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Magnetic nanocomposite based on polyacrylic acid
and carboxylated cellulose nanocrystal for the
removal of cationic dyet

Rajib Samadder, @@ Nahida Akter, © Abinash Chandra Roy, Md. Mosfeq Uddin, @
Md. Jahangir Hossen and Md. Shafiul Azam ©*

The development of safe and cost-effective methods for the treatment of dye polluted wastewater has
been a great concern among researchers. Herein, we developed a nanocomposite (M3D-PAA-CCN)
based on polyacrylic acid (PAA) crosslinked with magnetic 3D crosslinkers (M3D) and carboxylated
cellulose nanocrystals (CCN), for the removal of cationic dyes from aqueous solutions. Acrylic-
functionalized FezO4 nanoparticles were covalently linked to the polymer chains via the form of the 3D
crosslinker to introduce magnetic properties into the as-synthesized nanocomposite. The addition of
highly dispersive CCN reduced the gel-like properties of the nanocomposite and instead incorporated
a diffusive nature, which was more desirable for adsorbents. The surface morphology of the
nanocomposite was analyzed by FESEM and the size of the nanocomposite particles was found to be in
the range of 60-90 nm. The chemical functionalities and compositions were determined by XPS, FTIR,
and EDX analyses whereas TGA confirmed the thermal stability of M3D-PAA-CCN. The maximum
adsorption capacity of the M3D—PAA-CCN (332 mg g~ was measured higher than that of M3D—PAA
(114 mg g™ to a cationic methylene blue (MB) dye indicating the significant contribution of CCN. The
adsorption capacity of the as-synthesized M3D-PAA-CCN was found to be highly pH-dependent and
the adsorption capacity increased with the increase of pH owing to the greater negative charge as
indicated by the higher zeta potential. The adsorption kinetics of MB on the composites was found to
follow the pseudo-second-order model. The adsorption capacity was also investigated as a function of
concentration to figure out the adsorption mechanism using Langmuir and Freundlich isotherm models.
The Langmuir model fitted the adsorption process better as suggested by the relatively smaller nonlinear
chi-square value obtained from the fitting parameters.

treatment.®* The color caused by the presence of even a trace
amount of these dyes in water is undesirable as it hinders the

Water pollution has become a serious global problem due to rapid
industrialization and various human activities. Dye contaminants
are being continuously released into water bodies from various
industries like textile, plastic, paper, cosmetics leading to serious
environmental issues." More than 10 000 dyes are commercially
available worldwide and about 7 x 10°> metric tons of dyes are
produced per year. About 12 percent of dyes are wasted during the
manufacturing and other handling processes whereas 20 percent
of these pollute the environment vig industrial wastewater.” About
3 x 10° tons of synthetic dyes are consumed by textile industries
per year and a significant portion of the dye contaminated efflu-
ents get discharged to the nearby water bodies without any
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photosynthesis in aquatic plants reducing the sunlight penetra-
tion.* Besides, most of the dyes are toxic to living organisms
including fish due to the presence of aromatics, heavy metals, and
chloride.®® The dye-polluted water may also cause allergic
dermatitis, skin problems, and even cancer in humans.' The
treatment of contaminated water is not always easy due to the
photo- and thermal stability as well as non-biodegradability of the
dyes.” Therefore, the development of new materials for efficient
and economic dye removal is of great importance.

Various physical, chemical, and biological treatment tech-
niques have been applied over the past three decades for the
treatment of dye contaminated water, such as coagulation,
membrane filtration, chemical oxidation, electro-dialysis,
photo-degradation, catalytic degradation,® adsorption, a spec-
trophotometric method, liquid chromatography method, etc.
Among these methods, the adsorption process has gained much
popularity due to its simplicity, no secondary pollution, and
cost-effectiveness.”™ Moreover, the adsorption process does
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not require high operating temperature and can remove several
pollutants simultaneously.**>** Although a variety of adsor-
bents like clay, zeolite, carbonaceous compounds are already
available, their use in treating polluted water is often limited
because of low efficiency, complex separation process, cost of
regeneration, and the difficulties in water treatment.*?

Recently composite materials made of biopolymers and other
polymeric materials have attracted huge research attention as
sustainable and effective adsorbents for wastewater treat-
ment."*"* Compared to conventional adsorbents, polymeric
materials offer simple processing, tailor-made feasibility, and the
ability to shape into suitable forms like the sheets, beads,
membranes, etc. Moreover, the polymeric composites can desorb
the dyes and other organic pollutants under altering conditions
and therefore attain regenerability and cost-effectiveness.'®"” The
separation of the nanocomposite from the application sites is
often complex and time-consuming. Since the magnetic nano-
composites offer easy separation in the presence of an external
magnetic field their use in wastewater management has been
increasing gradually. Huang et al. synthesized porous organic
polymer composites'® and Sun et al. developed xylan/polyacrylic
acid nanocomposites' with the magnetic property which
showed high adsorption capacity towards methylene blue. In
another work, Chen et al. fabricated magnetically separable
cross-linked polyethyleneimine for the removal of organic dyes.*
However, these magnetic nanocomposites were found to contain
magnetic particles linked via weak van der Waals forces with the
polymer matrix leading to a serious drawback that only the
magnetic nanoparticles are attracted to the external magnetic
field leaving the polymer chains behind.**

