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Removal of contaminants from wastewater is one key element for the development of sustainable society. Here,
innovative “all-lignocellulose” derived photo-curable hydrogel nanocomposites based on methacrylated
carboxymethyl cellulose (M-CMC) and lignosulfonate-derived carbonaceous products were successfully de-
signed. The carbon products were synthesized by microwave-assisted hydrothermal carbonization (MAHC),
followed by oxidation and methacrylation. This yielded nano-graphene oxide (nGO) and methacrylated nGO
(M-nGO). The structure of the carbon products was confirmed by several spectroscopic techniques. The photo-
curing process, mechanical properties, swelling degree, adsorption efficiency towards cationic contaminants
and recycling efficiency of the produced hydrogel nanocomposites containing different amounts of nGO or
M-nGO were evaluated. Rapid photo-curing was demonstrated for all studied compositions. However, the
shielding effect caused by the addition of aromatic nGO increased the time required for reaching gel point
(8.5-19.5 s, instead of 4.8 s for pure M-CMC). This was partially compensated by the addition of M-nGO, that
could participate in the photo-curing process. The photo-cured nanocomposites, M-CMC/nGO and M-CMC/M-
nGO, demonstrated good mechanical properties, extremely high swelling degrees, outstanding adsorption
capacity (up to 350 and 145 mg/g for MB and Cu(Il) adsorption, respectively) and very good recyclability for at
least 3 cycles. The designed “all-lignocellulose” derived hydrogel nanocomposites are, thus, promising candidates
for wastewater purification to ensure access to clean water.
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1. Introduction

Water pollution is a critical environmental issue for modern society.
Soluble organic compounds, dyes and heavy metal ions are pollutants
produced by cosmetic, petroleum, dyeing, pharmaceutical and textile
industries. Although the total amount of global water on Earth does
not change with time, the demand is expected to grow significantly
over the next two decades for all three sectors - industry, domestic
and agriculture [1]. Thus, wastewater recycling and decontamination
are the two possible options to meet the global water requirements
[2]. Numerous techniques have been employed for wastewater treat-
ment, including membrane filtration [3,4], ion-exchange [5], electro-
chemical [6], photo-degradation [7], coagulation-flocculation [8], and
adsorption [9-14]. Compared with other techniques, adsorption is an
efficient process with fast kinetics and appreciable removal capacity
[15,16]. Bio-based sorbents are promising candidates for adsorption of
dyes and heavy metal ions due to their renewability, abundance,
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low-cost, non-toxicity, often easy regeneration, and potential biode-
gradability [17].

Bio-based hydrogels are three-dimensional hydrophilic networks
composed of chemically and/or physically crosslinked natural polymers.
Hydrogels are characterized by high swelling ability enabling use as su-
perior adsorbents. Polysaccharide-based hydrogels such as cellulose,
starch, chitosan and sodium alginate have been widely employed in en-
vironmental applications including desalination [18,19] and heavy
metal ion and dye removal [20-23]. Carboxymethyl cellulose (CMC) is
a biocompatible and biodegradable anionic polysaccharide obtained
by partial substitution of cellulose hydroxyl groups with carboxyl
groups. Due to the chelating properties of the carboxyl and hydroxyl
groups, CMC hydrogels have been widely employed for adsorption of
positively charged heavy metal ions, e.g. Cu(Il), Pb(II), Cd(II), and cat-
ionic methylene blue (MB) dye [24-29]. CMC can also be functionalized
with methacrylate groups to design photo-curable bio-based resins for
light-assisted 3D printing [30].

Recently, graphene oxide (GO) has attracted a lot of attention as a
promising adsorbent. The high potential of GO derives from the ultra-
large specific surface area and high concentration of negatively charged
groups on the surface, which results in affinity for wide range of
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pollutants including heavy metal ions, and dyes [12,31-34]. GO has also
been extensively used as a component in hydrogels based on
carboxymethyl cellulose [24], chitosan [35], konjac glucomannan [36],
polyvinyl alcohol [37], and guar gum [38]. Graphite is the primary
source of graphene and GO, but the production process is harsh and re-
quires high graphitization temperature and strong chemicals [39]. An
alternative and sustainable strategy towards the production of carbona-
ceous materials involves the exploitation of low-value resources such as
biomass. Biochar is a stable aromatic porous carbon-rich material ob-
tained by pyrolysis of biomass. Due to the extraordinary physiochemical
properties, biochar and biochar-based materials have been reported as
efficient adsorbents for removal of organic and inorganic pollutants
[40]. Microwave-assisted hydrothermal carbonization (MAHC), on the
other hand, allows the conversion of biomass to high-value carbon ma-
terials under aqueous conditions at moderate temperatures [13,41-44].
In our previous communication [44], MAHC of lignosulfonate was inves-
tigated. It was shown that the produced elongated carbonaceous struc-
tures (denoted as carbon flakes) contained nano-graphitic domains. We
also demonstrated the excellent adsorption capacity of lignin-derived
porous carbon nanocomposites for heavy metal ions and cationic dyes
[13]. Therefore, we anticipated that powerful “all-lignocellulose”
derived hydrogel nanocomposite adsorbents could be designed by
combining the lignosulfonate derived carbon products with rapidly
photo-curable methacrylated carboxymethyl cellulose (M-CMC) super-
absorbent [31]. Microwave-assisted hydrothermal carbonization was
employed for the conversion of sodium lignosulfonate (SLS) to carbon
flakes, which were further oxidized to small nano-graphene oxide
(nGO) carbon dots and functionalized with photo-reactive methacry-
late groups (M-nGO). Two classes of M-CMC hydrogel nanocomposites
were fabricated through modification by nGO or M-nGO and evaluated
for the photo-curing process, mechanical properties, swelling degree,
adsorption efficiency towards cationic contaminants and recycling effi-
ciency aiming at production of sustainable and efficient adsorbents for
future society.

