reported [36]. The non-ordered and heteroge-
neous structure of LS-derived CS could be explained by
the heterogeneous nature of lignin and, specifically, by its
lack of uniform repeating unit [10, 41, 42]. LS-derived
nGO carbon dots formed by oxidation of CS, on the other
hand, appeared to be more homogeneous and composed
of 10-100 nm sized nGO dots. EDX analysis confirmed
the successful introduction of oxygen-containing func-
tional groups during the oxidation step. It also confirmed,
in agreement with FTIR analysis, that some of the

Page 6 of 12

sulfonate groups of the LS starting material were pre-
served during carbonization and oxidation.

Characterization of LS-derived nGO/gelatin porous
nanocomposites

nGO/gelatin porous nanocomposites were fabricated
through self-assembly of LS-derived nGO and gelatin
into hydrogel precursors, which were subsequently
freeze-dried. The apparent porosities of the adsorbents
did not differ significantly among the different material
compositions, and were within the range of 57-60%
(Table S3). The structural stability of the porous mate-
rials, however, was highly dependent on the nGO/gelatin
ratio. Hydrogel self-assembly did not occur in the ab-
sence of nGO or when the nGO content was lower than
in nGO1-Gel2 or higher than in nGO1-Gell. Similarly,
gel formation also did not occur at low gelatin mass ra-
tios (1:0.5 nGO:gelatin).

The main type of interaction between nGO and gelatin
was elucidated via FT-IR spectroscopy (Fig. 2a). The evi-
dent reduction of oxygen-containing functional groups
in the nGO/gelatin composites is exemplified by nGO1-
Gell-LS0.1 suggesting covalent bond formation between
nGO and gelatin. More specifically, a significant de-
crease in the peaks for carboxyl groups (C=O at 1724
em™ ! and C-O at 1225cm™ ') and epoxy groups (C-O-C
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at 920 cm ') indicates partial reduction of the oxygen-
containing functional groups of nGO [24]. The weakening
of peaks originating from carboxyl groups is most likely
due to the amidation of the carboxyl groups of nGO by
the amino groups of gelatin, and the disappearance of the
epoxy peak is possibly caused by the ring-opening of the
epoxy groups of nGO via nucleophilic substitution reac-
tion with amino groups of gelatin [43—45].

TGA was performed to determine any changes in the
thermal stability of the composites related to the compos-
ition of nGO, gelatin, and LS building blocks (Fig. 2b). The
significant increase in decomposition temperature of the
non-functionalized (nGO1-Gell) and LS-functionalized
(nGO1-Gell-LS0.1) composites in comparison to that of
LS nGO suggests enhancement of thermal stability, likely
due to the strong interfacial interactions between nGO and
the polar groups of gelatin [24, 46, 47]. Apart from the pyr-
olysis of oxygen-containing functional groups, the weight
loss of approximately 50 wt% between 270 and 460 °C could
also be attributed to the pyrolysis of grafted gelatin, which
has a decomposition temperature between 275 and 390 °C.

The non-functionalized (nGO1-Gell) and LS-
functionalized (nGO1-Gel1-LS0.1) composites both fea-
tured open and interconnected porous networks (Fig. 3)
with equal apparent porosities of 57%. The LS-
functionalized composite, however, possessed more
uniformly sized pores in comparison to its non-
functionalized counterpart (Fig. S8a,b). This could be ex-
plained by the dispersant effect of lignosulfonate, which,
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due to its amphiphilic character and negatively-charged
functional groups, could have facilitated the efficient
dispersion of nGO within the porous composites via
electrostatic repulsion [48]. Elemental maps of the mate-
rials obtained via EDX demonstrated the presence and
even distribution of sulfur across the surfaces of both
non-functionalized and LS-functionalized composites,
whereas a higher amount of sulfonate groups were
present in the latter. The notable increase in sulfur con-
tent from 1.1 to 4.6 wt% on the surface of the compos-
ites after functionalization with LS indicates successful
addition of LS via noncovalent bonds.