Herein, we fabricated a novel nanocomposite using
magnetic 3D crosslinker and cellulosic material via in situ
polymerization. We synthesized the magnetic 3D crosslinkers
(M3D) by modifying the Fe;O, nanoparticles with the acrylic
groups. Acrylic groups on the Fe;O, nanoparticles were able to
crosslink the polyacrylic acid chains by forming strong and
robust covalent bonds.*” Zhang et al. reported the use of poly-
acrylic acid (PAA) in the adsorbents and showed that PAA
exhibited a strong affinity towards positively charged dye
molecules due to the presence of abundant carboxyl groups.*
Since 3D crosslinkers with a higher number of reactive sites
compared to conventional linear or planar crosslinkers link
with many more polymer chains, the nanocomposite becomes
mechanically strong as well as very sticky and adhesive.**** So
our other approach was to reduce the adhesive nature of the
nanocomposite using highly dispersive carboxylated cellulose
nanocrystal (CCN) in the nanocomposite. The ratio of M3D and
CCN was optimized during the synthesis of M3D-PAA-CCN to
obtain high dispersion in aqueous systems and adequate
magnetic property. The kinetic behaviour and the mechanism
of adsorption of MB on the nanocomposite were also studied.

Experimental
Materials and reagents

All reagents were of analytical grade and used without further
purification. Ultrapure water was used for all experiments,
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obtained from a Millipore water purification system (MA, USA).
(3-Aminopropyl)triethoxysilane (APTES) (=98%), tetraethylor-
thosilicate (TEOS) (=99%), methacrylic anhydride (assay 94%),
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) (>98%) and
acrylic acid (AA) (=99%, stabilized) were purchased from Sigma
Aldrich. N,N-Dimethylformamide (DMF) (>99%), ferrous chlo-
ride tetrahydrate (FeCl,-4H,O = 99%), ferric chloride hexahy-
drate (FeClz-6H,0 = 99%), hydrochloric acid (HCI) (=99.8%),
NaOH (= 98%), and toluene (=99.9%) were obtained from
Merck, Germany. Potassium persulfate (KPS) (assay = 98%) and
sodium chlorite (NaClO,) (=80%) were purchased from BDH
Chemical Ltd, Poole England while sulfuric acid (H,SO,, 97.5-
98.5%) was purchased from RCI Labscan, Thailand.

Preparation of Fe;O, nanoparticles

Magnetic iron oxide (Fe;O,) nanoparticles were prepared by
following an easy and widely used chemical co-precipitation
method.”**” Firstly, an iron salt solution was prepared by add-
ing 0.005 mol of FeCl; (1.351 g) and 0.0025 mol of FeCl, (0.497
g) to 50 mL of deoxygenated ultrapure water so that the ratio of
Fe*" to Fe** was 2. Then 20 mL of NaOH (1.5 M) was rapidly
poured into the iron salt solution under vigorous magnetic
stirring at room temperature under N, atmosphere. The orange
color of the solution disappeared rapidly and the black
precipitate of Fe;0, nanoparticles was formed. After constant
stirring for 20 min, the precipitate was separated in the pres-
ence of an external magnet. Fe;O, nanoparticles were washed
several times using deoxygenated water followed by centrifu-
gation for 20 min with relative centrifugal force (RCF) of 1700 g
and then dried particles were collected for further use.

Preparation of silica-coated magnetic Fe;O, nanoparticles
(Fe;0,@Si)

Silica coating of Fe;O, nanoparticles was performed according
to the modified Stober process>****° using TEOS as the silicon
source.”?"??> 300 mg of Fe;O, nanoparticles were first dispersed
into a mixture of 240 mL of ethanol and 60 mL of distilled water
under sonication for 15 min. The pH of the mixture was
maintained at ~9 using a 25% ammonia solution and 4 mL of
TEOS was added under vigorous stirring. At room temperature,
the magnetic stirring was continued for 10 h and the mixture
was then heated at 50 °C for 12 h to carry out complete hydro-
lysis leading to silica coating on the surface of Fe;O, nano-
particles. Finally, the particles were separated magnetically,
washed several times with anhydrous ethanol, and dried over-
night in an oven at 60 °C.

Amine (-NH,) functionalization of silica-coated Fe;0,
nanoparticles (Fe;0,@Si-NH,)

Silica coated iron oxide nanoparticles (Fe;0,@Si) were ultra-
sonically dispersed in 120 mL of toluene and the volume was
reduced to two-thirds (80 mL) by heating at 120 °C prior to the
complete removal of water. The resultant dispersion was
transferred into a double-necked round bottom flask and 10 mL
of APTES for amine functionalization was added dropwise fol-
lowed by magnetic stirring.*® The stirring was continued for

This journal is © The Royal Society of Chemistry 2020
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24 h at room temperature. The product was separated by using
a magnet, washed several times with toluene, and then dried in
an oven at 60 °C.

Synthesis of magnetic 3D crosslinker (M3D)

Fe;0,@Si-NH, (500 mg) was transferred into a 250 mL round
bottom flask containing 150 mL of toluene. The mixture was
heated at 120 °C until the volume reached to 90 mL. The mixture
was then cooled down to room temperature and 6.7 mL (45.2
mmol) of methacrylic anhydride was added and kept under
magnetic stirring for about 4 h.*® As-synthesized M3D nano-
particles were then separated and washed three times with
toluene, and three times with acetone. Finally, the M3D nano-
particles were transferred into a flask containing 100 mL of water.
The complete removal of acetone was then confirmed by heating
the mixture at 58 °C until the volume is reduced to 70 mL.