2. Materials and methods
2.1. Materials

Carboxymethyl cellulose sodium salt (CMC) (medium viscosity),
methacrylic anhydride (94%), sulfuric acid (H,SO4; 95-98%), nitric
acid (HNOs; 70%), sodium hydroxide (NaOH), triethylamine (TEA), eth-
anol (EtOH), N,N-dimethylformamide (DMF, 299.8%), copper sulfate
pentahydrate (CuSO,4-5H20), poly(ethyleneimine) (PEI) (Mw =
750,000, 50% w/v in H,0), and methylene blue (C;gH;gCINsS; >82%)
were purchased from Sigma-Aldrich. Sodium lignosulfonate (SLS)
(Mw = 20,300; PDI = 2.34; 5-7% 91 methoxy content, <6% water)
was purchased from Tokyo Chemical Industry UK Ltd. The water-
soluble photo-initiator, modified bis(mesitoyl) phosphinic acid
(BAPO-OH), was synthesized by following the procedure reported in
literature [45].

2.2. Carboxymethyl cellulose functionalization

The methacrylation of carboxymethyl cellulose sodium salt (CMC)
and full characterization of the methacrylated products were presented
earlier [30]. Briefly, 2.00 g of CMC was dissolved in 100 mL of water at
50 °C. After cooling the solution at 0 °C, 4 mL of methacrylic anhydride
(MA) was added dropwise to the CMC solution and the reaction was
continued for 24 h at 0 °C. The pH was periodically adjusted to 8.0
with 3 N NaOH during the entire duration of the reaction. The resulting
mixture was precipitated and washed with ethanol to remove the
unreacted methacrylic acid and methacrylic anhydride. After 3 days of
dialysis against water, the methacrylated product (M-CMC) was freeze
dried for two days. Degree of methacrylation was determined by 'H
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NMR, which indicated that more than 25% of the hydroxyl groups
present in the CMC were successfully methacrylated [30].

2.3. Preparation of SLS derived nano-graphene oxide (nGO)-type
carbon dots

Sodium lignosulfonate was carbonized to carbon flakes (CF) via
microwave-assisted hydrothermal carbonization (MAHC) reaction, ac-
cording to our previously reported procedure [44]. Briefly, 2 g of SLS
was mixed with 20 mL of 0.01 g/mL aqueous H,SO,4 solution in a
100 mL Teflon vessel. The MAHC process was performed in a Milestone
FlexiWAVE microwave oven. The temperature of the solution was first
increased to 240 °C under a ramp time of 20 min and then kept at
240 °C by input irradiation for 2 h (Max power 1200 W). The resulting
CF were filtered from the solution, washed with deionized water, and
freeze dried for 2 days. For the preparation of nGO-type carbon dots,
the CF were oxidized [13,42]. 20 mL of carbon flakes in 70% HNO3
aqueous solution (1:100 w/w) was added into a 100 mL single-neck
round-bottom flask and sonicated for 30 min at room temperature.
The oxidation was performed by heating the sonicated solution in an
oil bath at 90 °C with constant stirring for 30 min. Then, the solution
was poured in 60 mL cold deionized water (15 °C) to stop the reaction.
The acidic solvent was removed by rotary evaporation and the resulting
brownish solid was dried in vacuum oven for one week.

2.4. Synthesis of methacrylated nGO (M-nGO) carbon dots

The nGO was functionalized by methacrylation [43]. 50 ml of
1 mg/mL DMF/nGO solution was poured into 250 mL single-neck
round-bottom flask. The solution was sonicated for 1 h. Next, TEA
(10 ml) was added and the solution was stirred for 1 h at room temper-
ature. Subsequently, the temperature was increased to 70 °C and 50 mL
of a mixture of MA/DMF 10% (v/v) was added dropwise to the nGO con-
taining solution. The final solution was kept at 70 °C for 24 h. At the end
of the reaction, the solvent was removed by rotary evaporation and
methacrylated nGO (M-nGO) was recovered. M-nGO were further
washed with EtOH and centrifugated at 8700 rpm to remove any trace
of DMF and non-reacted MA. The purification procedure was repeated
twice. M-nGO were freeze-dried for 3 days.