Adsorption of copper and methylene blue

Compared to plain nGO/gelatin, the LS-functionalized
nGO/gelatin composites demonstrated enhanced ad-
sorption capacity towards Cu(II) due to the additional
active sites from lignosulfonate. Figure 4a and b show
the real-time monitoring Cu(Il) adsorption curves and
pseudo-second order sorption kinetics (Fig. S5) of all
samples, as well as that of commercial activated carbon.
The adsorption capacities at equilibrium time are pre-
sented in Table 2, while the maximum adsorption cap-
acity, 69 mg/g, was determined from the Langmuir
model (Fig. S6) shown in Fig. 4c. All samples, except
nGO1-Gell-LS0.2, showed higher adsorption capacities
than activated carbon. This could be due to the larger
pore size and better interconnectivity of nGO/gelatin
composites compared to activated carbon, which

nGO1-Gell

Surface Cross-section
C 48.3 452
o 33.0 32.3
S a1l 1.0
N 17.5 214

nGO1-Gel1-LS0.1

Surface Cross-section
C 58.6 57.4
o 23.8 25.6
S 4.6 35
N 13.0 13.4

elemental compositions

Fig. 3 SEM images and elemental maps (where carbon is represented in red, oxygen in green, and sulfur in blue) of non-functionalized nGO1-
Gell (1-6) and lignosulfonate (LS)-functionalized nGO1-Gel1-LS0.1 (7-12) composites and their surface and cross-sectional
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possessed a poorly connected network structure that
possibly inhibited the efficient diffusion of pollutant ions
or molecules (Fig. S9). The effect of pore structure on
adsorption behavior was further demonstrated by the de-
creased adsorption capacity once the maximum gelatin
and/or lignosulfonate content was reached. Apart from
reduced porosity and inhomogeneous pore structure at
high gelatin ratio (e.g. 1:2 nGO:gelatin), the reduction in
adsorption capacity may also be due to the consumption
of functional groups that act as active sites for adsorp-
tion, as a result of increased crosslink density between
gelatin and nGO via covalent and noncovalent interac-
tions [49]. As a result of this, nGO1-Gel2 and nGO1-
Gel2-LS0.1 both exhibited lower adsorption capacities
compared to their lower gelatin content counterparts.
Lignosulfonate, on the other hand, has the tendency to
self-crosslink when present in excess amount [48],
thereby resulting in blockage of pores, which can reduce
the adsorption performance of the composites as ob-
served for nGO1-Gel1-LS0.2, in comparison those func-
tionalized with lower amount of lignosulfonate.

The LS-functionalized composites with LS:nGO mass
ratio of 1:10 all exhibited enhanced adsorption capacities
towards Cu(II) in comparison to their non-functionalized
counterparts. This demonstrates that the increased num-
ber of negatively-charged oxygen-containing functional
groups facilitates the adsorption of positively-charged
Cu(Il) ions via electrostatic attraction. Furthermore, along
with carboxyl groups of nGO, sulfonate groups from LS
have been shown to possess greater capability to capture
pollutants than the epoxy and hydroxy groups because of
their probable position on the sp*-hybridized edge of
nGO, thereby acting as a “netting twine” that could extend
to a longer range and increase the probability of inter-
action with ionic pollutants [50]. The maximum adsorp-
tion capacity of the LS-functionalized nGO1-Gel1-LS0.1
was 69 mg/g, which is comparable with other carbon-
aceous adsorbents (Table 3). Furthermore, the time to
reach equilibrium adsorption-desorption was only 40 min,
which is significantly faster than equilibrium times of
many adsorbents [51, 53, 55]. It should be noted, however,
that a direct comparison between the different adsorbents

Table 2 Equilibrium Cu(ll) adsorption capacities of non-functionalized and lignosulfonate (LS)-functionalized composites