Extraction of cellulose nanocrystals (CNCs)

Cellulose nanocrystals (CNCs) were extracted from the envi-
ronmental waste sawdust by acid hydrolysis method.****
Sawdust (4 g) was first dried overnight in an oven at 85 °C and
then dewaxed in a Soxhlet apparatus using a 2 : 1 (v/v) mixture
of toluene and ethanol at 150 °C for 6 h. Delignification of the
dewaxed sawdust was carried out for 1 h using acidified NaOCl,
at 75 °C. This process was repeated for six to seven times until
the color of the product was white indicating complete removal
of lignin. Delignified cellulose was then treated with 5% KOH at
90 °C for 2 h and this treatment was repeated for three times to
completely remove pectin and hemicellulose. The resultant
chemically purified cellulose was further blended for 10 min
and then subjected to acid hydrolysis with H,SO, (64%) leading
to CNC. The hydrolysis was continued for 60 min at 45 °C and
the product was placed in an ice cool water bath. The washing
was performed with ultrapure water via centrifugation with RCF
of 1700 g for 15 min.

Synthesis of carboxylated cellulose nanocrystals (CCNs)

Carboxylated cellulose nanocrystals (CCNs) were prepared by
utilizing the primary hydroxyl groups present on the surface of
cellulose.** Firstly, 1.0 g of CNC obtained from the previous
step was mixed with 100 mL of distilled water followed by
sonication in an ice bath for 10 min. Then, 16 mg of TEMPO and
100 mg of NaBr were added to the CNC suspension under
magnetic stirring for 10 min at room temperature and also
sonicated for 15 min. The TEMPO-mediated oxidation was
initiated by adding 3.5 mL of ~10% NaClO solution dropwise
and the pH was maintained at 10 using 0.1 M NaOH solution.
After continuous stirring for 12 h the oxidation process was
quenched by adding 5 mL of ethanol.*® Finally, the suspension
was washed with distilled water for several times, sonicated for
5 min, and was stored at 4 °C for further use.?

Synthesis of M3D-PAA-CCN nanocomposite

M3D-PAA-CCN nanocomposite was synthesized via in situ
polymerization in water using KPS as an initiator. 36.0 mg of

This journal is © The Royal Society of Chemistry 2020
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CCN and 14.0 mg of M3D were transferred into a round-bottom
flask containing 10 mL of water. The aqueous mixture was
sonicated for 5 min in a cold bath, maintaining the temperature
at 10-12 °C, while 1 mL of acrylic acid was added dropwise to
the mixture under the N, environment over 15 min. The free-
radical polymerization was initiated by adding 25 mg of KPS
properly dissolved in 5 mL of distilled water. This mixture was
heated at 58 °C under continuous stirring at 1200 rpm for 4 h. It
is important to note here that any significant temperature
deviation or difference in the relative amount of CCN during the
synthesis led to gel-like nanocomposites, which were not ideal
for the adsorption experiments. After completion of the reac-
tion, the resulting nanocomposite was washed with ultrapure
water for several times and was finally freeze-dried using
a lyophilizer.

Adsorption and zeta potential study

The adsorption capacity of M3D-PAA-CCN nanocomposite was
analyzed using methylene blue (MB) as a reference dye. 8.0 mg
of nanocomposite was first dispersed in 1 mL of water and
charged into a 50 mL aqueous MB solution (20 mg L") under
stirring. The pH of the mixture was adjusted to 7.2 and after
adsorption; the nanocomposites were separated by applying an
external magnetic field. The remaining concentration of MB in
the supernatant was determined by a UV-vis spectrophotometer
(Shimadzu, UV-1800) at 665 nm corresponding to the maximum
absorbance of MB.***” The adsorption capacity was monitored
at different time intervals i.e. 0 min, 10 min, 20 min, 30 min,
60 min, 180 min, 360 min, 720 min, and 840 min. We also
compared the adsorption capacities of M3D-PAA-CCN with
M3D-PAA, a composite without CCN to justify the importance
of CCN in our nanocomposite. The effects of pH on the
adsorption capacities of M3D-PAA and M3D-PAA-CCN nano-
composites were also studied by repeating the same experiment
at pH 3.0 and pH 9.0.

Recyclability test

The recyclability study was performed using MB as the reference
dye. Firstly, 20 ppm aqueous solution of MB of pH 7 was
prepared and the desired pH was obtained by adding 0.1 M HCI
and 0.1 M NaOH. Then adsorption test was done by adding
0.5 mL of aqueous solutions of M3D-PAA (8 mg) and M3D-PAA-
CCN (8 mg) to 25 mL of MB solution under shaking at 210 rpm
for 6 h. For the desorption test MB loaded composites were
dispersed into 10 mL of ethanol followed by sonication for
12 min and composites were then recovered magnetically.
Desorption test was repeated for five times. After every adsorp-
tion-desorption cycle, the composites were washed with 5 mL of
distilled water and were magnetically separated for reuse.

Characterization

The surface morphologies of Fe;O, nanoparticles, M3D, CCN,
and M3D-PAA-CCN nanocomposites were analyzed using
a JEOL JSM-6400LA FESEM operated at an accelerating voltage
of 5 kV. The elemental compositions of the samples were
determined by an EDX spectrometer coupled with the FESEM.