2.5. Preparation of hydrogels

First, nGO or M-nGO were dispersed in 5 mL of water at 1,3 or 5 wt%
(with respect to M-CMC). The solutions were sonicated for 1 h, after
which the remaining aggregated nanoparticles were broken down by
ultra-turrax homogenizer during 15 min. The temperature of the
solution was increased to 50 °C and 100 mg of M-CMC was added. The
solution was stirred for 1 h at 50 °C. After cooling down, 2 wt% of
photo-initiator BAPO-OH was added to the solution and the mixture
was stirred for additional 30 min in the dark. The hydrogel nanocom-
posites were photo-cured for 5 min by UV-DIMAX lamp with a light in-
tensity of 115 mW/cm?. The hydrogel nanocomposites were named
CMC/nGOX or CMC/M-nGOX, where “X” represents the wt% of nGO or
M-nGO, respectively.

2.6. Swelling test

The swelling ability of the photo-cured and freeze-dried CMC hydro-
gel nanocomposites was evaluated. The dried hydrogel nanocomposites
were immersed in deionized water at room temperature for 24 h. The
swelling degree (SD) was determined using the following equation:

W, —W,
SD (%) = (%)noo
0
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where Wris the final weight and Wy is the weight of the dry sample. The
results of the swelling degree were averaged over measurements car-
ried out on three different samples.

2.7. Adsorption and desorption tests

2.7.1. Methylene blue (MB) adsorption/desorption

MB adsorption experiments were carried out by adding 8 mL of MB
solution (65 mg/L) to 3 mg of dry hydrogel in a water bath at room tem-
perature. The pH of the MB solution was adjusted to pH 9 to maximize
dye adsorption with drop-wise additions of 0.01 M NaOH. Then, the so-
lution was agitated at 240 rpm by rotary shaker. Dye adsorption was
carried out under dark conditions to prevent photocatalytic degradation
of methylene blue. In order to monitor dye adsorption, 100 pL of super-
natant was continuously taken out from the mixture at specific time in-
tervals (0, 3, 8, 18, 33, 63, 123, 243, 483, 1440 min), respectively. The
supernatant was diluted with 1.5 mL water, and the maximum absor-
bance was measured by UV-vis absorption spectrophotometer (A =
663 nm). The amount of adsorbed dye was then calculated. After the ad-
sorption process, the hydrogel nanocomposites were kept in 80 mL HCl
for 24 h for desorption of the dye (pH = 2). The solution was agitated at
240 rpm by rotary shaker. Finally, the hydrogel was washed overnight
in 50 mL deionized water and freeze-dried for 2 days.

2.7.2. Cu () adsorption/desorption

Copper adsorption experiments were carried out by mixing 6 mL Cu
(I1) solution (300 mg/L, CuSO4-5H,0 0.0012 M) with 3 mg hydrogel in a
water bath at room temperature. The pH values of all solutions were ad-
justed to pH 5.2 with drop-wise addition of 0.01 M NaOH or HCL. Then,
the solution was agitated at 240 rpm by rotary shaker. In order to mon-
itor the concentration of Cu(ll) in solution, 100 pL supernatant was con-
tinuously taken out from the mixture at specific time intervals (0, 5, 15,
30, 60, 120, 240, 1440 min), respectively. For each time interval, 100 pL
of copper solution was extracted from the medium and diluted with
3.8 mL of water. Then, 100 L of aqueous poly(ethyleneimine) (PEI) so-
lution (90 mg/mL) was added to the mixture to form a cuprammonium
complex. This complex allows Cu(II) ions to be detected by UV-vis ab-
sorption spectrophotometer (N = 625 nm) [13]. After copper adsorp-
tion, the hydrogel nanocomposites were regenerated in 30 mL of
EDTA solution (0.01 M) for 24 h. Finally, the hydrogels were washed
overnight in 50 mL deionized water and freeze-dried for 2 days. The ad-
sorption capacity of the hydrogels at time t (g, mg/g) and the equilib-
rium adsorption capacity (q., mg/g) were calculated based on the
changes in the MB/Cu(II) concentration before and after adsorption, ac-
cording to the following equations, respectively:

(CO_Ct)*V
m m

Co—Ce)xV
€ ( ’ me)

where Cy and C; (mg/L) are the concentrations of MB/Cu(II) solutions at
the initial time and at time t (min), respectively; C. (mg/L) is the equi-
librium concentration of MB/Cu(II) solution; V (L) is the volume of the
MB/Cu(II) solution, and m (g) is the weight of the dried hydrogel.

2.8. Recycling test

The Cu(Il) and MB adsorption-desorption procedures were repeated
three times. In order to evaluate the reusability of the hydrogel nano-
composites, q. (mg/g) was calculated for each new adsorption cycle.
Moreover, the recycling efficiency R (%) of regenerated hydrogel nano-
composites was calculated as follows:
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R%) = 12100
1

where q, is the adsorption capacity of the hydrogel in the n™ cycle, and
qs is the adsorption capacity of the hydrogel in the first cycle. Thus, the
adsorption capacity of the hydrogels in the first cycle is set as 100%.