Equilibrium Adsorption Capacity (mg/q)

Equilibrium Time (min.)

nGO1-Gell 50
nGO1-Gel1.5 56
nGO1-Gel2 54
nGO1-Gel1-L50.1 66
nGO1-Gel1.5-L50.1 61
nGO1-Gel2-L50.1 57
nGO1-Gel1-L50.05 47
nGO1-Gel1-L50.2 37
Activated Carbon 37

30
20
30
40
40
50
30
30
30
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Table 3 Comparison of Cu(ll) adsorption capacities of various carbonaceous adsorbents
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Adsorbent Max. Adsorption Capacity Equilibrium Adsorbent Dosage  Initial Cu(ll) Conc.  Cu(ll) Volume  Ref.
(mg/q) Time (mg) (M) (mL)

Oxidized activated carbon 23 3h 800 39%x107* 800 [51]
Graphene aerogel 19 15 min. 60 13x107° 100 [52]
Sodium alginate/GO aerogel 98 3h - 79x 1073 - [53]
Calcium alginate/GO aerogel 98 40 min. 50 15%107° 50 [54]
GO/chitosan hydrogel 63 10h 125 15%107° 100 [55]
Graphene/acid-treated MWCNT 33 - 10 75%x107% 50 [56]
aerogel

LS-functionalized nGO/gelatin 69 40 min. 10 6x107 30 This
aerogel work

is difficult because adsorption behavior is affected by sev-
eral factors, such as adsorbent dosage, initial adsorbate
concentration, and volume of adsorbate solution, to name
a few.

Electrostatic interactions were assumed to be the
mechanism that governed the adsorption of positively
charged Cu(ll) ions by nGO and LS with negatively-
charged oxygen-containing functional groups and sul-
fonate groups. The potential of the composites for cat-
ionic dye adsorption was, therefore, also investigated.
Methylene blue (MB) was chosen as the model cationic
dye for adsorption on LS-functionalized nGO1-Gell-
LS0.1 composite. The material exhibited an adsorption
capacity of 38 mg/g after 130 min. Compared to the ad-
sorption of Cu(Il), the adsorption of methylene blue oc-
curred at a much slower pace; after 130 min, a removal
efficiency of 35% was achieved. It should be noted that
adsorption equilibrium had not been reached yet. Apart
from electrostatic forces, the adsorption of MB by
graphene-based carbon materials has been reported to
also be governed by m-m stacking interactions and
hydrogen bonding [57]. The differences in the adsorp-
tion performance towards Cu(Il) and MB may be due to
the large size of the dye compared to the heavy metal
ion [58].

FT-IR spectroscopy was performed in order to eluci-
date the chemical alterations after adsorption of Cu(II)
and MB on the nGO1-Gell-LS0.1 composite (Fig. 2a).
Several additional bands appeared after MB-adsorption,
specifically at 885cm™' and within the range 1390-
1450 cm™'. These bands are associated with the aro-
matic group C=C bend and C=C stretch, respectively. In
addition, an increase in the intensity of the peak at 1331
cm™' was observed, which indicated the presence of
additional aromatic amine C-N groups besides those
provided by gelatin. These results confirmed the adsorp-
tion of MB. As expected, the spectrum of the composite
after Cu-adsorption exhibited no new peaks compared
to pristine sample.

Morphological alterations and elemental compositions
of nGO1-Gell-LS0.1 after Cu(ll) and MB-adsorption
were investigated using SEM and EDX. Figure 5 shows
the SEM images of the sample before and after the ad-
sorption of Cu(Il) and MB. The adsorbed Cu(Il) is re-
vealed as crystal-like structures, which suggests that
besides the adsorption of the heavy metal ion, the sulfate
anion of the salt was also simultaneously adsorbed and
formed a chelate complex [59]. After MB adsorption,
spherical methylene blue particulates were found on the
surface. To confirm the compositions of the surfaces
and observed structures, elemental mapping and multi-
point analysis via EDX were performed. Elemental maps
after Cu(Il) adsorption confirmed that the aforemen-
tioned crystal structures are mainly composed of copper.
Up to 25 wt% of elemental copper was detected on the
surface, while only 13wt% was found in the cross-
section. Similarly, a higher amount of sulfur, which indi-
cated MB adsorption, was present on the surface after
MB adsorption compared to the cross-section. This sug-
gests the preferential adsorption of both Cu(II) and MB
onto the surface of the composite, possibly due to the
larger number of active sites from functionalized LS or
to the limited diffusivity of the adsorbates through the
pores.