RSC Adv, 2020, 10, 11945-11956 | 11947
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The infrared spectra were recorded on a Shimadzu 8400 FTIR
spectrometer in the region of 4000-400 cm ™. XPS spectra were
recorded using the Al Ko radiation on a Kratos Axis Ultra
spectrometer operated at 12 mA and 14 kV. The peak fitting
was performed by Igor Pro software. The crystallinity of Fe;O,
nanoparticles and M3D-PAA-CCN nanocomposites was
confirmed by XRD analysis performed in Ultima IV X-ray
diffractometer. Thermo-gravimetric analysis (TGA)
carried out using a Shimadzu thermos-gravimetric analyzer.
The magnetic properties were analyzed with EV-9 Microsense
(Germany) using magnetic field strength up to 10 kOe (1 Tesla)
at 298 K.

was

Results and discussion

The synthesis strategy for M3D-PAA-CCN nanocomposite is
shown in Scheme 1. In order to synthesize crosslinked PAA, we
preferred 3D crosslinker over its linear (1D) or planar (2D)
counterparts due to the higher surface area and a greater
number of reactive sites. With the aim of making the nano-
composite easily separable, we incorporated magnetic property
into it by covalently tethering the polymer chains with the
acrylic groups of the magnetic nanoparticles, which also acted
as templates for the polymer crosslinkers. Firstly, Fe;O, nano-
particles prepared from FeCl; and FeCl, by the chemical co-
precipitation method were coated with silica using TEOS as
the silica source. The base-catalyzed (pH 9) hydrolysis of TEOS
produced silicic acid, which underwent polymerization reaction
leading to thin silica coating on the Fe;O, particles.”®*® This
coating prevented aggregation and surface oxidation of bare
Fe;04 nanoparticles as well as offering further surface func-
tionalization via simple silane chemistry. The treatment of
Fe;0,@Si with APTES introduced amine (-NH,) functional
groups on their surface. Then the reaction of Fe;O0,@Si-NH,
with methacrylic anhydride in the presence of toluene led to
acrylated Fe;0, nanoparticles i.e., our desired M3D crosslinker.
Nevertheless, the crosslinking of M3D with PAA produced a gel-
like composite that was difficult to separate and to use for the
adsorption experiments we had aimed for. Therefore, we

o O
NH,
H2N*NH2 YLOJY
H2N NH2 q
NH,

Fe,0,@Si-NH,

HO. OH
TEMPO
o 0]
CO,H
OH i 2 n
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employed the highly dispersive CCN as fillers in situ polymeri-
zation to avoid this problem.

Due to impressive mechanical properties, sustainability, low
density, wide availability, and biocompatibility CNCs have
become a popular constituent of polymer nanocomposites.*>*®
We extracted CNCs from sawdust, a cheap and easily available
source, by acid hydrolysis method.****> Cellulose has both
amorphous and crystalline parts and acid hydrolysis of pre-
treated cellulose effectively breaks the glycosidic bonds of
amorphous cellulose leading to the extraction of CNCs. Strong
hydrogen bonding between the surface hydroxyl groups of CNCs
makes it quite impossible to break the crystalline part and also
increases their self-association tendency.** TEMPO mediated
oxidation of CNC to CCN converted the primary hydroxyl groups
to carboxyl groups and thereby provided more negatively
charged functionalities to the M3D-PAA-CCN, which are
responsible for the greater electrostatic interaction required for
adsorbing cationic dyes.

To confirm the stepwise surface modifications of Fe;O,
nanoparticles, FTIR spectra were recorded. For Fe;O, a strong
absorption band at around 578 cm™* appeared due to Fe-O
bond vibration,** which is characteristic of bare Fe;O, nano-
particles (ESI, Fig. S1t). The peaks at 1627 cm ™" and 3425 cm ™"
are attributed to the O-H bending and stretching vibrations
respectively arising from adsorbed H,O on the surface of Fe;0,
nanoparticles. The appearance of Si-O-Si asymmetric and
symmetric stretching vibrations at 1080 cm™ "' and 804 cm ™,
respectively, confirms successful silica coating on Fe;O0, nano-
particles after TEOS hydrolysis.*® The appearance of N-H
absorption peak at around 1557 cm~' confirms the amine
functionalization of Fe;0,@Si whereas the peak at 1665 cm ™'
indicates the successful addition of vinyl group giving rise to
M3D crosslinkers (Fig. 1A). In the IR spectrum of CNC (ESI,
Fig. S17), the absorption peaks at 3500, 2905, and 1054 cm™
correspond to the O-H, C-H, and C-O stretching vibrations,
respectively.*** The attachment of the sulfate ester group on
the surface of CNC was confirmed from the appearance of the
peak at 1245 cm ™' whereas the peak at 1634 cm™* was due to
the O-H bending vibration of absorbed water.***®* The TEMPO

M3D-PAA-CCN

Scheme 1 Schematic illustration of the synthesis of M3D-PAA-CCN nanocomposite.
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mediated oxidation of CNC to CCN was strongly supported by
the appearance of a peak at 1727 cm ™' due to ~-COOH group.*’*®
For the MB3D-PAA-CCN nanocomposite, C=O stretching
vibration appeared at 1740 cm ™" (Fig. 1A) for the carboxylate
groups of PAA.*

The surface morphologies of the materials obtained in
different steps of the synthesis were analyzed by monitoring the
FESEM images (Fig. 1B-E). The SEM image of Fe;O, nano-
particles revealed the presence of many small particles (~15
nm),* which were somewhat aggregated. Slightly greater size
(20-30 nm) and less aggregation were observed for the M3D
particles which might be attributed to the silica coating of Fe;0,
nanoparticles followed by their amine (-NH,) and subsequent
methacrylic functionalization. Fig. 1D shows the presence of
randomly arranged CCNs having needle shape with a rough
surface. The length of the CCN is in the range 60-90 nm and the
diameter is approximately 10-20 nm. Some white spots are also
clearly visible in the SEM image of CCN which are actually
spherical CCNs formed during TEMPO mediated oxidation of
CNC. The appearance of spherical cellulose nanoparticles was
reported previously and it was anticipated that they resulted
from the self-assembly of nanocrystalline cellulose and their
fragments.**>* The M3D-PAA-CCN nanocomposite particles are
spherical in shape with a diameter of 60-90 nm and the parti-
cles are clustered. The disappearance of needle-shaped CCN
particles and the appearance of comparatively large spherical
particles than M3D confirmed the polymerization and forma-
tion of the desired nanocomposite. The clustering tendency of
the nanocomposite particles could be ascribed to the interfacial
hydrogen bonds formed between the -COOH groups of the
adjacent particles.>