2.9. Characterization

Fourier transform infrared spectroscopy (FT-IR) was carried out by
PerkinElmer Spectrum 2000 FTIR spectrometer equipped with attenu-
ated total reflectance (ATR) accessory (Graseby Sperac). All spectra
were recorded in the wavenumber range of 4000-600 cm ™. Confocal
Raman measurements were conducted on a HR800 UV Jobin
Yvon Raman spectrometer (Horiba Scientific, Ltd.) with a solid-state
laser set at an excitation wavelength of 514 nm. The thermal decompo-
sition profiles of the carbon products were investigated through
thermogravimetric analysis (TGA) by Mettler-Toledo TGA/SDTA instru-
ment. High-resolution images were acquired on an ultrahigh resolution
field emission scanning electron microscope, FE-SEM Hitachi S-4800.
The SEM samples were coated with 2 nm of platinum/palladium (Pt/
Pd) film using a Cressington 208HR Sputter Coater (Cressington Scien-
tific Instruments, Ltd.). Elemental analysis was performed via energy-
dispersive x-ray spectroscopy (EDX) measurements on Pt/Pd-coated
samples using an X-MaxN 80 Silicon Drift Detector (Oxford Instru-
ments) attached to the Hitachi SEM S-4800. The quantitative EDX mea-
surements were performed by point analysis of randomly selected sites
on the specimen. The elemental compositions are given as an average of
10 point analysis measurements for each sample.

X-Ray Photoelectron Spectroscopy (XPS) spectra were collected by a
Kratos Axis Ultra DLD electron spectrometer using mono-chromated Al
Ka source operated at 150 W. Pass energy of 160 eV was applied for the
wide spectra analyzer and pass energy of 20 eV for the individual pho-
toelectron lines. The surface potential was stabilized by the spectrome-
ter charge neutralization system. The binding energy (BE) scale was
referenced to the C1s line of aliphatic carbon, set at 285.0 eV. Processing
of the spectra was accomplished with the Kratos software. Rheological
and photo-rheological analyses were performed by rheometer DHR-2
(TA instrument) with disposable smooth aluminum parallel plates (di-
ameter of 20 mm). The frequency sweep technique was utilized to mea-
sure the storage and loss modulus of the crosslinked hydrogel
nanocomposites. The frequency was varied from 0.01 to 10 Hz at con-
stant applied strain of 1% and at room temperature. Photo-rheological
tests were performed by coupling the rheometer with UV light emitting
diode (LED) arrays (365 nm, max intensity 150 mW/m?). The hydrogel
nanocomposite formulations were prepared and set down on a quartz
plate (20 mm diameter). After setting the gap at 1 mm, the light source
was turned on with a delay of 60 s respect to the beginning of the exper-
iment. Variations in storage and loss modulus were recorded as function
of time with a constant angular frequency (6.28 rad/s) and constant
applied strain (0.1%). UV-vis absorption spectrophotometer (Shimadzu
UV-2550) was used to evaluate the concentration of Cu(Il) and MB in
solution after the adsorption experiments.

3. Results and discussion

“All-lignocellulose” derived photo-curable hydrogel nanocompos-
ites consisting of methacrylated carboxymethyl cellulose (CMC)
and carbonized sodium lignosulfonate (SLS)-derived nano-graphene
oxide (nGO) carbon dots were designed for adsorption of cationic
contaminants (Fig. 1).
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3.1. Preparation of nGO and methacrylated M-nGO

Our previous study showed that under relatively mild conditions
(T = 240 °C) and microwave irradiation, SLS undergoes solid-solid con-
version involving partial aromatization and dehydration [44]. The ob-
tained carbon products, denoted as carbon flakes (CF), possessed an
elongated shape (100 to 700 nm in length) and thickness around
5 nm. CF consisted of nano-graphitic domains surrounded by various
defects including oxygenated groups, sp> hybridized carbons, aliphatic
side chains, and porosity. Here, two further steps were implemented:
i) CF oxidation to produce nGO, and ii) nGO functionalization with
methacrylate groups.

As already reported for similar biomass-derived carbon products
[42], oxidation can disassemble the carbon sphere or carbon flake struc-
tures releasing small highly oxygenated nGO dots. Here, we utilized
methacrylic anhydride as methacrylation agent to further functionalize
nGO to methacrylate-functionalized M-nGO. The chemical modification
that transformed CF to nGO and M-nGO was confirmed by several spec-
troscopic tools, including Raman spectroscopy, Fourier transform infra-
red spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS),
confocal Raman, as well as thermogravimetric analysis (TGA).

FTIR spectra of CF, nGO and M-nGO were collected to identify and
confirm the chemical functionalities of each product (Fig. 2a). The CF
spectrum confirmed the aromatization achieved during the MAHC pro-
cess. The presence of aromatic rings was signaled by the band at
1587 cm™ !, which is associated to the stretching vibration of C=C
[44]. C=O0 stretching vibration in CF was identified at 1700 cm ™. The
(=0 carbonyl band was shifted towards higher wavenumber for nGO

Sustainable Materials and Technologies 27 (2021) e00243

(1711 cm™!') and M-nGO (1720 cm™!), which indicates progressive in-
troduction of carboxylic acid [46] and ester groups, respectively. The
presence of methacrylate functionality in M-nGO was confirmed by
the bands at 1104 cm ™!, vinyl bands (from the methacrylate) at 1620
and 1018 cm ™!, and an increased intensity for methyl bands at 1378
and 1452 cm™! (CH; bending modes), and 2930 and 2850 cm ™' (CH;
stretching modes). Moreover, the broad peak representing the hydroxyl
absorption band around 3430 cm™! was significantly reduced after
esterification.