Recyclability test

The reusability of the adsorbent is one of the key factors
for potential use in industrial applications. Five cycles of
adsorption-desorption were performed for the recyclabil-
ity test (Fig. 6). After each Cu(Il)-adsorption cycle, the
composite was regenerated via immersion in 0.1 M
aqueous HCIl solution for 2h prior to next re-
adsorption. The sample was found to retain 79% of its
adsorption capacity after the fifth cycle. This demon-
strates that in spite of the use of a low concentration of
acid and short regeneration time, the composite is ad-
equately able to sustain its adsorption capacity. Add-
itionally, 100% of the composite is reclaimed after the
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(a) Cu-adsorbed

(b) MB-adsorbed

Surface X-section

C 38.6 59.0
O 24.9 18.7
S 2.6 2.6
N 8.0 6.0
Cu 25.8 13.7

Surface X-section
C 52.6 50.8
0] 22.2 19.7
S 12.7 9.4
N 12.5 19.9

their surface and cross-sectional elemental compositions

Fig. 5 SEM images and elemental maps of (a) Cu-adsorbed (1-5) and (b) methylene blue (MB)-adsorbed (6-10) nGO1-Gel1-LS0.1 composite and

80
66
. 60 . 56 g3
o
()]
E 40
&
20
0
1 2 3 4
Cycle number
Fig. 6 Recyclability test results involving five cycles of Cu(ll)
adsorption-desorption for lignosulfonate (LS)-functionalized
nGO1-Gel1-LS0.1 composites

53

recyclability test. Other work reported in literature gen-
erally required a regeneration step with a stronger acid
(e.g. HNO3) [60] at higher concentration (e.g. 0.3 M
HCI) [61] and longer regeneration time (e.g. 24 h) [62].
It is possible that a longer regeneration time would fur-
ther improve the reusability.

Conclusions

Free-standing three-dimensional (3D) lignin-derived
porous nGO-based nanocomposites with excellent ad-
sorption capacity for heavy metal ions and cationic dyes
were successfully designed. nGO was derived through a
two-step reaction, including carbonization and oxidation
of lignosulfonate. The abundant oxygen functionalities
on nGO conferred the construction of porous compos-
ites possessing three-dimensional (3D) interconnected
network structure through the self-assembly of hydro-
gels using only gelatin as a crosslinker, coupled by
freeze-drying method. Functionalization with lignosulfo-
nate (LS) provided additional negatively-charged func-
tional groups that served as active sites for adsorption
and as dispersants for nGO via electrostatic repulsion.
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The dual role of LS enhanced the equilibrium adsorption
capacity of the composites, which increased from 50 mg/
g to 66mg/g for the non-functionalized and LS-
functionalized nGO1-Gell-LS0.1 composites, respect-
ively. Furthermore, the LS-functionalized composites
demonstrated good reusability through a mild regener-
ation step, with 79% retention of the adsorption capacity
after five adsorption-desorption cycles. Apart from heavy
metal ions, the potential for cationic dye adsorption was
also demonstrated as the LS-functionalized composite
exhibited an adsorption capacity of 38 mg/g for methy-
lene blue. The 3D porous constructs fabricated from
lignosulfonate-derived functional carbon products were
demonstrated as promising fully biobased materials for
adsorption of environmental contaminants.
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