The crystal structures of Fe;O, nanoparticles and M3D-
PAA-CCN nanocomposite were analyzed by XRD analysis
(Fig. 2A). Fe30, nanoparticles showed six characteristic
diffraction peaks at 2 theta = 30.24°, 35.56°, 43.38°, 53.88°,
57.34° 62.82° and the peak positions were indexed at (220),
(311), (400), (422), (511), (440), respectively (JCPDS card: 019-

A | — M3D
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—— M3D-PAA-CCN  40e, ot

%Transmittance

|
411245em™
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| -1
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0629).°>°*** The face-centered cubic phase of Fe;O, nano-
particles is confirmed from the XRD spectrum, while no
additional peak in the spectrum demonstrated the absence of
any secondary phase in the sample. The average crystallite size
of Fe;0, nanoparticles was ~6 nm calculated by using the
Debye-Scherrer equation: D, = KA/@ cos #, where K is the space
factor which is 0.9 for spherical particles, A is the wavelength,
B is the peak width at half-maximum (FWHM), and 6 is the
Bragg diffraction angle. The average crystallite size of the
particles was calculated by using the most intense peak at
400.”® In the XRD spectrum of M3D-PAA-CCN, along with the
Fe;0, peaks a new peak (200) at 21.3° yet again confirmed the
presence of CCN.>*%¢

The elemental compositions of M3D and M3D-PAA-CCN
were obtained from both XPS and EDX (ESI, Fig. S27) analyses.
The XPS survey spectrum (Fig. 2B) of M3D shows the peaks for
C1s (284.3 €V), O1s (529.6 €V), Opyger (974.0 €V), N1s (397.2 eV),
Si2s (150.8 eV), Si2p (100.4 eV), and Fe2p3/, (710.4 eV) and EDX
analysis also confirms the presence of these elements. From
XPS and EDX oxygen atomic percentages were 46 and 42
whereas carbon atomic percentages were 29 and 26, respectively
(ESI, Table S11). Although the percentages of N and Si were very
close for both techniques, a noticeable difference was observed
for Fe% i.e., 8% and 15% according to XPS and EDX, respec-
tively. The lower atomic percentage of Fe obtained by XPS can be
attributed to the inherent probing depths of the respective
techniques.?* On the other hand, 60% of carbon and 35% of
oxygen were found in M3D-PAA-CCN from the widescan XPS
analysis. However, the N1s, Si2s, and Si2p peaks on the low-
resolution XPS spectrum of M3D-PAA-CCN were barely
detectable and no peak for Fe2p was observed since XPS is
highly surface sensitive and probe only the top surface of
a composite material up to about 10 nm.*”

The high resolution C1s and N1s XPS spectra of M3D and
M3D-PAA-CCN are shown in Fig. 3. The deconvolution of C1s
spectra gave rise to three peaks at 284.9 eV, 286.1 eV, and
288.4 eV which were assigned to C-C/C-Si/C=C, C-N, and

Fig.1 FTIR spectra of M3D (green), CCN (red), and M3D-PAA-CCN (black) (A), FESEM images of FesO,4 nanoparticles (B), M3D (C), CCN (D), and

M3D-PAA-CCN nanocomposite (E).

This journal is © The Royal Society of Chemistry 2020
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Fig.2 XRD spectra of FesO4 nanoparticles (blue) and M3D-PAA-CCN
(black) (A), widescan XPS survey of M3D (green) and M3D-PAA-CCN
(black) (B).

N-C=O0 groups, respectively. The appearance of the peaks
representing C-Si, C-N bonds confirm silica coating of Fe;O,
nanoparticles followed by amine functionalization with APTES
leading to Fe;0,@Si-NH,. The increase in C-C and C-N bond
percentages in M3D-PAA-CCN compared to M3D results from
the introduction of PAA and CCN. The treatment of Fe;O,@Si—
NH, with methacrylic anhydride led to the formation of amide
bond giving rise to XPS peaks for N-C=0 and also C=C. The
deconvoluted peak areas of the respective chemical bonds were
used to calculate the bond percentages as given in Table 1. The
N-C=O0 bond percentage decreases from 26.6% in M3D to 9.7%
in M3D-PAA-CCN since this group is less exposed in the
nanocomposite. Again, the N1s XPS spectra of M3D and M3D-
PAA-CCN were deconvoluted into three component peaks
centered at 398.6 eV, 400.2 eV, 401.6 eV and were assigned to
-NH,, -CONH,, and -NH;" functional groups, respectively. The
percentage of -NH, group decreases from 74.9 to 58.6 for M3D-
PAA-CCN compared to M3D since 8.7% -NH, groups are
functionalized to amide (-CONH,) groups and 7.6% -NH,
groups remain as protonated amino groups (NH;").%®
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Fig. 4A represents the magnetic behavior of Fe;O, nano-
particles, M3D, and M3D-PAA-CCN nanocomposite. At room
temperature, S-like magnetic hysteresis was obtained and the
saturation magnetization (M;) values of Fe;O, nanoparticles,
M3D, and M3D-PAA-CCN composite were 32, 30, and
9.6 emu g, respectively. The decrease in the M; value of the
M3D-PAA-CCN composite compared to bare Fe;O, nano-
particles and M3D is obviously attributed to the major contri-
bution of polymer to the mass of the composite. However, the
aim of introducing magnetic nanoparticles was the easy
recovery of the composites from the application sites with the
help of an external magnetic field. The measured magnetic
response of M3D-PAA-CCN nanocomposite was sufficient
enough to recover them completely thus facilitating the reus-
ability. The inset in Fig. 4A shows the aqueous solution of M3D-
PAA-CCN nanocomposite (left) and the complete separation of
M3D-PAA-CCN from the aqueous solution in the presence of an
external magnet (right). When the magnetic bar was removed
nanocomposite was dispersed again in aqueous solution after
shaking.