Confocal Raman spectrum of graphitic material is characterized by
two characteristic bands named D, and G. The D band is attributed to
the scattering from defects, which break the basic symmetry of the sp?
carbon in graphene sheet. The G-band, instead, arises from planar con-
figuration of the sp? bonded carbon in graphene. The Raman spectra
in Fig. 2b show a similar pattern for all the three samples. D, and G
bands can be easily recognized at 1367, and 1584 cm ™', respectively.
The degree of ordering can be estimated by the intensity ratio Ip/Ic.
The presence of oxygenated functionalities, sp> hybridized carbon, and
aliphatic side chains in CF resulted in Ip/I; ratio around 0.61 [44]. The
larger amount of hydroxyl and carboxyl groups in nGO (with respect
to CF) contributed to increasing the disorder/defect D band. This conse-
quently increased the intensity ratio to Ip/Ic = 0.83. A slight further
increase in the Ip/I¢ ratio was observed for M-nGO as a result of the
esterification reaction.

Thermal degradation of CF, nGO ad M-nGO was investigated by TGA.
Fig. 2c illustrates different thermal behaviors for the three carbon
materials. Due to the lower density of oxygenated functionalities, CF
exhibited higher thermal stability (only 10% weight loss at 294 °C)
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Fig. 3. XPS deconvoluted C 1 s spectra of nGO (a) and M-nGO (b); XPS deconvoluted O 1 s spectra of nGO (c) and M-nGO (d).
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with respect to nGO and M-nGO. The maximum weight loss for CF took
place approximately between 350 and 500 °C. In this temperature
range, the decomposition of unstable oxygenated groups occurred
with consequent release of CO and CO, [47]. The large remaining resi-
due (54 wt% at 800 °C) is explained by the large amount of stable aro-
matic structures in CF [13]. All three products, CF, nGO and M-nGO,
showed a first decomposition step at relatively low temperature
(below 120 °C) due to the adsorbed moisture on their surface. The
high amount of oxygenated functionalities (hydroxyl and carboxylic
groups) in nGO led to larger initial mass loss. In accordance with previ-
ous works [41], the oxygenated functionalities reduced the
thermal stability of nGO. This resulted in 10% weight loss at 136 °C
and reduced residue content at 800 °C (31 wt%). The methacrylate
functionalization of M-nGO contributed to partially recovered thermal
stability [48] in comparison with nGO. M-nGO and CF show a similar
trend with a maximum weight loss between 350 and 500 °C. In compar-
ison with CF, M-nGO exhibited reduced thermal stability (10% weight
loss at 220 °C), which is explained by the remaining carboxylic and hy-
droxyl groups and by reduced aromatic content in comparison with CF.

The nGO and M-nGO functionalization was further investigated by
XPS (Fig. 3). The C 1 s spectra showed the characteristic signals of nGO
as identified in previous studies for cellulose and chitosan derived
nGO [42,49]. These include aliphatic/aromatic carbon groups C-C/C=
C/C-Hy (285 eV), C-OH (286 eV), -C-0 (287.1 eV), (=0 (288.1 eV),
and COOH (289.5 eV) (Fig. 2a). Comparison of the XPS spectrum of
nGO and the XPS spectrum of CF reported in our previous paper [44],
showed that the oxidation reaction led to an increase in the at.% of hy-
droxyl and carboxyl groups on the nGO surface. After esterification of
nGO, an increase in at.% of aliphatic groups (vinyl and methyl) was re-
ported for the peak at 285 eV (Fig. 3b). Successful methacrylation of
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nGO was further confirmed by O 1 s (Fig. 3d). The C-OH and (=0
groups in nGO correspond to peaks at 533.6 and 532.4 eV, respectively.
After the esterification reaction, the at.% of C-OH in M-nGO (533.6 eV)
decreased with respect to the same peak in nGO. On the other hand,
the at.% of (=0 in M-nGO (532.1 eV) increased, which strongly indi-
cates the presence of methacrylate groups on the nGO surface.