Thermo-gravimetric analysis (TGA) was performed to study
the thermal stability of CCN, M3D crosslinker, M3D-PAA-CCN
nanocomposite and nanocomposite without CCN, i.e., M3D-
PAA (Fig. 4B). The weight loss observed for all the samples below
150 °C was due to the evaporation of imbibed water and
moisture. In case of M3D 13% weight loss was observed within
221-487 °C due to the degradation of oxygen containing func-
tional groups.’> CCN showed around 7% moisture loss. The
onset decomposition temperature for CCN was 186 °C leading
to an exotherm around 200-338 °C due to the decarboxylation of
surface carboxyl groups. For both CCN and M3D-PAA, an exo-
therm appeared above 360 °C resulting from the burning of
carbon."” The composite M3D-PAA was found to be less stable
compared to M3D crosslinker and CCN whereas the incorpo-
ration of CCN into the composite caused significant increase in
the thermal stability. The gel like structure of M3D-PAA (ESI,
Fig. S3t) caused greater extent of water adsorption leading to
significant weight loss during the TGA analysis. The use of CCN
changed the gel like composite into highly dispersive one
causing much less water adsorption by the nanocomposite and
a weight loss of only 6% was observed for M3D-PAA-CCN. No
weight loss was observed above 500 °C for any of these samples
within the studied range.

The dye removal ability of synthesized composites was
investigated by monitoring the amount of adsorbed MB dye on
M3D-PAA-CCN and M3D-PAA composites by batch tests. Fig. 5
shows the plot of adsorption capacity, g, of MB on M3D-PAA-
CCN and M3D-PAA as a function of time, ¢. According to Fig. 5
the adsorption of MB dye on the nanocomposites can be divided
into three consecutive steps. During the initial step of the
adsorption process the rate of adsorption of MB was very fast
and more than 70% adsorption occurred within the first 30 min
(see inset of Fig. 5). This was followed by the second step in
which gradual adsorption of MB was observed from 30 to
180 min while approaching equilibrium. The initial rapid
adsorption rate can be attributed to the availability of vacant
adsorption sites. With time the proportion of available

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Cls XPS spectra of M3D (A), M3D-PAA-CCN (B). N1s XPS spectra of M3D (C), M3D-PAA-CCN (D).

Table1 XPS Cls peak information for three types of C bonds and N1s
peak information for three types of N bonds in M3D and M3D-PAA-
CCN

Cils Nis
M3D-PAA- M3D-PAA-
M3D CCN M3D CCN
Bonds BE. % BE. % Bonds B.E. % BE. %
C-C 284.9 48.3 284.6 59.1 NH, 398.6 74.9 398.8 58.6
C-N 286.1 25.1 286.1 31.2 CONH, 400.2 24.5 400.3 33.2
N-C=0 288.4 26.6 288.5 9.7 NH;" 401.6 0.6 401.5 8.2

adsorption sites decreases and equilibrium is reached.***
However, the adsorption capacity (g,) of MB on M3D-PAA-CCN
was much higher than on M3D-PAA. For instance, at 30 min, g,
=70mg g "and 52 mg g~ for M3D-PAA-CCN and M3D-PAA,
respectively, strongly suggesting that the incorporation of CCN
into the composite significantly improved the dye removal
capacity.

The kinetic behavior of MB adsorption onto M3D-PAA-CCN
and M3D-PAA was studied following the pseudo-first and
pseudo-second order kinetic models. According to pseudo-first-

This journal is © The Royal Society of Chemistry 2020

order kinetic model, the adsorption rate is proportional to the
number of available adsorption sites whereas the pseudo-
second-order kinetic model says that the adsorption rate is
proportional to the square of the available number of adsorp-
tion sites.” The linear form of pseudo-first-order kinetic model
is:

log(g. — q,) = log ge — k12/2.303 (1)

The rate equation for the pseudo-second-order kinetic model
is:
t 1 t
0 ek ?)
Here, k; (min~ ") and &, (g mg™ ' min~') are pseudo-first-order
and pseudo-second-order rate constants, respectively. g. and
g: (mg g~ ") represent the amounts of MB adsorbed at equilib-
rium and at any adsorption time (¢), respectively. Fig. 6A and B
show the fitting for the adsorption of MB on M3D-PAA-CCN
and M3D-PAA using the pseudo-first-order kinetics and
pseudo-second-order kinetics, respectively. The best-fit model
was determined based on the linear correlation coefficient R
All the kinetic fitting parameters are summarized in Table 2.
From the results summarized in Table 2, it was clear that the
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Fig. 5 Adsorption capacity, g; of MB on M3D-PAA-CCN and M3D-
PAA as a function of adsorption time t with 20 mg L™! initial
concentration of MB, pH = 7.2. The inset represents the MB adsorption
capacity, g, as a function of time for the first 1 h.

highest correlation coefficients were obtained for the pseudo-
second-order model, suggesting that the kinetics of MB
adsorption on the composites followed pseudo-second-order
model. Moreover, the values of ¢g. calculated using the
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Fig. 6 Fitting of the adsorption kinetics of MB on M3D-PAA and
M3D-PAA-CCN using the pseudo-first-order kinetic model (A) and
the pseudo-second-order kinetic model (B). Symbols are experimental
values and solid lines are the fittings using the two kinetic models.

pseudo-second-order model were found to be very close to the
experimental g, values.