3.2. Photo-curable hydrogel nanocomposite

The synthesis and characterization of methacrylated CMC and its fast
photo-curing ability was reported in our previous paper [30]. Here, a
formulation of M-CMC resin with BAPO-OH initiator was prepared
and FT-IR spectra was collected before and after the photo-curing reac-
tion. Upon UV light, BAPO-OH initiator undergoes to Norrish type I
cleavage generating two free mesityl radicals [50]. Both radicals effi-
ciently initiate the methacrylate double bonds, thereby promoting the
formation of a crosslinked network (Fig. 1). Similar radical crosslinking
reactions under UV light have been reported for methacrylated bio-
based polymers including gelatin [51], starch [52], and chitosan
[43,53]. Successful photo-curing is indicated by the spectra in Fig. 4a,
as the double bond related to the -C-H band at 811 cm™! was drastically
reduced after 5 min of visible light irradiation. These two spectra were
normalized with respect to the C=0 vibration band at 1711 cm™?,
which is expected to remain unchanged during the photo-curing pro-
cess. The photo-reactivity of the M-CMC/BAPO-OH resin formulation
was further confirmed by photo-rheology. The storage (G') and loss
modulus (G") were monitored during the UV-curing process (Fig. 4b).
Once the light was turned on at t = 60 s, the moduli variations were re-
corded as a function of time. The maximum conversion of the methacry-
late double bonds was attained after 120 s corresponding to the plateau
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Fig. 5. Storage modulus vs frequency of (a) M-CMC/nGOX and (b) M-CMC/M-nGOX; Loss modulus vs frequency of (c) M-CMC/nGOX and (d) M-CMC/M-nGOX (X = 1,3 and 5 wt% of nGO

or M-nGO).

value of the storage modulus G'. The transition from the liquid resin to
solid polymer network is defined as the gel point. This time point is
given by the intersection between G' and G" during the photo-
crosslinking reaction. The inset in Fig. 4b reveals a gel point of 4.8 s,
which is in line with the gel point of a similar formulation consisting
of M-CMC and lithium phenyl(2,4,6-trimethylbenzoyl) phosphinate
(LAP) photo-initiator [30].

The hydrogel nanocomposites were prepared by adding 1, 3 or 5 wt%
of nGO or M-nGO into the M-CMC/BAPO-OH reference formulation. The
influence of nGO and M-nGO on the photo-curing properties of the
hydrogels was investigated by photo-rheology. The storage modulus
of the different compositions was recorded as a function of time. All
the tested hydrogel nanocomposites were compared with the reference
formulation M-CMC. As reported in Fig. 4 c,d the presence of nanoparti-
cles entailed a delay in the photo-curing reaction. This delay was quan-
tified through the gel point measurements. Due to the screening effect,
nanoparticles limited the light penetration through the hydrogel resin
formulation, which in turn induced a delay in reaching the gel point
for all the tested nanocomposite formulations. The gel point values are
reported in the insets of Fig. 4c,d. The delay was substantially smaller
in the case of the hydrogel nanocomposites containing M-nGO. This is
explained by the fact that the M-nGO nanoparticles are directly in-
volved in the photo-curing process of the hydrogel nanocomposites,
creating covalent crosslinks with the methacrylated CMC matrix and
thereby counteracting the screening effect.

The nanoparticle content affected the final storage modulus of the
hydrogel nanocomposites. The frequency sweeps of all M-CMC/nGOX
and M-CMC/M-nGOX (X = 1, 3 or 5 wt% nGO or M-nGO) formulations

were performed in the linear viscoelastic region. The applied strain was
1%. Regardless of the M-nGO/nGO content, the hydrogel nanocomposites
exhibited a larger G' (Fig. 5 a,b) compared with G" (Fig. 5 c,d) by a factor
of approximately 30-50. Thus, all the tested hydrogel nanocomposites
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Fig. 6. Swelling degree of M-CMC and the hydrogel nanocomposites M-CMC/nGOX and M-
CMC/M-nGOX (X = 1,3 or 5 wt% nGO or M-nGO).
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Fig. 7. qp, vs time for (a) MB adsorption (initial concentration 65 mg/L, and (b) Cu(II) adsorption (initial concentration 300 mg/L).

behaved as elastic solids with phase angles (&) between 0.8 and 3°
(Table S1). Low nanoparticle concentration (1 wt% of nGO or M-nGO)
entailed an increase of G' in the explored frequency range. The reinforce-
ment effect may be explained by the hydrogen bonding that occurs be-
tween the highly oxygenated nanoparticles (nGO/M-nGO) and M-CMC
polymer matrix. The methacrylate groups in M-nGO allowed additional
covalent linkages with the M-CMC chains. When the amount of nGO
and M-nGO increased to 3 and 5 wt%, the probability of nanoparticle ag-
gregation became more likely with a consequently weaker interactions
between nGO/M-nGO and M-CMC. This entailed a drop of the G' as
shown in Fig. 5 a,b.

The lower mechanical strength and later gel point recorded for
M-CMC/M-nGO5 did not allow further testing of the hydrogel nano-
composites with highest content of M-nGO for swelling and heavy
metal and dye adsorption. The swelling degrees at equilibrium (SD) of
M-CMC and the hydrogel nanocomposites M-CMC/nGOX or M-CMC/
M-nGOX (X = 1 or 3 wt% nGO or M-nGO) were measured from the
dry state after 24 h at RT in water. As displayed in Fig. 6, the photo-
cured M-CMC hydrogel exhibited a SD of 5600%. With respect to the
M-CMC hydrogel, the SD of the hydrogel nanocomposites were in the
same range. However, the presence of nGO/M-nGO further increased
the SD of the hydrogel nanocomposites by 14-26%. At the pH of deion-
ized water, the carboxyl groups in nGO/M-nGO and M-CMC polymer
matrix are deprotonated to -COO ™. Under these conditions, the electro-
static repulsion between the CMC and nGO/M-nGO could produce a
more expanded network with larger SD [24,54]. Furthermore, the po-
tentially lower degree of crosslinking (due to shielding effect), could
also increase the SD. This is supported by the somewhat higher SD
values of the nGO composites compared with M-nGO composites. Fur-
thermore, similar effect was also seen previously for methacrylated chi-
tosan modified with nGO, although the swelling degree of chitosan
hydrogels was significantly lower [43].