The fitting of experimental data to adsorption isotherms is
an important feature of data analysis as these isotherm models
provide useful information on the mechanism and the extent of
interaction of adsorbates with adsorbents.*® Since Langmuir
and Freundlich isotherm models fit to a variety of adsorption
data very well and also possess simple isotherm expressions we
analyzed our adsorption data using these two models. Lang-
muir model assumes only a monomolecular layer on the
homogeneous adsorbent surface suggesting that there is no
stacking of adsorbed molecules. On the other hand, Freundlich
isotherm model is an empirical model which refers to multi-
layer adsorption and heterogeneous adsorbent surface.?”

Langmuir isotherm equation:

whCe
go = 2 3)

 14+bC,
Here, C. (mg L") is the equilibrium concentration of the MB,
gm (mg g7 is the maximum Langmuir monolayer adsorption,
and b is the Langmuir constant (mg L™"). g, and b can be
determined from the fitting of experimental data obtained by

eqn (3).
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Table 2 Parameters for the fitting of the adsorption of MB on M3D-PAA and M3D-PAA-CCN using the pseudo-first-order and pseudo-

second-order kinetic models

Pseudo-first-order

Pseudo-second-order

Composites qe,exp (mg gil) kl (minil) qe,cal (mg gil) RZ kZ (g mg71 minil) qe,cal (mg gil) Rz
M3D-PAA 56.0 0.0018 17.6 0.5402 0.0025 54.9 0.9783
M3D-PAA-CCN 89.1 0.0033 24.1 0.8652 0.00032 90.3 0.9894
Freundlich isotherm equation: ( Ge —q )2
e e.m
=) )
o 1/n qem
qe = KFCe (4) ’

where, K and n are Freundlich constants. The value of Ky is
a measure of adsorption capacity whereas the value of 1/n
indicates the surface heterogeneity, ranging from 0 to 1. 1/n
approaching 0 suggests more heterogeneous surface and
greater values of 1/n (less than 1) suggests a normal Langmuir
isotherm.**° Fig. 7A and B represent the plot of adsorption data
using the Langmuir and Freundlich isotherm models for the
adsorption of MB on M3D-PAA and M3D-PAA-CCN, respec-
tively, and the fitting parameters are summarized in Table 3.
We also analyzed our data with a nonlinear chi-square test
(x*), which is a statistical tool to identify the most appropriate
adsorption isotherm. The mathematical expression for x? is:

A 1004
~ 804
o
>
E
L
o 60
o
®
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o
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Fig. 7 Fittings of the experimental data with Langmuir (red) and

Freundlich (blue) isotherms for the adsorption of MB on M3D—PAA (A)
and M3D-PAA-CCN (B) upon treating for a fixed contact time of 14 h.
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where, ¢. is the experimental equilibrium capacity and g, is
the calculated data of equilibrium capacity obtained using the
models. A small value of x” indicates the similarity between the
calculated and experimental data whereas the difference
between these data gives rise to large x>.°°> The values of x>
obtained from Langmuir and Freundlich models for M3D-PAA
and M3D-PAA-CCN are presented in Table 3. The smaller
values of x* obtained for the Langmuir model indicate that this
model fits the adsorption process better. Also, the values of 1/n
(<1) calculated from the Freundlich model for both M3D-PAA
and M3D-PAA-CCN suggest the surface homogeneity. Hence, it
is clear from the above analysis that both M3D-PAA and M3D-
PAA-CCN possess homogeneous adsorption surface and the
adsorption of dye molecules on these two adsorbents is pref-
erably monolayer. The maximum adsorption capacity, g, of MB
on M3D-PAA-CCN was found 332 mg g ' using Langmuir
model which is more than three times higher than the
adsorption capacity of M3D-PAA (114 mg g~ ') and also greater
than the g, of polyacrylic acid functionalized magnetic gra-
phene oxide i.e., PAA/MGO (290.7 mg g ').*> The g, of M3D-
PAA-CCN was also found higher when compared to g, of other
magnetic nanocomposites and polymers reported in the litera-
ture for MB removal from aqueous solution. For instance, g, for
a magnetic cellulose-graphene oxide composite (MCGO) was
found 70.03 mg g ' and for a polycatechol modified Fe;O,4
magnetic nanoparticles (Fe;O0,/PCC MNPs) was measured
60.06 mg g '.°** Magnetic carboxyl functional nanoporous
polymer, MCFNP showed a maximum adsorption capacity of
57.74 mg g ' for MB at 298 K.® This comparison of the
measured yet again indicates the remarkable adsorption ability
of our as-synthesized M3D-PAA-CCN for the cationic dye.
Solution pH significantly affects the adsorption capacity of
cationic dye molecules and the zeta potential of adsorbents.