3.3. Methylene blue and copper adsorption

The high amount of oxygenated functional groups such as carboxyl
and hydroxyl in the M-CMC network and on the nGO/M-nGO surface
made the produced hydrogel nanocomposites good candidates for cat-
ionic dye and heavy metal ion adsorption. The hydrogel nanocompos-
ites were, thus, tested as adsorbents for methylene blue (MB) and Cu
(II). Fig. 7 a,b display the time dependent adsorption for MB, and Cu
(II) on M-CMC/nGOX and M-CMC/M-nGOX (X = 1, 3 wt% of nGO or
M-nGO) hydrogel nanocomposites, respectively. As shown in Fig. 7, ir-
respective of the hydrogel, the amount of adsorbed MB and Cu(ll) in-
creased sharply within the first 300 and 120 min, respectively and

then gradually started to level off towards the equilibrium value (qe).
The q. was however affected by the hydrogel composition and the de-
gree of crosslinking [13,14].

The experimental adsorption data were fitted by pseudo-second-
order (Fig. S1), demonstrating a high correlation coefficient R?
(>0.9983) and a calculated adsorption capacity (qe caic) close to the ex-
perimental value (qe, exp) (Table S2,S3). According to this kinetic model,
chemisorption is the rate determining step [55]. The pH of the MB and
Cu(II) solutions for the adsorption tests were adjusted to 9 and 5.2, re-
spectively. Since the pk, of carboxyl groups is around 4.6 [54], the use
of these pH values provides deprotonated carboxyl groups. The en-
hanced anionic nature of M-CMC/nGOX/M-nGOX increases the number
of the binding sites for the adsorption of cationic MB and Cu(Il). Fig. 7a
illustrates that the photo-crosslinked M-CMC shows larger MB adsorp-
tion capacity, q,, compared with the hydrogel nanocomposites. This is
in contrast with similar work where the use of nGO enhanced the ad-
sorption capacity of the hydrogel by introducing electrostatic and -1t
interactions between the nGO surface and the cationic dyes [24,35,56].
One possible explanation might be related to the secondary interaction
occuring between the nGO/M-nGO and the polymer matrix. As stated
above, low concentration of nanoparticles (1 wt%) improved the storage
modulus of the hydrogel nanocomposites. Nevertheless, the same inter-
actions seem to be detrimental for the cationic dye adsorption as the
available binding sites might be consumed by formation of secondary
interactions between CMC and nGO/M-nGO. This effect was even
more evident for the nanocomposites containing 3 wt% of nanoparticles.
As shown in Fig. 7b the Cu(Il) adsorption was not affected by the

Table 1
maximum adsorption capacity of various adsorbents towards Cu and MB.
Adsorbents Contaminant  Quax Reference
(mgg™")
CMC/GO microparticles MB 59 [24]
Cu?* 30
GO/CMC monoliths Cu* 70 [56]
Polyvinyl alcohol/Laponite MB 251 [57]
PVA/CMC/GO/Bentonite MB 172 [28]
Cellulose/GO fibres MB 480 [58]
Aminated guar gum/graphene oxide MB 227 [38]
Soy protein-polyethylenimine Cu?* 136 [59]
Konjac glucomannan/GO MB 923 [36]
Regenerated cellulose/GO MB 68 [60]
GO/chitosan MB 300 [35]
Cu?t 70
M-CMC/nGO/M-nGO MB 350 Present work
Ccu?t 145
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Cu?* adsorbed MB adsorbed
M-CMC/nGO3 M-CMC/nGO3
Element Wit% Element W1t%
C 48.6 C 59.6
o 3541 o 20.8
Cu 16.7 S 173

Fig. 8. (a) SEM image of the surface of M-CMC/nGO3; EDX spetra of M-CMC/nGO3 after (b-e) MB, and (f-i) Cu(Il) adsoprtion. The inset table shows the EDX quantitative evaluation of C, O,

Cuand S for M-CMC/nGO3.

addition of nGO/M-nGO. This might be due to the higher diffusivity and
mobility of the Cu(II) with respect to the MB. Even so, the maximum ad-
sorption capacity of the hydrogel nanocomposites M-CMC/nGOX and
M-CMC/M-nGOX (X = 1, 3 wt% nGO or M-nGO) under our experimen-
tal condition reached high values between 300 and 350 mg/g.

It is interesting to point out that the obtained q. values (around
430 mg/g for MB, and 145 mg/g for Cu(lI)) are larger than the values re-
ported for cellulose-based composite adsorbents in the literature. A se-
lection of comparative adsorption capacities for MB and Cu(Il) are
summarized in Table 1.

The adsorption of MB and Cu(II) was also confirmed by EDX. After
adsorption, the samples were directly dried for two days by freeze-
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drying. The dried nanocomposites were coated with a thin layer of Pt/
Pd prior to EDX analysis. The SEM image of the M-CMC hydrogel is
shown in Fig. 8a. The hydrogel surface displays a high degree of porosity
with pore sizes between 10 and 50 um. The presence of nGO and M-nGO
in the hydrogels did not seem to affect the pore size of the nanocompos-
ite (Fig. S2). Fig. 8 shows as an example the MB and Cu(Il) adsorption on
M-CMC/nGO3 nanocomposite. No evident adsorption inhomogeneity
was observed among the different hydrogel nanocomposites and
the M-CMC hydrogel. The adsorption of MB and Cu(II) on the nanocom-
posite surfaces were identified through the presence of sulphur and
copper elements. Sulphur was chosen as a marker because it is present
in MB. Preliminary EDX investigations were conducted on neat M-CMC
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Fig. 9. recycling efficiency (R%) of the hydrogels for (a) MB, and (b) Cu(II) adsorption.
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and nGO/M-nGO to prove the absence of sulphur and copper. Two EDX
spots were reported after adsorption of Cu (Fig. 8b-e) and MB (Fig. 8f-i)
in M-CMC/nGO3 nanocomposites. The images illustrate homogeneous
distribution of adsorbed Cu (Fig. 8e), and MB (Fig. 8i) on the surface of
the hydrogel nanocomposite. The percentage of Cu and S on the surface
of the hydrogels was measured to be around 16.7 and 17.3%,
respectively.

3.4. Hydrogel regeneration

For efficient water treatment, the regeneration and reuse of ad-
sorbents is a key element. To evaluate the economic feasibility and
reusability of the developed hydrogel nanocomposite adsorbents
for practical applications, the possibility to desorb MB and Cu from
the hydrogel nanocomposites and reuse the hydrogels was evalu-
ated. Three adsorption and desorption cycles were performed on
the M-CMC/M-nGOX (X = 1, 3 wt% nGO or M-nGO) hydrogel nano-
composites. Each cycle of adsorption was followed by a desorption
step. Two different strategies were used to regenerate the hydrogel
nanocomposites depending on the adsorbed contaminant. The re-
generation of the hydrogel nanocomposites after copper adsorption
was performed in EDTA solution (0.01 M). The chelating agent effec-
tively removed copper from the hydrogels. Aqueous HCl solution
(pH = 2) was used to regenerate the hydrogel nanocomposite after
the MB adsorption.

As shown in Fig. 9, the recycling efficiency R (%) of the M-CMC hy-
drogel decreased after three cycles from the initial value of 100% to
80% for MB and to 50% for Cu(Il), indicating adequate reusability for
MB and Cu(II) removal. With respect to M-CMC, the hydrogel nanocom-
posites exhibited enhanced R(%) after 3 cycles. This was observed both
during MB (Fig. 9a) and Cu(Il) (Fig. 9b) adsorption. Unlike the first cycle,
where the g, of the nanocomposites were slightly lower (Fig. 7a) or
comparable (Fig. 7b) with the M-CMC hydrogel, the presence of the
nanoparticles had a beneficial effect on the regeneration.

4. Conclusions

“All-lignocellulose” derived photo-curable hydrogel nanocom-
posites consisting of methacrylated-CMC/lignin-derived nGO, were
successfully designed and tested for adsorption of cationic contami-
nants. The fabricated hydrogel nanocomposites demonstrated
outstanding adsorption capacity and good recycling efficiency.
Lignosulfonate-derived nano-graphene oxide was successfully
produced through microwave-assisted hydrothermal carbonization
of lignosulfonate to carbon flakes followed by oxidation step. The
high amount of oxygen functionalities in nGO allowed further
functionalization by introduction of photo-reactive methacrylate
groups. The successful methacrylation of nGO was proven by several
spectroscopic techniques including XPS, and FTIR. All formulations
showed good photo-curing properties, however, the addition of
nGO increased the time required for reaching the gel point. This ef-
fect increased as a function of increasing nGO content due to the
shielding effect generally observed for aromatic compounds. Unlike
nGO, M-nGO participated in the photo-curing process creating
chemical crosslinks with the M-CMC polymer matrix under UV
light. This reduced the shielding effect and shortened the time re-
quired for reaching the gel point. A low content (< 3 wt%) of nGO,
and M-nGO in the M-CMC nanocomposites provided a substantial in-
crease of the storage modulus and swelling degree with respect to
the neat M-CMC hydrogel. The photo-cured M-CMC hydrogel, M-
CMC/nGO and M-CMC/M-nGO hydrogel nanocomposites demon-
strated excellent adsorption capacities (up to 350 mg/g and
145 mg/g for MB and Cu(lIl) adsorption, respectively). The presence
of nGO/M-nGO in the nanocomposites was beneficial for the regen-
eration of the hydrogels leading to improved recycling efficiency
(R%) after 3 cycles of MB and Cu(Il) adsorption.
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