Table 3 Fitting parameters of the adsorption of MB on M3D—-PAA and
M3D-PAA-CCN using Langmuir and Freundlich isotherm models

Langmuir model Freundlich model

Composites gm (mgg™) x> b K n  1n X
M3D-PAA 114 £5 45 0.153 26+3 2.5 0.40 203
M3D-PAA-CCN 332 +7 86 0.131 68+4 2.4 0.42 692
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Therefore, we studied the effects of pH on the adsorption
capacity, g, of MB on M3D-PAA and M3D-PAA-CCN within the
pH range of 3-11 (Fig. 8A) and the zeta potential (Fig. 8B).** At
pH 3 M3D-PAA-CCN removed only 40% of dye and a dramatic
increase in the dye removal efficiency to 80% was observed
when the pH was raised to 5. It is clear from Fig. 8A that M3D-
PAA-CCN offered much higher dye adsorption capacity
compared to M3D-PAA throughout the experimental pH range.
Although the adsorption capacity of M3D-PAA increased grad-
ually with increasing pH from 3 to 11, this composite was able
to remove only 63% of dye at pH 11 whereas M3D-PAA-CCN
removed 90% of dye under the same experimental condition.
This can be explained by the presence of CCN which increases
the dispersiveness of M3D-PAA-CCN. Fig. 8B shows the plot of
zeta potential versus pH of the solution. The magnitude of the
zeta potential signifies the stability of the dispersion system.
CCN (present in the nanocomposite) and acrylic acid moieties
(present in both the crosslinker and the nanocomposite) carry
carboxylic acid groups which undergo deprotonation at higher
pH leading to negatively charged surfaces. As a result, the zeta
potential of both the crosslinker (M3D) and the nanocomposite
(M3D-PAA-CCN) decreases with increasing pH from 3 to 11. It
should also be noted that the zeta potential of M3D-PAA-CCN is
always lower than that of M3D throughout the pH range due to

100
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Fig.8 Effect of pH on the MB adsorption capacity, g on M3D-PAA and
M3D-PAA-CCN (A) and the zeta potential of M3D and M3D-PAA-
CCN (B).
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greater number of carboxylic groups in the nanocomposite.*” At
higher pH carboxyl groups become deprotonated and therefore
remain negatively charged. The adsorption of cationic MB is
thus enhanced due to electrostatic interaction with negatively
charged carboxyl groups.

To further investigate the mode of interaction of the adsor-
bent and the cationic dyes, we performed the adsorption
experiments using a mixture of one cationic dye such as MB and
one anionic dye such as methyl orange (MO) at ambient pH. We
observed that the adsorption of the dyes, MB and MO, by the as-
synthesized M3D-PAA-CCN were very different as shown in
Fig. 9A. The higher adsorption of MB by M3D-PAA-CCN
compared to the MO demonstrated the selective adsorption of
a cationic dye (MB) over the anionic dye (MO). This observation
yet again confirmed that the adsorption of dyes to the M3D-
PAA-CCN takes place primarily due to the electrostatic inter-
action between the cationic dye and negatively charged M3D-
PAA-CCN composite.

The recyclability of an adsorbent is highly important for the
cost effectiveness, efficiency and practical applicability as well.
Regenerability and reusability of the composites were
confirmed by performing five consecutive cycles of adsorption
and desorption as shown in Fig. 9B at pH 7. The UV-vis data for
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Fig. 9 UV-visible spectra demonstrating the competitive adsorption
of MB and MO by the M3D-PAA-CCN composite (A), removal
percentages by M3D-PAA-CCN and M3D—-PAA for 5 cycles (B).
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the recyclability at pH 7, 9, and 11 are shown in Fig. S7 (ESIf}).
Both M3D-PAA-CCN and M3D-PAA exhibited excellent recy-
clability up to 5 cycles at all pHs. The dye removal efficiency of
M3D-PAA-CCN slightly dropped from 75% at first cycle to 68%
at the fifth cycle, whereas the efficiency of M3D-PAA decreased
from 50% to 37% at pH 7 (Fig. 9B).

Conclusion

In this report, we focused on the development of PAA func-
tionalized magnetic 3D crosslinker and carboxylated cellulose
nanocrystal based nanocomposite, M3D-PAA-CCN, for the
aqueous phase adsorptive removal of cationic dye. The
adsorption behavior of cationic reference dye, methylene blue,
on M3D-PAA-CCN and M3D-PAA (composite without CCN) was
studied by batch tests. From the kinetic studies it was clear that
the adsorption of MB onto these nanocomposites took place
following the pseudo-second-order model, and the equilibrium
adsorption data fitted well with the Langmuir isotherm model.
Both M3D-PAA-CCN and M3D-PAA showed an increase in the
dye removal capacity and a decrease in the zeta potential with
an increase in pH. One of the greatest findings of this work has
been the improvement of the adsorption capacity of M3D-PAA-
CCN via the introduction of CCN into the nanocomposite. CCN
not only played an important role in improving the dispersive
property but also contributed to the enhanced surface charge
density of M3D-PAA-CCN owing to the greater number of
deprotonated carboxyl groups on CCN. This enhanced surface
charge of M3D-PAA-CCN led to notably superior electrostatic
interactions with the cationic MB molecules making it more
efficient in dye removal compared to M3D-PAA. For instance,
M3D-PAA-CCN was able to remove 90% of dye whereas M3D-
PAA removed only 65% of MB dye at pH 11. The introduction of
magnetic property into the nanocomposite makes it easily
separable from the application site using an external magnetic
field. Thus the stability, easy magnetic separation, and
improved adsorption capacity of M3D-PAA-CCN nano-
composite make it an excellent candidate for the removal of
cationic dye from the polluted sites.
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